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ABSTRACT

Epidemiological studies correlate vitamin D deficiency with asthma severity. Calcitriol
modulates receptor and cytokine expression from various leukocytes in an anti-inflammatory
manner. Despite eosinophil activity during mucosal inflammation, knowledge on the direct effect
of calcitriol on this granulocyte is very limited. We propose that calcitriol exerts direct effects on
eosinophil biology by modulating its programmed cell death pathways and other functions.
Purified peripheral blood eosinophils from atopic donors were incubated with calcitriol (10nM)
for up to 14 days with and without IL-5. We observed that calcitriol significantly reduced
eosinophil necrosis and cytolytic release of EPX in media when co-incubated with IL-5. The

addition of calcitriol also significantly decreased CRTh2 and CCR10 expression on eosinophils.

Eosinophil cytotoxic mediator release into mucosal tissues, resulting from necrotic
cytolysis, as well as eosinophil recruitment to lungs are major contributors to airway inflammation
in allergic asthma. Hence, the reduction of mucosal inflammation achieved by decreasing
eosinophil necrosis and recruitment unveil new anti-inflammatory mechanisms for calcitriol in the

context of airway inflammation.
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CHAPTER 1: Introduction



1.1 Vitamin D

1.1.1 Vitamin D Physiology and Synthesis

Vitamin D functions have generally been discovered due to effects related to its deficiency.
Thus, it was originally categorized as a vitamin. Although still controversial, vitamin D deficiency
is determined by 25(OH) D3 peripheral blood levels, where < 50 nM is considered deficient.
Vitamin D was first linked to bone metabolism, specifically calcium absorption, due to the
development of rickets and osteoporosis in patients suffering from hypovitaminosis D. In the
1990’s, associations were made between vitamin D deficiency and cancer prevalence [1]. Later, it
was demonstrated that vitamin D induces cancer cell death through cell cycle arrest [2-4].
Recently, functional links have been emerging in the literature between vitamin D and the human
immune system. Overall, vitamin D is a multifactorial molecule with diverse roles depending on

tissue type [1, 2, 4-11].

In contrast to its name, vitamin D is actually a secosteroid hormone [12]. Secosteroids are
structurally very similar to steroids, like corticosteroids, where the only difference is the lack of a
bond between C9-C10 to form a fourth carbon ring [10] (Figure 1). Both groups share some
precursors, and are both intra-nuclear signaling factors [8]. Vitamin D can be obtained through
diet, yet humans mainly rely on ultraviolet B (UVB)-based vitamin D3 photosynthesis. UVB light
exposure enables conversion of 7-dihydrocholesterol into pre-vitamin D3, which later becomes
inactive vitamin D3 (cholecalciferol) through an isomerisation reaction. Next, inactive vitamin D3
is transformed by 25-hydroxylase, from hepatocytes, to produce 25(OH) D3, commonly known as
calcifediol [13]. The latter molecule, which is bound to the Vitamin D-binding protein (DBP) while
in circulation, is known as our reservoir which is available for reactions with vitamin D metabolic
enzymes. DBP acts as a transport protein, primarily using blood circulation to deliver calcifediol
to targeted tissues for its activation [6]. Calcifediol is modified by 1a-hydroxylase which adds a
hydroxyl group to the latter precursor to form 1,25 dihydroxyvitamin D3, referred to as calcitriol,
which is the most physiologically active form of vitamin D [14]. The latter pathway is summarized

in Figure 2.

The enzyme, la-hydroxylase, is traditionally known to reside in proximal convoluted

tubule cells of the kidneys [14], yet has recently been found constitutively expressed in airway

2



epithelial cells [15]. Alveolar macrophages, dendritic cells and lymphocytes have been shown to
execute this conversion as well [16]. Consequently, extra-renal lo-hydroxylase suggests

significant concentrations of calcitriol in the airway mucosa microenvironment [16-18].



Steroid: Dexamethasone

0)

Secosteroid: Calcitriol

Figure 1: Structural differences between a steroid (e.g. dexamethasone) and a secosteroid

(e.g., calcitriol). Adapted from Norman et al. [10].
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Figure 2: Schematic representation of UVB-dependent vitamin D3 synthesis and activation.



1.1.2 Vitamin D Signaling Pathway

Calcitriol mediates its activity by binding to vitamin D receptor (VDR) which resides at
the nuclear membrane. Although ligands to VDR include calcifediol, calcitriol exerts the highest
affinity for VDR out of all vitamin D metabolites. Thus calcitriol is considered the active
metabolite of vitamin D, even though it is found in low concentrations in blood [19]. VDR
monomer contains a lipid binding domain (LBD) and a DNA binding domain (DBD). When VDR
exists as a monomer it is in its inactive form. VDR heterodimerizes with the retinoic X receptor
(RXR), upon ligand-binding activation, through recognition by alpha-helices of both monomers
[9]. The DBD of VDR allows it to act as a transcription factor for vitamin D responsive elements
(VDREs) [9, 11, 20]. VDR signaling is said to influence the transcription of roughly 3% of the
human genome (directly and indirectly), including approximately 900 genes, where some target
genes regulate cell differentiation, cell growth, immunomodulation and hormonal systems, which

are beyond calcium regulation [12, 21].
1.2 Vitamin D and Inflammatory Diseases

1.2.1 Implications of VDR

Studies on VDR in animal models support a role for vitamin D in immune functions. VDR
knockout mice are unable to generate airway hyperreactivity in response to standard experimental
allergen challenge, and are defective in Th2-type cytokine release [22-24]. Only one other study
demonstrated elevated Th2 cytokines and IgE levels in these mice, yet still failed to induce
experimental asthma [25]. These studies imply that eliminating vitamin D function in mice is
beneficial against allergic airway inflammation. This finding from allergic asthma mouse models
contradicts allergy- and autoimmune-related outcomes associated with vitamin D deficiency
observed in humans. Removing VDR function from mice has other consequences on mouse airway
physiology. VDR-deficient mice have overall reduced lung function, decreased lung size and lung
structure compared to wild type [26, 27]. Therefore, current evidence suggests that a mouse animal
model remains satisfactory to study physiological roles of vitamin D on lung development, perhaps
not for investigating vitamin D immunomodulation properties. In other words, mice do not seem
to utilize vitamin D metabolites for immunological functions in the same manner as humans do.
Hence, it is important to work with primary human immune cells when investigating vitamin D

effects.



In human populations, a large number of VDR polymorphisms identified exist between
exons 8 and 9 of the VDR gene, which have unknown function while other polymorphisms are
found in regulatory sections of the gene [4]. Overall, researchers seem to agree that identified VDR
polymorphisms are less related to changes in the protein structure, but more to differences in
stability and/or translation efficiency of the RNA [4]. Still, VDR polymorphisms significantly
correlate with asthma prevalence [28-32]. Hence, the current consensus in human epidemiology is
that normally functioning and expressed VDR is protective in action against allergic asthma, and

probably other atopic diseases [14].

1.2.2 Human Clinical Evidence for Vitamin D Immune Functions

Vitamin D deficiency has been linked with an increase (and/or adverse outcome) in
autoimmune diseases, infections, cardiovascular diseases, cancer and apparently linked with a
higher risk of mortality in all conditions [1]. There is also evidence supportive of sunshine (in
relation to vitamin D production) as a protective factor against human atopic disease, known as
the ‘sunshine hypothesis’. For example, the USA National Hospital Ambulatory Medical Care
Survey reported significantly higher incidence of acute allergic reactions in north-eastern regions
compared to southern regions [33]. Specific to lung health, current literature associates vitamin D
deficiency with airway hyperresponsiveness, lower pulmonary functions, worse asthma control
and possibly, corticosteroid resistance [17]. Also, many studies report a relationship between low
serum levels of calcifediol (i.e., described as serum vitamin D) and FEV1/FVC ratio, a diagnostic
measurement for obstructive and airway disease [14]. Although still controversial due to
contradictory reports, some researchers have demonstrated that low calcifediol, in sera of pregnant
women, predicts higher prevalence of asthma, wheezing and other atopic diseases in childhood
[14]. In contrast, a similar study contradicted these findings but revealed that higher maternal
vitamin D lowered the risk of respiratory tract infections in early life [34]. In general, the
prevalence of vitamin D deficiency observed in Western society associates with its increases in
asthma prevalence. A meta-analysis study revealed that 61% of American youth suffering from

asthma are clinically vitamin D deficient [35].

1.2.3 Calcitriol Exerts Direct Effects on Leukocytes

Although human studies, thus far, remain ambiguous towards directly linking vitamin D to

allergic diseases, in vitro research has been able to enlighten the matter. As reviewed by Hart and
7



colleagues [36], calcitriol has direct effects on various immune cells, including: monocytes,
macrophages, dendritic cells, T cells and B cells (Table 1). In general, calcitriol is said to activate

innate immune responses while suppressing adaptive immunity mechanisms [36].

On the one hand, calcitriol has the capacity to upregulate innate immunity components,
such as antimicrobial peptides (AMPs), and anti-inflammatory strategies. Calcitriol directly
promotes the synthesis of AMPs, cathelicidin and B-defensin 2, and encourages the production of
tolerogenic dendritic cells (DCs) and T cells [2, 37]. Hewison et al. [38] showed that monocytes,
macrophages, neutrophils and epithelial cells produce AMPs upon calcitriol exposure in vitro.
Additionally, calcitriol seems to alter immune cell differentiation in an anti-inflammatory manner.
Baeke et al. [5] demonstrated that calcitriol enhances the differentiation of monocytes into
macrophages with increased phagocytic capacity as well as an altered cytokine profile that
encourages resolution of inflammatory immune responses. Baeke and colleagues also showed
direct effects of calcitriol on T cells. They report that T cells must be properly stimulated through
their T cell receptor (TCR) in order to express VDR. Nonetheless, calcitriol directly and selectively
induces the development of Treg cells, while it failed to enhance Th1 and Th17 cells [5, 39]. The
same team of researchers also observed increases in chemokine (C-C motif) receptor (CCR) 10
and CCRS5 expression in T cells as a result of calcitriol treatment, which the researchers suggest
may improve skin and mucosal immunity [5, 39]. Furthermore, van der Aar et al. [40] observed
enhanced FOXP3-expressing and interleukin (IL) -10 secreting Treg cells when monocytes,

Langerhans and dermal DCs were incubated with calcitriol.

On the other hand, it predominantly downregulates pro-inflammatory elements, such as
cytokine, co-stimulatory cell surface receptors and antibody production. Baeke ef al. [5] report
that, even though calcitriol induces monocytes to differentiate into DCs, calcitriol downregulates
cytokine release and co-stimulatory molecule expression on cultured monocytes. In relation to
DCs, van der Aar et al. [40] showed that calcitriol modulates co-stimulatory molecules expressed
by mature DCs while reducing the production of pro-inflammatory cytokines as well as induction
of Thl cells in vitro. Calcitriol seems to affect pathogen recognition as well. Khoo et al. [41]
demonstrated a reduction in pathogen-recognition receptors (PRRs) toll like receptor (TLR) 2 and
TLR4 in mononuclear cells during M. tuberculosis infection. Finally, calcitriol directly dampens

antibody production. Baeke et al. [5] showed reduced B cell differentiation into memory and



plasma B cells (thus discouraging antibody production) upon calcitriol exposure. Also, incubated
B cells showed reduced capacity to produce antibodies [5]. In respect to eosinophil biology,
Hiraguchi et al. have confirmed that eosinophils do express VDR [42]. At present, little is known

about the direct effects of calcitriol on granulocytes, such as eosinophils.



Table 1: Effects of calcitriol on myeloid and lymphoid leukocytes in vitro. (Adapted from

Hart et al. [36]).

Effects on myeloid cells

Cathelicidin and B-defensin 2

Upregulates Downregulates
Monocytes - Antimicrobial peptides: - Co-stimulatory molecules:
Cathelicidin and B-defensin 2 | CD40, CD80, CD86,
HLA-DR
Macrophages - Antimicrobial peptides: - Cytokines:

IL-1, IL-6, IL-8, IL-12 and

TGF-B and IL-10

- Treg cell differentiation

- Phagocytosis TNF
- Activin A

Dendritic cells - ILT3 - Co-stimulatory molecules:
- Cytokines: CDl1a, CD14, CD40, CD83,

CD86

- Cytokines:

IL-12 and IL-23

- Thl and Th17 cell

differentiation

Effects on lymphoid cells

CCR10

CD4" T cells - Treg cell differentiation: -Th1 and Th17 cell
FOXP3, IL-10, CTLA4, differentiation
TLR9, OX40L - Cytokines:
- Homing to inflamed tissues: | IL-17, IL-21, IL-2, IFN-y
CCRS, CXCR3, CXCR6 -Homing to lymph nodes:
- Homing to skin: CD62L, CCR7
CCR4, CCR10

B cells - Homing to skin: - Plasma cell development

- Antibody secretion
- Memory B cell

differentiation
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1.3 Asthma - A Complex Inflammatory Disease

Asthma is a chronic pulmonary inflammatory disease with many phenotypes. Clinically,
asthma is recognized as increased airway hyperresponsiveness leading to events of wheezing
and/or shortness of breath. Allergic asthma is currently agreed to result from inappropriate Th2
immune responses, triggered by an allergen. As our understanding of the complexity of asthma
etiology and pathogenesis increases, so does its prevalence. Today’s growing asthma epidemic has
prompted research to focus on various target immune cells involved in airway allergic
inflammation, with needed emphasis on Th2 cells and eosinophils [16, 43]. In addition, current
therapies rely heavily on glucocorticosteroids to manage asthma symptoms, yet there remains

variability in the response to these treatments [44].

