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Abstract 

PPAR agonists have been suggested as novel therapeutics for the treatment of 

inflammatory lung disease, such as allergic asthma. Treatment with PPAR agonists 

have been shown to inhibit peripheral eosinophilia in murine models of allergic 

asthma, which can occur through several mechanisms including decreased 

cytokine/chemoattractant (IL-5/eotaxin) release, decreased eosinophil migration 

and/or decreased eosinophil differentiation. This is the first study to show that PPARγ 

is expressed at the protein level in human airway eosinophils sampled from induced 

sputum, and confirms PPARγ protein expression in human peripheral blood 

eosinophils. We demonstrated the novel observation that peripheral blood eosinophil 

PPARγ protein expression, as measured by flow cytometry, is not different in 

eosinophils purified from asthmatic subjects compared to healthy controls and these 

observations suggest that the level of PPARγ expressed in human eosinophils is not 

related to asthmatic status. Our study also confirms, by real time PCR, the detection of 

mRNA for PPARγ in airway-derived leukocytes, collected from bronchial washings, 

increases 24hrs after whole lung allergen challenge. This increase is regulated by 

Symbicort® and Pulmicort® treatment in most subjects. This is the first study to show 

increased chemokinesis (random stimulated movement) of eosinophils in vitro at low 

concentrations of a PPARγ agonist. We have generated data to suggest this is through 

an effect on calcium signalling. We also observed that higher concentrations of PPAR 

agonists directly inhibit eotaxin-stimulated eosinophil directional migration. Finally, 

using methycellulose cultures of non-adherent mononuclear cells and CD34+ 

progenitor cells, we demonstrate that PPAR activation can inhibit the differentiation 

of eosinophils in vitro. Collectively, these data demonstrate that PPARγ is expressed 
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consitutively on eosinophils in peripheral blood and airways, and suggest signaling 

through this receptor with nanomolar concentrations of agonist regulates eosinophilia 

through inhibition of both eosinophil migration and eosinophil differentiation. 
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1.1 Introduction 

Eosinophils and Allergic Asthma 

 Asthma is an inflammatory disease, characterized by airflow obstruction, 

airway hyperresponsiveness and airway inflammation, which affects 3 million 

Canadians (Statistics Canada, 2010). There are an estimated 300 million asthmatics 

worldwide (Masoli, et al., 2004). The prevalence of asthma in the 84 different 

countries studied ranged from 1 to 18% of the population (Masoli et al., 2004). The 

World Health Organization estimates that asthma represents 1% of the global disease 

burden (Masoli et al., 2004). Annually there are 250,000 deaths from asthma 

worldwide (Masoli et al., 2004). Although asthma treatment is a substantial economic 

burden, the costs associated with uncontrolled asthma are even more substantial 

(Chaudhuri et al., 2006). Asthmatics symptoms can be triggered by exercise, viral 

infections, exposure to allergens, and/or inhaled chemical irritants (GINA Science 

Committee, 2011). Allergen exposure is extensively studied, is a significant cause of 

asthma development (Sporik et al, 1990; Nelson, 2000), and is linked to asthma 

severity (Zock, et al., 1994; Nelson, 2000). Avoidance of allergens results in an 

improvement in asthmatic symptoms (Nelson, 2000; Piacentini et al, 1996) and 

sensitivity to house dust mite, cat, dog and mold spores is associated with an increased 

risk of asthma (Nelson, 2000; Sears et al., 1989). Thus the immunological response to 

allergens is a significant focus of asthma research. 

 Corticosteroids, β-agonists and leukotriene inhibitors (Zdanowicz, 2007) are 

the best therapies to date for treatment of asthma, but they are associated with side 

effects. Corticosteroids are associated with osteoporosis, growth suppression, adrenal 
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suppression, oral candidiasis (Zdanowicz, 2007), and in some cases patients do not 

respond to treatment (Strek, 2006; Leung et al, 2002). Leukotriene inhibitors have 

fewer side effects than corticosteroids (Zdanowicz, 2007). However, they are less 

effective than inhaled corticosteroids alone (Busse et al., 2001) and less effective as a 

combination therapy than long acting β-agonists (Nelson et al., 2000). Long acting β-

agonists maybe associated with tachycardia (Zdanowicz, 2007) and with 

desensitization of the β-adrenergic receptor (Lipworth, 1997). Thus novel approaches 

targeting the inflammatory pathways of asthma are currently being examined in hopes 

of developing improved asthma therapies. 

 Allergens must overcome protective barriers, such as the cough reflex and the 

mucocillary apparatus, to enter the airway and elicit an exacerbation (Lambrecht et 

al., 2003). Once past these barriers, allergens can interact with IgE antibodies and 

dendritic cell appendages that protrude into the epithelial cell layer (Hammad & 

Lambrecht, 2006). Acute bronchoconstriction can be observed within 10 minutes of 

allergen inhalation (O'Byrne, 1988) as a result of allergen activation of mast cells and 

basophils through crosslinking of IgE bound to their high affinity IgE receptors. The 

crosslinking leads to degranulation and acute bronchoconstriction induced by the 

release of mediators, such as histamine and cysteinyl leukotrienes (Holgate, 2008). 

This is known as the early asthmatic response (O'Byrne, 1988). Approximately 50% 

of adult subjects develop a second bronchoconstriction approximately 3 hours later 

(O'Byrne, 1988), which is known as the late asthmatic response (O'Byrne, 1988). The 

late asthmatic response is driven by the uptake of allergens by dendritic cells causing 

their activation and migration to the local lymph nodes where they stimulate 

proliferation of T and B cells (Hammad & Lambrecht, 2006). Antigen specific T cells 
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differentiate into T helper cells (Lambrecht et al., 2003) and migrate to the affected 

area where they recruit macrophages, basophils and eosinophils during the late 

asthmatic response, through release of Th2 cytokines such as IL-3, IL-4, IL-5, IL-9 

IL-13 and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Holgate, 

2008). 

 Links have been made between the physiological responses after allergen 

challenge and the cellular mechanisms that are potentially responsible. A correlation 

of inflammatory cell infiltration into the lung with physiological responses (FEV1 and 

methacholine PC20) has been observed in asthmatics post-allergen challenge 

(Gauvreau et al., 1999). Increased amounts of circulating IgE and airway 

hyperresponsiveness predicts the presence of the early asthmatic response (Cockcroft 

et al., 2007), whereas the influx of eosinophils into the airway correlates with the late 

asthmatic response and airway hyperresponsiveness (Cockcroft et al., 2007). While 

early studies have formed the framework for examining the cellular mechanisms 

involved in the pathogenesis of allergic asthma, the cellular targets have evolved over 

the years. 

 Asthma therapy is focused on reducing the associated symptoms and 

frequency of exacerbation by attempting to modify the mechanisms of lung 

inflammation and bronchoconstriction. Eosinophils represent a major effecter cell in 

asthma (Hogan et al., 2008) thus is a major target for drug development. Recently, 

studies using anti-IL-5 therapy have shown that although eosinophils are a marker of 

the late asthmatic response and AHR, they may not be the major underlying cause 

(Phipps et al., 2004; Leckie et al., 2000). These negative results have initiated debate 

about the importance of eosinophils in asthma. However, subsequent studies have 
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since re-established the eosinophil as an important effector cell in asthma. Using 

similar treatment methods as the previous study, mepolizumab, an anti-IL-5 therapy, 

was shown to reduced eosinophils in brochial biopsies by 50% (Flood-Page et al., 

2003a) and this reduction was associated with a significant decrease in extracellular 

matrix protein deposition (Flood-Page et al., 2003b), which has been linked with 

increased asthma severity (Chetta et al., 1997). Also Nair and colleagues have shown 

that treatment with mepolizumab improved asthma control up to 8 weeks after 

treatment and caused a significant decreased in the prednisone dose required by 

asthmatic patients with persistent eosinophilia (Nair et al., 2009). Another study 

showed that patients with refractory eosinophilic asthma that were on mepolizumab 

treatment had significantly fewer severe exacerbations than placebo over a 50 week 

period (Haldar et al., 2009). These findings suggest that tissue eosinophils may be 

important in airway remodeling associated with the pathogenesis of asthma and that 

eosinophils play a dominate role in a subset of asthmatics. 

 

Peroxisome Proliferator-Activated Receptors 

 The peroxisome proliferator-activated receptors (PPARs) have been evaluated 

for their effects on asthma outcomes. PPARs are metabolite-activated transcription 

factors that regulate metabolic and inflammatory responses (Bensinger & Tontonoz, 

2008). There are three identified subtypes of PPARs (Desvergne & Wahli, 1999). 

PPARα was the first PPAR cloned and was subsequently recognized as a member of 

the steroid hormone receptor superfamily (Issemann & Green, 1990a). PPARα was 

found to be activated by rodent hepatocarcinogens and upon activation it caused 

proliferation of hepatic peroxisomes, thus it was named the peroxisome proliferator-
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activated receptor (Issemann & Green, 1990b). PPARβ and PPARγ were cloned based 

on sequence homology and due to their regulation of adipose gene expression in 

response to known PPARα ligands (Kliewer et al., 1994). PPARβ was originally 

cloned from Xenopus oocyte (Dreyer et al., 1992). Two years later a similar sequence 

was cloned from mouse, but due to low sequence homology it was considered the 

fourth PPAR and named PPARδ (Kliewer et al., 1994). After characterizing and 

comparing PPARs in chicks, mice, Xenopus and mammals, it was decided that there 

were only 3 PPARs and that PPARβ and PPARδ would be designated as PPARβ/δ 

(Michalik et al., 2006). 

 PPARα is mainly expressed in organs that perform fatty acids catabolism and 

fatty acid oxidation, such as brown adipose tissue, liver, heart, kidney and intestine 

(Mandard et al., 2004). PPARα knockout mice suffer from a variety of metabolic 

defects during fasting, including hypoketonemia, hypothermia, elevated plasma free 

fatty acid levels and hypoglycemia (Kersten et al., 1999; Leone, Weinheimer & Kelly, 

1999). PPARβ/δ, on the other hand, is widely expressed in tissues, including skin, gut, 

placenta, skeletal muscle, adipose tissue and brain (Barak et al., 2002; Bastie et al., 

1999; Braissant et al., 1996; Michalik et al., 2006; Michalik et al., 2001; Peters et al., 

2000). PPARβ/δ, just like its expression, effects numerous biological processes, such 

as cholesterol transport (Oliver et al., 2001), tumorgenesis in the colon (He, et al., 

1999), placental development (Barak et al., 2002), wound healing (Michalik et al., 

2001) and atherosclerosis (Lee et al., 2003). PPARγ has two structural isoforms, 

PPARγ1 and PPARγ2, which differ at the N-terminus, PPARγ2 having an extra 30 

amino acids (Zieleniak et al., 2008). These isoforms are found in human heart, fat, 

liver and muscle tissue (Vidal-Puig et al., 1997). PPARγ is pivitol for adipose tissue 
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differentiation, for maintaining adipocyte function, glucose metabolism (Zieleniak et 

al., 2008), and just like PPARα, PPARγ regulates inflammation (Ricote et al., 1998). 

PPARγ gene knockout is embryonically lethal due to a deficiency in placental 

vascularization, severe myocardial thinning and lipodystrophy (Barak et al., 1999). In 

tissues that express both isoforms, PPARγ1 receptor density is greater than PPARγ2 

(Fajas et al., 1997), however PPARγ2 shows higher activity in response to insulin 

(Auwerx, 1999). 

 Activated PPARs can form heterodimers with retinoid X receptors (RXRs) and 

subsequently bind to PPAR response elements (PPREs) in the promoter region of 

target genes, which results in an inhibition or activation of gene expression (Tan et al., 

2005). Efforts have been made to identify functional PPREs in the promoter regions of 

human genes (Heinaniemi et al., 2007). However, this is not the only mechanism that 

PPARs can utilize to influence gene expression, there are also effects independent of 

the RXR and PPREs (Tan et al., 2005). An example of this is the effect of PPARα on 

co-activator activity (Tan et al., 2005). PPARα can interact with the p65 subunit of 

NF-κB, which sequesters this co-activator away from NF-κB thus inhibiting it 

(Delerive et al., 2002). Interaction of RXR, PPAR isotypes, ligands and co-activator 

availability, makes it difficult to predict the influence of PPAR activation. 

 Since the discovery of PPARs, substances such as unsaturated fatty acids, 

eicosanoids, low-density lipoproteins, very-low-density-lipoproteins and linoleic acid 

have been identified as endogenous ligands of PPARs (Bensinger & Tontonoz, 2008). 

PPAR activation occurs when changes in metabolism, such as physiological (feeding) 

or pathophysiological (inflammation), increase substrate levels for specific enzymes, 

such as 5-lipoxygenase and cyclooxygenase, that produce PPAR ligands, such as 
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leukotriene B4 and 15-deoxy-Δ-12,14-prostaglandin J2 (15d-PGJ2) (Michalik et al., 

2006). However, most of these ligands are not unique to PPAR receptors therefore 

they have PPAR-independent effects (Michalik et al., 2006). This is why synthetic 

PPAR ligands have been valuable in determining PPAR function. Rosiglitazone and 

troglitazone are the frequently used PPARγ agonists. However, rosiglitazone is more 

commonly used because it has a higher binding affinity for PPARγ than troglitazone 

(Young et al., 1998). These agonists belong to a class of drugs known as 

thiazolidinediones, which are used as an antidiabetic medication (Bensinger & 

Tontonoz, 2008). They activate PPARγ and subsequently cause insulin sensitization 

(Bensinger & Tontonoz, 2008). The mechanisms underlying these effects have yet to 

be determined and it remains an area of intense research (Bensinger & Tontonoz, 

2008). 

 Recent reviews have suggested that the PPARs are novel anti-inflammatory 

targets (Belvisi et al., 2006; Spears et al., 2006). PPARα and PPARγ have been 

suggested to play a role in chronic inflammatory disease (Kota et al., 2005). However, 

PPARγ has been the focus of most lung disease research due to its preferential 

expression on human airway smooth muscle (Patel et al., 2003), its expression in 

inflammatory cells (Spears et al., 2006), and due to its increased expression during 

inflammation (Benayoun et al., 2001). 

 

PPARγ and Asthma 

 Studies using murine models of allergic asthma have described a potential role 

for PPARs in the pathogenesis. PPARγ expression increases in ovalbumin (OVA) 

sensitized mice after airway challenge (Kim et al., 2005; Lee et al., 2005; Lee et al., 
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2006). Expression of PPARγ can be further enhanced by administration of a PPARγ 

agonist (Kim et al., 2005; Lee et al., 2005). Cytokines, IL-4, IL-5, IL-10, and 

eosinophilic cationic protein increase after airway challenge (Kim et al., 2005; Lee et 

al., 2005). The post-allergen levels of these mediators can be decreased by treatment 

with a PPARγ agonist (Kim et al., 2005; Lee et al., 2005). PPARγ agonists also 

reduce reactive oxygen species, Th2 cytokines, adhesion molecules, chemokines, and 

vascular endothelial growth factor (Lee et al., 2006). PPAR agonists can also inhibit 

inflammatory cell infiltration into the airway. Trifilieff and colleagues observed an 

inhibition of eosinophil and lymphocyte influx after treating OVA sensitized mice 

with a PPARγ agonist (Trifilieff et al., 2003). Using OVA-pulsed dendritic cells 

(DCs) treated with a PPARγ agonist, a reduced proliferation of Ag-specific T cells in 

mediastinal lymph nodes, an increased production of IL-10 by T cells, and a decreased 

recruitment of eosinophils in bronchoalveolar lavage was observed (Hammad et al., 

2004). Murine models have allowed researchers to explore not only the extensive 

inhibition of inflammatory cell infiltration into the lung, but also the effect of PPARs 

on airway remodelling. 

 Honda et al showed that PPARγ is expressed in airway epithelium of mice 

after airway challenge and treatment with a PPARγ agonist decreased airway 

hyperresponsiveness to methacholine, and indices of remodeling such as basement 

membrane thickness, muscus production, collagen deposition and TGF-β synthesis 

(Honda et al., 2004). PPARγ agonists also inhibit pro-inflammatory cytokine (eotaxin 

and monocyte chemotactic protein-1) production in cultured human airway smooth 

muscle cells treated with TNFα (Nie et al., 2005). Several studies have concluded that 

the inhibitory effects of PPARγ ligands on remodeling and AHR in OVA sensitized 
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mice indicate PPARγ agonists as possible therapeutics for asthma (Honda et al., 2004; 

Ward et al., 2006). 

 Other investigators have compared PPAR agonist to current therapeutics. 

PPARγ activation inhibits the release of granulocyte-macrophage colony-stimulating 

factor, just like dexamethasone steroid treatment (Patel et al., 2003). However, PPARγ 

agonists, unlike dexamethasone, inhibit the release of granulocyte colony-stimulating 

factor, which may regulate the eosinophil differentiation and lineage expansion (Patel 

et al., 2003). Activation of PPARγ was also more effective at inhibiting serum-

induced human airway smooth muscle cell growth in culture than dexamethasome 

(Patel et al., 2003). PPARγ and glucocorticoid receptor protein-protein interactions 

were observed during TNFα stimulation of cultured human airway smooth muscle 

cells (Nie et al., 2005). These interactions were enhanced by β2 agonist treatment (Nie 

et al., 2005). Interactions between PPARs and current therapeutic mechanisms may 

have important consequences in the treatment of asthma. 

 The anti-inflammatory capability of PPARγ agonists have been observed both 

in cell culture studies and in allergic animal models (Spears et al., 2006). Several 

clinical studies have also examined the potential of PPARγ agonists. Benayoun and 

colleagues, using immunohistochemistry, show that PPARγ is overexpressed in the 

bronchial mucosa, airway epithelium, and airway smooth muscle of asthmatics 

(Benayoun et al., 2001). They also showed that PPARγ expression correlates with 

subepithelial membrane thickening, collagen deposition, proliferation, and was 

negatively related to FEV1 values (Benayoun et al., 2001). Thus PPARγ may be a 

marker of asthma severity. Kobayashi et al showed that there was a trend towards a 

downregulation of PPARγ mRNA in BAL cells collected from asthmatics compared 
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to healthy controls (Kobayashi et al., 2005a). This downregulation appeared to be 

present 24-hours after segmental challenge. Furthermore two single nucleotide 

polymorphisms have been associated with the development of asthma (Oh et al., 

2009). However, no study has looked at protein expression or the effect of allergen 

challenge on PPARγ expression in a specific cell type, such as eosinophils. 

 Currently two studies have suggested a role for PPARγ in eosinophil 

chemotaxis. In one such study, Ueki et al showed troglitazone, a PPARγ agonist, 

inhibited the chemotaxis of cultured human eosinophils stimulated with eotaxin (Ueki 

et al., 2003). Similar results were found by Woerly et al, who also showed a decrease 

in eotaxin and IL-5-induced eosinophil chemotaxis after treatment with rosiglitazone 

or ciglitazone (PPARγ agonists) (Woerly et al., 2003). The selectivity of the PPARγ 

induced inhibition of chemotaxis was confirmed by the lack of inhibition after 

treatment with GW9662, a PPARγ antagonist (Woerly et al., 2003). The effect of 

PPARγ on eosinophil chemotaxis appears to be dose and ligand-dependent. A recent 

paper described an increase in eosinophil chemotaxis at low concentrations of 15d-

PGJ2 and a decrease at high concentrations (10
-4

M) (Forman et al., 1995). Other 

PPARγ studies have confirmed this observation (Fukunaga et al., 2001). The 

increased migration after 15d-PGJ2 treatment (low concentration) was observed to be 

independent of MAPK and NFκB (Kobayashi et al., 2005b).Thus the mechanism 

behind this has yet to be clarified, but should be taken into consideration when 

examining whether PPARγ may modulate eosinophil migration in asthma. 

 IL-5 is the principal regulatory cytokine for eosinophils (Chihara et al., 1990). 

During an allergic response, it stimulates the release of eosinophils from bone marrow 

cells resulting in blood eosinophilia (Collins, et al., 1995) and can enhance blood 
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eosinophil recruitment into tissue by eotaxin, a chemoattractant for eosinophils that 

signals through CCR3 (Okada et al., 1997; Jose et al., 1994). Once in the tissue, IL-5 

prolongs the survival of eosinophils by delaying their apoptosis (Simon, 2001). Along 

with the important role for IL-5 in recruitment and survival, it is also important in 

eosinophil differentiation. Eosinophils develop in the bone marrow from multipotent 

hematopoietic stem cells upon exposure to IL-5 (Sanderson, 1992). PPARγ agonists 

have been observed to have an inhibitory effect on IL-5 induced eosinophil 

chemotaxis and survival (Ueki et al., 2003; Woerly et al., 2003). Also PPARγ has an 

inhibitory effect on differentiation of several cell types, including erythroid cells 

(Bernardo et al., 2009; Nagasawa et al., 2005; Rosen & Spiegelman, 2001) Therefore 

PPARγ may antagonize other functions of IL-5 such as eosinophil differentiation, 

which has not been examined. 
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Rationale 

To date there are several effective anti-eosinophilic therapies for allergic asthma that 

have been studied in clinical trials. However, novel therapeutics are currently in 

development to improve a patients’ quality of life through the optimization of 

symptom treatment and therapeutic cost. For example, antibody therapies are 

associated with substantial cost or have the potential for severe adverse events. The 

gold standard theapy of asthma, corticosteroids, are not effective in subsets of 

asthmatics. PPAR agonists represent a novel therapy of allergic asthma. It is 

associated with a lower cost compared to antibody therapies and has diverse anti-

inflammatory effects similar to corticosteroids. Along with the anti-inflammatory 

effects, PPAR agonists can also cause bronchodilation. Eosinophils are an important 

effector cells in allergic asthma and currently the effects of PPAR agonists on 

eosinophil function are unkown. This study will determine the effect of PPAR 

agonists on two pathophysiological mechanisms that lead to peripheral eosinophilia, 

migration and differentiation. 

 

Hypothesis: PPARγ plays a role in the pathogenesis of allergic asthma through its 

inhibitory effects on eosinophil function. 

 

Chapter 2 

Specific Objective 1: To examine PPARγ expression in eosinophils from asthmatics 

and healthy controls. 
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Specific Objective 2: To determine the effects of interventions such as inhaled 

allergen challenge, and treatment with Pulmicort® and Symbicort® on the expression 

of PPARγ in cells derived from human airways. 

 

Chapter 3 

Specific Objective 1: To determine the effect of PPARγ agonists on eosinophil 

migration and chemokinesis in vitro. 

Specific Objective 2: To determine the effect of PPARγ agonists on eosinophil 

migrational signalling pathways, such as expression of CCR3, the phosphorylation of 

ERK1/2 and p38, and calcium signalling. 