Allergic asthma is described as a Th2 type of inflammatory disease which is characterized
by the involvement of specific IgE to an allergen and a major involvement of mast cells. The
classic asthmatic immune reaction is said to occur in two phases. The first is an immediate
bronchoconstriction caused by degranulation of mast cell histamines, leukotrienes, prostaglandins
and PAF. Phase 1 is dependent on the activation of mastocytes, which is essential for the
subsequent phase [45]. The second phase of bronchoconstriction is probably more dependent on
cytokines and chemokines (e.g., IL-5, TNF, GM-CSF and CCL11). Factors that specifically trigger
the delayed phase, or those which elicit degranulation of eosinophils once it is found in the
bronchial lumen, are not yet fully defined. Such factors cause the recruitment and activation of
pro-inflammatory cells to be trafficked toward bronchi where eosinophils are activated to release
inflammatory factors [46]. As reviewed by Erle et al. [47], the cell biology of asthma relies on
many complex relationships between immune cells and non-immune cells where most mechanisms
are initiated by airway epithelium upon stimulation from environmental triggers, such as allergens,
pollutants and viruses. Major cells involved are notably epithelial cells, nerve cells, smooth muscle

cells, mast cells, DCs, eosinophils/basophils and Th2 cells [47].

1.4 Eosinophils in Allergic Airway Inflammation

Allergic airway inflammation, as described in allergic asthma pathogenesis, is a

multifaceted condition involving diverse acute and chronic mechanisms. Although many immune
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and non-immune cells participate in allergic airway inflammatory responses, the eosinophils are
known to be a major player [48, 49]. In animal models, eosinophil functions have been shown to
be implicated in most aspects of asthma pathogenesis, in particular: airway hyperreactivity and
excess mucus production, which result in reversible bronchoconstriction [50, 51]. In clinical
studies, eosinophil sputum counts associate with asthma exacerbations [52]. Furthermore,
eosinophils are associated with lung tissue remodeling, a permanent consequence of chronic
airway inflammation [53, 54]. Accordingly, eosinophils have been and remain a target in asthma
pathogenesis and therapeutic research [43, 50, 55, 56]. Many studies, which pertain to asthma,
focus on eosinophil biology according to three major categories: eosinophil survival, phenotyping

eosinophil populations and modulation of eosinophil activities [43].

1.4.1 Eosinophilia and Eosinophil Survival

Eosinophils originate from bone marrow and temporarily circulate in blood, where their
short life is suggested to range from 8 to 18 hours. Once eosinophils reach tissues, their lifespan
increases, dependent on the tissue, from 2 to 5 days. Various in vitro studies have shown that
eosinophil survival can be sustained for up to 14 days by supplementing with cytokines. In general,

eosinophils are known to be sensitive to death without sufficient anti-apoptotic stimulus [57].

Lung eosinophilia is a key characteristic of allergic asthma, and consequently its
mechanisms have been a main focus in eosinophil research [58, 59]. IL-5 is distinct and imperative
to the differentiation as well as survival of eosinophils, therefore is a central factor in airway
eosinophilia [60]. Furthermore, IL-5 has been shown to induce eosinophil activation, which is an
additional relevant eosinophil function in the context of airway inflammation [57]. IL-5 receptor
(IL-5R) is composed of two subunits termed alpha and beta. IL-5Ra is the subunit which renders
specificity to IL-5 [61]. Hence, changes in o subunit expression provides insight on IL-5
sensitivity, specifically. IL-5, as well as its family members; IL-3 and granulocyte macrophage
colony-stimulating factor (GM-CSF), signal through the common B chain leading to anti-apoptotic
effects. The IL-5Rf subunit is the signaling component of the IL-5R [61]. As mentioned, this 3
signaling chain is common for IL-5, IL-3 and GM-CSF receptors [43, 49, 57]. Therefore,
expression modulation of the B subunit is indicative of the responsiveness to all three respective
cytokines. IL-5 signaling relies on [ receptor activation to phosphorylate Janus kinase (JAK) 2 to

mediate its downstream effects [62]. In general, common [ chain activation causes prolonged
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eosinophil survival by inhibiting the apoptotic pathway, primarily by increasing B-cell lymphoma
2 (Bcl-2) expression [43, 63]. An increased expression of IL-5R at the cell surface renders
eosinophils more responsive to IL-5 cytokine. Thus, an increase in IL-5R would intensify the anti-
apoptotic signal, when exposed to IL-5 cytokine. Indeed, IL-5 is commonly present in the airway
mucosa of asthmatics and allergic rhinitis patients [64]. Hence, eosinophils in asthmatic
individuals are continually stimulated to inhibit apoptotic death resulting in increased eosinophil

survival.

Other cytokines with anti-apoptotic properties, including certain inflammatory factors,
have been shown to increase eosinophil survival as well [65]. Particularly, Interferon (IFN)-y has
been studied in eosinophils due to its inhibition of apoptosis. IFN-y mediates its anti-apoptotic
effects through the Interferon gamma receptor (IFNGR) 1 and 2. Its intracellular signaling
initiation relies on JAK1 and 2 activation [62]. In contrast to IL-5, IFN-y sustains eosinophil
survival by a different mechanism than increasing Bcl-2 expression [66]. Both IL-5 and IFN-y
have been shown to successfully inhibit spontaneous apoptosis and Fas-induced apoptosis, in
eosinophils, by blocking caspase-3 and -8 proteolysis, yet fail to alter mitochondrion membrane
potential [67]. Overall, IFN-y utilizes a pathway which is independent of the IL-5 pathway to

inhibit apoptosis in eosinophils.

Regardless of the manner in which apoptosis is inhibited, delayed-apoptosis or insufficient
apoptosis of eosinophils is now recognized as an important factor in asthma pathology [55, 56, 59,
68]. Although prolonged eosinophil survival may provoke general eosinophilia in asthma, anti-IL-
5 therapy seems successful in reducing blood eosinophilia but not sufficient to resolve lung tissue
eosinophilia and related symptoms in asthmatics [54, 69, 70]. Therefore, therapeutic alternatives
against eosinophilic airway inflammation, beyond the systemic elimination of eosinophils, have

been explored in regards to eosinophil recruitment into pulmonary tissues.

1.4.2 Death Signaling Pathways and Inflammation

1.4.2.1 Apoptosis is Anti-Inflammatory

Apoptosis is a caspase-dependent pathway, since it is suppressed by wide-spectrum

caspase inhibitors such as zVAD-fmk [71]. Although various caspases have been said to be
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involved, caspase-8 becomes predominantly activated to become an effector molecule [72]. Its
downstream targets include pro-apoptotic proteins from the Bcl-2 family. At large, these molecules
aim to increase mitochondrial membrane permeabilization to release cytochrome c into the cytosol.
The latter molecule dictates intracellular changes such as fragmentation of nuclear DNA as well

as plasma membrane alterations, such as phosphatidylserine (PS) exposure [71].

Apoptosis is the classical programmed cell death (PCD) pathway, which has been
thoroughly studied in eosinophils. Most of our current knowledge of eosinophil apoptosis stems
from studies on the role of IL-5 in eosinophilopoiesis and eosinophil survival [57, 73, 74].
Apoptosis is morphologically characterized by a reduction in cell volume, chromatin condensation,
nuclear fragmentation, plasma membrane blebbing and expression of cell surface components
which facilitate engulfment by phagocytes [71]. Therefore, apoptotic eosinophils and their
apoptotic bodies are actively phagocytosed by other immune cells, such as macrophages, to avoid
granule release, which allows resolution [75]. Apoptosis is an important component of resolution
of inflammatory responses. Consequently, the most popular therapies against asthma, which target
eosinophils, aim to induce apoptosis in this cell type (e.g., anti-IL-5 therapies and corticosteroids)
[72, 75-77]. In contrast to this anti-inflammatory pathway, necrosis is commonly known as the

opposite of apoptosis, since it promotes inflammation [71].

1.4.2.2 Necrosis is Pro-Inflammatory

Necrosis is mainly characterized by an increase in cell volume, swelling of organelles and
loss of plasma membrane integrity. The term ‘necrosis’ was previously described as an unregulated
form of cell death which induces inflammation due to the release of intracellular contents. More
recently, the concept of necrosis is understood to be more complex and regulated than traditionally
thought. Therefore, it is now termed ‘necroptosis’ [71, 78, 79]. Current scientific literature on the
matter tends to utilize three different words: cytolysis, secondary necrosis and necroptosis.
Cytolysis is a general term used to describe cell death through lysis, as a result from damaged
plasma membrane, thus expelling their intracellular contents. Secondary necrosis is said to occur
within a cell that has first been in the apoptotic state for an extended period of time. In contrast,
necroptosis is a newer concept which describes a highly regulated death signaling pathway [71].

It is now known that necroptosis can be initiated, similarly to apoptosis, such as by Tumor Necrosis
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Factor (TNF), Fas Ligand (FasL) and DNA damage. [80-83]. It has also been demonstrated that
necrosis can be specifically triggered through PRRs.

Since it induces inflammation, necroptosis is beginning to be studied in some immune cells,
such as T cells [78, 84]. It has been proposed that immune cells are more prone to die by necrosis
than other cell types [79]. As reviewed by Han et al. [78], there are many reports suggesting that
necrosis is a backup death pathway, which directly competes with apoptosis, in order to prompt
immune responses [78]. It is distinct from apoptosis by the formation of receptor-interacting
serine/threonine-protein kinase (RIP) 1 and 3 protein complex, known as necrosome, which
inhibits caspase-8 in order to initiate downstream cytolytic effects [78, 80]. In general, our
familiarity with apoptosis-necroptosis cross-talk remains basic, yet there is increasing evidence
that both PCD pathways inhibit each other [78, 85, 86]. (This information was adapted from a
review by Ethier ef al. [87])

1.4.2.3 Autophagy Induces Survival

Besides its complicated relationship with apoptosis, necrosis has also been shown to influence cell
survival through autophagy. Necrosis has been associated to changes in autophagy through
intracellular reactive oxygen species (ROS) production [75]. Autophagy is an intracellular
programmed pathway which specifically promotes cell survival [3, 84, 88]. Even though cell death
can occur during autophagy induction, the suppression of autophagy by genetic knockout and
knockdown of autophagy essential genes, termed atg, results in accelerated cell death. Therefore,
autophagy was categorized as a pro-survival pathway [71]. Briefly, autophagy is characterized by
the formation of autophagosome fusion to lysosome for cytoplasmic material degradation where
redistribution of microtubule-associated protein 1 light chain 3 (LC3) fusion proteins in vesicular
structures, including autophagosomes and autolysosomes, is observed [71]. Autophagosomes are
distinctly two-membraned vesicles which degrade degenerating cytoplasmic organelles and
cytosol components by acidic lysosomal hydrolases. Although autophagy is characterized by
massive autophagic vacuolization of the cytoplasm, accumulation of autophagosomes and
autolysosomes is deemed insufficient in identifying autophagic cells [71]. Researchers rely heavily
on intracellular signaling molecules which have been identified as distinct to autophagy to induce
cell survival. Its intracellular signaling pathway is distinctive due to phosphorylation of

serine/threonine-protein kinase ULK1 (Ulk-1) which permits interaction with mammalian target
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of rapamycin (mTOR) to directly induce survival [89-91]. Although the molecular mechanism is
not fully understood, it has been recommended to identify Beclin-1 dissociation from Bcl-2, by
co-immunoprecipitation, and p62-* degradation, by immunoblotting, as they are events which

occur when autophagy is induced.

It is important to note that research pertaining to death and survival signaling pathways is
still a fairly new field in cell biology. PCD pathways have not yet been fully described
mechanistically. Furthermore, apart from apoptosis, PCD pathways, resulting in death or survival,
have not yet been studied specifically within the context of eosinophil biology. Most of our current
knowledge of PCD pathways relies on studies using epithelial cell lines and transgenic animal
models [71]. Therefore, above mentioned signaling may slightly differ in human peripheral blood
eosinophils. Investigation of eosinophil PCD pathways warrants more attention due to lack of

knowledge and therapeutic potential.

1.4.3 Corticosteroid-Induced Eosinophil Death

Current therapies in asthma management largely rely on corticosteroids, due to their potent
anti-inflammatory effects. One of the known mechanisms by which corticosteroids improve
asthma symptoms is through drastic reduction of active eosinophils. This reduction is achieved by
inducing eosinophil-apoptosis (among other cells, such as: mast cells and T cells) resulting in
increased eosinophil clearance [92]. Kawabori et al. [93] were the first to demonstrate that
intraperitoneal injections of dexamethasone in rats induced eosinophil apoptotic death and
disappearance from the intestinal mucosa. In humans, clinical improvement of asthma by
corticosteroid therapy was associated with a higher proportion of apoptotic eosinophils in
bronchial biopsies [94], in sputum samples [95, 96], and with eosinophil apoptotic bodies within
macrophages [96]. In vitro, the detection of apoptotic characteristics on peripheral blood
eosinophils, such as PS exposure, is usually detectable after 24-72 hours of exposure to clinically
effective concentrations of corticosteroids [97]. Specifically, Dexamethasone at 1 uM has been
shown to induce eosinophil apoptosis within 24 hours in vitro [98]. Although corticosteroids are
commonly used to treat asthma, knowledge on the intracellular signaling of such molecules leading
to eosinophil apoptosis is limited. At present, evidence suggests that dexamethasone-induced

apoptosis, although associated with the activation of c-Jun N-terminal kinase (JNK) and p38
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MAPK, is regulated by unknown caspases (i.e., not through apoptosis-related caspase-3 and -8),

in human eosinophils [98].

Regrettably, current corticosteroid treatments in asthma are not perfect, in particular for
corticosteroid-resistant asthmatics [44, 92], which has prompted research toward optimizing
corticosteroid response. Interestingly, vitamin D has been linked to differences in the response to
corticosteroid treatment. Vitamin D deficiency is currently discussed as a factor in steroid-
resistance [99]. Since corticosteroid and calcitriol are structurally similar as well as share signaling
properties [8], direct interactions between these two molecules is plausible. Corticosteroids, also
known as glucocorticoids, mediate their effects through the Glucocorticoid receptor (GR). GR
translocates from the cytosol to the nucleus once activated by ligand binding leading to
dimerization and direct interactions with glucocorticoid-responsive elements (GREs) to regulate
expression of specific genes, such as mitogen-activated kinase phosphatase 1 (MKP-1). MKP-1 is
known to inhibit pro-inflammatory mediator production via the MAPK pathway. Recently, Leung
et al. [100] showed that vitamin D enhances GR activity in monocytes by stimulating
glucocorticoid induction of MKP-1. Even though pro-apoptotic effects of corticosteroids have

been studied in eosinophils, the relationship between VDR and GR is yet to be examined.

1.4.4 Recruitment of Eosinophils to the Lung

Eosinophils are produced in the bone marrow, yet are primarily tissue-dwelling cells,
which rely on various mechanisms in order to enter tissues [50, 57]. Eosinophils are primarily
trafficked toward inflamed lung tissue by chemoattractants produced by the airway epithelium and

lung-residing immune cells during inflammatory responses.

Although a variety of eosinophil chemokine receptors may be involved in eosinophil
recruitment, a few have been prioritized in asthma research, such as CCR3 and chemoattractant
receptor-homologous molecule expressed on Th2 (CRTh2) [43, 50]. CCR3, which binds a total
of 11 ligands, is selectively and abundantly expressed on eosinophils [43]. Accordingly, evidence
demonstrates that CCR3, when bound to chemokine (C-C motif) ligand (CCL) 11, is crucial in the
recruitment and accumulation of eosinophils in experimental models of asthma, and other
eosinophilic disorders [43, 101, 102]. Furthermore, CCR3 antagonists reduce airway eosinophilia
in chronic experimental asthma [103, 104]. In humans, increased expression of CCR3 associates

with greater asthma severity [105].
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Similarly, CRTh2 has been shown to mediate eosinophil recruitment to lung in
experimental modes of asthma [106, 107]. This receptor binds specifically to prostaglandin D>
(PGD»), a product released by activated inflammatory cells during an allergic response [43].
Consequently, CRTh2 antagonist therapies do partially attenuate pulmonary eosinophilia in
various models [108, 109]. Although several CRTh2 antagonists are currently available, their
efficacy against asthma in humans continues to be studied. Thus far, the use of a CRTh2 antagonist
OC000459 in patients with chronic asthma, who were not on other asthma management treatments,

improved: FEV1, quality of life, night-time symptom scores and eosinophil counts [110].

There is extensive literature surrounding the roles of CCR3 and CRTh2 on eosinophils in
allergic inflammation. It has been shown that both chemokine receptors mediate eosinophil
recruitment to lungs in experimental asthma. Hence, CCR3 and CRTh2 are classic markers in

asthma research.

Interestingly, there are a variety of under-studied eosinophil receptors which have
recruitment functions and, thus, therapeutic potential. One chemokine receptor of interest, which
is expressed by eosinophils, is CCR4. It is known that CCR4 particularly binds to inflammatory
mediators, such as: Stromal cell-derived factor 1 (SDF-1) and Thymus and activation regulated
chemokine (TARC). Furthermore, eosinophils collected from bronchoalveolar lavage (BAL) in
allergic patients are known to highly express CCR4 [111]. Unfortunately, CCR4 remains to be
functionally described in eosinophils. Otherwise, CCR4 has been shown to propagate airway
inflammation when expressed on Th2 cells. Recently, the elimination of CCR4 in T cells was
considered sufficient to control allergic airway inflammation as well as airway
hyperresponsiveness in mice [111]. Consequently, an extensive review on chemokines in airway

inflammation has named CCR4 as a new target for asthma therapy [112].

Another receptor which is gaining attention in allergy research is CCR10. CCR10 is a
chemokine receptor which is primarily known to serve as a mucosal homing receptor. Thus far, it
has mainly been studied within the context of skin immunity on lymphocytes [113]. Two major
cell populations seem to express CCR10: T cells and B cells. Although various sub-types of T cells
may express CCR10, Homey ef al. demonstrated a significant expression of CCR10 in cutaneous
lymphocyte-associated antigen (CLA) positive T cells from human blood, dermal microvascular

endothelium and fibroblasts [114]. In respect to B cells, Kunkel et al. [115] have shown that IgA
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antibody-producing B cells (i.e., plasma cells) express CCR10 for their migration and maintenance
at mucosal sites. Although not functionally defined, CCR10 is also known to be expressed by
Langerhans, melanocytes and dermal endothelial cells [113]. Recent studies have revealed that
CCRI10 (and its known ligands: CCL27 and CCL28) are factors in several atopic diseases [113].
CCL27 1s predominantly expressed by keratinocytes while CCL28 is expressed by epithelial cells
from various mucosal tissues [113]. Thus, CCR10 expression allows cells to enter specific mucosal

tissues.

Some chemokine receptors also activate eosinophils to release pro-inflammatory
mediators. The subject of eosinophil activation and release of mediators has incited research into

another area of eosinophilic asthma, termed eosinophil degranulation [43].
1.4.5 Eosinophilic Degranulation

1.4.5.1 Eosinophil Granules and Modes of Degranulation

Eosinophils are generally known to be potent inducers of inflammation due to the
release of granule content. Eosinophilic granules contain over 35 different types of chemokines,
cytokines and growth factors in addition to cytotoxic granule proteins [75]. Major basic protein
(MBP), eosinophil cationic protein (ECP) and eosinophil peroxidase (EPX), in particular, are
considered to be involved in asthma pathogenesis [116]. From all of the studied eosinophil granule
proteins, EPX is recognized to be the most specific to the eosinophil granulocyte lineage. Lee et
al. [51] developed an eosinophil-deficient transgenic mouse, which they named PHIL, by silencing
the EPX gene. While other eosinophil granule protein genes caused decreases in other lineages,
EPX silencing selectively reduced eosinophil counts. EPX, and other granule proteins, are released
through a process termed ‘degranulation’ which refers to the release of preformed, granule-stored
components. In general, there are four degranulation modes described for eosinophils: compound
exocytosis, classical exocytosis, cytolysis and piecemeal degranulation (PMD). Current literature
seems to focus on the latter mode, since granule exocytosis is rarely documented during
inflammatory responses while PMD and cytolysis are more frequently documented during human
diseases [117]. According to Erjefalt et al., the release of mediators from eosinophils in airway
lumen occurs by PMD, in approximately 67% of tissue eosinophils, and by cytolysis, characterized

by a break in the integrity of the cell membrane, in 33% of eosinophils [118, 119].
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PMD is defined as selective release of eosinophil granules through secretory vesicles,
resulting in intact eosinophils harboring empty granules [120]. During PMD, activated human
eosinophils execute vesicular trafficking which directs transport of granule-stored proteins from
secretory granules to the cell surface [117]. In short, stimulus-induced release of preformed
eosinophil granule proteins occurs from granule-derived vesicles, not granules themselves. Loaded
vesicles dock at specific cell membrane areas, and release their contents through membrane fusion.
Although mechanisms involved in the docking and fusion of eosinophil secretory vesicles at the
cellular membrane remain to be fully elucidated, a few key molecules have been identified. Lacy
et al. [121] demonstrated that eosinophil secretory vesicles express vesicle-soluble NSF
attachment receptor (v-SNARE) vesicle associated membrane protein (VAMP)-2, which co-
localizes with CCLS5 during IFN-y-induced PMD of CCLS5. Furthermore, Logan et al. [122, 123]
showed that v-SNARE mediates specific membrane docking through interactions with plasma
membrane t-SNARES, soluble NSF attachment protein (SNAP)-23 and syntaxin-4. In contrast,
cytolysis causes intact granules to be released due to plasma membrane disintegration. Unlike
PMD, where eosinophils remain viable, cytolysis results in cell demise [120]. Although eosinophil
cytolysis has been thoroughly observed, mechanisms regulating this mode of degranulation in

eosinophils have yet to be eluded.

1.4.5.2 PAF-induced Eosinophil Degranulation

Platelet activating factor (PAF) is a phospholipid mediator released by activated
macrophages, mast cells and basophils, which motivates pathophysiological inflammation. PAF-
mediated responses in human eosinophils include: chemotaxis, superoxide production, adhesion,
and release of cationic granule proteins [124-131]. This mediator initiates the latter actions through
PAF receptor (PAFR) signaling. PAFR is a G-coupled receptor present on human eosinophils,

which has been extensively studied in relation to anaphylaxis [132-136].

As previously elaborated, eosinophil degranulation is of high importance in allergic
inflammation [63, 75, 137]. Usually, asthma therapies mainly aim to eliminate eosinophils in order
to decrease lung eosinophilia as well as asthma symptoms [43]. Hence, maintaining eosinophil
survival in asthma and allergy is beyond traditional therapeutic approaches. It may be suggested
that vitamin D metabolites could cause lower responsiveness to common stimuli, such as PAF (i.e.,

eosinophils may enter an anergic-like state). As mentioned, human studies seem to suggest that
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vitamin D drives anti-inflammatory processes [14]. Anergy is defined as a generalized functional
inactive state, which occurs intrinsically, where immune cells remain viable yet desensitized.
Consequently, anergy is broadly known as a mechanism of tolerance in immunology. Although it
has primarily been studied in T cells, anergy is believed to be possible in most immune cells [138].
Studying PAF sensitivity of eosinophils, in the context of vitamin D, is pertinent for clarifying
unresponsiveness to degranulation stimuli, in the form of anergy, as an anti-inflammatory

mechanism.

1.4.5.3 Eosinophil Cytolysis as a Cell Demise Process

Even though most reports do not boldly make this link, cytolytic death can also be termed
‘necrosis’. Against traditional outlook of PCD, various studies have shown that the necrotic
process is also regulated by signaling pathways (newly termed ‘necroptosis’ to imply its regulated
nature), which heavily cross-talk with apoptosis while having specific immune functions [78, 85].
Unfortunately, the topic of eosinophil cytolysis is often not taken into account in leading reviews
whereas studies observing cytolysis lack proper discussion of the matter [75]. While necrosis has
yet to be studied in eosinophils, our team had the privilege to present possible functional
mechanisms related to observations of eosinophil necrosis and cytolysis. This review is included
in Appendix 1. While the subject is debated, mounting evidence of eosinophil cytolysis and
cytolytic release of granules in inflammatory conditions compels us to carry out more research on

these mechanisms.

1.4.5.4 Eosinophil Cytolysis in Airway Inflammation

As previously reviewed, the presence of cytolytic eosinophils is a common observation in
tissues exhibiting eosinophilic inflammation [139]. Specifically, there is evidence that cytolytic
eosinophils as well as clusters of free granules are present in inflamed airway mucosa [75].
Furthermore, allergen exposure induces mucosal eosinophilia, PMD and significant amounts of
eosinophil cytolysis and deposition of granules in patients [137]. In fact, microscopic observations
of human nasal polyps have shown that one-third of the mucosal tissue eosinophil population
appears to be undergoing necrosis/cytolysis. The presence of clusters of eosinophil free granules
in the bronchial mucosa also correlates with the severity of asthma [75, 140, 141]. Eosinophil
cytolysis is also observed in other disorders, such as eosinophilic esophagitis, where eosinophilic

inflammation is prominent [ 142]. Since cytolysis is a distinct mode of degranulation while causing
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cell demise, eosinophil cytolysis may be a key mechanism in airway inflammation due to

significant release of cytotoxic granule proteins [75, 139].

1.5 The Relationship between Respiratory Syncytial Virus and Eosinophils

In respect to eosinophil pathogen-related functions, various reports suggest that
eosinophils exercise anti-viral capacities. The idea that eosinophils can exert anti-viral properties
is not new. This perspective of eosinophil biology originates from a collection of studies since the
1990’s demonstrating that eosinophil functions are beneficial for viral clearance [143]. The
majority of these studies focus on eosinophil granule proteins having RNase activity, such as ECP
and EDN, allowing RNA virus break-down [144]. In particular, respiratory syncytial virus (RSV)
has received a lot of attention in research due its high prevalence in infants and children.
Additionally, RSV had become controversial following vaccination studies from the 1960’s which

demonstrated the development of hypersentivity towards RSV antigens [143].

The direct response of eosinophils to RSV is recently gaining attention in the field of
allergic airway inflammation [145].One study actually demonstrated that eosinophils are recruited
and induced to degranulate in lung tissue in response to human RSV infection [146]. There is
accumulating evidence that RSV respiratory tract infections in infants are probably linked to the
development of recurrent wheezing and childhood asthma. RSV is also interconnected with asthma
exacerbations. Newer studies suggest that RSV infection may play a role in the inception of
asthma. Furthermore, latent persistent respiratory virus infections may sustain airway
inflammation and hyperresponsiveness in a chronic manner [147]. Overall, a recent review on the
matter concluded that, although associations have been made between primary RSV infection and
pulmonary eosinophilia as well as progression of asthma, there is still no clear link, such as a

pathophysiological mechanism [145].