Specific Objective 3: To determine the effect of PPARγ agonists on migration of 

immature eosinophils. 

 

Chapter 4 

Specific Objective 1: To determine the effect of PPARγ agonists on eosinophil 

differentiation in vitro. 
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Chapter 2: PPARγ Expression in Eosinophils 
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2.1 Introduction 

 The anti-inflammatory effects of PPARγ agonists have been observed in 

several allergic models (Spears et al., 2006). Several studies have also examined the 

expression of PPARγ and it’s correlation to disease presence and severity. PPARγ 

expression is increased in the bronchial mucosa, airway epithelium, and airway 

smooth muscle of asthmatics (Benayoun et al., 2001). This expression correlates with 

increased aiway remodelling (subepithelial membrane thickening and collagen 

deposition) and decreased clinical outcomes (FEV1) (Benayoun et al., 2001). Thus the 

expression of PPARγ may be related to the severity of asthma. PPARγ expression is 

constitutively expressed in BAL cells collected from asthmatics compared to healthy 

controls (Kobayashi et al., 2005). In asthmatic subjects a decrease in expression was 

observed in BAL cells before and 24-hours after segmental allergen challenge 

(Kobayashi et al., 2005). Currently, no study has examined the expression of PPARγ 

protein in eosinophils isolated from asthmatic subjects compared to healthy controls. 

Our study will confirm PPARγ expression in eosinophils in the periperhal blood of 

mild atopic asthmatics compared to healthy controls and will determine the expression 

of PPARγ in the sputum of allergic asthmatic subjects. These findings will help verify 

the role of PPAR in the pathogenesis of allergic asthma. Furthermore, PPAR shares 

similar anti-inflammatory mechanisms to other asthma therapies, such as the 

glucocorticoids (Ogawa et al., 2005). Furthermore, glucocorticoids have been 

observed to stimulate PPAR mRNA synthesis (Lemberger et al, 1994). However, the 

effect of inhaled allergen challenge and asthma therapy on eosinophil PPARγ 

expression has not been determined. This study will also determine the effect of 
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Pulmicort® and Symbicort® treatment on the expression of PPARγ 24 hours after 

allergen challenge in the BAL of mild asthmatics. 

 

2.2 Materials and Methods 

 All challenges and treatments were conducted after approval from the 

McMaster University Research Ethics Board. 

 

2.2.1 Expression of PPARγ in Bronchial Washings 

Patients 

 Six mild asthmatic subjects and 4 healthy controls of either sex, aged between 

18-65 years participated in the study. Subjects were recruited through advertisements 

approved by the research ethics board at McMaster University. The Pulmicort® and 

Symbicort® study used a subset of subjects from a previously published study (Kelly 

et al., 2010). 

 

Sample Size 

 A conservative approximation of the estimated sample size was used to study 

the expression of PPARγ expression. Sample size was based on a previous study of 

PPARγ expression in the BAL of asthmatics (Kobayashi et al., 2005). This 

approximation is meant to minimize the number of subjects exposed to allergen, but to 

ensure appropriate power for analysis. The sample size was re-assessed after data 

from 6 subjects had been collected. 
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Inclusion and Exclusion Criteria 

 Study subjects were non-smoking, mild-to-moderate atopic asthmatics that 

were well controlled on ß2-agonists and had a baseline FEV1 more than 70% of 

predicted normal. Subjects were excluded from the study if they have had an airway 

infection or an exacerbation in the last 4 weeks because this indicates instability of the 

disease. Other exclusion criteria include the use of drugs that inhibit the development 

of allergen-induced responses, such as inhaled and/or oral steroids during the 

preceding 4 weeks and/or antihistamines during the previous 48 hours. Inhaled ß2-

agonists were allowed as a bronchodilator during the study provided they were 

withheld 8 hours before the study visits. 

 The inclusion and exclusion criteria were designed to decrease the possibility 

of confounding variables thereby increasing the accuracy of inferences made from the 

results. Any conditions that induce or inhibit inflammation (e.g. medication, infection, 

or smoking) were not allowed because they would have an effect on airway 

responsiveness to allergen. The use of intermittent β2-agonists therapy was approved 

for this study because it will have no effect on the late asthmatic response (O'Byrne et 

al., 1987). Mild atopic asthmatics that are 18-65 years old represent a convenient 

sample population because they can easily tolerate the allergen challenge. The 

majority of them don’t have co-morbidities and are not prescribed steroids for asthma 

control. Mild-to-moderate asthmatics are classified by the GINA as those patients with 

a FEV1 of >80% predicted normal (GINA Science Committee, 2008) and moderate 

asthmatics are those with a FEV1 of 60% to 80% predicted normal. According to our 

inclusion criteria, a baseline FEV1 more than 70% of predicted normal, our patients 

were mild to moderate GINA classification. Our classifications allowed us to recruit a 
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more diverse asthmatic population while ensuring that the confounding variables (e.g. 

number of asthma medications) were well controlled. 

 

Study Design 

 Subjects participated in a whole lung allergen challenge study. A screening 

period assessed inclusion and exclusion criteria. Subjects underwent procedures 

including complete history, physical examination and spirometry. In addition, 

methacholine inhalation challenge and skin-prick testing was performed to assess 

airway hyperresponsiveness and determine atopic status respectively. Allergen 

challenges were carried out to document the development of early and late asthmatic 

responses. If the criteria were met, subjects were enrolled into the study. On the first 

visit, spirometry and airway hyperresponsiveness were measured. Also at this time 

baseline blood and sputum samples were collected. The next day, baseline spirometry 

was measured. If the spirometry had changed less than 10% the subject underwent a 

whole lung allergen challenge. Subjects returned 24 hours following allergen 

inhalation challenge for spirometry, bronchoscopy and bronchial wash collection and 

measurement of airway hyperresponsiveness. 

 

Methacholine Challenge 

 Methacholine inhalation was performed as described by Cockroft et al 

(Cockcroft et al., 1977). Subjects were instructed to wear nose-clips and to breathe 

normally from the mouthpiece during a 2-minute inhalation period. Normal saline, 

then doubling concentrations of methacholine (0.03 to 16.0 mg/mL) were inhaled 

from a Wright nebulizer and each inhalation period is separated by a 5 minute wait 
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period. The subject’s FEV1 was measured at 30, 90, 180 and 300 seconds after each 

inhalation. Spirometry was measured with a Collins water sealed spirometer and 

kymograph. The test was terminated when a fall in FEV1 of 20% of the baseline value 

occured, and the methacholine provocative concentration 20% (PC20) was then 

calculated. 

 The inflammatory cell infiltration into the lung that causes the late asthmatic 

response after inhaled allergen is also related to the development of airway 

hyperresponsiveness (O'Byrne, 1988). Hyperresponsiveness can last up to 24 hours 

after allergen exposure, which coincides with the time of maximum lung eosinophilia 

(O'Byrne, 1988; Gauvreau et al., 1999). While airway hyperresponsiveness can be 

measured with several bronchoconstrictor stimuli (O'Byrne, 1988), methacholine, a 

muscarinic agonist, is the standard agent used clinically to test bronchial 

hyperresponsiveness. An adequate washout period (1 day) is required before starting 

the allergen challenge after a methacholine PC20 test. Measuring baseline FEV1 before 

allergen challenge ensured that the bronchoconstriction induced by methacholine has 

resolved. 

 

Allergen Challenge 

 Allergen inhalation challenge was performed as previously described (Inman 

et al., 1995). A Wright nebulizer operated by oxygen at 50 psi and at a flow rate of 8 

L/min producing an output of 0.13 mL/min was used to deliver allergen solutions. 

Subjects were instructed to wear nose-clips and to breathe normally from the 

mouthpiece during a 2-minute inhalation period. All subjects inhaled allergen to 

which they were sensitized, and allergen was selected using results from a skin prick 



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

33 

test. The starting concentration of allergen was also determined from the skin prick 

test and from the methacholine PC20 according to the formula
1
 published by Cockcroft 

et al (Cockcroft et al., 2005). The skin prick test was performed using extracts of 

several allergens. Duplicate skin-prick tests were performed with doubling dilutions of 

allergen from 1:4 to 1:4096. The wheal diameter was measured in two perpendicular 

directions at 10 minutes and the mean wheal diameter is determined for each dilution. 

A positive response was defined as the threshold concentration that produces a 2-mm 

wheal over the diluent response. The extract that produces a 2-mm wheal in the skin 

prick test was the same extract used for the allergen inhalation. The starting 

concentration for the allergen challenge was two doubling concentrations lower than 

that predicted to cause a 20% fall in FEV1 (allergen PC20). 

 Each concentration of allergen was inhaled for 2 minutes and the FEV1 was 

measured 10 minutes after the inhalation. If the FEV1 fell by 10% or more, the 

measurement was repeated at 10-minute intervals until no further fall was observed. 

The dose of inhaled allergen was increased in a doubling manner until the FEV1 had 

decreased by at least 20%. After inhalation of the highest allergen concentration, the 

FEV1 was measured at 10, 20, 30, 45, 60, 90, and 120 minutes, and then at hourly 

intervals until 7 hours after the inhalation. Subjects returned the next day for their 24 

hour FEV1 measurement. Subjects were included in the study if a decrease in FEV1 

greater than 20% was observed during the early asthmatic response (0 to 2 hours) of 

the first challenge and if a decrease in FEV1 greater than 15% was observed during the 

late asthmatic response (3 to 7 hours) of either challenge (O'Byrne et al., 1987). 

                                                           
1
 log (allergen PC20) = 0.31 log (MCh PC20) + 0.50 log (skin prick endpoint – 0.42) 
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 The time course of an early and late phase response after allergen challenge 

has been well described in the literature (O'Byrne et al., 1987; O'Byrne, 1988). The 

observed early phase bronchoconstriction occurs within 10 minutes of allergen 

exposure and reaches a maximum after 30 minutes. The early response usually 

resolves within 1 to 3 hours. The late response occurs after 3 to 4 hours and reaches a 

maximum around 6 to 10 hours. The late response can last for 24 hours or more. 

Subjects who developed at least a 15% fall in FEV1 within 7 hours of challenge were 

included, providing an adequate subject population for our study.  

 Whole lung allergen challenge as opposed to segmental allergen challenge was 

used in this study. Although segmental allergen challenge is commonly employed 

because it elicits a larger albeit only local inflammatory response, whole lung allergen 

challenge permits the measurement of physiological outcomes such as the late 

asthmatic response (Calhoun et al., 1993). Whole lung allergen challenge also does 

not distribute the allergen homogenously in the lung (Kavuru et al., 1999). This might 

cause dilution of inflammatory response, perhaps explaining why the immune 

response is larger in segmental than in whole lung allergen challenge. However, 

inhalation of allergen is a more physiologically relevant challenge. 

 As mentioned previously, pretreatment with a β2-agonist (salbutamol) should 

inhibit the early asthmatic response without affecting the late asthmatic response 

(O'Byrne et al., 1987). Our protocol required the early asthmatic response as a marker 

of when to discontinue allergen delivery. In other words, since our subjects are 

bronchodilated, a larger allergen dose will be required to induce a 15% fall in FEV1 

(allergen challenge cut off). To ensure a subject is not receiving too much allergen, the 

current allergen concentration delivered was compared to previous allergen 
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challenges. Our study required a screening allergen challenge to determine if the 

subject was a dual responder (has both an early and late), or if the subject was an 

isolated early responder (O'Byrne et al., 1987). This screening challenge served as a 

guide to the treatment challenges. 

 

Inhaled Pulmicort® and Symbicort® Allergen Challenge Study 

 This study was a crossover study in which bronchial washes were performed 

on asthmatic subjects 24hrs after diluent challenge and after allergen challenge. Study 

subjects were randomly allocated to treatment with placebo, budesonide (Pulmicort® 

200µg, 2 inhalations twice daily); or the combination of budesonide and formoterol 

(Symbicort® 200, 200µg budesonide and 6µg formoterol, 2 inhalations twice a daily) 

for 8 days. Bronchial washes were performed 24 hours after allergen challenge, a time 

point known to have a significant increase in eosinophils (Metzger et al., 1986). The 

subjects were recruited using the same criteria as above. The study examined the 

expression of PPARγ mRNA in bronchial wash cells 24hrs following allergen 

challenge after the treatment with placebo, budesonide alone, and the combination of 

budesonide and formoterol. After a 3-week washout period, subjects were allocated to 

the next treatment period. The study consisted of 4 periods, composed of a screening 

period with allergen and diluent challenge, and 3 treatment periods, with allergen 

challenge, which was performed in the same manner as Inman and colleagues (Inman 

et al., 1995). Fibreoptic bronchoscopy and bronchial washes were performed 

according to the recommendations of the National Institutes of Health (National 

Institutes of Health workshop summary, 1985) as a day-case procedure in the 

endocopy unit by the same endoscopist each time. Bronchial wash specimens were 
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taken from segmental and subsegmental carinae of the lung. The lung to be sampled 

first was randomly assigned, and subsequently the opposite lung was sampled at the 

next procedure. 

 To obtain bronchial wash (BW) samples, fibreoptic bronchoscopy was 

performed using a bronchoscope in accordance with international guidelines. Fasting 

subjects withheld anti-asthma medications for 24 h and had spirometry measured 

before and after salbutamol (400 μg) inhalation. They received premedication with 

atropine (0.6 mg i.m.) and topical anaesthesia of the upper airways, which was 

achieved with lidocaine gargle (2 mL of 4% lidocaine solution for 60 s) and four 

sprays of 1% lidocaine (10 mg/spray). The nasal passages were lubricated with 2% 

lidocaine gel. The bronchoscope was passed through the nose to just above the glottis 

and 4% lidocaine in 2 mL aliquots were applied to the vocal cords and later to the 

trachea. The bronchoscope was then wedged in the right middle lobe or lingula and 20 

mL of sterile normal saline at room temperature was instilled and aspirated back 

through the bronchoscope with gentle suction. Samples were kept on ice and 

processed within 30 min. 

 The volume of BW fluid was recorded and centrifuged at -4°C at 1,000 rpm 

for 10 min. The supernatant was removed and stored at -70°C. The cell pellet was 

washed with D-PBS, centrifuged for 10 min at 1,000 rpm and the supernatant 

discarded. The cell pellet was resuspended in 10 mL of D-PBS. Total cell counts and 

viability, using a hemocytometer and Trypan blue staining respectively, and 

differential cell counts, using Diff-Quick staining, were performed. The remaining 

cells in suspension were analyzed by RT-PCR. 
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 Whole lung allergen challenge as opposed to segmental allergen challenge was 

used in this study. Although segmental allergen challenge is commonly employed 

when BW is sampled because it elicits a larger, albeit only local inflammatory 

response, whole lung allergen challenge permits the measurement of physiological 

outcomes such as the late asthmatic response (Calhoun et al., 1993). Although 

inflammatory cell phenotype is an outcome in this experiment, the primary outcome is 

the evaluation of asthma treatment on the expression of PPARγ. Whole lung allergen 

challenge also does not distribute the allergen homogenously in the lung (Kavuru et 

al., 1999) which might cause dilution of inflammatory response. However, 

examination of inflammatory cells in BW after whole lung allergen challenge has 

previous been performed therefore it is not a limitation (Grootendorst et al., 1997). 

 Examining PPARγ mRNA expression in the BW will select for the less 

adherent cells. Cells that are bound to the airway epithelium are less active than the 

non-adherent cells (Lambrecht, 2006) therefore their phenotype maybe different. 

However, more cells, such as alveolar macrophages, are collected by BW than biopsy 

or sputum (Grootendorst et al., 1997), which makes it a more effective experimental 

approach. Even though sputum induction is non-invasive and an easier technique to 

perform than bronchoscopy, the limited numbers of cells collected from sputum would 

potentially limit the mRNA analysis. By only examining the PPARγ mRNA in the 

BW, we are not attempting to elucidate the source. However, we can determine if 

asthma treatment has an effect on PPARγ mRNA expression in mild atopic asthmatics 

after allergen challenge. This crossover allergen challenge provides evidence that 

correlates asthma treatment with changes on PPARγ expression. 
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RT-PCR 

 The BW cells, collected from the bronchoscopy, were disrupted by adding the 

RLT buffer. The lysate was homogenized using a blunt 20-gauge needle. The lysate 

was then transferred to an Allprep DNA spin column (Qiagen, Toronto, Ontario) and 

centrifuged for 30s at 8000xg. The flow through was used for subsequent RNA 

purification. Ethanol (100%) was added to the sample and the sample was then 

transferred to an RNeasy spin column and was centrifuged for 15s at 8000xg. RW1 

Buffer was added to the RNeasy spin column and centrifuged for 15s at 800xg. RPE 

buffer was added to the RNeasy spin column and the centrifuge was repeated. RNase-

free water was added to the spin column membrane and the column was centrifuged at 

8000xg for 1min. Genomic DNA was eliminated using a mixture containing gDNA 

wipeout buffer. The reverse-transcription master mix (Quantiscript Reverse 

Transcriptase, Quantiscript RT buffer and RT primer mix) was prepared on ice. 

Template RNA was added to the reverse-transcription master mix and incubated for 

15min at 42°C. After the 15mins, the reaction solution was incubated for 3min at 

95°C to inactivate Quantiscript Reverse Transcriptase (Qiagen, Toronto, Ontario). 

 The next step is the real time polymerase chain reaction (RT-PCR) analysis of 

PPARγ expression. A PCR reaction mix was made according to the manufactures 

instructions (QuantiTect SYBR Green PCR, QuantiTect Primer Assay and RNase-free 

water). The template cDNA was added to individual PCR wells containing the 

reaction mix. The real-time cycler was programmed according to manufactures 

instructions (15min initial activation step at 95°C and 40 cycles of: 15s denaturing at 

94°C, 30s annealing at 55°C and 30s extension at 72°C). The individual Ct values 

were calculated using the MyiQ (Biorad, Mississauga, Ontario) and the melting curves 



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

39 

were analyzed to determine purity of the DNA. All results were compared to the 

housekeeping gene, βactin. A no template control (NTC) and a no reverse 

transcriptase control were also used. 

 

Statistical Analysis 

 All data are expressed as the mean ± 95% confidence intervals unless 

otherwise stated. Statistical analyses were performed using Prism version 5 (GraphPad 

Software, La Jolla, CA). Repeated measures ANOVA was used to compare PPAR 

agonist treatments versus diluent at the various doses, with post-hoc Tukey tests for 

pre-specified comparisons. For data that was not normally distributed, the statistical 

analyses were performed on the log-transformed data. Statistically significant 

differences were accepted at P<0.05. 

 

2.2.2 Expression of PPARγ in Blood Eosinophils and Sputum 

Subjects 

 Asthmatic subjects recruited for the flow cytometry study were 29+16 years 

old with 2 male and 4 female volunteers. All asthmatic subjects had a positive skin 

prick test and the geometric mean MCh PC20 was 4mg/mL (range 0.6 to 11.6mg/mL). 

The healthy control subjects recruited for the flow cytometry study were 39+7 years 

old with 1 male volunteer and 3 female volunteers. All healthy subjects had a negative 

skin prick test and a MCh PC20 that was greater than 32mg/mL.  
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Flow Cytometry 

 Whole blood samples were stained for PPARγ surface expression using mouse 

anti-human APC/Cy7-CD45, PE-CD16 (Becton-Dickinson Biosciences, Mississauga, 

ON, Canada) and intracellular Alexa 488-PPARγ (H-100; Cayman Chemicals, Ann 

Arbor, Michigan, USA), as well as the isotype control antibodies for PPARγ. Cells 

were permeabilized with BD Cytoperm™ buffer to internalize the PPARγ antibody 

(BD Biosciences, Mississauga, ON, Canada). A negative control, without BD 

Cytoperm™, was used to determine the selectivity of the antibody. To separate 

eosinophils from contaminating cells a CD45+CD16- gating strategy was utilized 

(Figure 2.1). CD45 is a protein tyrosine phosphatase receptor type C expressed on 

leukocytes (Omary et al., 1980) and CD16, as mentioned previously, is expressed on 

the surface of neutrophils, natural killer cells, T cells and macrophages (LoBuglio et 

al., 1967; Messner & Jelinek, 1970; Henson, 1969; Perlmann et al., 1976). We used a 

CD16-, high granularity gating strategy to isolate eosinophils (Terstappen et al., 

1990). PPARγ positive staining was determined from an isotype control, which 

represents the specific antibody without the epitopes. Using standard FACS methods, 

the isotype control, which represents non-specific binding, was set at 2% positive. The 

positive specific binding was determined from this set gate. A minimum of 3000 

CD45+CD16- cells were collected for analysis. Two parameters were determined 

from this gating strategy, the percent stained and the median fluorescence intensity 

(MFI). The percent stained is the percentage of the parent population, in this case 

CD45+CD16- cells that express the PPARγ. The MFI is the median fluorescent value 

for the specific antibody flourochrome on the parent population. This is an index of 

the number of receptors per cell. Cells were acquired with an LSR II flow cytometer 
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(Becton Dickinson Instrument Systems; Becton-Dickinson, Mississauga, ON, Canada) 

using the FACSDiva software program (Becton-Dickinson Biosciences). Flow 

cytometers were first developed in 1965 by Fulwyler, although the Coulter principle 

was first issued in a 1953 U.S. Patent (Fulwyler, 1965; Coulter, 1953). The Coulter 

principle states that particles moving through an electric field cause measurable 

disturbances in that field. This principle was eventually applied to cells which lead to 

the development of flow cytometry. Flourometric compensation was set to minimize 

autofluorescence, a known issue surrounding eosinophils and flow cytometry (Thurau 

et al., 1996). 

 

Western Blot 

 One hundred millilitres of peripheral blood was collected from each subject 

into sodium heparin vacutainers. Sodium heparin is an anticoagulant that binds to 

antithrombin III, which inactivates thrombin (Porter et al., 1967). Peripheral blood 

was diluted with an equal volume of McCoy’s 5A (Invitrogen Canada Inc, Burlington, 

ON, Canada) and eosinophils were purified using an accuprep™ density gradient 

(Accurate Chemical & Scientific Corporation, Westbury, NY, USA) followed by a 

MACS (magnetic-activated cell sorting) column CD16+ neutrophil depletion 

(Miltenyi Biotec, Auburn, CA, USA). McCoy’s 5A is a general purpose media, which 

contains various amino acids, vitamins and buffers, such as bicarbonate that keeps the 

cells at ideal conditions during the isolation process. Accuprep™ is a mixture of 

sodium diatrizoate and polysaccharide that forms a 1.077 g/mL density liquid. 