Interestingly, human studies imply an association between vitamin D and respiratory
infection clearance. For example, vitamin D deficiency and insufficient UVB light, due to time of
year and season, are factors which have been correlated with peaks in respiratory tract infections
[148, 149]. More recently, numerous epidemiological studies have found an association between
low serum vitamin D and increased susceptibility to respiratory infections [16]. Furthermore,
studies have shown that vitamin D seems to dampen inflammatory chemokine expression while

potentiating innate immunity, through upregulation of cluster of differentiation (CD) 14 and
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cathelicidin, for viral pathogen clearance [15, 150]. The common opinion remains that vitamin D
seems to be beneficial against respiratory viruses. One may question whether there is a direct
relationship between vitamin D, eosinophil function and RSV infection. At present, all three

variables have not been studied together.

1.6 Hypothesis and Objectives

Given the established associations between eosinophil functions and airway inflammatory
pathologies, and the complex role of VDR in allergic asthma, we ask the question: “does vitamin
D play a modulatory role in eosinophil biology?” Explicitly, we questioned whether the
commonality of vitamin D deficiency in allergic inflammatory diseases could be linked to

characteristic eosinophil functions involved in immune responses, at the cellular level.

1.6.1 Main Hypothesis

The vitamin D active metabolite, calcitriol, exerts direct effects on human eosinophil

functions.

1.6.2 Specific Objectives

We chose to investigate direct effects of calcitriol on human peripheral blood eosinophils
from mildly eosinophilic donors, ex vivo. We were specifically interested in the capacity of

calcitriol to modulate three functional aspects of eosinophil biology:

1) Define the effect of calcitriol on eosinophil survival
We wanted to investigate whether calcitriol could influence eosinophil survival in
a short-term (i.e., 24 hours) or long-term (i.e., 14 days) manner. We also tested if calcitriol
would have a combined effect with anti-apoptotic cytokines, including IL-5 and IFN-y. We
hypothesized that calcitriol may decrease eosinophil survival, as supported by the ability

of calcitriol to induce apoptosis in cancer cells [3].
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2)

3)

4)

)

Investigate if calcitriol can modulate eosinophil cytotoxic mediator release

Our aim was to examine the role of calcitriol in cytolytic release of pro-
inflammatory factors. Thus, we decided to evaluate the effect of calcitriol on spontaneous
release of granules and granule protein EPX. Moreover, we also tested the effect of
calcitriol on eosinophils’ response to PAF, a degranulation stimulus. According to current
suggestive literature that vitamin D has anti-inflammatory properties, we hypothesized that

calcitriol would reduce the release of eosinophilic pro-inflammatory mediators.

Determine calcitriol-induced eosinophil phenotype alterations in cell surface receptor
expression.

We were interested in calcitriol possibly modulating eosinophil cell surface
receptor expression. We focussed on receptors relevant to asthma pathology: by survival,
such as IL-5R, and recruitment, such as CRTh2, CCR10, CCR3 and CCR4. We
hypothesized that calcitriol would decrease the expression of these receptors, due to their

established or potential role in inflammatory responses.

Determine if calcitriol alters dexamethasone Kkilling of eosinophils.

Our goal was to investigate whether calcitriol could directly influence the efficacy
of dexamethasone in killing of eosinophils. Population studies associate vitamin D
deficiency with poor responses to corticosteroids, which suggests a relationship between
corticosteroids and calcitriol. Therefore, we hypothesized that calcitriol would improve
dexamethasone killing of eosinophils.

Determine if calcitriol effects cytolysis of eosinophils in response to respiratory
syncytial virus infection.

We wished to explore the possibility that eosinophil cytolysis may be a
programmed anti-viral response. We wanted to determine if eosinophil viability would
decrease in response to RSV infection and reveal if calcitriol could protect against
eosinophil death in the presence of RSV. We hypothesized that calcitriol would inhibit
RSV cytolytic killing of eosinophils.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Blood Donors

Adult blood donors were recruited through advertisement in the Edmonton, Alberta area
(Figure 3). Recruitment efforts were primarily utilized on the University of Alberta North
Campus. Volunteers would contact our research group by email (i.e., pulmresl@ualberta.ca). All
donors belonged to the 20-40 years age group. A database was constructed with collected personal
information, such as: telephone number, email address, history of allergies/asthma, and current
medications. A total of 33 blood donors (17 women and 15 men) were enlisted for this study. All
participants were self-reported allergic and/or asthmatic (40% allergic, 15% asthmatic and 45%
both), where allergies included were seasonal allergy, food allergy, drug allergy, Hay fever and
Rhinitis. Every donor was confirmed to be mildly eosinophilic by white blood cell count (i.e., >
4% total white blood cells). Approval for the study was obtained from the local Ethics Research
Board at the Faculty of Medicine and Dentistry (University of Alberta) and all adult subjects gave

their informed consent according to the Helsinki protocol.
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RESEARCH ON™
ASTHMA AND ALLERGY

Please l"u::-|p ws to understand these

important discascs and identify new treatments

The PULMONARY RESEARCH GROUP

needs asthmatic allergic velunteers to

donate blood for researd

Figure 3: Public advertisement for asthmatic/allergic blood donor recruitment.
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2.2 Venous Blood Collection

Donors were monetarily compensated for every visit to the laboratory. A maximum of 100
mL of peripheral venous blood was collected using a winged infusion set (Gauge 25) (BD
Vacutainer®, Franklin Lakes, New Jersey, USA) from either the Cephalic or Median Cubital vein
in 10 mL EDTA-coated plastic vacutainers (BD Vacutainer®, BD Hemogard™, Franklin Lakes,
New Jersey, USA). Blood collection was executed on non-fasting individuals only. Donors were

called back following a standard 4-6 week recovery period.

2.3 Peripheral Blood Eosinophil Isolation and Purification

Erythrocytes are sedimented using a dextran gradient. Dextran from Leuconostoc
mesenteroides, in solution (6% dextran in RPMI 1640 medium) (Sigma-Aldrich Canada Ltd.
Oakville, Ontario, Canada) was added to fresh blood (i.e., 10 mL of dextran solution per 50 mL of
blood). Following a 30 min room temperature incubation, plasma is removed. Granulocytes are
separated from mononuclear cells by centrifugation (at 250g for 20 min) using Ficoll-Paque™Plus
(GE-HealthCare Ltd. Uppsala, Sweden). The resultant cell pellet is resuspended in molecular
biology grade sterile water (HyClone®, Thermo Scientific Inc., Logan, Utah, USA) for a few
minutes to lyse remaining contaminating erythrocytes. Cells are then rested on ice in a 1% EDTA
and RPMI 1640 medium solution (Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada). Mixed
granulocyte population is then subdued to a negative selection process in 2% Fetal Bovine Serum
(FBS) and 0.2% EDTA in Dulbecco’s phosphate buffered solution (DPBS) 1X (GIBCO®
Invitrogen, Grand Island, New York, USA; Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada;
Hyclone™ Thermo Scientific, Logan, Utah, USA).

This cell-rich fraction was purified using STEMCELL Technologies’ EasySep Human
Eosinophil Enrichment Kit (Vancouver, British Colombia, Canada) in order to obtain eosinophils
only. Briefly, the negative selection is done by adding a cocktail of tetrameric antibodies which
recognize: CD2, CD3, CD14, CD16, CD19, CD20, CD36, CD56, CDI123 (IL-3Ra) and
glycophorin A. As per manufacturer’s product information, this formulation of antibodies is
specifically targeted for the removal of T cells, NK cells, monocytes, macrophages, neutrophils,
dendritic cells, B cells, platelets, erythrocytes, hematopoietic progenitors, myeloid progenitors and
basophils (Table 2). It must be noted that there are limitations with the particular use of anti-CD16
and anti-CD123 in an eosinophil enrichment process. Firstly, human peripheral blood eosinophils
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express CD16. Davoine et al. [151] have demonstrated that eosinophils from allergic rhinitis and
asthma patients express higher CD16 than non-allergic controls. Furthermore, the expression of
CD16 increases on eosinophils during allergen exposure and has been shown to correlate with
IFN-y levels in mild allergic asthmatics. The subpopulation of CD16" eosinophils were also found
to express more IL-5R [151]. Secondly, CD123 (IL-3Ra) is also expressed on circulating
eosinophils in normal as well as atopic donors. In fact, eosinophils from allergic dermatitis patients
have been shown to have an elevated IL-3R gene expression profile [ 152]. Therefore the presence
of CD16 and CDI123 antibodies in the negative selection method contributes to a loss of
eosinophils. These select eosinophil subpopulations exhibit distinct phenotypes and probably
different activity levels and functions. The use of this antibody cocktail therefore negatively selects
for CD16/CD123" eosinophils which alters the final composition of the purified eosinophil

population.
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Table 2: Markers recognized by tetrameric antibody cocktail for the removal of selected

cells.

Positive selection markers recognized

by tetrameric antibody cocktail

Selected cells for removal

CD2

T cells, NK cells

CD3 T cells

CD14 Macrophages, neutrophils, dendritic cells

CDl16 NK cells, neutrophils, monocytes, macrophages,
eosinophil subpopulation

CD19 B cells

CD20 B cells

CD36 Platelets, erythrocytes, monocytes

CD56 NK cells

CD123 Hematopoietic progenitor cells, myeloid progenitor
cells, eosinophil subpopulation, basophils

glycophorin A Erythrocytes
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The granulocyte-rich cell population is incubated with the latter antibody cocktail for 10
min on ice in 5 mL polystyrene tubes (BD Falcon™, BD Bioscience, Franklin Lakes, New Jersey,
USA). Magnetic beads are added in order to allow conjugation with the diverse antibodies to form
immunomagnetic beads. Subsequently, polystyrene tubes containing eosinophils, antibodies and
magnetic beads are rested in magnetic chambers (EasySep™, STEMCELL Technologies,
Vancouver, British Colombia, Canada) for 5 min. During this incubation, immunomagnetic beads
bound to unwanted cells remain within the polystyrene tube while unbound eosinophils linger in
the solvent, which is poured out. Purified eosinophils are resuspended in RPMI 1640 medium
(Sigma-Aldrich Canada Ltd. Oakville, Ontario) and 10% FBS (GIBCO® Invitrogen, Grand Island,
New York, USA) for subsequent experiments. Only eosinophil preparations with 98% purity or

higher were utilized (contaminating cells were neutrophils and/or lymphocytes).

2.4 White Blood Cell Counts

White blood cell counts were done at three distinct time points (i.e., on freshly collected
blood, following the Ficoll step, and subsequent to the negative selection process) during the
isolation procedure using Kimura stain (0.05% Toluidine Blue, 0.03% Light Green and saturated
saponin 50% ethanol solution in a phosphate buffer; pH 6.4). The specific formulation of Kimura

stain components and functions are indicated in Table 3.

Cells were visualized by light microscopy using a total magnification of 50X. Counting
was done using a total volume of 10 pL in a Hemocytometer, where the total cell count is estimated

based on the number of cells present in 4 quadrants of the counting chamber.
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Table 3: Kimura stain formulation and specific functions.

Solutions within

Kimura stain

Ingredients

Function

Toluidine Blue (0.05%)

Toluidine Blue (0.05 g)
1.8% NaCl (50 mL)
95% Ethanol (10 mL)
Distilled water (40 mL)

Metachromatic stain

(i.e., stains nucleus blue)

Light Green (0.03%)

Light Green (0.03g)
Distilled water (100 mL)

Acidic dye which binds to
basic proteins
(i.e., stains eosinophil

granules green)

Saturated Saponin Saponin Lyses red blood cells
solution 50% Ethanol

Phosphate buffer Na;HPOs4 (2.13 g) Solvent

(pH 6.4) K>HPO4 (2.04 g)

Distilled water (100 mL)
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2.5 Eosinophil Incubation Conditions

In all experiments, eosinophils were incubated at 37°C in 5% CO2 (gaseous) in 24-well flat
bottom plates (BD Falcon™, BD Bioscience, Franklin Lakes, New Jersey, USA). Calcitriol
(Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada) was reconstituted in 100% non-
denaturated ethanol, as per manufacturer’s instructions. Calcitriol dose (10 nM) used for all
experiments within this study was selected as per a dose response. As elaborated in Chapter 3,
calcitriol at 10 nM was the smallest concentration which yielded significantly higher eosinophil
survival than media alone while having no significant difference compared to IL-5 (1 ng/mL) after
a 24 hour dose response (Figure 4). Since IL-5 is a crucial factor for eosinophil survival, we used
IL-5 (1 ng/mL) as a positive control in each experiment. Its dose was selected as per a previous
study which investigated the influence of IL-5 on eosinophil survival in response to
glucocorticoids [153]. IFN-y (100 ng/mL) dose was selected as per a comparative study on the
anti-apoptotic ability of IL-5 and IFN-y [66]. IL-5 and IFN-y were reconstituted in DPBS 1X with
0.2% Bovine serum albumin (BSA) (Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada), as
per manufacturer details. All treatments were executed in 24-well flat bottom plates, where
~300,000 eosinophils were incubated per well in 1 mL of RPMI 1640 medium (Sigma-Aldrich
Canada Ltd. Oakville, Ontario) with 10% FBS (GIBCO® Invitrogen, Grand Island, New York,
USA). Calcitriol (10 nM) (Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada), IL-5 (1 ng/mL)
(R&D Systems, Minneapolis, Minnesota, USA), IFN-y (100 ng/mL) (R&D Systems, Minneapolis,
Minnesota, USA), Dexamethasone (1 pM) (Sigma-Aldrich Canada Ltd. Oakville, Ontario,
Canada) and RSV (4.73 x 10’ PFU/mL) (ATCC®, Manassas, Virginia, USA) were added directly
to media using a micropipette at day 0. Media was not changed or supplemented during

incubations.