Layering the sample on the media causes the mononuclear cells, which have a density 

lower than 1.077 g/mL, to form as a layer at the sample/media interface (Boyum, 
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1968). It also results in a layer at the bottom of the 1.077 g/mL media consisting of 

red blood cells, eosinophils and neutrophils.  

 After removing the eosinophil layer, red blood cells were lysed with 

ammonium chloride. Ammonium chloride (NH4Cl) is a buffer optimized for the gentle 

lysis of erythrocytes with a minimal effect on leukocytes (Shortman et al., 1972). Red 

blood cell lysis occurs due to an unbalanced osmotic pressure because of their 

permeability to NH4Cl (Jacobs & Stewart, 1942). The method of NH4Cl lysis has 

several effects on eosinophils after 4 days in culture, including decreased survival and 

degranulation (Ide et al., 1994). This is not a concern for this in vitro assay due to the 

acute nature of the protein measurements and the fact that degranulation is not an 

outcome. 

 MACS column was used to purify the eosinophils from the granulocyte 

population after red blood cell (RBC) lysis. The MACS separation system uses 

antibodies bound to microbeads that are retained in the column by magnetism, which 

allows unlabeled cells to pass through. To separate eosinophils from the granulocyte 

population a CD16 antibody was utilized. CD16 is a low affinity Fc receptor for IgG 

antibodies. It is expressed on the surface of neutrophils, natural killer cells, T cells and 

macrophages (LoBuglio et al., 1967; Messner & Jelinek, 1970; Henson, 1969; 

Perlmann et al., 1976). Granulocytes are incubated with the CD16 antibody diluted in 

phosphate buffered saline (PBS) with 0.5% BSA and 6 mM EDTA for 45 minutes 

then added to a LD column that is placed in a magnetic field. The PBS, BSA and 

EDTA provide the cells with a solution that buffers against changes in pH, decreases 

non-specific binding and can prevent cell coagulation. The LD column is designed to 

retain even weakly labeled cells in the column. The column is composed of 
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ferromagnetic spheres that, when placed in the magnetic field, amplifies the 

magnetism by 10,000 fold, which ensures neutrophils stay in the column and 

eosinophils flow through for subsequent analysis. 

 The purity of each eosinophil sample was determined with a cytoprep stained 

for a cell differential count (Diff-Quik®; Siemens Healthcare Diagnostics, Deerfield, 

IL, USA). After the cells are diluted to a concentration of 1x10
6
 cell/mL, 50 μL of cell 

suspension is placed into plastic cuvettes that have been pre-wet with DPBS (doesn’t 

contain calcium and magnesium). The cuvettes are centrifuged at 500g for 5min 

forming a cell pellet on the surface of the glass slide. After the pellet has dried the 

slide is stained using Diff-Quik®. This consists of a fixative (Triarylmethane dye), an 

acidic dye (Xanthene dye) and a basic dye (Thiazine dye). This method was developed 

by Paul Ehrlich in 1878. In his dissertation “Contributions to the Theory and Practice 

of Histological Staining” at Leipzig University, Ehrlich first described eosinophils as 

acidophils based on the preference to stain with acidic dyes (Ehrlich, 1878). It was 

modified in 1891 by Ernst Malachowski and Dmitry Romanowsky to make the dyes 

more stable and water soluble (Romanowsky, 1891). Current Diff-Quik® staining 

methods use variations of the Romanowsky protocol. 

 Light microscopy demonstrated that the eosinophil preparations were >90% 

pure and the majority of contaminating cells were neutrophils. The purity was 

determined from the average of 2 slides after a minimum of 400 cells were counted on 

each, to minimize measurement variability. The vast majority contaminating cells 

were neutrophils, because the layering process isolates the granulocyte population. 

However, during the granulocyte layer retrieval it is possible to get contaminating 

lymphocytes (<1%). 
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 Purified eosinophils were boiled in western buffer (Novex buffer, 2-ME) and 

distilled water) and stored at -70°C. Protein lysates from eosinophils were separated 

by gel electrophoresis. Two protein standards, See Blue Plus2 and HRP-linked protein 

standards ladder, were used to visualize protein size. Also a protein loading standard, 

125ng human PPARγ protein, will be used to ensure equal loading. The gel was run at 

100 volts for 2.5 hours and then transfered onto a nitrocellulose membrane at 30 volts 

for 90 minutes. The membrane was blocked overnight at 4°C with 3% milk blocking 

buffer (0.6g milk in 20mL TBS-T). The next morning the membrane was washed and 

incubated at room temperature for 90 min with PPARγ IgG antibody (corresponding 

to the N-terminus of PPARγ1 and PPARγ2) that was diluted in blocking buffer. 

Following that, the membrane was washed and incubated at room temperature for 60 

min with Polyclonal Goat Anti-Rabbit HRP-linked Immunoglobulins diluted in 

blocking buffer. Finally the membrane was washed and incubated with Chemiglow for 

8 mins and development on a Fluorochem. 

 

Sputum Induction 

 Sputum was induced with an aerosol of inhaled hypertonic saline using a 

modification of the method of Pin et al (Pin et al., 1992) after pretreatment with 

inhaled salbutamol 200 μg (Pizzichini et al., 1996). The modification consisted of 

inhaling the hypertonic saline in concentrations of 3, 4 and 5% each for 7 min. 

Subjects were instructed to rinse the mouth with water and blow their nose after each 

inhalation to avoid contamination with saliva and postnasal drip. The sample was 

collected in a sterile container and was examined as soon as possible, within 2 h. The 

whole sample of sputum and saliva was transferred to a Petri dish. Sputum plugs were 
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selected and tranfered into a new 15 mL conical tube. The weight of the sputum plugs 

was recorded. Fresh DTT in a balanced salt solution (Sputolysin 10%; Calbiochem 

Corp., San Diego, CA, USA) diluted to 0.1% by the addition of distilled water was 

prepared. The sample was treated with a volume of 0.1% DTT of four times the 

weight. The portions were agitated in a vortex mixer for 15 sec, and gently aspirated 

in and out of a pipette to ensure mixing. The polystyrene tubes were then placed in a 

bench rocker (Dade Tube Rocker; Baxter Diagnostics Corp., Miami, USA) and rocked 

for 15 min. A further four volumes of DPBS were added to the sample, giving a final 

concentration of 0.05% DTT in the solution, and was rocked for a further 5 min. The 

suspensions were then filtered through 48 μm nylon gauze (B & SH Thompson, 

Scarborough, Ontario, Canada); which does not result in selected cell loss 

(Efthimiadis et al., 1994) to remove cell debris and mucus. The resulting suspension 

was spun at 790×g for 10 min and the supernatant was aspirated and stored in 

Eppendorf tubes at -70°C for later analysis. The pellet was resuspended in a volume of 

1000 μL of DPBS to obtain a total cell count in a Neubauer haemocytometer. The 

viability of nonsquamous cells in the sample was evaluated by the trypan blue 

exclusion method (the blue cells being considered dead). The total number of cells per 

millilitre of processed sputum was calculated for both portions, as well as the absolute 

number of nonsquamous and live cells in each portion (absolute total cell count per 

portion minus the squamous and dead cell counts). The cell suspension was then 

adjusted to 1.0 ×10
6
cells/mL and 50μL of cell suspension was placed into the cuvettes 

of a Shandon III cytocentrifuge (Shandon Southern Instruments, Sewickley, PA, 

USA). Two cytospins were prepared at 500 g for 5 min. The slides were air-dried and 

stained using DiffQuik stain. Four hundred nonsquamous cells were counted. 
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Immunofluorescence Staining 

 PPARγ expression was examined by immunefluorescence in baseline sputum 

samples from allergic asthmatic subjects. Sputum was processed using standard 

procedures (Pizzichini et al., 2002), which includes the digestion of mucus using DTT 

(Efthimiadis et al., 1997). Several studies have shown that DTT does not affect cell 

morphology, differential counts or cytokine supernatant levels (Efthimiadis et al., 

1997). Four cytospins were prepared on APTEX coated slides and fixed for 10min in 

4% PFA. After the 10min incubation the slides were treated for 10min in 15% sucrose 

in PBS. The slides were then stored at -70°C until fluorescence staining. Before 

staining, the slides were permeabilized with 1% trition X-100 in PBS for 10 min. The 

cells were then treated with 1% BSA in PBS-T to block the Fc receptor sites, followed 

by incubation with selective PPARγ and eosinophil peroxidase (EPX) antibodies. EPX 

is a specific marker for sputum eosinophils (Metso et al., 2002). The primary 

antibodies used were rabbit anti-human PPARγ IgG (H-100; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and mouse anti-human EPX IgG (Diagnostic 

Development, Uppsala, Sweden). The secondary antibodies used were goat anti-rabbit 

ALEXA 488 IgG and donkey anti-mouse ALEXA 555 IgG (Molecular Probes, 

Burlington, ON). The primary antibodies were incubated at a 1/100 dilution with 1% 

BSA in PBS-T for 1hr. A negative slide was also prepared without the primary 

antibody. Slides were washed and the secondary antibody at a 1/100 dilution was 

incubated for 1hr. After incubation, slides were washed and a coverslip was mounted 

using aqueous mounting medium with DAPI. Slides were stored in the dark at 4°C 

until image acquisition. Fluorescence images were visualized with a Leica DMI 600 B 
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widefield deconvolution microscopy (Concord, Ontario, Canada) in the biophotonics 

facility at McMaster University. The microscope is equipped with an EXFO metal 

halide lamp (Mississauga, Ontario, Canada) which was set to excite cells at 488nm 

and images were acquired with a Hamamatsu Orca ER-AG camera (Bridgewater, NJ, 

USA) at 400x magnification using Volocity 4 acquisition software (Waltham, 

Massachusetts, USA). First eosinophils were located using the ALEXA 555 filter, 

Semrock TRITC-A-000 (Rochester, New York, USA). After the location of an 

eosinophil an image using all filters were acquired. Filters included in this study were 

ALEXA 555 (Semrock TRITC-A-000), ALEXA 488 (Semrock 3035B) and DAPI 

(Semrock 5060B). The Volocity 4 files were converted to jpg images and the 

combined image was created with ImageJ (developed at the National Institutes of 

Health). 

 

2.3 Results and Discussion 

Western Blot of PPARγ in Isolated Peripheral Blood Eosinophils 

 Western blots were used to examine PPARγ protein expression in eosinophils 

isolated from the peripheral blood of asthmatics. PPARγ protein was observed when 

using protein extracted from 1x10
6
 eosinophils (Figure 2.2). Purified PPARγ protein 

was used as a positive control. This verifies results from previous reports (Woerly et 

al., 2003) demonstrating that circulating eosinophils express PPARγ protein. 

 

Immunofluorescence Staining of PPARγ in Sputum Eosinophils 

 Sputum eosinophils, identified using EPX, were examined at baseline in an 

asthmatic subject. A negative control that contained no primary antibody was used to 
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determine the selectivity of the EPX antibody and the PPARγ antibody. In both cases 

no staining was observed. DAPI was used to locate cells by staining their nucleus. 

PPARγ is expressed in eosinophils in the sputum of an allergic asthmatic subject 

(Figure 2.3). PPARγ expression is predominately in the cytoplasm of eosinophils, in 

agreement with previous BAL results (Kobayashi et al, 2005). Cells that were positive 

for DAPI but negative for EPX and PPARγ were also observed (Figure 2.3). By 

developing novel methods to examine PPARγ expression in sputum eosinophils, we 

will be able to correlate physiological changes observed after allergen challenge with 

changes in eosinophil number and PPARγ expression. 

 

PPARγ Expression in Allergic Asthmatics Compared to Healthy Controls 

 Peripheral blood was collected from allergic asthmatics and healthy control 

subjects. Both the percent (%) stained and MFI was determined for eosinophils 

(CD45+C16-) and neutrophils (CD45+CD16+) (Table 2.1). No significant differences 

were observed between asthmatics and healthy control subjects. This confirms the 

baseline mRNA observations made in the BAL (Kobayashi et al., 2005). The gating 

strategy used allowed us to examine neutrophil expression in addition to eosinophil 

expression. Our study and previous reports (Reddy et al., 2008) have shown that 

PPARγ is also expressed in neutrophils. However, no significant difference in 

intracellular expression of PPARγ was observed between asthmatics and healthy 

control subjects. 
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PPARγ Expression in Bronchial Washings of Allergic Asthmatics; the Effect of 

Allergen Challenge and Inhaled Pulmicort® and Symbicort® on PPARγ Expression 

 We examined the effect of allergen inhalation on PPARγ mRNA from 

bronchial washings. PPARγ mRNA increased with 24h post-allergen challenge with 

placebo treatment compared to diluent in 3 out of 6 subjects. We examined the effect 

of Pulmicort® and Symbicort® treatment on the expression of PPARγ mRNA in BW 

cells from allergic asthmatics 24hrs after allergen challenge. Treatment with 

Symbicort® and Pulmicort® showed no difference from the placebo treatment (Figure 

2.4). Kobayashi et al (2005) showed a decrease in PPARγ mRNA expression in the 

BAL of asthmatics 24hrs after allergen challenge. However, in their study PPARγ 

mRNA was normalizing to internal GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase) expression levels. It has been suggested that GAPDH and β-actin are 

not good housekeeping genes for asthmatic subjects (Glare et al., 2002). However, 

this effect may only be observed in large numbers (Glare et al studied 92 asthmatics to 

observe the effect). Furthermore, Kobayashi and colleagues examined BAL compared 

to our study that examined BW cells. BW will favour the collection of non-adherent 

cells whereas BAL, with the extra washing, would yield a higher proportion of 

adherent cells. Another difference between the studies is the method used to induce 

the allergic response. Kobayashi et al used segmental allergen challenge compared to 

our study, which used whole lung allergen challenge. As described previously, 

segmental allergen challenge induces a robust, albeit only local, inflammatory 

response (Calhoun et al., 1993). This large induction of inflammation may result in 

changes to the PPARγ expression, which may explain the differences observed. 
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2.4 Conclusion 

 This study is the first to demonstrate PPARγ expression in sputum eosinophils 

from allergic asthmatics. We also confirmed the expression of PPARγ in peripheral 

blood eosinophils and neutrophils. This study also confirms previous reports that 

PPARγ expression is not different at baseline in asthmatics compared to healthy 

controls (Kobayashi et al., 2005). Furthermore, we have described the novel effects of 

Symbicort® and Pulmicort® treatment on PPARγ mRNA expression 24hrs after 

whole lung allergen challenge in BW cells. Although PPARγ mRNA expression 

increased in some subjects after allergen challenge, no statistically significant increase 

was observed. Our study confirms the expression of PPARγ protein in eosinophils, 

and suggests there are no differences in the level of expression between subjects with 

asthma and healthy controls. As such, constitutive expression of PPARγ at baseline 

does not appear to be responsible for the pathogenesis of asthma. We and others have 

observed that allergen challenges elevate the expression of PPARγ. However there is 

no significant regulation by Symbicort® or Pulmicort® treatment on the elevated 

level of PPARγ expression. Therefore a targeted approach such as PPARγ agonists 

may be beneficial for treatment of asthma exacerbation.   
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2.6 Tables and Figures 

 

Table 2.1. PPARγ expression in peripheral blood eosinophils isolated from allergic 

asthmatic and healthy control subjects. Data represent arithmetic mean + standard 

deviation. 

 

% Stained MFI 

 

Healthy 

Controls Asthmatics 

Healthy 

Controls Asthmatics 

Neutrophils 53+11 67+20 167+37 444+404 

Eosinophils 39+17 72+28 858+288 1076+784 
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Figure 2.1. Gating strategy used to isolate peripheral blood eosinophils from the 

whole blood population. PPARγ expression on eosinophils was examined using 

CD45+CD16- with high granularity (top left, top right and bottom left graph 

respectively). The MFI for the isotype (grey line) and PPARγ antibody (black line) is 

shown in the bottom right graph. 
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Figure 2.2. A representative western blot of PPARγ expression in isolated 

eosinophils. Lysates from 1x10
6
 eosinophils in 25uL western buffer was determined to 

be the optimal cell number. PPARγ protein appears at 54 kDa. The first column shows 

the product insert HRP linked molecular weight ladder, second column shows protein 

from 1x10
6
 eosinophils, third shows the HRP linked protein ladder that was run on the 

gel, fourth shows protein from 0.5x10
6
 eosinophils, fifth column is blank and the last 

column is 125ng of PPARγ protein.  
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Figure 2.3. A fluorescent image of PPARγ expression in the sputum of an allergic 

asthmatic subject. Images show eosinophil peroxidise (EPX), PPARγ, and DAPI 

expression (top left, top right and middle left image respectively). The middle right 

image shows the combined image, which localizes the PPARγ and EPX expression. 

The bottom image shows the DAPI (bottom left) and PPARγ for the isotype control 

(bottom right).  

  

15μm
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Figure 2.4. The effect of Pulmicort® and Symbicort® treatment on the expression of 

PPARγ mRNA in BW cells from allergic asthmatics 24hrs after allergen challenge. 

PPARγ mRNA showed a trend towards an increased in half of the subjects on placebo 

after allergen challenge compared to diluent challenge. Symbicort® and Pulmicort® 

showed no difference from the diluent response. Data are arithmetic mean + 95% 

confidence intervals. 
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Chapter 3: Effects of PPAR Agonists on Eosinophil Migration 
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3.1 Introduction 

 Eosinophils are effector cells which contribute to the pathology of allergic 

diseases (Hogan et al., 2008). They are recruited from the blood into the inflamed 

tissue by local release of chemokines (Okada, et al., 1997; Jose et al., 1994). The first 

observations of leukocyte chemotaxis occurred in 1888, when Leber described the 

movement of leukocytes into the avascular cornea of a rabbit following irritation with 

various microorganisms (Leber, 1888). The study of migration was at a standstill until 

Boyden developed an efficient in vitro technique for measuring chemotaxis (Boyden, 

1962). Using this newly developed technique, researchers showed that the response to 

a chemoattractants is a combination of random and directionally stimulated movement 

(Keller & Sorkin, 1966; Keller & Sorkin, 1967) and that it can be a cell specific 

process (Keller & Sorkin, 1969; Kay, 1970). Eotaxin-1, which is one of the most 

potent eosinophil chemokines, signals through CCR3. Novel approaches toward 

inhibiting migration of effector cells, such as eosinophils, are being investigated for 

treatment of allergic asthma. 

 PPARs are metabolite-activated transcription factors that have been shown to 

regulate metabolic and inflammatory responses (Bensinger & Tontonoz, 2008). They 

have attracted interest as therapeutic targets in lung disease due to their preferential 

expression on human airway smooth muscle (Patel et al., 2003), there expression on 

inflammatory cells (Spears et al., 2006), and increased expression during 

inflammatory events (Benayoun et al., 2001; Kobayashi et al., 2005a). In murine 

models of allergic asthma, PPARα and PPARγ agonists (rosiglitazone and GW9578, 

respectively) inhibit eosinophil influx to the lung following airway antigen challenge 
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(Kim et al., 2005; Trifilieff et al., 2003). The PPARγ agonist was more effective than 

the PPARα agonist, while the PPARβ/δ agonist had no effect (Trifilieff et al., 2003). 

 At low concentrations, however, PPAR agonists have been shown to enhance 

eosinophil migration in vitro (Kobayashi et al., 2005b). The observed enhancement in 

eosinophil migration could be due to an increase in chemotaxis or chemokinesis 

(Zigmond & Hirsch, 1973). The current study will compare the effects of low 

concentrations of the PPAR agonists GW9578, GW501516 and rosiglitazone on 

eosinophil migration and chemokinesis. 

 Eotaxin binding to CCR3 receptor on the surface of eosinophils leads to the 

initiation of migration through a transient rise in Ca
2+

 and phosphorylation of tyrosine 

on downstream signaling proteins. MAPKs, p44 and p42, also known as extracellular 

signal-regulated kinase-1 (ERK-1) and ERK-2 are involved in eotaxin induced rolling 

and migration through the regulation of cytoskeletal rearrangements (Boehme et al., 

1999). In the current study, the effect of PPAR agonist treatment on eotaxin-induced 

phosphorylation of ERK1/2 and p38 was investigated. The intracellular calcium 

oscillations were also examined. 

 Cell migration is a multistep process, which involves both chemotaxis and 

chemokinesis in response to a chemoattractant (Friedl & Weigelin, 2008). Chemotaxis 

is defined as stimulated directional migration towards a chemoattractant, whereas 

chemokinesis is defined as stimulated non-directional or random migration. 

Chemokinesis, alone, is not sufficient for cell accumulation, but may contribute 

considerably by priming a cell to respond more vigorously to subsequent chemotactic 

stimuli (Dunn, 1983). In the current study, the effects of PPAR agonists on eotaxin-
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induced eosinophil directional and PPAR-induced random migration were 

investigated. 

 

3.2 Materials and Methods 

Subjects 

 Blood was obtained from 10 male and 13 female, non-smoking, allergic 

donors aged 19-60 years old. Subjects were recruited using research ethics board 

approved advertisement posted at the McMaster University campus. Smoking status, 

which can influence the migration of peripheral blood leukocytes (Pandit et al., 2006), 

was confirmed as non-smoking during the initial interview. A subject’s allergic status 

was determined by skin prick testing. Only subjects with a positive skin prick test 

were selected. Selecting subjects with allergies increased the chance of collecting 

sufficient numbers of eosinophils for in vitro analysis because patients with allergic 

disease can have a higher circulating eosinophil counts (Felarca & Lowell, 1967). 

Subjects were not currently using steroidal or non-steroidal anti-inflammatory 

medications or antihistamines. All of these medications would have affected the total 

number and function of the isolated eosinophils.  

 Samples of cord blood, from 6 individuals, were obtained from the hospital 

delivery room. The samples were collected in the delivery room at St. Joseph’s 

Hospial after informed consent was received from the patient for the analysis of 

progenitor cell migration. An interview was not performed during the procedure so 

allergic status of the mother and current medication were not determined. The 

newborn allergic status was also not determined because no follow up visits were 

scheduled. Cord blood is a convenient sample to isolate progenitor cells due to the 
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larger number cells compared with peripheral blood (Prindull et al., 1978) and the 

ease of collection compared to bone marrow. The studies were approved by the 

FHS/HHS Research Ethics Board and St. Joseph’s Healthcare, and all subjects gave 

informed consent to participate. 

 

Eosinophil Purification 

 One hundred millilitres of peripheral blood was collected from each subject 

into sodium heparin vacutainers for in vitro experiments. Peripheral blood was diluted 

with an equal volume of McCoy’s 5A (Invitrogen Canada Inc, Burlington, ON, 

Canada) and eosinophils were purified using an accuprep™ density gradient 

(Accurate Chemical & Scientific Corporation, Westbury, NY, USA) followed by a 

MACS column CD16+ neutrophil depletion (Miltenyi Biotec, Auburn, CA, USA). 

Along with a lymphocyte layer, Accuprep™ also forms a layer at the bottom of the 

1.077 g/mL media consisting of red blood cells, eosinophils and neutrophils. 

 After collecting the eosinophil layer, red blood cells were lysed with 

ammonium chloride. The method of NH4Cl lysis has several effects on eosinophils 

after 4 days in culture, including decreased survival and degranulation (Ide et al., 

1994). This is not a concern for this in vitro assay due to the acute nature of the 

migration measurements and the fact that degranulation is not an outcome. 

 MACS column was used to purify the eosinophils from the granulocyte 

population after RBC lysis. To separate eosinophils from the granulocyte population a 

CD16 antibody was utilized. Granulocytes were incubated with the CD16 antibody 

diluted in PBS with 0.5% BSA and 6 mM EDTA for 45 minutes. The granulocytes 

were then added to a LD column that is placed in a magnetic field. 
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 The purity of each eosinophil sample was determined with a cytoprep stained 

for a cell differential count (Diff-Quik®; Siemens Healthcare Diagnostics, Deerfield, 

IL, USA). After the cells are diluted to a concentration of 1x10
6
 cell/mL, 50 μL of cell 

suspension is placed into plastic cuvettes that have been pre-wet with DPBS (doesn’t 

contain calcium and magnesium). The cuvettes are centrifuged at 500g for 5min 

forming a cell pellet on the surface of the glass slide. After the pellet has dried the 

slide is stained using Diff-Quik®. 

 Light microscopy demonstrated that the eosinophil preparations were >90% 

pure and the majority of contaminating cells were neutrophils. The purity was 

determined from the average of 2 slides after a minimum of 400 cells were counted on 

each, to minimize measurement variability. The vast majority contaminating cells 

were neutrophils, because the layering process isolates the granulocyte population. 

However, during the granulocyte layer retrieval it is possible to get contaminating 

lymphocytes (<1%). 

 Purified eosinophils were resuspended in RPMI complete (10% Fetal Bovine 

Serum (FBS), 1M HEPES in RPMI 1640) and incubated for 20 minutes with 0.1 nM–

100 µM of either a PPARα agonist (GW9578; Cayman Chemical, Ann Arbor, MI, 

USA), a PPARβ/δ agonist (GW501516; Axxora LLC, San Diego, CA, USA), or a 

PPARγ agonist (rosiglitazone; Cayman Chemical, Ann Arbor, MI, USA), all in a final 

concentration of 0.1% DMSO, or with diluent (RPMI complete in 0.1% DMSO). 

Roswell Park Memorial Institute (RPMI) media 1640 was developed by Moore et al 

for culturing human leukocytes (Moore, et al., 1967). RPMI 1640 media utilizes a 

bicarbonate buffering system with varying amounts of amino acids and vitamins to 

ensure cell viability and growth. HEPES increases the buffer strength of the medium 
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and raises the maximum buffering range and FBS provides nutrients and growth 

factors for the cells. Prior to use in cell growth medium, FBS was heat inactivated 

(heated to 56 °C in a water bath) to destroy heat-labile complement proteins. The 20 

min incubation with PPAR agonist prior to the migration assay was preformed so 

methods in this study would mimic methods observed in previous studies (Kobayashi 

et al., 2005b). Although 20 min may not be a sufficient time for protein translation 

(depending on the size of the protein) to occur, PPARs have non-genomic effects and 

can influence signaling through transrepression (Ricote & Glass, 2007). DMSO is an 

organosulfur that can dissolve both polar and nonpolar compounds. DMSO is used to 

reconstitute the PPAR agonists into solution, so the same concentration of DMSO was 

used in the negative condition to control for DMSO induced effects, such as increased 

erythroid differentiation (Friend, et al., 1971).  

 Treatment with PPAR agonists had no effect on eosinophil viability as 

determined by trypan blue exclusion, being > 98% viable before and after incubation. 

It was important to determine the viability of the cells due to the assumption of normal 

cellular behaviour made in the migration assay. Dye exclusion is the method utilized 

by trypan blue, which is a derivative of toluidine. It determines viable cells that do not 

absorb the dye versus dead cells that readily absorb the dye. This selective staining 

method was first developed by Paul Ehrlich in 1904 to selectively kill trypanosomes 

(Ehrlich & Shiga, 1904). 

 

Eotaxin-Induced Eosinophil Migration 

 In 1881, Dr. Engelmann was first to describe the method to measure the 

movement (aerotaxis) of cells (bacteria) towards oxygen producing algae (Engelmann, 
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1881). However, methods for measuring migration were further developed by Dr. 

Boyden (Boyden, 1962). The migration assay used in this study is a modified 48-well 

Boyden chamber assay, following protocols from previous studies on eosinophil 

migration (Sehmi et al., 1992). The Boyden chamber utilizes two chambers that are 

separated by a semi-permeable filter that allows the chemoattractant to readily pass 

through. The cells, however, cannot pass through without the induction of migration 

(shape change). The PPAR agonists were left in the cell suspension, and the upper 

wells of the Boyden chamber were filled with 50 μL of eosinophils at a concentration 

of 3x10
6
cells/mL. The PPAR agonist was balanced in the upper and lower wells so the 

only concentration gradient would be towards eotaxin. Therefore, we could determine 

the specific effect of PPAR agonists on the migration response to eotaxin. This 

mimics the concentrations observed in previous work (Kobayashi et al., 2005b). 

Eotaxin at a concentration of 10 nM (R&D Systems, Minneapolis, MN, USA) in the 

presence of a PPAR agonist (0.1 nM -100 µM) were placed in the lower wells of the 

microchemotaxis assembly (Neuro Probe Inc., Gaithersburg, MD, USA). In initial 

studies, we determined the suboptimal concentration of eotaxin (10nM), which was 

comparable to other work (Kobayashi et al., 2005b). Kobayahsi et al (2005b) used 

troglitazone, a strong PPARγ and weak PPARα agonist, as a control response to 

examine the migration of 15d-PGJ2. Troglitazone was observed to enhance and inhibit 

migration in a dose dependent manner.  However, the EC50 of troglitazone is 10x 

lower than rosiglitazone (0.55μM versus 0.043μM respectively) (Willson et al., 2000) 

and rosiglitazone, unlike troglitazone, is full agonist for PPARγ (Walker et al., 1998; 

Camp et al., 2000). In our study the concentration range selected for the PPAR 
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agonists was used to examine the full spectrum of responses, both the inhibition and 

enhancement of migration (observed in previous work) (Kobayashi et al., 2005b). 

 The upper and lower wells were separated by a nitrocellulose filter with an 

8µm pore and the chamber was incubated in high humidity for 90 minutes at 37⁰C. 

The migration results obtained from nitrocellulose filters do not differ significantly 

from polycarbonate filters (Jungi, 1978). However, nitrocellulose filters allow further 

examination of chemotaxis and chemokinesis in one assay (Zigmond & Hirsch, 1973). 

Polycarbonate filters, which were used in the Kobayashi et al (2005b) study, have 

defined pores punched into the 10μm thick surface that allow for chemoattractant 

diffusion and cell migration (Wilkinson, 1998). Since gradients only form towards 

these defined pores, chemotaxis can only occur across the surface of the filter, 

therefore, adhesion to the filter is critical (Wilkinson, 1998). On the other hand, 

nitrocellulose filters form a 150μm thick 3-D matrix for the cells to move towards the 

chemoattractant (Wilkinson, 1998). This extra depth allows the cells to develop both a 

random and directionally stimulated migrational response thus, allowing separatation 

of chemokinesis from chemotaxis in the migration process (Zigmond & Hirsch, 1973), 

as described in detail below. A filter with an 8μm pore was used in the eosinophil 

migration assays because eosinophils are 12-15 µm in diameter, which requires them 

to undergo shape change to pass through the filter. 

 The chamber was then disassembled and the nitrocellulose filter was fixed 

with mercuric chloride overnight and stained with haematoxylin and chromotrope 2R. 

Mercuric chloride fixes the filter while haematoxylin and chromotrope 2R stain the 

iron and alum in the cytoplasm/nucleus and the basic proteins in the granules 

respectively. The filter was dehydrated through graded alcohols followed by a 30 
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minute xylene treatment, then mounted on a glass slide and coverslipped with 

Permount™ (Fisher Scientific, Pittsburgh, PA, USA). Dehydration with alcohol 

replaces any water left in the filter with alcohol, which is miscible with xylene. It is 

important to remove the water because it is not miscible with xylene, so the clearing 

agent would not work efficiently. Xylene is used as a clearing agent to remove excess 

stain, which helps to decrease background staining. The number of eosinophils was 

quantified from 10 random fields at the leading edge, which are counted from the 

underside of the filter using a light microscope at 400x magnification. To deal with 

the unpredictable way the cells can drop off the bottom of the filter (Keller et al., 

1972), Zigmond and Hirsch introduced a new technique, known as leading front 

(Zigmond & Hirsch, 1973). Cells aren’t allowed to migrate through the whole depth 

of the filter and only those cells that migrated the furthest were counted. This 

technique was utilized in this study. Random fields were counted to control for any 

variations across the filter in each well. These methods were adapted from previous 

work (Sehmi et al., 1992). 

 

PPAR Agonist-Induced Eosinophil Chemokinesis 

 To determine the effects of PPARs on eosinophil chemokinetic responses, 

eosinophils were incubated with PPAR agonists (0.1 nM-100 µM) for 20 minutes then 

loaded into the upper chamber with similar concentrations of the PPAR agonist in the 

lower chambers. Cell migration is a multistep process, which involves chemotaxis and 

chemokinesis in response to a chemokine (Friedl & Weigelin, 2008). Chemotaxis is 

defined as directed migration towards a chemokine, whereas chemokinesis is defined 

as non-directional velocity induced migration. Dissecting chemotaxis from 
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chemokinesis is critical since chemokinesis alone is not a good mechanism for cell 

accumulation, but may contribute considerably by priming a cell to respond more 

vigorously to chemotactic stimuli (Dunn, 1983). Nitrocellulose filters form a 3-D 

matrix for the cells to move through, towards the chemoattractant (Wilkinson, 1998). 

This extra space allows the cells to develop both a chemotatic and chemokinetic 

response thus you can separate chemotaxis from chemokinesis in the migration 

process (Zigmond & Hirsch, 1973). This could not have been done in previous studies 

that observed increase migration after troglitazone treatment (Kobayashi et al., 

2005b). Adding the same concentration of the PPAR agonist in the upper and lower 

well eliminates a concentration gradient, which allows us to determine the 

chemokinetic component of the response. 

 

Eosinophil CCR3 Expression 

 Purified eosinophils were incubated with rosiglitazone at 0.1 nM, 10 nM or 

diluent for 110 minutes. An effective dose and a low dose that had minimal effect 

were selected to examine the possible mechanism behind the enhanced migration. The 

incubation time examined was the total exposure time used in the migration assay. 

The cells were then stained for CCR3 surface expression using mouse anti-human 

Pacific Blue-CD45 (eBioscience, San Diego, CA, USA), FITC-CD16 (Becton-

Dickinson Biosciences, Mississauga, ON, Canada) and PE-CCR3 (Medical & 

Biological Laboratories, Naka-ku, Nagoya, Japan), as well as the isotype control 

antibodies for CCR3. To separate eosinophils from contaminating cells a 

CD45+CD16- gating strategy was utilized (Figure 3.1). CD45 is a protein tyrosine 

phosphatase, receptor type, C expressed on leukocytes (Omary et al., 1980) and 



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

73 

CD16, as mentioned previously, is expressed on the surface of neutrophils, natural 

killer cells, T cells and macrophages (LoBuglio et al., 1967; Messner & Jelinek, 1970; 

Henson, 1969; Perlmann et al., 1976). Although we used a purified eosinophil 

population, these markers verified the cells of interest. CCR3 positive staining was 

determined from an isotype control, which represents the specific antibody without the 

epitopes. Using standard FACS methods, the isotype control, which represents non-

specific binding, was set at 2% positive. The positive specific binding was then 

determined from this set gate. A minimum of 3000 CD45+CD16- cells were collected 

for analysis. Two parameters were determined from this gating strategy, the % stained 

and the MFI. Cells were acquired with an LSR II flow cytometer (Becton Dickinson 

Instrument Systems; Becton-Dickinson, Mississauga, ON, Canada) using the 

FACSDiva software program (Becton-Dickinson Biosciences). 

 

Eosinophil Migration – Signal Transduction Pathways 

 Purified eosinophils were treated with rosiglitazone at concentrations which 

were previously reported to induce cell migration (0.1 nM, 10 nM) (Kobayashi et al., 

2005b) or with diluent for 110 minutes in the absence or presence of 10 nM eotaxin. 

The doses and the incubation time were selected with the same strategy as the CCR3 

expression assay. Eotaxin was added after 20 min of PPAR agonist pretreatment to 

initiate phosphorylation of ERK1/2 and p38. A negative control, in the absence of 

eotaxin, was examined to determine the baseline effects of the PPAR agonist. After 

rosiglitazone treatment, eosinophils were lysed and the protein concentration was 

standardized using a Bradford assay (Table 3.1). Eosinophils were lyzed with RIPA 

buffer containing protease and phosphatase inhibitors. RIPA buffer contains 
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denaturing chemicals, such as sodium dodecyl sulfate, which disrupts non-covalent 

bonds in the proteins causing them to lose their conformation. Protease and 

phosphatase inhibitors are included in the buffer to ensure degradation of the protein 

or the phosphorylation state will not occur. A Bradford assay was required to 

minimize the protein loading variability between subjects. Bardford assay was 

developed by Dr. Bradford in 1976. It is a colorimetric assay that measures the protein 

concentration based on an absorbance shift of a dye. The Coomassie® brilliant blue 

G-250 dye that is used in this assay shifts from 465 to 595nm when protein binding 

occurs (Bradford, 1976). Elevated concentrations of detergent, such as SDS, can 

interfere with protein binding, however if it is kept at less than 0.1%, as in the current 

study, no deleterious effects are observed (Bradford, 1976). 

 Phosphorylation of ERK1/2 and p38 were analyzed using signal transduction 

assay reaction (STAR) ELISA kits (Millipore, Temecula, CA) and were quantified by 

measuring the absorbance at 450nm using an EL800 plate reader (BioTek Instruments, 

Winooski, VT). ELISA was first developed in 1971 (Van Weemen & Schuurs, 1971; 

Engvall & Perlmann, 1971), however the development was made possible by the 

ability to link antibodies to polysaccharides (Wide & Porath, 1966) and enzymes 

(Avrameas & Uriel, 1966). ELISA involves immobilizing a protein of interest using a 

specific antibody bound to a polystyrene microplate. A detection antibody, which is 

also specific for the protein of interest, is then added to the well. This is followed by 

the addition of an enzyme linked antibody that binds to the Fc portion of the specific 

antibody. Finally, a dye is added to the wells, which, when converted by the enzyme 

allows the specific detection of the protein of interest. A standard curve is preformed 
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in parallel to allow the quantification of the protein of interest. Samples are run in 

triplicate to reduce the variability observed between wells. 

 MAPKs, p44 and p42, also known as extracellular signal-regulated kinase-1 

(ERK-1) and ERK-2 are involved in eotaxin induced rolling and migration through the 

regulation of cytoskeletal rearrangements (Boehme et al., 1999). MAPK p38 was also 

observed to be an important mechanism in eotaxin-induced chemotaxis (Kampen et 

al., 2000). In the current study we used rabbit anti-human antibodies specific for the 

phosphorylated form of the tyrosine/threonine on ERK-1/2 and on p38. The secondary 

antibody was mouse anti-rabbit directed to the Fc portion of the specific antibody and 

was HRP linked. After the incubation period TMB dye was added and HRP 

enzymatically converts TMB into a diimine, which appears as a blue colour. When the 

stop solution is added, usually sulfuric acid, TMB turns yellow and can be read at 

450nm on absorbance reader (Josephy, Eling, & Mason, 1982). Protein standards were 

supplied by the manufacturer and used in triplicate to form the standard curve (Figure 

3.2). Samples were also tested in triplicate and a negative control (TMB only) was 

used to mange background absorbance.  

 

Eosinophil Progenitor Cell Transwell Migration 

 Immediately after delivery, umbilical cord blood (CB) was collected into a 

60ml syringe (Becton Dickinson, Mississauga, ON) containing heparin (1000 

units/ml; Sigma Aldrich, Oakville, ON). CB was depleted of red blood cells by gravity 

sedimentation in 1% (vol/vol) dextran (Sigma Aldrich, Oakville, ON) at a 1:5 dilution 

at 37ºC, 5% CO2 for 45 min in 50ml conical tubes (Becton Dickinson, Mississauga, 

ON). Cord blood was diluted with an equal volume of McCoy’s 5A (Invitrogen 
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Canada Inc) and mononuclear cells were purified using an accuprep density gradient 

(Accurate Chemical & Scientific Corporation, Westbury, NY, USA). Access to cord 

blood was provided by Dr. Sehmi at St. Joseph’s Hospital. Umbilical cord blood is a 

convenient sample that provides a high number of progenitor cells for subsequent 

analysis (Kirshner & Goldberg, 1980). Mononuclear cells were then resuspended in 

McCoy’s 3+ (McCoy’s 5A with 10% fetal bovine serum, 1% penicillin/streptomycin 

(pen/strep) and 1% 2-ME and incubated for 2-hours in 5% CO2 at 37°C and high 

humidity to remove monocytes. McCoy’s 3+ is a general purpose media, providing 

various amino acids, vitamins and buffers, plus heat inactivated FBS for extra 

nutrients, penstrep for antibiotic prtection and 2-ME for preventing protein oxidation. 

Using glassware, Dr. Levis and Robbins observed that adherent mononuclear cells, 

that do not undergo blastogenesis, can be removed from the lymphocyte population 

(Levis & Robbins, 1972). This provides a purer cell population for subsequent CD34 

isolation. CD34+ progenitor cells were isolated using a MACS column CD34+ 

positive selection (Miltenyi Biotec, Auburn, CA, USA). The CD34+ progenitor cell 

preparations were >90% viable after isolation. Cluster of differentiation molecule 34 

(CD34) is a glycoprotein expressed on the surface of hematopoietic progenitor cells 

(Civin et al., 1984) and may function as an adhesion molecule (Fina et al., 1990). The 

antibody, known as My-10, that recognized human hematopoietic progenitor cells was 

first developed in 1984 in a KG-la human leukemic cell line (Civin et al., 1984). It 

was not until later in 1984 that the cluster differentiation (CD) nomenclature was 

created at the 1st International Workshop and Conference on Human Leukocyte 

Differentiation Antigens (Bernard & Boumsell, 1984), and My-10 was renamed 
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CD34. In this study CD34 was used as the marker for the positive selection of 

progenitor cells. 

 The non-adherent mononuclear cells were incubated with Fc receptor block 

and CD34 antibody, which was diluted in PBS with 0.5% BSA and 6 mM EDTA. 

Cells were incubated for 30 minutes before being added to a MS column that is placed 

in a magnetic field. The Fc receptor block decreases non-specific binding of the CD34 

antibody, which increases the purity of the isolated population. The PBS, BSA and 

EDTA provide the cells with a solution that buffers against changes in pH, decreases 

non-specific binding, and can prevent cell coagulation. The MS column is designed 

for selection of strongly labeled cells in the column. 

 Purified CD34+ progenitor cells were resuspend at 1x10
6
cells/mL in RPMI 

complete (10% fetal bovine serum, 1M HEPES in RPMI 1640) with 100–1000 nM of 

PPARα agonist (GW9578), PPARβ/δ agonist (GW501516), or PPARγ agonist 

(rosiglitazone) agonist, all in a final concentration of 0.1% DMSO, or diluent (RPMI 

complete in 0.1% DMSO). The PPAR agonist concentration was based on previously 

reported effective doses in migration assays (Kobayashi et al., 2005b; Ueki et al., 

2003; Woerly et al., 2003). Stromal derived factor-1α (SDF-1α, R&D Systems) at a 

concentration of 100 ng/mL and in the presence of equivalent concentrations of PPAR 

agonists (100–1000 nM), was placed in the lower wells of the transwell assembly. 

SDF-1α was first cloned in 1993 from a bone marrow stromal cell line (Tashiro et al., 

1993). SDF-1α is a highly potent mononuclear cell chemoattractant (Bleul et al., 

1996). In previous studies, an increase in SDF-1α-induced endothelial progenitor cell 

migration was observed in patients with coronary artery disease on a once daily dose 

of pioglitazone, a PPARγ agonist (Werner et al., 2007). The concentration of SDF-1α 
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utilized was based on previously published reports on progenitor cell migration to 

SDF-1α (Dorman et al., 2005; Imaoka et al., 2011). The chamber was incubated in 

high humidity for 4 hours at 37⁰C. This incubation period was previously optimized 

by Dorman et al (Dorman et al., 2005). 

 The chamber was then disassembled and the cells from the lower well were 

stained for CD34 and IL-5 receptor-α (IL-5Rα) surface expression using mouse anti-

human CD34-APC, CD45-FITC and PE-IL-5Rα (Becton-Dickinson Biosciences), as 

well as the isotype control antibodies. CD34 is expressed on hematopoietic progenitor 

cells, hemangioblasts, and endothelial progenitor cells (Civin et al., 1984; Loges et al., 

2004; Peichev et al., 2000). CD45+CD34+IL-5Rα+ cells represent a unique 

population of progenitor cells that are eosinophil lineage committed progenitors 

(Sehmi et al., 1997). IL-5 signaling, which leads to eosinophilopoiesis, requires the 

activation of the IL-5 receptor α subunit along with the common β chain (Tavernier et 

al., 1991). For these reasons, the current study utilized the IL-5Rα as a marker of 

eosinophil progenitors. Cells were acquired with an LSR II flow cytometer (Becton 

Dickinson Instrument Systems; Becton-Dickinson) using the FACSDiva software 

program (Becton-Dickinson Biosciences). Migration was expressed as percent (%) of 

total CD45+CD34+IL-5Rα+ cells plated. Using a % of total expression allowed us to 

reduce the variability observed between samples. 

 

Image Acquisition and Measurement of [Ca
2+

]I 

 Intracellular changes in calcium were measured using confocal microscopy, as 

previously described (Janssen et al., 2009). The principle of confocal microscopy was 

first patented in 1957 by Dr. Minsky (Minsky, 1957). The confocal microscope used 
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in the current study was constructed by Dr. Janssen, and uses two mirrors vibrating at 

two different frequencies to reflect a laser across the sample. The laser light (488 nm) 

excites a calcium-sensitive dye, which in turn emits fluorescent light (>510 nM) 

(described in more detail below). A photomultiplier tube (PMT) transforms the 

fluorescent light into an electrical signal that is recorded by the computer.  