2.6 Viability Assay

Viability levels were measured using Invitrogen’s Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis  Kit (Invitrogen™, Life Technologies, Eugene, Oregon, USA) according to
manufacturer’s instructions. Briefly, ~300,000 eosinophils were pelleted into a 5 mL polystyrene
tube (BD Falcon™, BD Bioscience, Franklin Lakes, New Jersey, USA) by centrifugation (at 200
g for 6 min). Cells were resuspended in Binding Buffer 1X, provided in kit. Annexin-V and
Propidium Iodide (PI) were added to eosinophils.
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Annexin-V is a cellular protein which binds to PS. Its physiological function is mainly to
bind PS expressed by apoptotic cells in vivo to inhibit coagulation and encourage inflammation
[154]. In the laboratory, annexin-V is commonly used as an early apoptosis marker. During
apoptotic death, PS becomes exposed from the inner leaflet onto the outter leaflet of the plasma
membrane prior to the formation of apoptotic bodies [154, 155]. There are limitations to this
method as apoptosis is a transient cell state, hence its cellular characteristics can be unstable. For
example, PS exposure has been shown to be reversible in neutrophils [156]. Nevertheless, PS
exposure detection by annexin-V remains a valid method for identifying apoptotic cells as per the
Nomenclature Committee on Cell Death’s latest recommendations [71]. The annexin-V used in
this study was conjugated to the fluorochrome Alexa488 for detection by flow cytometry.

Therefore, cells which are positive for annexin-V-Alexa488 are counted as apoptotic.

Plis a fluorescent chemical DNA intercalating agent. It is regularly used to stain DNA, yet
is also utilized to identify dead cells [157]. Hence, PI is often referred to as a vital dye [71]. PI
does not gain access to cellular DNA unless the cellular membranes have become permeable.
During cytolysis, as a result from necrosis, PI gains access to intracellular compartments where it
intercalates nuclear and mitochondrial DNA [157]. During membrane breakdown, annexin-V is
also able to bind to PS within the inner leaflet of dead cells. Therefore, cells that stain for both

annexin-V and PI are necrotic. In contrast, cells which are annexin-V-Alexa4887/PI  are viable.

Staining reaction was stopped by adding DPBS 1X (HycloneTM Thermo Scientific,
Logan, Utah, USA). Acquisition was performed using BD FACS-CANTO flow cytometer. Gating
of events was limited to high FS/SS events corresponding to eosinophil cell size and density.
Apoptotic cells were single positive for annexin-V. Necrotic cells were double positive for

annexin-V and PI, while viable cells were double negative.

2.7 Eosinophil CD63" Granule and EPX Staining

Eosinophils were incubated in the presence of anti-CD63 or matched isotype control
antibodies (AbD Serotec, Kensington, Oxford, England), in order to detect eosinophil granules.
These eosinophil preparations were co-stained with anti-EPX-biotin (gift from Lee Lab Mayo
Clinic, Arizona, USA) and streptavidin (Affymetrix eBioscience, Inc., San Diego, California,
USA). Eosinophils were recovered from the incubation plate into 5 mL polystyrene tubes (BD

Falcon™, BD Bioscience, Franklin Lakes, New Jersey, USA) and washed with Flow buffer (2%
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FBS in DPBS 1X) (GIBCO® Invitrogen, Grand Island, New York, USA; HycloneTM Thermo
Scientific, Logan, Utah, USA). Cells were centrifuged to form pellets as to remove the supernatant.
Eosinophils were incubated with 4% Paraformaldehyde (PFA) solution (PFA in DPBS 1X)
(Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada; Hyclone™ Thermo Scientific, Logan,
Utah, USA) for 20 min to allow fixation. Cells were washed again with Flow buffer before
permeabilization on ice using 1% Saponin and 1% FBS in Hank’s balanced salt solution (HBSS)
1X (GIBCO® Invitrogen, Grand Island, New York, USA; HycloneTM Thermo Scientific, Logan,
Utah, USA). Antibodies were added directly to the latter permeabilization solution. Subsequently,
eosinophils were incubated for 20 min at 4°C. Cells were then washed with the permeabilization
solution before adding Streptavidin-APC (Affymetrix eBioscience, Inc., San Diego, California,
USA). Following another 20 min incubation at 4°C, stained eosinophils were resuspended in Flow
buffer with 0.5% PFA (Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada). Stained and fixed
cells were kept at 4°C and sheltered from direct light before acquisition using BD FACS-CANTO
flow cytometer. Gating of events was limited to high FS/SS events corresponding to eosinophil
cell size and density. Marker expression was calculated by subtracting isotype fluorescence from

specific antibody fluorescence using FACS-CANTO analysis program.

CD63, also called lysosome-associated membrane protein-3 (LAMP-3), is a glycoprotein
belonging to the tetraspanin family. It is a membrane bound receptor abundantly found on
intracellular vesicles [158]. In research, CD63 is used as a granule membrane marker. Mahmudi-
Azer et al. [159] have demonstrated that CD63 is expressed on resting human peripheral blood
eosinophils, predominantly on crystalloid granule membranes. The latter group also demonstrated
an association between CD63 and piecemeal degranulation as CD63 mobilization coincided with
selective mobilization of CCLS, before its release [159]. Evidence involving CD63 with eosinophil
mediator release is increasing. Recently, CD63 has been shown to colocalize with Ras-related
protein Rab27a, a GTPase involved in protein transport, on eosinophil crystalloid granule

membranes [160].

EPX was selected as an eosinophil granule protein release marker due to its specificity to
eosinophil granulocytes. When Lee et al. produced an eosinophil-deficient transgenic line (PHIL)
mouse, EPX was the only eosinophil granule protein gene which, when silenced, produced mice

lacking eosinophils without effecting the production of other hematopoietic cell types [51].
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Although EPX can be a difficult protein to work with due to its negative charge (i.e., EPX is a

basic protein), its release can only originate from eosinophils.

The amounts of CD63" granules and EPX" cell debris were obtained by BD FACS-
CANTO flow cytometer analysis. Gating of events was limited to low FS/SS events corresponding

to cellular debris properties.

2.8 EPX Colorimetric Assay

Eosinophil suspensions in phenol red-free RPMI 1640 medium (Sigma-Aldrich Canada
Ltd. Oakville, Ontario) were distributed in a 96-well flat bottom plate (BD Falcon™, BD
Bioscience, Franklin Lakes, New Jersey, USA) to contain ~30,000 cells per well. Lysed control
consisted of eosinophils subject to -80°C freezing and mechanical stress. The latter processing
caused eosinophil cytolysis where maximal granule protein release was attained. PAFci¢ (Sigma-
Aldrich, St. Louis, Missouri, USA) was added to respective wells for 5 min prior to the addition
of the peroxidase substrate solution. The peroxidase substrate solution consisted of O-
phenylenediamine HCI (OPD) 0.9mg/mL, CaCl; 1.6mM, 0.004% H>O; in HBSS 1X (HycloneTM
Thermo Scientific, Logan, Utah, USA). As per Thermo Fisher Scientific Inc. product information,
OPD is a water-soluble substrate for peroxidase which produces a yellow-orange breakdown
product. Plate was incubated for 2 min before the reaction was stopped using 4M H2SOs. All

reactions were executed in isotonic solutions as to avoid washing and removing incubated cells.

The latter described method consists of an improvement developed by Adamko et al. to
the classic EPO/EPX assay [161]. Since EPX is negatively charged it has a tendency to stick to
positively charged surfaces, such as plastics (i.e., the bottom and sides of wells in an incubation
plate). Therefore, measuring EPX activity from removed supernatant does not reveal all EPX
released in one well. By using isotonic solutions, we were able to directly add OPD to eosinophils,
yet avoid eosinophil cytolysis, which permits to exclusively measure extracellular EPX. Also,
since OPD has access to both EPX in solution and EPX bound to the plate, results are more

accurate.

Each experiment was done in triplicates. Absorbance at 450 nm wavelength was read using

BIO-TEK®PowerWaveXS plate reader. All values were normalized to blank readings. Percent

36



EPX released from non-stimulated eosinophils was obtained using Formula #1. Percent EPX

released from PAFcis-stimulated eosinophils was calculated using Formula #2.
Formula #1:

] ) EPX activity in media (with intact cells)
% EPX released into media = EPX activity in media of cell lysate x 100%

Formula #2:

%EPX released into media

_ EPX activity in media with PAF (with intact cells) — EPX activity in media (with intact cells)
B EPX activity in media of cell lysate

X 100%

2.9 Cell Surface Marker Staining

Surface marker expression was measured using the above listed antibodies following
respective manufacturers’ instructions. Briefly, treated eosinophils were pelleted as per treatment
by centrifugation (at 200g for 6 min). Cell pellets were resuspended in Flow Buffer, which
consisted of 2% FBS (GIBCO® Invitrogen, Grand Island, New York, USA) in DPBS 1X
(HycloneTM Thermo Scientific, Logan, Utah, USA). Separate antibodies were added to each
treatment sample (Table 4). Following incubation on ice, Flow buffer was used to wash cells while
4% PFA solution, containing PFA (Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada) diluted
in DPBS 1X (HycloneTM Thermo Scientific, Logan, Utah, USA), allowed cells to be fixed.
Samples were stored at 4°C prior and sheltered from direct light acquiring results. Acquisition was
performed on stained eosinophils using BD FACS-CANTO flow cytometer. Gating of events was
limited to high FS/SS events corresponding to eosinophil cell size and density. Marker expression
was calculated by subtracting isotype fluorescence from specific antibody fluorescence using
FACS-CANTO analysis program. Data for percent eosinophils positive as well as Mean
fluorescence intensity (MFI) were included in our investigation. On one hand, the percentage of
eosinophils positive for a marker provides information about the amount of eosinophils which
express the receptor among the total population. On the other hand, MFI reveals the average
intensity for this receptor which indicates the average amount of receptor expression per
eosinophil. Both measurements are needed to understand how many eosinophils express a certain

marker, and with what relative intensity.
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Table 4: Cell surface receptors were detected using monoclonal antibodies and isotype

controls.

Receptor /

Isotype control

Antibody and Source

CRTh2 Anti-Human CD294 (CRTh2) Alexa Fluor® 647 (Clone BM16),
Rat IgG2a, « (BD™Pharmingen, San Diego, California, USA)

CRTh2 Isotype control Rat IgG2a, k Alexa Fluor® 647 Isotype Control (Clone R35-95)
(BDTMPharmingen, San Diego, California, USA)

CCR10 Anti-Human CCR10 Allophycocyanin MAb (Clone 314305), Rat
IgG2A (R&DSystems, Minneapolis, Minnesota, USA)

CCR10 Isotype control Rat IgG2A Allophycocyanin Isotype Control (Clone 54447)
(R&DSystems, Minneapolis, Minnesota, USA)

CCR3 Anti-Human CD193 (CCR3) Alexa Fluor® 647 (Clone 5ES8),

Mouse IgG2b, k (BDTMPharmingen, San Diego, California,
USA)

CCR3 Isotype control

Mouse IgG2b, k Alexa Fluor® 647 Isotype Control (Clone 27-35)
(BDTMPharmingen, San Diego, California, USA)

CCR4 Anti-Human/Rat CCR4 Phycoerythrin MAb (Clone 205410),
Mouse IgG2B (R&DSystems, Minneapolis, Minnesota, USA)

CCRA4 Isotype control Mouse IgG2B Phycoerythrin Isotype Control (Clone 133303)
(R&DSystems, Minneapolis, Minnesota, USA)

IL-5Ra Human IL-5 R alpha Fluorescein MAb (Clone 26815), Mouse

IgG1 (R&DSystems, Minneapolis, Minnesota, USA)

IL-5Ra Isotype control

Mouse IgG1 Fluorescein Isotype Control (Clone 11711)
(R&DSystems, Minneapolis, Minnesota, USA)

IL-5RB

Anti-Human CD131 Phycoerythrin (Clone 1C1), Mouse IgGlk

(affymetrix eBioscience, Inc., San Diego, California, USA)

IL-5R Isotype control

Mouse IgGlk Isotype Control Phycoerythrin (Clone P3.6.2.8.1)

(affymetrix eBioscience, Inc., San Diego, California, USA)
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2.10 Dexamethasone Assay

Purified eosinophils were treated with water soluble Dexamethasone (1 uM) (Sigma-
Aldrich Canada Ltd. Oakville, Ontario, Canada). Dexamethasone stock solution was diluted in
RPMI 1640 medium and added directly to media. Besides its commonality in current literature,
dexamethasone dose (1 pM) was selected as per a study focussed on eosinophil survival in
response to dexamethasone and IL-5 by Bloom et al. [153]. Viability levels were measured using
Invitrogen’s Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen™, Life
Technologies, Eugene, Oregon, USA) according to manufacturer’s instructions. Acquisition was
performed using BD FACS-CANTO flow cytometer. Viable cells were double negative while dead

cells were double positive for annexin-V and PL

2.11 Respiratory Syncytial Virus Assay

Eosinophils were incubated with RSV at a 157:1 virus to cell ratio (i.e., 4.73 x 10’ PFU/mL)
(ATCC®, Manassas, Virginia, USA). The stock of RSV used was a gift from the Adamko lab
(Saskatoon, Saskatchewan, Canada) and dosage was based on their previous experience with RSV
[162]. RSV was diluted in DPBS 1X (HycloneTM Thermo Scientific, Logan, Utah, USA). RSV
control group consisted of UV-inactived RSV (UV). Briefly, 10 pL of active RSV in DPBS 1X
(HycloneTM Thermo Scientific, Logan, Utah, USA) was exposed to UV-light for 30 min. Viability
levels were measured using Invitrogen’s Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit
(Invitrogen™, Life Technologies, Eugene, Oregon, USA) according to manufacturer’s
instructions. Acquisition was performed using BD FACS-CANTO flow cytometer. Viable cells

were double negative while dead cells were double positive for annexin-V and PI.