 Isolated eosinophils (1x10
6
 cells/mL) were loaded for 1 hr on ice with 3.5 μM 

of a Ca
2+

-sensitive fluorescent probe, fluo-3 AM (Invitrogen Canada) dissolved in 

dimethyl sulfoxide with 0.01% pluronic F-127. Fluo-3 fluoresces at wavelengths 

greater than 510 nm, when excited by 488 nm light. Fluorescence is greatly increased 

upon binding of calcium to the polyanionic molecule Fluo-3 (Minta, Kao, & Tsien, 

1989). Being such a highly charged molecule, Fluo-3 itself does not penetrate the cell 

membrane easily. However, neutralization of those charges by addition of AM ester 

groups allows Fluo-3-AM to be easily absorbed. Once inside the cell, the ester groups 

are cleaved by endogenous esterases, which trap fluo-3 in the cytosol. Pluronic F-127 

is a hydrophilic non-ionic surfactant that helps dissolve the water-insoluble fluo-3 dye 

(Cohen et al., 1974; Schmolka, 1973). The eosinophils were then loaded onto a 

culture dish and placed on the stage of a custom-built confocal microscope equipped 

with a 20x objective. The bathing solution for all experiments was RPMI, maintained 

at 37°C, which was exchanged constantly using superfusion throughout the 

experiment.  

 Eosinophils were then illuminated using 488 nm light from a 20 mW 

photodiode laser (Coherent Technologies; CA). During the recordings eosinophils 

were exposed to stimuli (10nM eotaxin or diluent control) and treatment with 100 nM 

rosiglitazone or diluent control. Images (480×640 pixels) were generated continuously 
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at 30 Hz with the imaging software ‘Video Savant’ (IO Industries; London, ON, 

Canada). However, only 9 consecutive images were saved. These images were 

averaged to produce a single videoframe, at 1.5 second intervals, giving a final image 

frame rate of 0.67 Hz. The image analysis software, ‘Scion’ (Scion Corporation, 

Frederick, MD), was used to determine the pixel intensity of a user-defined region of 

interest in 10 individual cells for measurement of [Ca
2+

]I. Fluorescence intensities of 

these regions of interest were saved and plotted against time. An increase in the 

average fluorescence intensity was interpreted as an increase in [Ca
2+

]I and an increase 

in the average frequency of [Ca
2+

]I spikes was interpreted as an increase in [Ca
2+

]I 

oscillations. 

 

Statistical Analysis 

 All data are expressed as the mean ± 95% confidence intervals unless 

otherwise stated. Statistical analyses were performed using Prism version 5 (GraphPad 

Software, La Jolla, CA). Repeated measures ANOVA was used to compare PPAR 

agonist treatments versus diluent at each concentration, with post-hoc Tukey tests for 

pre-specified comparisons. For data that was not normally distributed the statistical 

analyses were performed on the log-transformed data. Statistically significant 

differences were accepted at P<0.05. 

 

3.3 Results and Discussion 

Subjects 

 Blood donors that were recruited for the study were 31+12 years old with mild 

blood eosinophila (3.9+2%). 



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

81 

 

Effects of PPAR Agonists on Eotaxin-Induced Eosinophil Migration 

 The chemokine eotaxin (10 nM) induced significant eosinophil migration 

compared to diluent control (242.9+148.6 versus 46.1+68.1 cells/10 HPF, P<0.0001). 

PPAR agonists were tested at low concentrations (n=9, Figure 3.3) and high 

concentrations (n=6, Figure 3.3). Pre-incubation with PPARγ agonist rosiglitazone 

(100 µM) significantly inhibited eotaxin-induced eosinophil migration (Figure 3.3; 

P=0.0042). By contrast, there was no effect of PPARα agonist, GW9578 (P=0.9) or 

PPARβ/δ agonist, GW501516 (P=0.3) on eotaxin-induced migration (Figure 3.3). 

 Rosiglitazone (PPARγ agonist) treatment alone at a concentration of 100 nM 

both above and below the nitrocellulose filter in the micro-Boyden chamber assay 

significantly increased the eosinophil chemokinesis compared to diluent control 

(P=0.0038; Figure 3.4). In contrast, no chemokinetic responses were observed when 

eosinophils were incubated with equivalent concentrations of GW9578 (PPARα 

agonist, P=0.9) or GW501516 (PPARβ/δ agonist, P=0.9) above and below the filter 

(Figure 3.4), or with a high concentration of rosiglitazone (Figure 3.4, P=0.05).  

 Previously it was not unknown if the increase in eotaxin-induced migration by 

PPARγ agonists were due to chemotaxis, chemokinesis, or both. Although PPAR 

agonists in this in vitro study are used at concentrations similar to the reported EC50s 

for rosiglitazone, GW9578 and GW501516 (43 nM, 50 nM and 1.1 nM, respectively) 

(Lehmann et al., 1995; Brown et al., 1999; Oliver, Jr. et al., 2001), this study has 

determined that the enhanced migration by rosiglitazone (PPARγ agonist) is likely due 

to a chemokinetic effect. Such “priming” of cells may enhance their response to other 
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stimuli, including chemokines such as eotaxin that are found in the microenvironment 

of allergic tissue, thus leading to eosinophilia. 

 

Effect of Rosiglitazone on Eosinophil CCR3 Surface Expression and Signaling 

 Incubation with rosiglitazone at 0.1 and 10 nM had no effect on eosinophil 

CCR3 surface expression (Table 3.2). Furthermore, eosinophil incubation with 

rosiglitazone in the presence or absence of eotaxin had no effect on the level of 

phosphorylation of ERK1/2 or p38 MAPK (Table 3.2). 

 To improve our understanding of how PPAR agonists regulate eotaxin-induced 

eosinophil migration, we investigated the effects of rosiglitazone on the surface 

expression and down-stream signalling of the eotaxin receptor, CCR3. Consistent with 

studies of other PPARγ agonists, 15d-PGJ2 and troglitazone (Kobayashi et al., 2005b), 

which were studied at similar concentrations, we observed no effect of rosiglitazone 

on the cell surface expression of CCR3 or on phosphorylation of the down-stream 

signaling molecules ERK1/2 and p38. 

 

Effects of PPAR Agonist on SDF-1α-Induced Eosinophil Progenitor Cell Migration 

 Compared to diluent control, SDF-1α (100 ng/mL) induced migration of 

CD34+IL-5Rα+ cells isolated from cord blood (8.2+6.2 vs 33.2+6.1% of total cells 

migrated, P=0.0479). Low concentrations of rosiglitazone increased the migrational 

response of cord blood-derived CD34+IL-5Rα+ cells to SDF-1α compared to diluent 

control. However, this change did not reach the level of statistical significance (Figure 

3.5; P=0.054). No changes in migration of CD34+IL-5Rα+ cells were observed with 
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equivalent concentrations of GW9578 (PPARα agonist, P=0.8) or GW501516 

(PPARβ/δ agonist, P=0.6). 

 Examination of the effect of PPAR agonists on the immature eosinophil 

population of CD34+IL-5Rα+ cells purified from cord blood samples demonstrated 

that migration in response to the potent chemoattractant SDF-1α is likewise enhanced 

by pre-treatment of low concentrations of rosiglitazone (PPARγ agonist). This finding 

is novel, and mirrors our and Koybayashi’s (Kobayashi et al., 2005b) observations in 

mature eosinophils, which shows enhanced migration by low concentrations of 

PPARγ agonist, with no effect of PPARα and β/δ agonists. 

 

Image acquisition and measurement of [Ca
2+

]I 

 Calcium flux was examined in 3 separate eosinophil preparations. Addition of 

eotaxin to eosinophil preparations caused an increase in the maximum fluorescence 

intensity (Figure 3.6; diluent 16.6+6.2 vs eotaxin 66.7+27.4 at 510nm) and the number 

of calcium oscillations (diluent 0.007+0.004Hz vs eotaxin 0.038+0.016Hz). Treatment 

with 100 nM rosiglitazone consistently reduced the frequency of calcium oscillations 

observed after the addition of 10 nM eotaxin (control 0.038+0.016Hz vs treatment 

0.016+0.007Hz). However, no consistent effect of rosiglitazone was observed on the 

maximum fluorescence intensity in the 3 preparations studied (control 66.7+27.4 vs 

treatment 58.1+25.2). 

 Previous studies have shown that pre-treatment with a MEK inhibitor or a p38 

MAPK inhibitor had no effect on enhanced migration, nor did inhibition of the NF-κB 

pathway or inhibition of genomic transcription with actinomycin D (Kobayashi et al., 

2005b). We and others have shown that PPAR agonists have a modulatory effect on 
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eoxtain-induced calcium mobilization (Kobayashi et al., 2005b), which would suggest 

that PPAR agonists have down-stream targets that have not been identified yet. 

 

3.4 Conclusion 

 This is the first study to show increased chemokinesis of eosinophils in vitro at 

low concentrations of rosiglitazone, which has a 100-fold higher binding affinity for 

PPARγ than troglitazone (Young et al., 1998). The results of this study also confirm 

previous observations showing that high concentrations of a PPARγ agonist inhibit 

eosinophil migration (Kobayashi et al, 2005b). 

 We demonstrated that the PPARγ agonist rosiglitazone, at a concentration of 

100 nM, significantly increased eosinophil chemokinesis in vitro. This finding 

supports the data demonstrating increased eosinophil migration reported by Kobayashi 

(Kobayashi et al., 2005b). We also demonstrated that rosiglitazone treatment had no 

effect on the level of cell surface expression of the eotaxin receptor, CCR3, on 

eosinophils, or on the downstream signalling events following eotaxin/CCR3 binding, 

such as phosphorylation of ERK1/2 and p38 MAPK. This suggests that the observed 

effects of rosiglitazone are not related to alterations in signalling through the eotaxin 

receptor. At these same concentrations there was no effect of the PPARα agonist, 

GW9578 or the PPARβ/δ agonist, GW501516. 

 In summary, at low concentrations the PPARγ agonist rosiglitazone enhanced 

chemokinesis of eosinophils isolated from the peripheral blood of atopic subjects, and 

also enhanced the migration of eosinophil progenitors. This chemokinetic effect may 

partially explain the enhancement of eosinophil migration seen at these 

concentrations. The enhanced chemokinesis was specific for the PPARγ agonist, as 
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there was no effect of PPARα or PPARβ/δ agonists. In light of our findings, that a 

selective PPARγ agonist can enhance eosinophil chemokinesis at a concentration of 

100 nM and decrease eosinophil migration at a concentration of 100 µM, the 

therapeutic window for PPARγ agonists as an anti-inflammatory therapy is narrow 

and dosage must be titrated carefully. 
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3.5 Appendix 

Eosinophil Migration Assay – CellTiter 96 

 In the initial optimization several techniques were utilized to determine the 

effect of PPAR agonists on eosinophil migration. Previously in our lab, Rabyah Murji 

optimized a migration assay for neutrophils. This technique used a 96 well modified 

Boyden chamber with a polycarbonate filter and measured the number of cells that 

migrated by measuring the absorbance on an ELISA plate reader after incubation with 

CellTiter 96® AQueous One Solution. CellTiter 96 contains MTS, which is a redox 

indicator, and phenazine ethosulfate, which is an electron coupling reagent that 

stabilizes the solution. 

 The current study modified the existing neutrophil protocol. Briefly, a 

modified Boyden Chamber (Neuro Probe Inc., Gaithersburg, MD) with a 96 well clear 

microplate was used to assess eotaxin-induced eosinophil migration. Eotaxin was used 

at concentrations of 0.1-10 nM. The bottom wells of the microplate were loaded with 

400ul of eotaxin producing a slight positive meniscus. A polycarbonate filter with a 

5µm pore (Neuro Probe Inc., Gaithersburg, MD) was placed between the upper and 

lower wells. The top chamber was secured fastened and 50µL of eosinophils at 

3x10
6
cells/mL were loaded into the lower compartment of the upper wells followed 

by 175µl of RPMI buffer into the upper compartment. The cells were incubated in the 

Boyden chamber for 1 hour in a 5% CO2 incubator at 37⁰C. RPMI alone was used as a 

negative control to determine migration from baseline movement. 

 After the incubation, the chemotaxis chamber was disassembled and the fluid 

from the upper wells was aspirated. The fluid in the lower wells was mixed 
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thoroughly and 200µL was transferred into a new transparent 96-well plate. The 

number of cells that migrated through the 5µm-pore filter was quantified by using 

CellTiter 96 AQueousOne Solution Reagent (Promega Corporation, Madison, WI, 

USA). MTS-based assays detect the number of viable cells by measuring redox 

reactions. Viable cells transfer electrons from their metabolic by-products such as 

NADH or NADPH to MTS, which is consequently reduced to a soluble detectable dye 

(formazan). MTS (40uL) was added into each 200µL sample. The plate was incubated 

for 2 hours at 37ºC in humidified air with 5% CO2. The absorbance at 490 nm was 

measured after 2 hours using an EL800 plate reader (BioTek Instruments, Winooski, 

VT). 

 Unfortunately this technique was not successful for eosinophil migration. No 

dose response to eotaxin could be observed (Figure 3.7). Several reasons could 

explain these results, including eosinophil autofluorescence, and the MTS assay 

susceptible to colormetric interference. Eosinophils emission spectrum include 

wavelengths from 490-600nm when excitation spectrum of 450nm is used (Weil & 

Chused, 1981). Since the assay measures absorbance at 490nm it is possible that 

excitation and emissions from the eosinophils themselves could produce a significant 

background signal thus hampering the CellTiter measurement. During this assay 

eosinophils were suspended in RPMI, which contains phenol red, a pH indicator. 

Again the phenol red could interfere with background absorbance measurements thus 

making it more difficult to measure the absorbance produced by the CellTiter dye. In 

an attempt to quantify the number of cells that had migrated, the filter was stained 

using Diff-Quik® (Siemens Healthcare Diagnostics, Deerfield, IL, USA). Regrettably, 

because the filter was so thin, it was difficult to determine the location, which side of 
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the filter the eosinophils were located (Figure 3.8). This technique was abandoned and 

CellTiter Glo® was attempted. 

 

Eosinophil Migration Assay – CellTiter Glo® 

 This technique also used a 96 well modified Boyden chamber with a 

polycarbonate filter and measured the number of cells that migrated by measuring the 

luminescence on the Alpha Innotech FluorChem® camera (Quansys Biosciences, 

Logan, Utah, USA) after incubation with CellTiter Glo® (Promega Corporation, 

Madison, WI, USA), which is an ATP indicator and a luciferase reagent. CellTiter 

Glo® generates a luminescent signal that is proportional to the amount of ATP present 

which is an indicator of the number of cells present (Crouch, et al., 1993). 

 The migration protocol used was the same as the protocol used for the 

CellTiter 96 assay with minor changes. One hundred microlitres aliquots of the 

sample from the lower wells of the modified Boyden chamber were placed in an 

opaque 96 well plate. A negative control was prepared to account for background 

luminescence. Equal volume of CellTiter Glo® was added to the sample and was 

mixed on an orbital shaker for 2 min to induce lysis. The plate was then incubated at 

room temperature for 10min. Images of the plate where then acquired using the Alpha 

Innotech FluorChem® camera and densitometry was preformed with the provided 

software. Unfortunately this technique was also not successful for eosinophil 

migration. No dose response to eotaxin could be observed (Figure 3.9). Several 

reasons could explain these results, including eosinophil autofluorescence, and 

cellular ATP content. As mentioned previously, it is possible that eosinophils 

themselves could produce a significant background signal thus hampering the 
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luminescence measurement. Another possible explanation is that different cells vary 

considerably in there ATP content (Crouch et al., 1993). The induction of migration 

itself may also have an effect on the linear relationship between cell number and 

luminescence through metabolism of ATP. This technique was abandoned and the 

nitrocellulose microscopy assay was adopted. 
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3.6 Tables and Figures 

 

Table 3.1. Bradford assay results for eosinophil protein (mg/mL) from 4 subjects after 

treatment with the PPARγ agonist rosiglitazone. Concentrations were adjusted to 

0.3mg/mL after the assay. 

 

Subject Diluent 0.1 nM 10 nM 

100 0.4 0.3 0.8 

101 0.6 0.5 0.4 

102 0.5 1.3 0.5 

103 1.1 1.2 1.2 

 

  



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

91 

 

 

Table 3.2. Eosinophil expression of CCR3 and phosphorylation of ERK1/2 and p38 

after treatment with the PPARγ agonist rosiglitazone. 

 

   Diluent 0.1 nM 10 nM 

CCR3 (%) 29.3+20 23.5+15 19.8+12 

CCR3 (MFI) 8.3+12 6.8+9 5.4+3 

Phospho-ERK1/2 

(units/mL) 

Diluent 3.5+2.4 3.3+1.9 3.3+1.6 

Eotaxin 3.7+0.6 3.9+1.1 4.0+0.9 

Phospho-p38 

(units/mL) 

Diluent 3.7+3.2 4.7+4.3 4.5+6.0 

Eotaxin 6.7+4.6 6.2+3.6 7.0+3.6 

Data represent mean + SD. 
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Figure 3.1. Gating strategy used to isolate peripheral blood eosinophils from the 

isolated population. CCR3 expression on eosinophils was examined using 

CD45+CD16- with high granularity (top left, top right and bottom left graph 

respectively). The MFI for the isotype (grey line) and CCR3 antibody (black line) are 

shown in the bottom right graph. 
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Figure 3.2. ELISA standard curves for phosphorylated ERK1/2 and p38. 
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Figure 3.3. The effect on eotaxin-induced eosinophil migration of agonists to PPARγ 

(a; rosiglitazone), PPARα (b; GW9578), and PPARβ/δ (c; GW50516) at low (0.1 – 

100 nM; 9 subjects) and high concentrations (1000 – 100,000 nM; 6 subjects). 

Representative pictures at 200x magnification of the leading edge of the nitrocellulose 

filter after incubation with eotaxin (d) and eotaxin with 100 µM rosiglitazone (e). Data 

are mean + 95% confidence intervals and are expressed as % of the response to 

eotaxin.  
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Figure 3.4. The effect on eosinophil chemokinesis of agonists to PPARγ (a; 

rosiglitazone), PPARα (b; GW9578), and PPARβ/δ (c; GW50516) at low (0.1 – 

100 nM; 9 subjects) and for PPARγ (a; rosiglitazone) at high concentrations (1000 

– 100,000 nM; 6 subjects). Representative pictures at 200x magnification of the 

leading edge of the nitrocellulose filter after incubation with diluent (d) and 100 

nM rosiglitazone (e). Data are mean + 95% confidence intervals and are expressed 

as % of the response to diluent.  



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

96 

 

Figure 3.5. The effect of the PPARγ agonist rosiglitazone on SDF-1α–induced 

migration of CD34+ IL-5Rα+ cells isolated from cord blood (6 subjects). Data are 

mean + 95% confidence intervals and are expressed as a % of the total CD34+IL-

5Rα+ cells. 
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Figure 3.6. The effect of 100 nM rosiglitazone treatment on the eotaxin-induced 

increase in [Ca
2+

]I, measured by the frequency of calcium oscillations and maximum 

fluorescence intensity (representative tracing from 3 experiments). Arrow indicates 

the addition of 10nM eotaxin. 
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Figure 3.7: Eotaxin-induced eosinophil chemotaxis using MTS dye assay. No changes 

in eosinophil migration were observed. Data are mean + 95% confidence intervals. 
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Figure 3.8: Light microscope image of a polycarbonate filter after the eotaxin-induced 

chemotaxis assay that has been stained with Diff-Quik®. Image is at 400x 

magnification. 
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Figure 3.9: Eotaxin-induced eosinophil chemotaxis using Cell Glo 

chemluminescence. No changes in eosinophil migration were observed. Data are mean 

+ 95% confidence intervals. 
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4.1 Introduction 

 Asthma therapy is focused on reducing the associated symptoms and 

frequency of exacerbation through modification of the mechanisms of lung 

inflammation, or bronchoconstriction, or both. In 1985, Denburg and colleagues 

discovered an association between atopy and greater numbers of circulating 

eosinophil/basophil colony-forming units (Eo/B-CFU) which could be grown in 

culture (Denburg et al., 1985). They also observed increased numbers of circulating 

CD34+ progenitor cells (Sehmi et al., 1996). Along with this is discovery in atopic 

subjects, further associations were found in allergic asthmatics. An increase in Eo/B-

CFU was observed in the peripheral blood of asthmatics during an exacerbation and 

the numbers decreased upon recovery from symptoms (Gibson et al., 1990). In the 

allergen challenge model, a significant increase in circulating Eo/B-CFUs and CD34+ 

cells can be observed 24-hours after whole lung allergen challenge in atopic asthmatic 

subjects who develop early and late phase bronchoconstriction (Gibson et al., 1991; 

Sehmi et al., 1997). Examination of this progenitor cell population allowed Denburg 

and colleagues to determine that allergen exposure upregulates the expression of IL-5 

receptors on CD34+ cells in the bone marrow of atopic asthmatics with an early and 

late phase bronchoconstriction (Denburg et al., 1999). Since IL-5 is the principal 

regulatory cytokine for the differentiation of eosinophils (Chihara et al., 1990) and 

eosinophils represent a major effector cell in asthma (Hogan et al., 2008), progenitor 

cells may be an important target for drug development. 

 Recent studies have shown that treatment with mepolizumab, anti-IL-5 

therapy, was ineffective at completely attenuating eosinophil numbers in bronchial 
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biopsies from asthmatic subjects, which is the site of disease pathology (Flood-Page et 

al., 2003). However, treatment improved asthma control and significantly reduced the 

prednisone dose required by asthmatic patients with persistent eosinophilia (Nair et 

al., 2009). Researchers continue to search for a more effective strategy to completely 

ablate eosinophils at the site of disease, including investigational drugs that target 

eosinophil progenitor cells (Kolbeck et al., 2008; Imaoka et al., 2010). This may lead 

to a more effective therapy for controlling asthma. 

 Recent reviews have suggested that PPARs are novel anti-inflammatory 

targets (Belvisi et al., 2006; Spears et al., 2006) and PPARα as well as PPARγ have 

been suggested to play a role in chronic inflammatory disease (Kota et al., 2005). The 

anti-inflammatory capability of PPARγ agonists have been observed both in vitro 

studies and in allergic animal models (Spears et al., 2006), including inhibitory effects 

on differentiation of several cell types, including erythroid cells (Bernardo et al., 

2009; Nagasawa et al., 2005; Rosen & Spiegelman, 2001b). Currently no studies have 

addressed the effects of PPARs on IL-5-induced eosinophil/basophil cell 

differentiation. 

 

4.2 Materials and Methods 

Subjects 

 Forty atopic donors participating in the study were male and female, non-

smoking, between 18-65 years old. Subjects were recruited using research ethics 

board approved advertisement posted on the McMaster University campus. Smoking 

status, which can influence the migration of peripheral blood leukocytes (Pandit et al., 

2006), was confirmed as non-smoking during the initial interview. A subject’s allergic 
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status was determined by skin prick testing. Only subjects with a positive skin prick 

test were selected. Patients with progenitor cells that range from 20 to 1040 cells per 

million peripheral blood non-adherent mononuclear cells are considered in the normal 

range (Sehmi et al., 1996). Selecting subjects with allergies increased the chance of 

collecting efficient numbers of progenitor cells for in vitro analysis because patients 

with allergic disease can have a higher progenitor cell count (Sehmi et al., 1996). 

Prior to the laboratory visit, subjects could not use steroidal or non-steroidal anti-

inflammatory medications and antihistamines were withheld for 48 hours prior to the 

blood draw. All of these medications would have affected the total number and 

function of the isolated progenitor cells. Peripheral blood was used because it was 

frequently available compared to cord blood samples and easier to collect compared to 

bone marrow. The study was approved by the FHS/HHS Research Ethics Board, and 

subjects gave informed consent to participate. 

 

Progenitor Cell Purification 

 One hundred millilitres of peripheral blood was collected from each subject 

into sodium heparin vacutainers for in vitro experiments. Peripheral blood was diluted 

with an equal volume of McCoy’s 5A (Invitrogen Canada Inc, Burlington, ON, 

Canada) and mononuclear cells were purified using an accuprep™ density gradient 

(Accurate Chemical & Scientific Corporation, Westbury, NY, USA) followed by a 

MACS column CD34+ progenitor cells positive selection (Miltenyi Biotec, Auburn, 

CA, USA). 

 Mononuclear cells were then resuspended in McCoy’s 3+ (McCoy’s 5A with 

10% fetal bovine serum, 1% penicillin/streptomycin (pen/strep) and 1% 2-ME and 
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incubated for 2-hours in 5% CO2 at 37°C and high humidity to remove monocytes. 

CD34+ progenitor cells were isolated using a MACS column CD34+ positive 

selection (Miltenyi Biotec, Auburn, CA, USA). The NAMNC and CD34+ progenitor 

cell preparations were >90% viable after isolation. In this study CD34 was used as the 

marker for the positive selection of progenitor cells. 

 The non-adherent mononuclear cells that were used for culture were incubated 

with the Fc receptor block and CD34 antibody diluted in PBS with 0.5% BSA and 6 

mM EDTA for 30 minutes. The cells were then added to a MS column that is placed 

in a magnetic field. 

 

Progenitor Cell Cultures 

 CD34-containing NAMNCs or purified CD34+ progenitor cells were 

resuspended in Iscove’s 2+ (Iscove’s modified Dulbecco’s medium with 1% 

penicillin/streptomycin and 1% 2-ME) and placed in Methocult® cultures (Stemcell 

technologies, Vancouver, BC, Canada) in the presence of 16% fetal bovine serum and 

10ng/mL interleukin-5 (IL-5) or 10ng/mL IL-5 and 25ng/mL IL-3. IMDM 2+ is a 

media that is ideal for rapid cell proliferation and high density culture. It provides 

various amino acids, vitamins and buffers, plus penicillin/streptomycin were added for 

their antibiotic properties, and 2-ME was added for preventing protein oxidation. 

IMDM is medium that based on DMEM with modifications. It contains selenium, 

additional amino acids and vitamins, sodium pyruvate, HEPES buffer, and potassium 

nitrate instead of ferric nitrate (Iscove & Melchers, 1978). DMEM was developed 

from BME, which was originally developed by Dr. Eagle to maintain HeLa cells in 

culture (Eagle, 1955a; Eagle, 1955b). DMEM contains 4 times more vitamins and 
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amino acids compared to BME (Vogt & Dulbecco, 1960). Iscove et al demonstrated 

that IMDM supports erythroid, granulocytic and macrophage colony forming cultures 

(Iscove et al., 1980; Schreier & Iscove, 1980). 

 Methylcellulose is a synthetic compound produced by heating cellulose with a 

caustic solution, such as sodium hydroxide, in the presence of methyl chloride. The 

earliest mention of methylcellulose cultures, that I could determine, was by Pijper et 

al. In 1947, Pijper et al used methylcellulose, known as "Methocel" from the Dow 

Chemical Company to examine bacterial motility (Pijper, 1947). However, it wasn’t 

until 1951 that Sanford et al used methylcellulose to measure the proliferation of 

tissue cultures (Sanford et al., 1951). The advantages of methylcellulose over solid 

medium, such as agar, include its non-fluorescence properties, it can be completely 

removed after culturing is complete and it is non-toxic to the cells (Hotchin, 1955). 

Since its development, methylcellulose cultures have been the standard method to 

examine stem cell differentiation, which included characterization of adult human 

marrow hematopoietic progenitors after CD34 enrichment (Lu et al., 1987). Several 

companies have developed methylcellulose based products, however, we have used 

Methocult® H4236 from Stemcell technologies because it contains no erythropoietin, 

no additional cytokines, and is serum free, which gives us more control in the 

experimental design to determine the effects of PPAR agonists on IL-5- or IL-5 plus 

IL-3-induced differentiation. Eosinophils can arise from bone marrow or peripheral 

blood CD34+ cells (Shalit et al., 1995; Bot et al., 1988), which express the receptors 

for IL-5 and IL-3 (Sehmi et al., 1997; Kuo et al., 2001; Sato et al., 1993). The IL-5 

and IL-3 concentrations utilized in our cultures (Figure 4.1) were based on those 

previous observed in differentiation of CD34+ cells isolated from the peripheral blood 
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of adult healthy donors (Shalit et al., 1995). The colony numbers seen in our study are 

comparible to those observed previously (Shalit et al, 1995). 

 The NAMNC cells were cultured at a concentration of 0.25x10
6
 cells/ml and 

the CD34 cells were cultured at a concentration of 0.016x10
6
 cells/ml. The cells were 

co-cultured, with diluent (Iscove’s 2+ with 0.04% dimethyl sulfoxide), or with 1-

1000nM of a PPARα agonist (GW9578; Cayman Chemical, Ann Arbor, MI, USA), 

PPARβ/δ agonist (GW501516; Axxora LLC, San Diego, CA, USA) or PPARγ agonist 

(rosiglitazone; Cayman Chemical, Ann Arbor, MI, USA), for 2-weeks at 5% CO2, 

with high humidity at 37°C in 24 well plates. DMSO is used to reconstitute the PPAR 

agonists therefore the same concentration of DMSO was used in the negative control 

condition. Previous studies have shown DMSO concentrations higher than 2% 

increase erythroid differentiation (Friend et al., 1971), so the dilutions were designed 

for a minimal DMSO concentration (0.04%). The concentrations of PPAR agonists 

that were studied correspond to those surrounding the reported EC50s for 

rosiglitazone, GW9578 and GW501516 (43 nM, 50 nM and 1.1 nM, respectively) 

(Lehmann et al., 1995; Brown et al., 1999; Oliver, Jr. et al., 2001). Co-incubating the 

PPAR agonists with the cytokines for two weeks maximizes the CD34+ cells 

exposure to the treatment, allowing the potential genomic or non-genomic effects on 

the cells. A two-week incubation period was based on previous studies on eosinophil 

differentiation (Denburg et al., 1983). The number of Eo/B-CFU was quantified using 

an inverted light microscope at 40x magnification (Figure 4.2). Quantification 

methods were based on those previously published (Sehmi et al., 1996). 

Eosinophils/basophil colonies have a distinct morphology. They are dense, circular 

colonies, which have cells that are granular in appearance (Shalit et al., 1995). A 
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colony was defined as a cluster of eosinophils/basophils with a minimum density of 

40 cells. The entire well was examined for colony numbers in duplicate plates, and the 

average colony forming units were determined. 

 

Statistical Analysis  

 All data are expressed as mean ± 95% confidence intervals unless otherwise 

stated. Arithmetic mean is only suitable to present data that have a normal 

distribution. Arithmetic mean is the sum of the samples divided by the number 

collected, meaning, outliers and skewed data have a large effect on the result. It is 

important to represent the human data with 95% confidence intervals because this 

allows the reader to determine the response range of 95% of the population studied. 

Unlike mice, which are clones and have standard controls, patients have varying 

backgrounds and environmental exposures that result in a wide variation in their 

responses. Again, using 95% confidence intervals allow the reader to visualize this 

variation. 

 Statistical analyses were performed using Prism version 5 (GraphPad 

Software, La Jolla, CA). ANOVA with repeated measures was used to compare PPAR 

agonist treatments versus diluent at the various doses, with post-hoc Tukey tests for 

pre-specified comparisons. Repeated measures ANOVA compares the means of three 

or more matched groups where treatments are repeated. The null hypothesis states that 

the means are equal for each group. If the overall P value is small, then it is unlikely 

that the differences observed are due to random sampling and we can reject the null 

hypothesis. A repeated-measures ANOVA is more powerful than an ordinary 
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ANOVA because it separates between-subject variability from within-subject 

variability. 

 There are three sources of experimental variability, between treatments, 

between individuals, and random or residual. The total sum-of-squares (SST) is made 

up of those three components. The SST measures the sum of the difference between 

each measurement and the overall mean for that group. It then is adjusts based on the 

number of groups and number of subjects, which is the degrees of freedom, to 

compute two F ratios. The two F ratios test the null hypothesis that the treatment 

means are identical and/or the individual means are identical. The latter being a test of 

the effectiveness of the repeated measures pairing. The repeated measures ANOVA is 

only valid if the samples have a normal distribution, samples have equal variances and 

the samples are independent. All assumptions were verified before testing. 

 Tukey’s test is a single-step multiple comparison statistical test that is 

commonly used in conjunction with an ANOVA to find the means that are 

significantly different from one another. It is essentially a t-test that corrects for an 

experiment-wise error rate, meaning that with more comparisons there will, more 

likely, be a type I error (false rejection of the null hypothesis). The formula uses the 

difference between the two means divided by the pooled standard error and compares 

this value, known as qs, to the studentized range distribution (q). Studentized range 

distribution is the range of the first sample divided by the standard error of the second 

sample. If qs is larger than q, the two means are significantly different. Tukey’s test 

assumes that the observations are independent and that the variation is equal across 

observations, both of which are true in our data sets. For data not normally distributed 

the statistics were performed on the log-transformed data. Statistically significant 
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differences were accepted at p<0.05. The alpha was set to 5%, which means that the 

chance of making a Type I errors is 5%. 

 

4.3 Results and Discussion 

Subjects 

 Subjects recruited for the study were 32+12 years old with 16 male and 24 

female volunteers. All subjects had a positive skin prick test. 

 

The Effects of Rosiglitazone on NAMNC Cultures 

 NAMNCs grew significantly higher numbers of Eo/B-CFU in response to IL-5 

compared to diluent control (2.5+1.5 versus 11.6+5.9 Eo/B-CFU, p=0.0001). 

Incubation with 10-1000nM rosiglitazone significantly inhibited IL-5 induced Eo/B-

CFU formation (P=0.0011; Figure 4.3). The maximum inhibition of Eo/B-CFU was 

42.8% at the 10nM dose. Troglitazone, another PPARγ agonist, was also examined to 

determine the robustness of the inhibitory response. Troglitazone treatment 

significantly decreased (P=0.0004) Eo/B-CFU at 2265nM dose (Figure 4.4). 

 NAMNC cultures contain progenitor cells and lymphocytes (Levis & Robbins, 

1972). PPARγ agonists are known to modulate T cell function, including inhibition of 

activation and cytokine release (Mueller et al., 2003; Yang et al., 2000). It is 

important to consider this when interpreting the results of the NAMNC cultures. The 

PPAR agonist induced inhibition of Eo/B-CFU could be due to a secondary effect on 

lymphocytes rather than a direct effect on the progenitor cells. To determine how 

consistent the observations are, the experiment was repeated with isolated CD34+ 

progenitor cells. 
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The Effects of PPAR Agonists on CD34+ Progenitor Cultures 

 CD34+ progenitor cells cultures had a significantly higher number of Eo/B-

CFU in response to IL-5 compared to diluent control (0.05+0.15 versus 4.6+6.1 Eo/B-

CFU, p<0.0001). Incubation with 100-1000nM rosiglitazone significantly inhibited 

IL-5 induced Eo/B-CFU formation (P=0.0078; Figure 4.5). The maximum inhibition 

was 45.9% at the 100nM dose. Conversely, there was no effect of GW9578 (P=0.3) or 

GW501516 (P=0.7) on IL-5-induced differentiation (Figure 4.5). CD34+ progenitor 

cell cultures also demonstrated a significant increase in Eo/B-CFU in response to co-

stimulation with IL-5 plus IL-3 compared to diluent control (0.05+0.16 versus 

12.5+12.5 Eo/B-CFU, p=0.0114). Incubation with 1 and 1000nM rosiglitazone 

significantly inhibited IL-5/IL-3 induced Eo/B-CFU formation (P=0.0144; Figure 

4.6). The maximum inhibition was 50.8% at the 1000nM dose. 

 In previous reports, PPAR agonists have been shown to have inhibitory effects 

on differentiation of several cell types, including erythroid cells (Bernardo et al., 

2009; Nagasawa et al., 2005; Rosen & Spiegelman, 2001). PPAR agonists also inhibit 

IL-5-stimulated, but not spontaneous, eosinophil survival in a concentration-

dependent manner (Ueki et al., 2003). IL-5 is a cytokine that modulates eosinophil 

function (Chihara et al., 1990) and prolongs the survival of eosinophils by delaying 

apoptosis (Simon, 2001). However, no study has examined the effect of PPAR 

agonists on IL-5-induced eosinophil differentiation. 

 Eosinophil differentiation is an important mechanism in the allergic response. 

An increase in Eo/B-CFU was observed in asthmatics during an exacerbation and the 
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numbers decreased upon recovery from symptoms (Gibson et al., 1990). In the 

allergen challenge model of allergic asthma, a significant increase in Eo/B-CFUs and 

CD34+ cells can be observed 24-hours after whole lung allergen challenge in atopic 

asthmatic subjects who develop early and late phase bronchoconstriction (Gibson et 

al., 1991; Sehmi et al., 1997). Previous studies have observed that, in asthmatic 

subjects, sputum CD34+ cells increased at 7 hours after allergen inhalation. This 

increase is sustained for 24 hours only in subjects that get a late asthmatic response 

(LAR), which also correlates with increased sputum CD34+IL-5Rα+ cells, 

eosinophils, and IL-5. The authors concluded that eosinophil progenitors can migrate 

to the airways and may differentiate toward an eosinophilic phenotype (Dorman et al., 

2004). Therefore progenitor cells may be an important target for drug development. 

 

4.4 Conclusion 

 This is the first study to show inhibition of eosinophil progenitor cell 

differentiation in vitro in both cultures of non-adherent mononuclear cells as well as 

isolated CD34+ progenitor cells from the peripheral blood of allergic subjects. The 

results of this study also provide further evidence that PPARγ agonist have the 

potential to inhibit peripheral eosinophilia, which can be observed in asthmatic 

subjects after insults to the airways, such as allergen challenge (Kim et al., 2005; 

Trifilieff et al., 2003). 

 We demonstrated that the PPARγ agonist, rosiglitazone, at a concentration of 

10 nM, significantly inhibited IL-5-induced eosinophil differeniation in vitro. This 

finding supports the data demonstrating decreased eosinophil migration reported after 

allergen challenge (Kim et al., 2005; Trifilieff et al., 2003). We also demonstrated that 
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rosiglitazone treatment was effective on NAMNC, isolated CD34+ progenitor cell and 

was also effective in the presence of other cytokines such as IL-3. This suggests that 

the inhibitory effects of rosiglitazone are robust. 

 In summary, the PPARγ agonist, rosiglitazone, inhibited eosinophil 

differentiation of NAMNCs isolated from the peripheral blood of allergic subjects. It 

also inhibited eosinophil differentiation of isolated CD34+ progenitor cells. The 

inhibition of eosinophil differentiation was specific for the PPARγ agonist, as there 

was no effect of PPARα or PPARβ/δ agonists. In light of our findings that a selective 

PPARγ agonist can inhibit eosinophil differentiation at a concentration of 10-1000nM 

and inhibit eosinophil migration at similar doses, PPARγ-agonists have a promising 

therapeutic potential as an anti-inflammatory therapy. 
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4.5 Appendix 

Allergic Asthma, Healthy Controls and Chronic Obstructive Pulmonary Disease 

(COPD) 

 Eosinophil differentiation in healthy control subjects, allergic asthmatics and 

in subjects with chronic obstructive pulmonary disease was examined using the same 

procedure as the allergic group. This allowed us to examine other inflammatory 

disease phenotypes and to examine a control group with no active disease. All subjects 

were recruited though advertisements posted on the McMaster University campus. 

Healthy controls were confirmed by a complete medical history, negative skin prick 

test and a MCh PC20 > 32mg/mL. Allergic asthmatics were determined by a complete 

medical history, positive skin prick test and a MCh PC20 < 16mg/mL. COPD subjects 

were identified by smoking history and by spirometry. All COPD subjects were 37 

years of age or older, with a cigarette smoking history of >10 pack years (Pack Years 

= [Number of cigarettes/day X years of smoking]/20). All COPD subjects had been 

diagnosised by a physician. All subjects conformed to the following spirometric 

criteria: FEV1 < 80% predicted normal and FEV1/VC < 70% predicted normal. 

Subjects with significant diseases other than COPD, or who had a myocardial 

infarction, cardiac arrhythmia, or respiratory infection in the 6 months prior to 

enrollment were excluded from this study. Any subjects who required daily oxygen 

therapy, had active tuberculosis, or who were enrolled in a pulmonary rehabilitation 

program within 4 weeks of enrollment were excluded. One hundred milliliters of 

peripheral blood was sampled by venous puncture and eosinophil differentiation was 

examined using the methycellulose culture procedures as described above. Non-
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adherent mononuclear cells were isolated from the peripheral blood of COPD 

subjects. A significant decrease (P=0.0117) in the number of IL-5-stimulated Eo/B-

CFU was observed at 279 and 2798nM rosiglitazone (Figure 4.7). No significant 

effect of rosiglitazone was observed in allergic asthma or healthy subjects, however 

all 3 subjects studied in each group demonstrated a decrease in the number of Eo/B-

CFU at 27nM and 2798nM rosiglitazone respectively. It was important to examine 

other inflammatory diseases to determine if the effects of PPAR agonists on 

eosinophil colony formation were consistent. 

 

Bone Marrow Progenitors 

 Eight milliliters of bone marrow was collected from allergic subjects into a 

10mL syringe with 1mL of heparin (1000U/mL). The bone marrow was then passed 

through two gauges of needle (16 and 18 gauge) to eliminate clumps. The sample was 

then diluted in 40mL McCoy’s 5A and the same procedure as the peripheral blood 

from the allergic group was followed. The only modification to the procedure was 

1ng/mL IL-5 was used to induce IL-5 eosinophil differentiation. This concentration 

was previously optimized in our lab. Non-adherent mononuclear cells were isolated 

from the bone marrow of allergic asthmatic subjects and cultured for 2-weeks with the 

rosiglitazone. No significant effect was observed in the 5 subjects studied (Figure 4.8). 

The discrepancy between peripheral blood and bone marrow PPAR induced effects 

may indicate a different role for PPAR in the bone marrow, possibly centered on 

migration instead of differenitation. 
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Phosphorylation of ERK, p38 and STAT5 

 To examine the pathways involved in PPAR agonist inhibition of IL-5-induced 

eosinophil differentiation ERK1/2, p38 and STAT5 phosphorylation was measured. 

Progenitor cell isolation methods were the same as the eosinophil differentiation 

assay. Briefly, 100mL of peripheral blood was collected from each subject into 

sodium heparin vacutainers for in vitro experiments. Peripheral blood was diluted with 

an equal volume of McCoy’s 5A (Invitrogen Canada Inc, Burlington, ON, Canada) 

and mononuclear cells were purified using an accuprep™ density gradient (Accurate 

Chemical & Scientific Corporation, Westbury, NY, USA) followed by a MACS 

column CD34+ progenitor cells positive selection (Miltenyi Biotec, Auburn, CA, 

USA). The CD34+ progenitor cell preparations were >90% viable after isolation. 

 Purified CD34+ progenitor cells were resuspended in RPMI complete in the 

presence of 10ng/mL IL-5. The cells were co-cultured with IL-5 in the presence of 

diluent (RPMI complete with 0.04% DMSO), or 1000nM of the PPARγ agonist 

(rosiglitazone; Cayman Chemical, Ann Arbor, MI, USA) for 15 min in 5% CO2 with 

high humidity and at 37°C. Timing was optimized using 10ng/mL IL-5 and varying 

incubation times (0, 2, 5, 15, 30 and 45min; Figure 4.9). The IL-5 concentration was 

kept at 10ng/mL because it was the concentration used in the eosinophil 

differentiation experiments. 

 After the incubation period, cells were fixed immediately to maintain the 

phosphorylation state with BD Phosflow fix buffer (Becton-Dickinson Biosciences) 

that had been warmed to 37°C. Cells were then incubated in a water bath at 37°C for 

15min. BD Phosflow Perm buffer III (Becton-Dickinson Biosciences) that had been 

cooled to -20°C was slowly added to permeabilize the cells, which allows the 
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intracellular antibodies to enter. Cells were then incubated for 30min on ice. They 

were then resuspended in mouse block buffer (5% mouse serum, 5% human serum in 

FACS buffer) and incubated in the fridge for 15min. After the block period, antibodies 

were added at optimal concentrations. Cells were stained for CD45, CD34 and 

phosphorylated ERK, p38 and STAT5 using mouse anti-human CD34-Pacific Blue 

(eBioscience), CD45-FITC and PE-phos-ERK, PE-phos-STAT5 and PE-phos-p38 

(Becton-Dickinson Biosciences), as well as the isotype control antibodies. The gating 

strategy used (Figure 4.10) to determine the CD34 progenitor population was 

developed by Dr. Sehmi (Sehmi et al., 1997). Three thousand CD45+CD34+ cells 

were acquired with an LSR II flow cytometer (Becton Dickinson Instrument Systems; 

Becton-Dickinson) using the FACSDiva software program (Becton-Dickinson 

Biosciences). 