2.12 Statistical Analysis

All results are expressed as mean + standard error of the mean. Comparison between groups
was done using analysis of variance with one-way ANOVA and paired #-test as statistical tests

(Graph Pad Prism Software®; Origin 9®) where p-value <0.05 was considered significant.
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CHAPTER 3: Manuscript in preparation

Calcitriol (1,25 Dihydroxyvitamin D3) reduces eosinophil necrosis leading to diminished

release of cytotoxic granules and eosinophil peroxidase (EPX).
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3.1 Introduction

The eosinophilic granulocyte is one of the most prominent inflammatory cells that
characterize allergic airway inflammation. Classically, lower numbers of eosinophils in lungs and
blood correlate with an improvement in allergic symptoms, and has been generally considered as
a sign of improved control of bronchial inflammation [50]. Eosinophils are especially
characterized for their capacity to release (i.e., degranulate) highly cytotoxic granules and a variety
of mediators, which can cause direct tissue injury as well as locally incite inflammation [43, 163-
165]. One major mode for eosinophil degranulation is cytolysis [75, 139, 166]. During cytolysis,
mediator release appears to happen spontaneously (often referred to as cytolytic degranulation) or
is linked to necrosis, which results in a cytolytic death. Fairly recent work has reported an
association between the regulation of eosinophil death signalling pathways and the pathological
role of eosinophils in the progression of allergic inflammation [167, 168]. More specifically, it is
now accepted that delayed-apoptosis or insufficient apoptosis of eosinophils is an important factor
in the pathology of asthma [55, 56, 59]. In fact, airway inflammation caused by asthma-associated
insults, such as epithelial shedding and allergic immune responses, induces rapid death of
eosinophils causing granule deposition in airway tissues [139]. Cytolysis, causing release of
intracellular components, is the characteristic result of necrotic death. Necrosis seems to be a
significant process since eosinophil cytolysis has often been observed in human [75, 137, 169,
170] and animal [58] tissues undergoing eosinophilic inflammation. Therefore, we developed an
interest in modulating eosinophil cell death to avoid eosinophilic cytotoxic mediator release with
the goal of minimizing the presence of pro-inflammatory components originating from these
granulocytes within their surrounding environments. One candidate of interest is the vitamin D3
active metabolite, due to extensive literature of successful cell cycle arrest as well as an increase
in apoptotic cancer cells [1, 3] as well as a single recent report that 1,25-dihydroxyvitamin D3 was

able to maintain the survival of peripheral blood eosinophils from healthy donors [42].

Vitamin D is a fat-soluble lipid within the secosteroid group, primarily known to play an
essential role in the regulation of calcium absorption from the gastrointestinal tract. There is
considerable evidence supporting alternative functions of vitamin D, beyond calcium regulation.
In fact, more than 1000 genes are under the control of the VDR, which is essential for directly
mediating the various effects of vitamin D [171]. Accordingly, vitamin D deficiency in humans

has been associated with an increase (and/or adverse outcomes) in autoimmune diseases,
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infections, cardiovascular diseases, cancer, and is apparently linked to a higher risk of mortality
by all causes [1]. Furthermore, direct evidence supporting a role for vitamin D in asthma has been
revealed from genetic studies of VDR polymorphisms as a risk factor in different human
populations [32, 172-174]. Vitamin D deficiency has also been studied in relation to the emergence
of airway diseases, in accordance with the hypothesis that a deficiency in vitamin D is associated
with immune system impairment leading to inflammatory and autoimmune manifestations. In
multiple studies, low serum vitamin D (25-(OH)D3) has been associated with poor lung function,
as well as increased airway hyperactivity and asthma, in adults as well as adolescents [17]. Also,
lung epithelial cells express the enzyme loa-hydroxylase, which catalyzes the conversion of
vitamin D precursor calcidiol (25-(OH)D3) to the active form, calcitriol (10,25-(OH).D3) [15].
This function of lung epithelia suggests that local concentrations of calcitriol are able to rise
independently from circulating levels, and may reach higher concentrations than systemic vitamin
D. It also implies an immunologic role for this particular microenvironment, beyond calcium
regulation. Despite the well-known role of calcitriol in immune responses, the mechanism(s) by

which calcitriol may mitigate allergic inflammation in asthma is largely unknown.

In this study, we report that calcitriol can directly regulate eosinophil inflammatory effects
by reducing necrotic release of intact granules as well as active EPX. We propose that reducing
eosinophil cytolytic degranulation of proinflammatory mediators could minimize mucosal tissue

injury in airway allergic inflammatory pathologies.
3.2 Materials and Methods

3.2.1 Blood Donors

Adult blood donors were recruited through general publicity in the Edmonton, Alberta area.
Blood collection was restricted to adult donors (i.e., minimum 18 years old) who had mild
eosinophilia (i.e., >4% of total white blood cell count) as well as self-reported allergies and/or
allergic asthma, while not currently using corticosteroids. Approval for the study was obtained
from the local Ethics Research Board at the Faculty of Medicine and Dentistry (University of

Alberta) and all adult subjects gave their informed consent according to the Helsinki protocol.
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3.2.2 Peripheral Blood Eosinophil Isolation

Peripheral blood eosinophils from atopic donors were purified as previously described
[162]. Briefly, venous blood (100 ml) was collected from the Cephalic or Median Cubital veins in
EDTA-coated vacutanors (BD Vacutainer®, BD Hemogard™, Franklin Lakes, New Jersey,
United States of America). Erythrocytes were sedimented using a Dextran gradient (6% in RPMI)
(Sigma-Aldrich Canada Ltd. Oakville, Ontario, Canada). Granulocytes were separated from
mononuclear cells by centrifugation using Ficoll-Paque™Plus (GE-HealthCare Ltd. Uppsala,
Sweden). Eosinophils were further purified using EasySep Human Eosinophil Enrichment Kit
(Stemcell Technologies™, Vancouver, British Columbia, Canada) as per manufacturer’s
instructions. Purity of eosinophil preparations were greater than 98%: (contaminating cells were

neutrophils and/or lymphocytes).

3.2.3 Viability Assay

Viability levels were measured using the Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis  Kit (Invitrogen™, Life Technologies, Eugene, Oregon, USA) according to
manufacturer’s instructions. Acquisition was performed using BD FACS-CANTO flow cytometer.

Viable cells were double negative, while necrotic cells were double positive for annexin-V and PI.

3.2.4 EPX and Eosinophil Granule Staining

Eosinophils were incubated in the presence of anti-CD63 (AbD Serotec, Kensington,
Oxford, England) or matched isotype control (AbD Serotec, Kensington, Oxford, England)
antibodies, in order to detect granules. These eosinophils were co-stained with anti-EPX-biotin
(gift from Lee Lab Mayo Clinic, Arizona, USA) and streptavidin (Affymetrix eBioscience, Inc.,
San Diego, California, USA). Both detections were done using the manufacturers’ protocols. The
levels of free EPX as well as intact granules were obtained by BD FACS-CANTO flow cytometer

analysis.
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3.2.5 EPX Colorimetric Assay

Measurement of EPX release has been previously described [162]. Briefly, eosinophil
suspensions in phenol red-free RPMI (Sigma-Aldrich Canada Ltd. Oakville, Ontario) were
distributed in a 96-well plate to contain ~30,000 cells per well. For lysed control, eosinophils were
subject to -80°C freezing and mechanical stress. PAFci¢ (Sigma-Aldrich, St. Louis, Missouri,
USA) was added to respective wells for 5 min prior to the addition of the peroxidase substrate
solution OPD 0.9mg/mL, CaCl, 1.6mM, 0.004% H>0O- in HBSS) 1X as positive control. Plate was
incubated for 2 minutes before the reaction was stopped using 4M H>SO4 (Sigma-Aldrich Canada

Ltd. Oakville, Ontario, Canada). Results were calculated as:

) ) EPX activity in media (with intact cells)
% EPX released into media = EPX activity in media of cell lysate * 100%

Each experiment was done in triplicate and absorbance at 450 nm wavelength was read using BIO-

TEK®PowerWaveXSs plate reader. All values were normalized to blank readings.

3.2.6 Statistical Analysis

All results are expressed as mean =+ standard error of the mean. Comparison between the
groups was done using analysis of variance with one-way ANOV A and paired #-test statistical tests

(Graph Pad Prism Software®) where p-value <0.05 was considered significant.
3.3 Results

3.3.1 Calcitriol Modulates Eosinophil Survival

To determine if vitamin D influences eosinophil survival, we investigated whether the most
active metabolite of vitamin D3, calcitriol (1a,25-(OH)2D3), may influence apoptotic and necrotic
cellular states of eosinophils. Blood eosinophils from atopic donors were incubated with
physiologically relevant concentrations of calcitriol (i.e., 0.05 to 100 nM). Although vitamin D
sufficiency is clinically defined by calcifediol blood concentrations, which are always higher than
calcitriol [1], calcitriol is suggested to be at even higher levels at the mucosal level [15]. We
observed a dose-dependent reduction of necrotic eosinophils which resulted in an increase of
viable eosinophils in response to increasing doses of calcitriol after 24 hours of incubation.

Interestingly, calcitriol did not cause a significant shift in levels of apoptosis within these
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eosinophil populations (Figure 4A). Although the effect of calcitriol on eosinophil survival was
perceptible at 0.05 nM, it was significantly increased from media, yet not significantly different
than IL-5, at 10 nM. Therefore, the latter concentration was selected for future experiments (n =
5, IL-5 vs. Calcitriol, p < 0.05) (Figure 4B). Thus, we demonstrate that calcitriol is able to
independently sustain the viability of human blood-derived eosinophils for 24 hours ex vivo, in the

absence of an anti-apoptotic factor.

In order to evaluate the duration of this effect, we performed eosinophil survival assays
using calcitriol (10 nM) over a 14 day time period. Using this design, we observed that calcitriol
(10 nM), on its own, is insufficient in sustaining eosinophil viability above 75% in a long term
manner (i.e., > 3 days). We consistently observed that results for Media and VD treatments
grouped together while IL-5 and IL-5+VD treatments congregated, over time. After 3 days of
incubation, there was no significant difference between non-treated and calcitriol (10 nM)-treated
eosinophils (day 3, VD 33.5% + 9.3% vs. Media 15,6% = 8.5%, p > 0.05, n = 5). However, when
calcitriol is added to IL-5, we observe a marked increase of viable eosinophils. We observed a
significant potentiating effect of calcitriol when co-incubated with IL-5 (1 ng/ml) after 4 days of
culture. This effect not only persists, but upsurges over the following 10-day period. This
difference between IL-5 (1 ng/ml) and calcitriol (10 nM) versus IL-5 (1 ng/ml) alone respectively
occurred at: 7 days; 20%, 10 days; 24% and 14 days; 32%. Hence, the latter finding depicts a
synergistic effect of calcitriol with IL-5 beginning at day 7 (IL-5+VD 86.4% + 1.5% vs. IL-5
66.0% + 2.4% and VD 4.5% + 1.5%, p < 0.05, n = 12) (Figure 5A). To determine if this coupled
effect is specific to IL-5R, which signals using the IL-5, IL-3 and GM-CSF common f chain [62],
we tested if calcitriol could potentiate the pro-survival of another type of cytokine. Thus, I[FN-y
was chosen to repeat the viability assay. We monitored the effect of both IFN-y (100 ng/ml) in
combination with calcitriol (10 nM) on eosinophil survival on a 7-day time course. Although IFN-
v (100 ng/ml) is overall less potent than IL-5 (1 ng/ml) in maintaining the viability of eosinophil
populations, we were able to reproduce an analogous trend of effects in comparison to IL-5 and
calcitriol experiments through the addition of both IFN-y (100 ng/ml) and calcitriol (10 nM)
treatment over 7-day long experiments. Again, the difference in percentage of viable eosinophils
between IFN-y (100 ng/ml) and calcitriol (10 nM) versus IFN-y (100 ng/ml) alone indicates a
synergistic effect on viability at day 7 (IFN+VD 43.6% =+ 8.6% vs. IFN 21.9% = 7.5% and VD
6.6% = 2.0%, p <0.05, n =5). Accordingly, we confirm that the effect of calcitriol on eosinophil
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survival is not IL-5 dependent (Figure 5B). We further observed, despite the increase in eosinophil
survival and complimentary decrease in necrosis, no significant increase in apoptosis (i.e.,
eosinophil annexin-V single positives) throughout the long-term time course for both combination

treatments (i.e., IL-5+VD and IFN+VD) (data not shown).