 A significant decrease (P=0.0369) in ERK1/2 phophorylation was observed at 

1000nM rosiglitazone (Figure 4.11). There are several mechanisms through which IL-

5-induced eosinophil differentiation occurs. The IL-5 receptor is composed of a 

common β chain (βc), which is shared with IL-3 and granulocyte/macrophage colony-

stimulating factor (GMCSF), and a specific IL-5Rα (Guthridge et al., 1998). The α 

chain binds the ligand itself and forms a high-affinity signal competent receptor only 

when combined with the βc. IL-5 signaling uses tyrosine phosphorylation of cellular 

substrates after IL-5 stimulation to transmit the signal to the appropriate target genes. 

The JAK/STAT pathway is one of the pathways involved in IL-5 signaling 

(Caldenhoven et al., 1998). JAK are a family of cytokine receptor associated tyrosine 

kinases that upon ligand binding to the IL-5 receptor subsequently phosphorylate the 

cytokine receptor (Darnell, Jr., 1997). This leads to activation of STAT, which 
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dimerise, migrate to the nucleus and regulate gene transcription. IL-5 can also activate 

alternative tyrosine phosphorylation pathways such as ERK1/2 and p38. 

 STAT5, ERK1/2 and p38 pathways have all been implicated in eosinophil 

differentiation (Stafford et al., 2002; Pazdrak et al., 1998; Adachi et al., 2000; 

Caldenhoven et al., 1998). In the current study the antibodies used to measure 

phosphorylation of STAT5, p38 and ERK1/2 were directed to phosphorylated tyrosine 

and threonine (Y694, T180/Y182, and T202/Y204 respectively). When stimulating 

eosinophil differentiation with IL-5 and IL-3, p38 pathway plays a greater role than 

ERK1/2 (Adachi et al., 2000). Rosiglitazone was still able to inhibit eosinophil 

differentiation, suggesting it has a robust effect on differentiation mechanisms. A 

proper time point to examine STAT5 and p38 was not determined so no conclusion 

can be made about the effects of rosiglitazone on these signaling mechanisms. 
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4.6 Tables and Figures 

 

 

 

Figure 4.1. Optimization of IL-5-induced eosinophil differentiation of CD34+ cells 

isolated from peripheral blood of allergic subjects. A significant increase (P=0.0042) 

in Eo/B-CFU number per 0.016x10
6
 cells plated was observed at 1 and 10ng/mL IL-5. 

Data are arithmetic mean + 95% confidence intervals. 

  

N
eg 1 10 10

0

0

10

20

30

40
* P=0.0042

*

*

IL-5 (ng/mL)

E
o

/B
-C

F
U

(n
u

m
b

e
r 

p
e
r 

1
6
,0

0
0
 c

e
ll
s
)



Ph.D. Thesis – S.G. Smith; McMaster University – Medical Science 

131 

 

 

Figure 4.2. An Eo/B-CFU after 2-week incubation with IL-5 in Methocult®. The 

light microscope images were acquired at 200x magnification. 
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Figure 4.3. The effect of rosiglitazone (PPARγ agonist) on IL-5-induced eosinophil 

differentiation of non-adherent mononuclear cells isolated from the peripheral blood 

of allergic subjects. A significant decrease (P=0.0011) in Eo/B-CFU was observed at 

10, 100 and 1000nM rosiglitazone. Data are arithmetic mean + 95% confidence 

intervals. 
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Figure 4.4. The effect of troglitazone (PPARγ agonist) on IL-5-induced eosinophil 

differentiation of non-adherent mononuclear cells isolated from the peripheral blood 

of allergic subjects. A significant decrease (P=0.0004) in Eo/B-CFU was observed at 

2265nM troglitazone. Data are arithmetic mean + 95% confidence intervals. 
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Figure 4.5. The effect of rosiglitazone (PPARγ agonist; upper panel), GW9578 

(PPARα agonist; middle panel), and GW501516 (PPARβ/δ agonist; lower panel) on 

IL-5-induced eosinophil differentiation. CD34+ cells were isolated from peripheral 

blood of allergic subjects. A significant decrease (P=0.0114) in Eo/B-CFU was 

observed at 1 and 100nM rosiglitazone. Data are arithmetic mean + 95% confidence 

intervals. 
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Figure 4.6. The effect of rosiglitazone (PPARγ agonist) on IL-5/IL-3-induced 

eosinophil differentiation. CD34+ cells were isolated from peripheral blood of allergic 

subjects. A significant decrease (P=0.0114) in Eo/B-CFU was observed at 1 and 

100nM rosiglitazone. Data are arithmetic mean + 95% confidence intervals. 
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Figure 4.7. The effect of rosiglitazone (PPARγ agonist) on IL-5-induced eosinophil 

differentiation. Non-adherent mononuclear cells were isolated from the peripheral 

blood of COPD subjects. A significant decrease (P=0.0004) in Eo/B-CFU was 

observed at 279 and 2798nM rosiglitazone. Data are arithmetic mean + 95% 

confidence intervals. 
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Figure 4.8. The effect of rosiglitazone (PPARγ agonist) on IL-5-induced eosinophil 

differentiation of non-adherent mononuclear cells isolated from the bone marrow of 

allergic asthmatic subjects. No significant effect was observed in the 5 subjects 

studied. Data are mean + 95% confidence intervals. 
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Figure 4.9. FlowJo® plots of the phosphorylation time course for ERK1/2, p38 and 

STAT5. Histograms were then used to determine the MFI of IL-5-induced 

phosphorylated ERK1/2, p38 and STAT5 at 0, 2, 5, 15, 30 and 45min. The negative 

condition was compared to the IL-5 treated cells and an increase in ERK1/2 

phosphorylation was observed after 15min incubation. No responses were observed 

for STAT5 or p38. The plots shown are representative sample from 1 subject. The the 

black lines represent the isotype control and the grey lines represent the 

phosphorylated antibody.    

IL-5
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Figure 4.10. FlowJo® plots of CD34+ cell gating strategy. Cells were stained for 

CD45, CD34 and phosphorylated ERK, p38 and STAT5 using mouse anti-human 

CD34-Pacific Blue (eBioscience), CD45-FITC and PE-phos-ERK, PE-phos-STAT5 

and PE-phos-p38 (Becton-Dickinson Biosciences), as well as the isotype control 

antibodies. Cells were isolated based on CD45+ (upper left panel), CD34+ (upper 

right panel), low granularity and small size (lower left panel). Histograms were then 

used to determine the MFI of the phosphorylated ERK1/2, p38 and STAT5 (lower 

right panel). The plots shown are a representative sample from 1 subject. 
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Figure 4.11. The effect of rosiglitazone (PPARγ agonist) on IL-5-induced ERK1/2 

phosphorylation. CD34+ cells were isolated from the peripheral blood of allergic 

subjects. A significant decrease (P=0.0369) in ERK1/2 phophorylation was observed 

at 1000nM rosiglitazone. Data are arithmetic mean + 95% confidence intervals. 
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5.1 Conclusion 

PPAR and Eosinophil Migration 

 We demonstrated that the PPARγ agonist rosiglitazone, at a concentration of 

100 nM, significantly increased eosinophil chemokinesis in vitro. This finding 

supports the data demonstrating increased eosinophil migration reported by Kobayashi 

(Kobayashi et al., 2005). At these same concentrations there was no effect of the 

PPARα agonist, GW9578 or the PPARβ/δ agonist, GW501516. Cell migration is a 

multistep process, which involves both chemotaxis and chemokinesis in response to a 

chemaottractant (Friedl & Weigelin, 2008). Chemotaxis is defined as directed 

migration towards a chemoattractant, whereas chemokinesis is defined as non-

directional stimulated migration. 

Chemokinesis, non-directional migration, is not sufficient for cell 

accumulation, but may contribute considerably by priming a cell to respond more 

vigorously to chemotactic stimuli (Dunn, 1983). Previously it was unknown whether 

the increase in eotaxin-induced migration by PPARγ agonists was due to chemotaxis 

or chemokinesis, or both. Although PPAR agonists in this in vitro study are used at 

concentrations similar to the reported EC50s for rosiglitazone, GW9578 and 

GW501516 (Lehmann et al., 1995; Brown et al., 1999; Oliver, Jr. et al., 2001), this 

study has determined that the enhanced migration by rosiglitazone is likely due to a 

chemokinetic effect. Such “priming” of cells may enhance their response to other 

stimuli including chemokines like eotaxin, which are found in the microenvironment 

of allergic tissue, such as asthmatic airways, which may lead to eosinophilia. 
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Eosinophil migration is important mechanism that contributes to overall 

inflammation during an allergic asthmatic response. Eosinophilia has been observed in 

the airways of asthmatic individuals with no clinical symptoms compared with healthy 

controls (Kirby et al., 1987; Pin et al., 1992). Furthermore, airway eosinophilia 

increases in atopic asthmatic subjects following events such as allergen challenge 

(Aalbers et al., 1993; de Monchy et al., 1985; Fahy et al., 1994). The increase in 

airway esoinophilia is associated with the development of the late asthmatic response 

and AHR to methacholine (Gauvreau et al., 1996; Gauvreau et al., 1997; O'Byrne et 

al., 1987). In a diluent-controlled crossover allergen challenge study, the increase in 

the number of sputum eosinophils also coincided with an increase in eosinophils 

immunopositive for IL-5, eotaxin, and RANTES after allergen inhalation (Gauvreau et 

al., 1999). 

In response to an allergen challenge cells are recruited from the bone marrow 

and blood into the airways (Wood et al, 1998). Many asthma therapies are focused on 

reducing the number or activity of pro-inflammatory cells that enter the airway and 

affect the bronchial reactivity of the patients. Targeting the migration of eosinophils 

has been previously tested using a CCR3 antagonist. Eotaxin is the primary 

chemokine that recruits eosinophils to the airways of asthmatic patients (Ying et al., 

1997; Brown et al., 1998). CCR3 has been identified as the eotaxin receptor 

(Combadiere et al., 1995; Ponath et al., 1996; Daugherty et al., 1996) and is the 

dominant chemokine receptor on eosinophils (Heath et al., 1997). Several therapies 

directed against eotaxin are in clinical development for treatment of allergic asthma. 

So far two small molecule CCR3 antagonists (GW-766994, DPC-168) were studied in 

clinical trials and another compound (BMS-639623) was suggested as a candidate for 
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a clinical trial. GW766994, developed by GlaxoSmithKline, is a selective, non-toxic 

compound that exhibits anti-inflammatory effects in the rat and guinea-pig. AHR and 

sputum eosinophilia was observed in a placebo-controlled parallel group study of 

repeated (10 day; twice daily) GW766994 dose treatment in mild to moderate 

asthmatics (GlaxoSmithKline, 2011). However, the effectiveness is undetermined 

because no statistical information was reported in the GSK clinical trial report. The 

Phase I development of DPC-168 has been terminated due to toxicity (De Lucca et al., 

2005). BMS639623 had equal potency to DPC168 but was less toxic in various 

species (mouse, rat, and dog) (Santella et al., 2008). However, the Bristol-Myers 

Squibb Company halted development of BMS-639623 (no publications on this 

antagonist since 2008). 

Another approach for inhibition of eosinophil migration has been through 

antisense oligonucleotides, such as TPI ASM8, which targets both CCR3 and the 

common β-chain of the IL-3/IL-5/GM-CSF receptor (Gauvreau et al., 2011; Gauvreau 

et al., 2008). Sputum eosinophils and clinical outcomes were studied in mild 

asthmatic subjects that underwent allergen challenge. TPI ASM8 inhibited sputum 

eosinophilia, eosinophil cationic protein (ECP), and decreased the total cell influx 

after allergen challenge (Gauvreau et al., 2008). TPI ASM8 also significantly 

inhibited the early and late airway responses (Gauvreau et al., 2011). It also inhibited 

the increase in ECP clinical outcomes including the early and late airway responses 

and airway responsiveness to methacholine (Gauvreau et al., 2011). TPI ASM8 also 

reduced the number of CCR3 positive progenitor cells and IL-5Rα positive progenitor 

cells in the sputum (Imaoka et al., 2011). Using RNA as a therapy has some inherent 

drawbacks, including instability, the potential for an immunogenic response, and it 
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typically requires a delivery vehicle for efficient transport to the targeted cells 

(Burnett & Rossi, 2012). This may be associated with increased production costs 

compared to molecular antagonist synthesis. 

In our study, rosiglitazone enhanced or inhibited eosinophil migration in a 

dose dependant manner. The effect of rosiglitazone could be through modulation of 

IL-5 signalling which changes CCR3 expression. Previous studies have shown that co-

culture with IL-5 increases expression of CCR3 on mature eosinophils (Stirling et al., 

2001). In addition, PPARγ agonists increase IL-5 induced survival of mature 

eosinophils (Ueki et al., 2003), showing that PPARγ agonists can modulate IL-5 

induced mechanisms. Thus, we investigated whether the observed PPARγ agonist-

induced modulation of migration could be through the regulation of CCR3 expression 

on eosinophils. We demonstrated that rosiglitazone treatment had no effect on the 

level of CCR3 cell surface expression on eosinophils, and these observations reinforce 

those reported previously showed no changes in eosinophil CCR3 receptor expression 

in response to troglitazone treatment (Kobayashi et al., 2005). 

We tested another possibility, whether the PPARγ agonist induced modulation 

of migration could be through changes in downstream signalling events. Rosiglitazone 

induces ERK1/2 and p38 MAPK activation in brown adipose tissue (Teruel et al., 

2003). MAPKs, p44 and p42, also known as extracellular signal-regulated kinase-1 

(ERK-1) and ERK-2, are involved in eotaxin induced rolling and migration through 

the regulation of cytoskeletal rearrangements (Boehme et al., 1999). MAPK p38 was 

also observed to be an important mechanism in eotaxin-induced chemotaxis (Kampen 

et al., 2000). Kampen et al showed eotaxin induces a dose-dependent phosphorylation 

of ERK2 and p38 and that the phosphorylation occurred after 30 seconds and reached 
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a plateau at 1 minute (Kampen et al., 2000). In our study a 10-fold lower dose of 

eotaxin was used, a dose optimized for migration in our experimental setup, and the 

110 min incubation period was used to mimic the migration assay. We observed no 

effect on downstream signaling, phosphorylation of ERK1/2 or p38 MAPK, 

suggesting the observed effects of rosiglitazone on eosinophil migration are not 

related to alterations in signalling through the eotaxin receptor. These observations 

reinforce data reported from a study that showed no effect of a MEK inhibitor or a p38 

MAPK inhibitor on the enhanced eosinophil migration observed after PPAR 

activation (Kobayashi et al., 2005).  

We report that the eotaxin receptor, CCR3, expression and phosphorylation are 

not affected by rosiglitazone. However, PPAR agonists could be affecting other 

important pathways that regulate migration, such as Ca
2+

 signalling. Calcium 

signalling in immune cells is known to be important for growth, death, differentiation 

and proper function (Crabtree & Clipstone, 1994; Gold & DeFranco, 1994; Fanger et 

al., 1995). Calcium signalling occurs in two distinct patterns, a repetitive transient 

release (oscillation) or a sustained release (plateaux) (Clapham, 1995; Berridge, 

1993). NF-κB and NFAT are Ca
2+

-sensitive transcriptional factors that promote the 

expression of haematopoietic growth factors and inflammatory cytokines (Crabtree & 

Clipstone, 1994; Fanger et al., 1995; Baeuerle & Henkel, 1994; Frantz et al., 1994; 

Timmerman et al., 1996; Rao, 1994). Dolmetsch et al showed NF-κB is activated by a 

large transient intracellular Ca
2+

 rise, whereas NFAT is activated by a low sustained 

Ca
2+

 plateau (Dolmetsch et al., 1997). The authors concluded that Ca
2+

 can achieve 

signalling specificity using the Ca
2+

 sensitivity and kinetic behaviour of different 

transcription factors (Dolmetsch et al., 1997). Previous studies have shown that the 
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enhanced migration was not due to changes in receptor signalling, ERK1/2 or p38, 

changes in the NF-κB pathway or due to genomic transcription (Kobayashi et al., 

2005). However, the enhanced migration that we and others have shown, describes a 

PPAR agonist induced modulatory effect on eoxtain-induced calcium mobilization 

(Kobayashi et al., 2005). This suggests that PPAR agonists have down-stream targets 

which have not been identified yet. In our study rosiglitazone reduced the frequency 

of eotaxin-induced calcium oscillations, which represents the mobilization of Ca
2+

 

back into the cell (Clapham, 1995; Berridge, 1993). However, no consistent effect of 

rosiglitazone was observed on the maximum fluorescence intensity which represents 

the release of Ca
2+

 from intracellular stores (Clapham, 1995; Berridge, 1993). This 

suggests that the rosiglitazone is having an effect through modulation of Ca
2+ 

channels, which should be examined in the future studies. 

 

PPAR and Migration of Eosinophil Progenitors 

In 1985 Denburg and colleagues discovered an association between atopy and 

greater numbers of circulating Eo/B-CFU which could be grown in culture (Denburg 

et al., 1985), as well as increased numbers of circulating CD34+ progenitor cells 

(Sehmi et al., 1996). Along with this is discovery in atopic subjects, similar 

associations were found in allergic asthmatics. An increase in peripheral blood-

derived Eo/B-CFU was observed in allergic asthmatics during an exacerbation and 

numbers decreased upon recovery from symptoms (Gibson et al., 1990). In the 

allergen challenge model, a significant increase in Eo/B-CFUs and CD34+ cells can 

be observed 24-hours after allergen inhalation challenge in atopic asthmatic subjects 

who develop early and late phase bronchoconstriction (Gibson et al., 1991; Sehmi et 
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al., 1997). Examination of this progenitor cell population showed that allergen 

exposure upregulates the expression of IL-5 receptors on CD34+ cells in the bone 

marrow of atopic asthmatics with an early and late phase bronchoconstriction 

(Denburg et al., 1999). Since IL-5 is the principal regulatory cytokine for the 

differentiation of eosinophils (Chihara et al., 1990) and eosinophils represent a major 

effector cell in asthma (Hogan et al., 2008), progenitor cells could be an important 

target for drug development. 

Recent studies have shown that treatment with mepolizumab, anti-IL-5 

therapy, was ineffective at completely attenuating eosinophil numbers in bronchial 

biopsies from asthmatic subjects, which is the site of disease pathology (Flood-Page, 

Menzies-Gow, Kay, & Robinson, 2003). However, mepolizumab treatment improved 

asthma control and significantly reduced the prednisone dose required by asthmatic 

patients with persistent eosinophilia (Nair et al., 2009). Researchers continue to search 

for a more effective strategy to completely ablate eosinophils at the site of disease, 

including investigational drugs that target the lung-homing and localized tissue-

differentiation of eosinophil progenitor cells (Kolbeck et al., 2008; Imaoka et al., 

2010). This may lead to a more effective therapy for controlling asthma. 

SDF-1α was first discovered as a pre-B-cell stimulating factor in a stromal cell 

line, PA6 (Nagasawa, Kikutani, & Kishimoto, 1994). After generating mutant mice 

with a targeted disruption in the SDF-1α gene, it was found to play an important role 

in bone-marrow myelopoiesis (Nagasawa et al., 1996). It is produced in the bone 

marrow by stromal cells and causes retention of progenitor cells in the bone marrow 

through the CXCR4 (Aiuti et al., 1997; Ma et al., 1998; Sweeney & 

Papayannopoulou, 2001). Migration of stem cells from the bone marrow into the 
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blood is caused by the decreased CXCR4 responsiveness to SDF-1α and a reduction 

of SDF-1α levels in the bone marrow (Levesque et al., 2003; Petit et al., 2002). 

Therefore the SDF-1α/CXCR4 pathway has been suggested as a possible therapeutic 

target to prevent progenitor cell migration from the bone marrow into the blood (Petit 

et al., 2002). This axis has also been shown to play an important role in allergic 

asthma. It has been reported that CXCR4 expression is decreased on CD34+ cells 

isolated from the bone marrow of atopic asthmatics (Dorman et al., 2005). Similarly, 

CD34+ cells from atopic asthmatics showed decreased SDF-1α-induced migration 

compared to normal individuals (Dorman et al., 2005). In atopic asthmatic subjects 

with early and late phase bronchoconstriction following inhaled allergen challenge, 

there was a further decrease in CXCR4 expression on CD34+ cells and decreased 

SDF-1α levels in the bone marrow post-challenge. Furthermore, the migrational 

response of these CD34+ cells to SDF-1α was attenuated indicating reduced 

responsiveness to holding forces within the BM-niche, which promotes the egress of 

progenitors to the peripheral circulation (Dorman et al., 2005). On the other hand, 

localized increases in SDF-1α within the lung, promotes progenitor cell homing in 

allergic inflammatory responses (Southam et al., 2005; Doyle et al., 2011) Thus 

targeting the SDF-1α/CXCR4 axis may be beneficial to modulating the traffic and 

lung-homing of progenitor cells in allergic asthma. 

Our study observed a trend towards an increase in SDF-1α-induced progenitor 

cell migration after rosiglitazone treatment. This was similar to the effects observed 

on eosinophil migration at nM doses (Smith et al., 2012). This trend was also 

observed in a clinical trial examining pioglitazone (a PPARγ agonist) treatment in 

patients with coronary artery disease and normal glucose tolerance. In response to 
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pioglitazone treatment, endothelial progenitor cells (EPC) increased in the peripheral 

blood, there was increased migration towards SDF-1α and there was an increase in the 

number of EPC CFUs (Werner et al., 2007). These results suggest that EPC 

mobilization from the bone marrow is increased by PPARγ agonists. Therefore in 

addition to enhanced migration of mature eosinophils, PPARγ agonists at nanomolar 

levels have effects on the SDF-1α/CXCR4 axis, which may lead to enhanced airway 

eosinophilia in allergic asthma. 

 

PPAR and Migration of Mature Eosinophils 

Synthetic PPAR ligands have been valuable in determining PPAR function. 

Rosiglitazone and troglitazone are the most frequently studied PPARγ agonists. 

However, rosiglitazone is preferred because it has a higher binding affinity for PPARγ 

than troglitazone (Young et al., 1998). Both of these agonists belong to a class of 

drugs known as thiazolidinediones, which are used as anti-diabetic medications 

(Bensinger & Tontonoz, 2008). They activate PPARγ and subsequently cause insulin 

sensitization (Bensinger & Tontonoz, 2008). In our study of eosinophil migration, 

only the PPARγ agonists, but not the PPARα or PPARβ/δ agonists, had an effect. In 

contrast, others have reported an inhibitory effect of PPARα agonists. Woerly et al 

depicted a 50% reduction in migration in response to eotaxin after treatment with 

WY14653 (Woerly et al., 2003), which is primarily a PPARα activator, but has been 

demonstrated to activate PPARγ as well (Lehmann et al., 1997; Devchand et al., 

1996; Hsu et al., 1995; Staels et al., 1998). Furthermore, Woerly et al observed an 

inhibition of IL-5-induced eosinophil migration after treatment with rosiglitazone or 

WY-14653 (Woerly et al., 2003). Conversly, Sehmi et al demonstrated IL-5 produces 
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only a very weak migrational response in eosinophils (Sehmi et al., 1992), however 

the main function of IL-5 is to prime eosinophils to migrate towards other chemokines 

(Sehmi et al., 1992). Differences in migration assays utilized and chemotactic stimuli 

could contribute to the conflicting results for the effects of PPARα on eosinophil 

migration. 

In summary, at low concentrations the PPARγ agonist rosiglitazone 

significantly enhanced chemokinesis of eosinophils isolated from the peripheral blood 

of atopic subjects, and appears to enhance the migration of eosinophil progenitors, 

although this was not found to be statistically significant. This chemokinetic effect 

may at least partially explain the enhanced eosinophil migration observed by 

Kobayashi (Kobayashi et al, 2005). The enhanced chemokinesis was specific for the 

PPARγ agonist, as there was no effect of PPARα or PPARβ/δ agonists. Finally, the 

effect of the PPARγ agonist appears to be through the modulation of calcium 

signalling. In light of our findings that a selective PPARγ agonist can enhance 

eosinophil chemokinesis at a concentration of 100 nM and decrease eosinophil 

migration at a concentration of 100 µM, the therapeutic window for PPARγ agonists 

as an anti-inflammatory therapy must be titrated carefully. 

 

PPAR and Eosinophil Progenitor Cell Differentiation 

 This is the first study to show a PPARγ agonist inhibits eosinophil 

differentiation in vitro when added to cultures of non-adherent cells and isolated 

CD34+ progenitor cells collected from the peripheral blood of allergic subjects. The 

results of this study also provide further evidence that PPARγ agonists work through a 

mechamism leading to inhibition of eosinophilia after allergen challenge (Kim et al., 
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2005; Trifilieff et al., 2003). We demonstrated that rosiglitazone treatment was 

effective to reduce the number of Eo/B-CFU in cultures of NAMNC grown with IL-5 

and also with cytokines such as IL-3, suggesting the inhibitory effects of rosiglitazone 

are robust. We have described attenuation of ERK1/2 phosphorylation after 

rosiglitazone treatment in CD34 progenitor cells. STAT5, ERK1/2 and p38 pathways 

have all been implicated in eosinophil differentiation (Stafford et al., 2002; Pazdrak et 

al., 1998; Adachi et al., 2000; Caldenhoven et al., 1998). During IL-5 and IL-3 co-

stimulated eosinophil differentiation, p38 pathway plays a greater role than ERK1/2 

(Adachi et al., 2000). However, rosiglitazone was still able to inhibit eosinophil 

differentiation, suggesting it has a robust inhibitory effect. 

Differentiation of progenitor cells into eosinophils is an important mechanism 

for expansion of the eosinophil population in inflammatory lung disease. Denburg et 

al has demonstrated that bone marrow progenitor commitment to the Eo/B lineage is 

regulated by IL-3, IL-5 and GM-CSF (Denburg et al., 1983; Denburg et al., 1994). IL-

5 induces eosinophil differentiation from the Eo/B committed progenitor in vivo and 

co-cultured with IL-3 has an additive effect to the number of colonies (Lamkhioued et 

al., 2003; Lu et al., 1990). There are increased numbers of CD34 cells in the bone 

marrow of atopic compared with non-atopic subjects and this correlates with increased 

Eo/B-CFU grown from the blood and bone marrow (Sehmi et al., 1996). Atopic 

asthmatics that underwent allergen challenge had increased Eo/B-CFU from cells 

isolated from the blood and bone marrow (Gauvreau et al., 1998; Wood et al., 1998). 

Asthmatic subjects that developed airway eosinophilia expressed higher levels of the 

IL-5Rα than subjects without airway eosinophilia (Sehmi et al., 1997; Chou et al., 

1999). Intravenous IL-5 increases the number of eosinophil progenitor cells in the 
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peripheral blood and increase the expression of CCR3 on mature eosinophils (Stirling 

et al., 2001). Thus IL-5 increases the opportunity for peripheral eosinophilia to occur 

(Stirling et al., 2001). In the bronchial mucosa, IL-5 caused a decrease in CD34+IL-

5Rα+ cells, which suggests that IL-5 is important for eosinophil differentiation in 

tissue as well as peripheral blood (Menzies-Gow et al., 2007). Mepolizumab, an anti-

IL-5 therapy, caused a decrease in CD34+IL-5Rα+ cells in the bronchial mucosa 

(Menzies-Gow et al., 2003), again, suggesting a role for IL-5 in peripheral tissue 

eosinophil differentiation and its importance in the development of peripheral 

eosinophilia. 

CD34+ cells have been observed in different airway compartments in humans, 

including mucosa of the upper and lower airway (Robinson et al., 1999; Cameron et 

al., 2000). Increased progenitor cells have also been observed in nasal polyps from 

asthmatic subjects versus healthy controls and in sputum samples (Kim et al., 1999; 

Dorman et al., 2004). Furthermore, the number of progenitor cells increased after 

allergen stimulation (Dorman et al., 2004). When compared to normal controls, the 

number of progenitor cells also increased in the airways of asthmatics (Robinson et 

al., 1999). In ex vivo cultures of nasal mucosa, IL-5 or allergen decreased the number 

of CD34+ cells and this coincided with an increase in major basic protein-positive 

cells, which could be a subset of eosinophils (Cameron et al., 2000). Inhaled 

budesonide treatment has been observed to inhibit the turnover of a subpopulation of 

bone marrow-derived progenitors in allergic asthmatics (Wood et al., 1999). 

Budesonide treatment reduced the number of eosinophils in the blood and the number 

of Eo/B-CFU grown in culture (Gauvreau et al., 2000). However, in vitro studies have 

described a stimulatory effect of steroids on colony formation (Rosenthal et al., 1987). 
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This phenomenon is observed in specific in vivo models, such as an acute stress model 

(Elsas et al., 2004). Cyr et al have shown that in the presence of budesonide, there was 

increased production of Eo/B-CFU in response to IL-5 (Cyr et al., 2008). This 

budesonide-induced increase was a result of an increase in GATA-1 transciption 

factor expression. This suggests a subset of patients with eosinophilia maybe be less 

responsive to steroid therapy due to ineffective blockade of eosinophil differentiation. 

PPAR agonists might represent an alternative therapy in these subsets. The effect of 

PPAR agonist on GATA-1 expression was not investigated in this study but should be 

considered in the future. 

In summary, the PPARγ agonist, rosiglitazone inhibited eosinophil 

differentiation of NAMNCs isolated from the peripheral blood of allergic subjects. It 

also inhibited eosinophil differentiation of isolated CD34+ progenitor cells. This 

inhibitory effect may at least be partially explained by an inhibition of ERK1/2 

phosphorylation. The inhibition of eosinophil differentiation was specific for the 

PPARγ agonist, as there was no effect of PPARα or PPARβ/δ agonists. In light of our 

findings that a selective PPARγ agonist can inhibit eosinophil differentiation at a 

concentration of 10-1000nM and inhibit eosinophil migration at similar doses, 

PPARγ-agonists have a promising therapeutic potential as an anti-inflammatory 

therapy, when used within the specified dosage. 

 

PPAR as therapeutics and side effects 

Allergic asthma is a complex disease with several phenotypes, neutrophillic, 

eosinophiiliic and pausigranular (Wenzel, 2012). Therapeutic success has been 

observed with mepolizumab, the anti-IL-5 therapy, in asthma and eosinophilic 
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eosphagitus (Stein et al., 2006; Nair et al., 2009). The more successful asthma 

therapies have been those that target multiple cell types and pathways, such as 

glucocorticoids. Glucocorticoids and PPAR agonists use similar mechanisms to inhibit 

the inflammatory response in allergic asthma. The anti-inflammatory effects of PPAR 

agonists affect a broad range of inflammatory mechanisms, not just eosinophils. 

Trifilieff and colleagues observed that in OVA sensitized mice treated with a PPARα 

or PPARγ agonist (but not PPARβ/δ), inhibited the OVA-induced influx of 

eosinophils and lymphocytes into the lung (Trifilieff et al., 2003). Birrell et al showed 

treatment with either rosiglitazone, a PPARγ agonist, or SB219994, a dual PPARα and 

PPARγ agonist, reduced the number of neutrophils in the murine lung after airway 

challenge with lipopolysaccharide (LPS) (Birrell et al., 2004). In a study using OVA-

pulsed DCs treated with a PPARγ agonist, a reduced proliferation of Ag-specific T 

cells in mediastinal lymph nodes, an increased production of IL-10 by T cells and a 

decreased recruitment of eosinophils in bronchoalveolar lavage was observed 

(Hammad et al., 2004). In a murine model, PPARγ was found to be expressed in 

epidermal Langerhans cells (LCs) and LC migration induced by TNF-α was inhibited 

by PPARγ activation (Angeli et al., 2003). In a model of contact allergen-induced LC 

migration, PPARγ activation impeded LC migration and prevented contact 

hypersensitivity responses after challenge (Angeli et al., 2003). Furthermore after 

intratracheal sensitization, PPARγ activation decreased the migration of DCs from the 

airway mucosa to the thoracic lymph nodes and decreased the priming of T 

lymphocytes (Angeli et al., 2003). The murine model allowed researchers to explore 

not only the extensive inhibition of inflammatory cell infiltration into the lung, but 

also the effect of PPARs on airway remodelling. 
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Honda et al showed that PPARγ is expressed in airway epithelium of mice 

after airway challenge. Treatment with a PPARγ agonist decreased airway 

hyperresponsiveness to methacholine, and indices of remodelling such as basement 

membrance thickness, muscus production, collagen deposition and TGF-β synthesis 

(Honda et al., 2004). In cultured human airway smooth muscle cells, PPARγ agonists 

reduced smooth muscle proliferation compared to non-treated cells (Ward et al., 

2004). PPARγ agonists also inhibit pro-inflammatory cytokine, eotaxin and monocyte 

chemotactic protein-1, production in cultured human airway smooth muscle cells 

treated with TNFα (Nie et al., 2005). Several studies have concluded that the 

inhibitory effects of PPARγ ligands on remodelling and AHR in OVA sensitized mice 

indicate PPARγ agonists as possible therapeutics for asthma (Honda et al., 2004; 

Ward et al., 2006). 

Development of PPAR mutant models has further shown the importance of 

PPARs in the allergen-induced inflammatory response in the lung. After intranasal 

exposure to LPS, PPARα-/- mice show a greater increase in neutrophils and 

macrophages in bronchoalveolar lavage, increased levels of TNFα, karatinocyte 

derived-chemokine, macrophage inflammatory protein-2 and monocyte 

chemoattractant protein-1, and increased activity of matrix metalloproteinase-9 

compared to PPARα+/+ mice (ayre-Orthez et al., 2005). These differences were 

further increased by administration of a PPARα agonist, which inhibited these 

responses in the PPARα+/+ mice (ayre-Orthez et al., 2005). PPARα-/- mice sensitized 

to OVA showed an increase in lung eosinophils, AHR, and antigen-specific IgE 

concentrations after airway challenge (Woerly et al., 2003). Both mouse models point 
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towards the PPARα receptor as major molecular mechanism leading to the 

pathogenesis of an asthmatic response. 

Other investigators have shown that PPARs are also important in mediating 

the response to current therapeutics. PPARγ activation inhibits the release of 

granulocyte-macrophage colony-stimulating factor, similar to treatment with the 

glucocorticoid, dexamethosone (Patel et al., 2003). However, PPARγ agonists, unlike 

dexamethasone, inhibit the release of granulocyte colony-stimulating factor (Patel et 

al., 2003). Activation of PPARγ was more effective at inhibiting serum-induced 

human airway smooth muscle cell growth in culture than dexamethasome (Patel et al., 

2003). Pang and colleagues observed that PPARγ activators, like NSAIDs, induced 

COX-2 expression in cultured human airway smooth muscle cells (Pang et al., 2003). 

Along with COX-2 expression NSAIDs induced activity of a COX-2 reporter 

construct that contains a PPRE (Pang et al., 2003). Increased transcriptional activity of 

COX-2 reporter construct also enhanced IL-1β effects (Pang et al., 2003). The 

presence of PPRE was found to be required to cause NSAID-induced COX-2 

expression (Pang et al., 2003). PPARγ and glucocorticoid receptor protein-protein 

interactions were also observed during TNFα stimulation of cultured human airway 

smooth muscle cells. These interactions were enhanced by β2 agonist treatment (Nie 

et al., 2005). Interactions between PPARs and current therapeutic mechanisms are 

likely to have important consequences in the treatment of asthma. 

A previous study that examined LPS-inducible genes in primary mouse 

macrophages in the presence of dexamethasone, a glucocorticoid, or rosiglitazone, a 

PPAR agonist, showed 126 overlapping genes (Ogawa et al., 2005). LPS infection 

also had 53 unique genes that were affected by PPAR treatment (Ogawa et al., 2005). 
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Corticosteroids, β-agonists and leukotriene inhibitors (Zdanowicz, 2007) are the most 

effective therapies to date for asthma, but they are associated with side effects. 

Corticosteroids are associated with osteoporosis, growth suppression, adrenal 

suppression, oral candidiasis (Zdanowicz, 2007), and in some cases patients do not 

respond to treatment (Strek, 2006; Leung et al., 2002). Leukotriene inhibitors have 

fewer side effects than corticosteroids (Zdanowicz, 2007). However, they are less 

effective than inhaled corticosteroids alone (Busse et al., 2001) and less effective as a 

combination therapy than long acting β-agonists (Nelson et al., 2000). Long acting β-

agonists maybe associated with tachycardia (Zdanowicz, 2007) and with 

desensitization of the β-adrenergic receptor (Lipworth, 1997). Thus novel approaches 

targeting the inflammatory pathways of asthma are currently being examined in hopes 

of developing improved asthma therapies. 

That NF-κB was discovered in mature B cells bound to the kappa 

immunoglobulin light-chain enhancer (hence its name, nuclear factor κB) (Sen & 

Baltimore, 1986). NF-κB is controlled by a cytoplasmic inhibitory protein called IκB 

(Baeuerle & Baltimore, 1988). NF-κB increases expression of the adhesion molecules 

E-selectin, VCAM-1, and ICAM-1, thus inhibition of NF-κB will reduce leukocyte 

adhesion and transmigration (Chen et al., 1995). The increased cytokine profile and 

increased adhesion molecule expression observed in bronchial biopsies from 

asthmatic patients’ correlate with the level of NF-κB activation (Hart et al., 1998). 

Glucocorticoids, a current asthma therapy, induce expression of IκBα which causes 

enhanced retention of NF-κB in the cytosol (Auphan et al., 1995; Scheinman et al., 

1995). Specifically, dexamethasone increases IκBα, which increase the cytoplasmic 

retention of p65 (Scheinman et al., 1995). PPARs inhibit inflammatory gene 
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expression by several mechanisms, including ligand-dependent transactivation, 

ligand-dependent transrepression and ligand-independent repression (Ricote & Glass, 

2007). PPAR can specifically interact with p60 and p50 subunit of NF-κB, which 

creates competition for a limited pool of co-activators (Lee et al., 2003; Delerive et 

al., 1999). Again, this describes the parallels between the current therapies and PPAR 

agonists, suggesting it may be valuable in the treatment of asthma. 

 

Future Directions 

 Eosinophil migration is a multistep process, which involves rolling, activation, 

firm adhesion, transendothelial migration, and subendothelial migration (Gonlugur & 

Efreoglu, 2004). In our study, a modified Boyden chamber was used to determine the 

effects of PPAR agonists on eotaxin-induced eosinophil migration. This method 

simplifies the migration process into the one component, chemotaxis. This allowed us 

to make conclusions about the effects of PPAR agonists on chemotaxis alone. On the 

other hand, it ignores the effects of PPAR agonists on the other components, such as 

eosinophil adhesion. However, a previous study has shown that troglitazone inhibits 

eosinophil adhesion to intercellular adhesion molecule-1, an important in integrin 

regulated firm adhesion (Hirasawa et al., 2008). Other components of migration could 

be examined, such as adhesion molecules could be examined by flow cytometry or 

eosinophil migration by examining shape change. However, the most effective way to 

determine the overall effect on migration is to study eosinophils in vivo. Using mouse 

models, we could instill eotaxin into the lungs of mice treated with a PPAR agonist. 

We would then compare the eosinophilia in PPAR agonist treated and untreated 
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animals. This would allow us to make an all encompassing conclusion about the 

effects of PPAR agonists on the in vivo migration. 

 The effects of PPAR agonists on the intracellular signalling mechanisms are 

complex. We were able to describe an inhibitory effect on eotaxin-induced calcium 

signalling in response to rosiglitazone. However, no responses were observed on the 

phosphorylation of ERK1/2 or p38. Kampen et al showed eotaxin induces a dose-

dependent phosphorylation of ERK2 and p38 and that the phosphorylation occurred 

after 30 seconds and reached a plateau at 1 minute (Kampen et al., 2000). In our 

study, we incubated for 110 min to mimic the chemotaxis assay conditions. In future 

experiments we could examine if rosiglitazone has a short term effect on the ERK1/2 

and p38 signalling. However, I anticipate there to be no effect on signalling because in 

a previous study 15d-PGJ2, an endogenous PPARγ agonist, did not affect the eotaxin-

induced phosphorylation of ERK1/2 and p38 after 1 min and 3 min respectively 

(Kobayashi et al, 2005). We also tried to determine the effect of rosiglitazone on IL-5-

induced ERK1/2, p38 and STAT5 signalling. Using an IL-5-induced time course we 

tried to determine the optimal time to examine these effects. Unfortunately, an optimal 

time was not determined and no mention of an optimal time for IL-5-induced 

phosphorylation of CD34 cells could be found in the literature. It is possible that, 

similarly to eotaxin, IL-5 induces phosphorylation of p38 at 1 min. Further studies 

should examine these earlier time points. 

 In our study we examined the effects of synthetic PPARs on eosinophil 

function. In future experiments we could examine the role of synthetic ligands on 

these same outcomes. However, I would anticipate similar migration results based on 

previous work (Kobayashi et al, 2005). Kobayashi using an endogenous ligand, 15d-
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PGJ2, observed an inhibition of eosinophil migration at high doses. The effect was not 

due to phosphorylation of ERK1/2 or p38, a change in calcium signalling appear to 

parallel the migration response. No studies have examined the endogenous ligands on 

eosinophil differentiation. 

The second major outcome in our study was the effect of PPAR agonists on 

peripheral blood progenitor cells. The peripheral blood is not the major source of 

progenitor cells. However, the peripheral blood is an important compartment in 

allergic asthma. In previous work, an increase in Eo/B-CFU was observed in the 

peripheral blood of asthmatics during an exacerbation and the numbers decreased 

upon recovery from symptoms (Gibson et al., 1990). In the allergen challenge model 

of allergic asthma, a significant increase in Eo/B-CFUs can be observed 24-hours after 

whole lung allergen challenge in atopic asthmatic subjects who develop early and late 

phase bronchoconstriction (Gibson et al., 1991). In our study we used IL-5 and a co-

culture of IL-5 and IL-3 to induce eosinophil differentiation. This is an effective way 

to determine the direct effect of PPAR agonist treatment on these specific 

differentiation pathways. However, in vivo the cells are exposed to other growth 

factors, such as GM-CSF and stem cell factor, in addition to the growth factors that 

were studied. In future work, a more generalized conclusion could be made about 

eosinophil differentiation by studying the effects of PPAR agonist treatment on 

eosinophil differentiation induced by the serum from allergic asthmatics. The serum 

would be an all inclusive growth factor sample that could represent the in vivo 

conditions. Although the peripheral blood can produce eosinophils from 

hematopoietic progenitor cells, the bone marrow is still the major site of 

haematopoiesis. Our preliminary results showed that PPAR agonists have no effect on 
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progenitor cells from the bone marrow. However, the doses studied in these 

experiments were below the reported EC50 of rosiglitazone (Willson et al., 2000), 

concentrations of rosiglitazone that are much lower than what was shown to be 

effective in NAMC from peripheral blood. Furthermore, only 5 subjects were studied. 

Future studies should examine the effects of PPAR agonists on eosinophil 

differentiation in the bone morrow from 15 (number studied in the peripheral blood 

experiments) subjects, and at concentrations to match the experiments conducted 

using peripheral blood. 

PPAR agonists have been suggested as novel anti-inflammatory therapeutics 

for the treatment of chronic lung disease (Belvisi et al, 2006). The experiments 

completed in this thesis have described the potent anti-eosinophilic effects of PPAR 

agonists in vitro. To date one clinical trial has examined the effect of rosiglitazone 

(PPARγ agonist) treatment on allergen-induced responses in allergic asthmatics. 

Rosiglitazone inhibited the allergen-induced late asthmatic response by a modest 15% 

(Richards et al., 2010). This inhibition of the late asthmatic response by rosiglitazone 

was a modest 15% reduction. There was also a modest inhibition on airway 

hyperresponsiveness (Richards et al., 2010). Unfortunately no direct measure of 

allergen-induced airway inflammation was reported. Rosiglitazone, as a potential anti-

inflammatory agent to treat asthma does not appear to be a viable option, due to the 

well documented side effects (Home et al., 2009). This however does not exclude the 

possibility that new drugs with higher specificity for PPARγ will have a better safety 

and efficacy profile when targeting PPARγ. Drugs currently under investigation 

include GW570 (Yang et al., 2010) and KR62980 (Won et al., 2010). Another 

therapeutic approach being developed is dual agonists that activate both the PPARα 
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and PPARγ receptors, which appear to have a better safety profile (Jeong et al., 2011). 

During the clinical development, it is important that we continue to study the impact 

that these PPAR agonists have on various mechanisms which promote the allergic 

asthmatic response. Presuming Health Canada approval, a future study would involve 

the examination of rosiglitazone treatment on the late asthmatic response in 

eosinophilic asthmatics undergoing a double bind placebo controlled crossover 

allergen challenge. The study would recruit allergic asthmatics with more than 3% 

sputum eosinophils, similar to previous studies (Nair et al, 2009). The primary 

outcomes would include the late response, MCh PC20, suptum eosinophils and Eo/B 

colony formation from bone marrow derived progenitor cells. This would allow us to 

determine if the in vitro effects are seen in vivo and if rosiglitazone has an effect on 

the symptom outcomes of allergic asthma. 
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