3.3.2 Calcitriol Influences Necrotic Release of Pro-Inflammatory Components

We then explored the idea whether the observed effects of calcitriol on increasing
eosinophil viability are caused by inhibition of eosinophil necrosis which, consequently, would
reduce the release of granules and pro-inflammatory mediators into media caused by this cytolytic
process. This avenue was investigated due to observations made in cellular debris, which was
assumed to result from eosinophil necrotic death, which can be discriminately visualized due to
their low FS/SS properties compared to intact cells using flow cytometry. As demonstrated in
Figure 6A, treatment with IL-5 and calcitriol for a duration of 7 days results in increased amounts
of high FS/SS events (left panel, upper right quadrant), corresponding to intact eosinophils,
compared to low FS/SS events (left panel, lower left quadrant), corresponding to eosinophilic cell
debris. Furthermore, the amounts of cell debris appear to be larger with an increased incidence of
necrosis (right panel, upper right quadrant). The most visually significant and relative decrease in
cell debris occurs within the IL-5 (1 ng/ml) and calcitriol (10 nM) treatment population (Figure
6A). The percentage of cell debris in media resulting from co-incubation of IL-5 (1 ng/ml) and
calcitriol (10 nM) is significantly lower than IL-5 alone treatment (IL-5+VD 10.8% + 1.8% vs. IL-
517.7 %+ 2.6%, p=<0.05,n=10) (Figure 6B). We observed that IL-5 (1 ng/ml) and calcitriol
(10 nM) combination limits the amount of eosinophilic cell debris in a pattern which is reflective

of eosinophil necrosis levels (Figure 6A&B).

Since the nature of cellular debris is complex, we wished to confirm the presence of
granules as well as cytotoxic mediators originating from eosinophil granules. Therefore, we
stained permeabilized and non-permeabilized eosinophil preparations following a 7-day long
treatment for granules in media only, using the CD63 granule surface marker, and EPX, a cytotoxic
protein unique to eosinophil granules. We confirmed the presence of intact granules as well as

free-EPX+ particles in the cell debris from these non-treated eosinophil preparations (Figure 7).

To investigate the spontaneous release of active EPX from eosinophils, we measured levels

of active EPX in the media following treatments. These results revealed a lower abundance of
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active EPX in the groups containing calcitriol (10 nM) in comparison to their respective controls
(Figure 8A). Moreover, all treatment groups had significantly more EPX release compared to IL-
5+VD group (IL-5+VD 7.9% £ 1.2% vs. IL-5 24.4% + 3.1%, vs. VD 64.3% =+ 8.0%, vs. Media
72.3% +7.1%, p <0.01, n=9). We observe a unanimously consistent decrease in EPX release by
adding calcitriol (10 nM) directly compared to IL-5 (1 ng/mL) alone (Figure 8B). These results
depict a tendency for EPX release which is analogous to the trends in cell debris (and necrosis)
levels, yet complementary to viability patterns (Figures 5A,6&7). We also determined if calcitriol
would impact eosinophil sensitivity to a stimulus, specifically in relation to eosinophil
degranulation, such as PAF. We report that calcitriol treatment did not affect viable eosinophil
EPX release in response to PAF at day 7. In fact, treatment groups containing IL-5 (1 ng/mL) were
still capable of releasing EPX upon PAF stimulus while other groups were not (Figure 9). When
we explored eosinophil degranulation, we found differences in EPX release in response to PAF
among most treatment groups. Media only and calcitriol (10 nM)-treated eosinophils released
significantly less EPX than groups containing IL-5 (1 ng/mL). Media and VD did not differ in
percentage EPX released. Likewise, IL-5 and IL-5+VD groups were not significantly different
from one another. Hence, Media and VD data grouped together while IL-5 and IL-5+VD results
were very similar. Overall, these results show that calcitriol’s effect on EPX release obtained
through PAF stimulation had an inverse trend to results from spontaneous EPX discharge. Again,
sensitivity to PAF seems to reflect the levels of viable eosinophils in all treatment groups at day 7
(Figures 5SA&8A). By matching data from the various EPX assays to their respective viability
data, we observed an inverse correlation between the amount of EPX observed in media and

eosinophil viability (r* = 0.9854, p < 0.05) (Figure 10).

3.4 Discussion

Eosinophils are usually known to release their granules by exocytosis, which can occur
through the regulated process of PMD [117, 175]. The discharge of eosinophil granules can also
be the result of cytolysis (related to necrotic death). Necrosis is often defined as a pro-inflammatory
event since the liberation of intracellular contents into tissues acts as natural adjuvants which can
initiate various immunological activation mechanisms [78]. This is in contrast to apoptosis, which
is a prominent anti-inflammatory mechanism for controlling immune cell populations. In

asthmatics, apoptotic eosinophils can be detected in the sputum during recovery of acute asthma
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exacerbations, requiring corticosteroid treatment. This suggests that eosinophil apoptosis is
important in the clearance of airway eosinophils for resolution of inflammatory responses [96].
Hence, promoting the apoptotic pathway, in preference to necrosis, is one of the current therapeutic
approaches for asthma management [50, 176]. Interestingly, observations of bronchial tissue seem
to lack apoptotic eosinophils. Research by Kodama ez al. failed to show apoptotic eosinophils in
mouse tissues following allergic inflammation [177]. Moreover, evidence demonstrates that
cytolytic eosinophils and eosinophilic granules are commonly found in allergic airway mucosa
[75]. In humans, allergen exposure causes mucosal eosinophilia, accompanied by eosinophil PMD,
eosinophil cytolysis, and deposition of granules [137]. Microscopic observations of bronchial
mucosa suggest that 33% of mucosal tissue eosinophils are undergoing cytolysis, while the
remaining 67% were undergoing PMD. The presence of cell-free granules in the bronchial mucosa
also correlates with asthma severity [139-141]. In fact, epithelial damage and loss as a result of
specific eosinophil granule proteins: MBP, ECP and EPX, are collectively believed to play a
significant role in asthma pathology. It is proposed that MBP and EPX are directly involved in

epithelial damage, bronchospasm as well as increasing vascular permeability in the lung [116].

Calcitriol was able to significantly reduce eosinophil spontaneous release of EPX but not
PAF-induced EPX release, when combined with an anti-apoptotic cytokine. PAF induces many
eosinophil functions in inflammatory responses, thus it may be an important factor for eosinophil
degranulation in vivo. Examining eosinophil response to PAF offers insight into eosinophil pro-
inflammatory capacity through cytotoxic mediator release upon a stimulus. Furthermore,
investigating the effect of calcitriol in relation to PAF-sensitivity may elucidate vitamin D anti-
inflammatory mechanisms. In our study, we showed that calcitriol did not affect eosinophil PAF-
sensitivity. This finding contradicted our hypothesis, since PAF stimulates eosinophil
degranulation. Interestingly, eosinophil PAF-induced degranulation of EPX followed a similar
trend to viability patterns, at day 7 (Figure SA). Groups marked by more abundant viable
eosinophils (i.e., IL-5 and IL-5+VD) maintained PAF sensitivity, indicating the PAF
responsiveness was due to more viable cells. This paralleled finding confirms that viable
eosinophils, whether exposed to calcitriol or not, are able to release cytotoxic mediators. This
interpretation is strengthened by the fact that IL-5 and IL-5+VD groups were not significantly
different in EPX release upon PAF stimulus. Our original thought was related to calcitriol possibly

affecting eosinophil responsiveness to degranulation stimuli. In contrast, our results demonstrate
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that such anergy is an unlikely causative mechanism of calcitriol exposure. It is more likely that
calcitriol selectively modulates eosinophil responsiveness to extra-cellular factors. We thus
conclude that calcitriol does not selectively modulate eosinophil degranulation response to PAF.
Other aspects of PAF signaling in eosinophils in the presence of calcitriol need further
investigation. It is of interest to decipher whether calcitriol does affect the PAF signaling pathway
as a whole or effects certain downstream outcomes of PAFR activation. Overall, our results
support the idea that calcitriol does not modulate PAFR expression to alter responsiveness, yet this

remains to be directly investigated.

Interestingly, calcitriol on its own was not able to execute the latter effects on peripheral
blood eosinophils. The fact that calcitriol did not have these effects independently is of minor
concern, since anti-apoptotic cytokines, such as IL-5, are typically present in high concentrations
in asthmatics [43]. Hence, eosinophils present during chronic asthmatic inflammation are
continuously stimulated by IL-5. More importantly, the pattern in which EPX was released into
media was strongly suggestive that eosinophil cytolytic death was predominant (i.e., based on
viability and necrosis results). This modulation in eosinophil function by calcitriol supports current
evidence of vitamin D as an anti-inflammatory immune regulator [36]. Also, calcitriol may directly
decrease EPX release, independently of necrosis, such as through PMD, yet our data does not infer
this due to the association made between mediator release and eosinophil necrosis. Future studies

would render clarification on this matter.

We also determined the presence of eosinophil granules in cell debris, which gives insight
into pro-inflammatory functions of eosinophilic cell demise through necrosis. Besides confirming
the presence of free EPX, the dispersion of granules within cell debris is suggestive of other
granule protein release. The association between cell debris levels and necrotic cell counts in our
study is in line with the documented phenomenon of cell-free granules in eosinophilic disease
[139]. Cytolysis, as cell demise, causes discharge of diverse cellular components into the
surrounding environment. Granules may readily deposit themselves in tissues and be more resilient
to clearance, in comparison to other debris elements, while continually releasing cytotoxic granule

proteins, causing chronic inflammation in the lung.

Relating to eosinophil survival, we first confirmed a previous report showing that calcitriol

(100 nM) sustained eosinophil viability up to 72 h [42]. However, we have extended on this finding
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by showing a similar effect with a 10-fold lower concentration of calcitriol (10 nM). Both
concentrations of calcitriol are plausible for the lung mucosal microenvironment since lung
epithelium, containing la-hydroxylase, has been reported to convert calcifediol into calcitriol at
much greater levels, in vitro. Hansdottir et al. observed that approximately 1000 nM of calcifediol
was transformed into 0.6 nM of calcitriol after 24h in a constitutive manner allows calcitriol
accumulation) [15]. As expected, local generation of active vitamin D has been linked to the
regulation of various pulmonary immune responses. This conversion can also be done by alveolar
macrophages, dendritic cells and lymphocytes, which implies that extra-renal expression of 1a-
hydroxylase is specific to the immune system [16]. In addition, we show a synergistic effect by
combining calcitriol with anti-apoptotic cytokines (i.e., IL-5 and IFN-y). We tested IFN-y in order
to demonstrate that the potentiating effect of calcitriol on eosinophil survival was not exclusive to
IL-5R signaling. IFN-y was chosen due to its signaling initiation, which relies on IFNGR1 and 2
(which interact with JAK1 and 2, respectively), being independent from the IL-5 B chain signaling
(which relies on P receptor activation to phosphorylate JAK2 exclusively) [62]. Both cytokines
resulted in anti-apoptotic outcomes. The reproducibility in survival trend observed with IL-5, when
using IFN-y confirms that calcitriol modulates signaling components downstream the initiation
pathways of both cytokines. This explanation is rational since VDR is localized at the nuclear
membrane and acts as a transcription factor once activated by ligand binding [178]. Furthermore,
the synergism observed, when calcitriol and tested cytokines were combined, is indicative that
calcitriol triggers a cell survival/death pathway distinct from apoptosis. In combination with the
lack of changes in apoptotic eosinophil levels and production of cell debris at this same time point,
we propose a necrotic pathway as being a target for calcitriol intracellular modulation on
eosinophils. In general, our results contradicted our original hypothesis that calcitriol may decrease
eosinophil survival similar to its effects on cancer cells. Due to the lack of literature in this field

specific to eosinophil biology, more studies on eosinophil programmed death signaling are needed.

Although the modulation of eosinophil apoptosis is a fairly well-described area of
eosinophil-targeting therapy, eosinophil necrosis and cell survival pathways are poorly
understood. These under-studied mechanisms may provide insight in new therapeutic approaches,
specifically for severe, acute and/or steroid-resistant asthmatics, as well as facilitate current
diagnosis practices in relation to vitamin D deficiencies. More research is needed in the field of

eosinophil cytolysis in order to clarify prominent pathways and identify major signaling molecules
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which manage pro-inflammatory cell demise. Although reports on the effects of calcitriol on other
leukocytes have offered insight on receptor expression, chemokine and cytokine production as

well as cell differentiation, leukocyte survival and death have not been studied [36].

As a whole, our data demonstrate analogous trends across all assay types (i.e., groups with
higher necrosis have higher cell debris, containing granules as well as free mediators, and,
specifically, increased spontaneous EPX release). Moreover, EPX release inversely correlates with
eosinophil survival. The relationship between all latter elements reinforce the notion that
eosinophil necrosis/cytolysis is an important pro-inflammatory mechanism in eosinophilic
inflammatory disorders. We also propose a new anti-inflammatory function for calcitriol, and
possibly other vitamin D metabolites. Our study provides insight into the link between vitamin D

deficiency and eosinophilic inflammatory diseases observed in human populations.
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Figure 4: Increasing concentration of calcitriol (1,25-(OH)2VitD3) improves survival of
human blood-derived eosinophils ex vivo over a 24h period. (A) The number of double
positive eosinophils for AnnexinV and PI (i.e., necrotic cell population in right upper quadrant)
decreases while the amount of double negative eosinophils increases through augmentation in
concentration of calcitriol. (B) The percentage of viable eosinophils is improved after 24h
treatment with calcitriol in a dose dependant manner. Eosinophil survival after 24h calcitriol
treatment (0.05 — 1 nM) was significantly lower than IL-5 treatment (1 ng/ml) (n =5, * p <0.05).
Viability with calcitriol (1 -100 nM) was significantly higher than Media (n =5, T p <0.05).

Viability was determined by Annexin-V binding and PI exclusion by flow cytometry.
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Figure 5: Calcitriol potentiates the survival effect of anti-apoptotic cytokines, IL-5 and
IFNy, on human peripheral blood eosinophils ex vivo. (A) IL-5 (1 ng/ml) with calcitriol

(10 nM) had an additive effect from day 4, and synergistically prolonged eosinophil viability as
of day 7 of incubation (IL-5 + VD vs IL-5; * p <0.05, n = 12). (B) Calcitriol (10 nM), in
combination with IFN-y (100 ng/ml), also had a synergistic effect on eosinophil survival at day 7

of incubation (IFN + VD vs IFN; *p < 0.05, n =5).
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Figure 6: The quantity of eosinophilic cell debris is greatly reduced in IL-5 (Ing/ml) and
calcitriol (10 nM) treatment group. (A) Eosinophilic cell debris (left panel, left lower
quadrant), are defined as lowSS/lowFS events using flow cytometry light scattering properties.
The amount of cell debris corresponds to the percentage of necrotic eosinophils (right panel,
upper right quadrant). (B) IL-5 + VD treatment reduced the relative percentage of cell debris in

comparison to all other treatments (** p <0.01, n = 10).
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Figure 7: Eosinophilic cell debris contains CD63+ granules as well as EPX-positive
particles. Eosinophilic cell debris from non-treated group at day 7 of incubation contained
considerable amounts of granules (Upper left panel, lower left quadrant), defined as double
positive events for CD63 and EPX (Lower right panel, upper right quadrant) as well as free
EPX, defined as single positive events for EPX (Lower right panel, upper left quadrant).
Representative figure of 5 independent experiments. FACS plots were obtained by gating on low

SS / low FS event population using light scattering properties by flow cytometry.
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Figure 8: Calcitriol, when combined with IL-5, minimizes the spontaneous release of active
EPX in culture media. (A) All treatment groups had significantly less active EPX released in
comparison to IL5+VD group (ANOVA; **p <0.01, ***p <0.001, n = 9). (B) The relationship
between IL-5 and IL-5+VD treatments consistently depicts a respective decrease in EPX
percentage within each experiment in a significant manner (Paired #-test; ***p <0.001, n =9).

EPX activity in media was measured using an OPD-based colorimetric assay.
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Figure 9: The addition of calcitriol to IL-5 treated eosinophils maintains eosinophils’
sensitivity to PAF ex vivo. Treatment with IL-5 and IL-5 + VD caused significantly higher PAF
induced EPX release than Media and VD (day 7; *p <0.05; n =9). IL-5 and IL-5 + VD were not
significantly different. EPX activity in media was measured using an OPD-based colorimetric

assay.

59



1001

r*=0.9854

-

% EPX released into media

0 20 40 60 80 100
Eosinophil viability (%)

Figure 10: EPX activity in media is inversely correlated to eosinophil survival. The
percentage of EPX release into media and levels of eosinophil survival are inversely correlated to
eachother with high significance. (r* = 0.9854, p < 0.05, n = 4-11). Results from EPX
colorimetric assays were paired with corresponding eosinophil viability data from AnnexinV-PI
assays. EPX activity in media was measured using by OPD-based colorimetric assay. Viability

was determined by annexin-V binding and PI exclusion by flow cytometry.
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CHAPTER 4: Results

Calcitriol selectively reduces eosinophil receptor expression, yet does not influence

dexamethasone or RSV Kkilling of eosinophils
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4.1 Introduction

Since the effect of calcitriol on eosinophil biology remains novel in current literature, we
wanted to explore other aspects of eosinophil function (i.e., beyond cell survival). It should be
noted that some of these additional findings may provide indirect support or clarification to
evidence presented in the previous chapter, while other experiments serve as pilots. At large, this
added information was beyond the scope of the scientific manuscript in preparation “Calcitriol
(1,25 Dihydroxyvitamin D3) reduces eosinophil necrosis leading to diminished release of cytotoxic
granules and (EPX)” from Chapter 3. While Chapter 3 presented findings respective to the research
objectives 1 and 2, this chapter addresses objectives 3, 4 and 5. Therefore, we present this
supplemental data as a separate entity. In general, these results are preliminary as they mostly
represent trends, yet offer indications as well as stepping stones for future experiments concerning

the role of calcitriol on eosinophil biology.
4.2 Results

4.2.1 Eosinophil Phenotype - Assessed by Cell Surface Receptor Expression

Our goal was to specifically assess eosinophil phenotype in the context of calcitriol
modulation. Analysis of cell surface expression of receptors offers a broad indication of cell
activation state as well as cell function. In this way, phenotyping through receptor expression
paints an inclusive picture of cell properties. We selected eosinophil markers that have been shown
to be involved in allergic inflammation, as well as under-studied receptors with inflammatory

potential.

4.2.1.1 IL-5 Receptor Alpha Subunit and Common Beta Chain

When analyzing IL-5Ra expression on eosinophils, it was apparent that both completed
experiments (i.e., Expl vs. Exp2) contradicted each other in outcomes (Figure 11A&B).
Experiment 1 demonstrates a higher expression of IL-5Ra in the IL-5 group, with an inverse lower
expression when calcitriol is added, at day 4 (Figure 11A&B). This difference is lost at day 7. In
contrast, Experiment 2 demonstrates no difference between treatments at both time points at
population and cellular levels (Figure 11A&B). It should also be mentioned that IL-5Ra detection

was extremely low compared to expected levels.
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Likewise, IL-5R expression levels were generally lower than anticipated. The percentage
of IL-5Rp positive eosinophils increased overtime (i.e., from 4 to 7 days incubation) independent
from calcitriol exposure (Figure 11C). MFI of IL-5Rp expressing cells did not follow the latter
trend. In contradiction, IL-58 MFI of eosinophils was lowest in groups supplemented with
calcitriol at day 4, yet increased MFI by day 7 (Figure 11D). Treatment groups lacking calcitriol
showed an opposite effect. Precisely, IL-5 groups had the highest MFI at day 4 followed by
decreased expression by day 7 (Figure 11D). Accordingly, all treatment groups from both
experiments cluster together at day 7 (Figure 11C&D).
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Figure 11: Calcitriol does not influence IL-5R surface expression on eosinophils ex vivo
(days 4 & 7; n =2). (A) Percent and (B) MFI of IL-5Ra positive eosinophils in response to the
addition of calcitriol (10 nM). (C) Percent and (D) MFI of IL-5R positive eosinophils following

calcitriol (10 nM) treatment.
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4.2.1.2 CRTh2 Expression

Using our experimental design, approximately 50% of total eosinophils expressed CRTh2
on day 4. This amount declined to roughly 25% at day 7 (Figure 12A). A nearly significant
difference in gated percentage was observed at day 4 between treatment groups, where the addition
of calcitriol induced a reduction in the percentage of eosinophils expressing CRTh2 (Figure 12A).
A similar trend was observed at day 7, although this lacked statistical significance (Figure 12A).
In contrast, results pertaining to the abundance of CRTh2 (i.e., MFI of CRTh2) were significant.
Both time points revealed a significant decrease in eosinophil CRTh2 MFI when calcitriol was
added as a treatment, with a less drastic decrease by day 7 (Figure 12B). Overall, IL-5 treatment

yielded the highest CRTh2 expressions where calcitriol induced a reduction.
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Figure 12: Calcitriol significantly decreases CRTh2 surface expression on eosinophils ex
vivo (days 4 & 7; *p < 0.05; n = 3). (A) Percent CRTh2 positive eosinophils in response to the
addition of calcitriol (10 nM) (p = 0.06). (B) MFI of CRTh2 positive eosinophils treated with

calcitriol (10 nM) (* p < 0.05). (C) Representative histogram of CRTh2 staining.
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4.2.1.3 CCR10 Expression

Eosinophil expression of CCR10 remained below 10% of total eosinophil population
(Figure 13A). Furthermore, eosinophils followed the trend of decreasing CCR 10 expression upon
calcitriol addition, both at population (Figure 13A) and cellular levels (Figure 13B). Also, MFI
of CCR10 was significantly different between treatment groups at both time points (Figure 13B).
Such a significant difference was not achieved through measurement of percent CCR10 positive
eosinophils. Notably, the amount of CCR10 expressing eosinophils is almost significantly lower
when calcitriol is added (p = 0.08), after only three completed experiments (Figure 13A). Overall,
eosinophils treated solely with IL-5 demonstrated the highest expression of CCR10 on days 4 and
7 (Figure 13).
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Figure 13: Calcitriol decreases CCR10 surface expression on eosinophils ex vivo

(days 4 & 7; * p <0.05; n = 3). (A) Percent CCR10 positive eosinophils in response to the
addition of calcitriol (10 nM) (p = 0.08). (B) MFI of CCR10 positive eosinophils treated with
calcitriol (10 nM) (*p < 0.05).



4.2.1.4 CCR3 Expression

When eosinophil CCR3 expression was analyzed in relation to calcitriol, no general trends
existed. There was no observable pattern at the population level (i.e., percent positive cells)
(Figure 14A) or the cellular level (i.e., MFI) (Figure 14B). CCR3 expression was not significantly
different between IL-5 versus IL-5+VD treatment groups at both tested time points (i.e., days 4
and 7), in percent positive cells (Figure 14A) as well as MFI (Figure 14B). Still, it should be noted
that a non-significant decrease in MFI of CCR3 positive eosinophils was observed at day 7 (Figure
1B). It is apparent that CCR3 expression was low (i.e., only approx. 20% of eosinophils were
expressing CCR3) (Figure 14A). In general, the expression of CCR3 seemed to be random, with

great variation between experiments, regardless of calcitriol treatment.
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Figure 14: Calcitriol does not modulate CCR3 surface expression on eosinophils ex vivo
(days 4 & 7; n = 3). (A) Percent CCR3 positive eosinophils in response to the addition of
calcitriol (10 nM). (B) MFI of CCR3 positive eosinophils treated with calcitriol (10 nM).
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4.2.1.5 CCR4 Expression

After repeating experiments twice, the general trend was a decrease in CCR4 expression
(both at the population and cellular levels) with time. There was no specific pattern related to
calcitriol treatment (Figure 15). In general, CCR4 detection was low (i.e., not more than 6% of
eosinophils in all experiments expressed CCR4) (Figure 15A). Nevertheless, all assays resulted
in a time-dependant decrease in percent positive eosinophils, regardless of calcitriol (Figure 15A).
The only increase in CCR4 expression was observed in MFI of one IL-5 treated experiment, while

all other experiments depicted a decrease in MFI (Figure 15B).
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Figure 15: Calcitriol does not affect CCR4 surface expression on eosinophils ex vivo
(days 4 & 7; n = 2). (A) Percent CCR4 positive eosinophils in response to the addition of
calcitriol (10 nM). (B) MFI of CCR4 positive eosinophils treated with calcitriol (10 nM).
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4.2.2 Corticosteroid-Induced Eosinophil Death

When dexamethasone-treated groups were compared to their corresponding controls there
were no significant differences (Figure 16). Unexpectedly, dexamethasone did not execute direct
killing of human eosinophils, until day 3. The level of dead eosinophils was higher, yet not
significant, in IL-5+Dex and IL-5+VD+Dex when compared to IL-5 and IL-5+VD, respectively
(Figure 16). On day 3, VD+Dex appears to have less dead eosinophils than Dex only. This
difference is not significant since the graph is a representation of two independent experiments.

(Figure 16). Consequently, calcitriol did not have an effect on dexamethasone efficacy.
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dexamethasone (1 pM) ex vivo (days 1, 3 & 7; n =2, n = 3, respectively).
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4.2.3 Eosinophil Killing with RSV

When RSV containing treatments are compared with their respective negative as well as
UV-irradiated RSV controls, there are no differences in amounts of dead eosinophil, at both time
points (Figure 17). In other words, all treatment sets (i.e., without RSV, with active RSV and with
UV-inactivated RSV) resembled each other. Eosinophil death levels at days 3 and 7 were not
affected by RSV and calcitriol exposures (Figure 17).

75



Boay3 [ bay 7
100 _ o

= (o)) oo
(= o o
1 | 1

]

% Dead Eosinophils

(v
o
|

.Hlm |H alldl hl o

Media IL5 VD IL5+VD Media ILS VD IL5+VD Media IL5 VD IL5+VD
L ]

o
|

RSY UV Inactivated RSV

Figure 17: RSV (4.73 x 10* PFU/mL) does not directly Kill eosinophils and addition of RSV
to calcitriol does not alter eosinophil killing (days 3 & 7; n=2)

76



CHAPTER 5: Discussion and Conclusions
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5.1 General Discussion

5.1.1 Calcitriol Decreased CRTh2 and CCR10 Expression While Having no Effect on IL-

5R, CCR3 and CCR4 Expression

Our investigation of CRTh2 expression suggests an anti-inflammatory role for calcitriol in
respect to eosinophils. Since CRTh2 mediates eosinophil recruitment to PGD> secreting tissues
during inflammatory responses, modulation of its expression is of high pertinence for therapeutic
approaches. We were able to show that calcitriol specifically decreases CRTh2 expression on
mature eosinophils from atopic donors. Although calcitriol seems to reduce the amount of CRTh2
positive eosinophils, consequences were significant at cellular level. Thus, calcitriol seems to
render eosinophils less sensitive to PGD,. Reduction in PGD; responsiveness would likely reduce
eosinophil recruitment to lung, since CRTh2 antagonists have been demonstrated to improve
eosinophil migration to lung tissue [108, 109]. Since our analysis is representative of three
independent experiments only, testing calcitriol modulation of eosinophil CRTh2 expression

should be repeated. But, regardless of ‘n’ value, current results are significant.

In our study, we also confirmed that peripheral blood eosinophils from atopic donors
express CCR10. Furthermore, our data suggests that only a subpopulation of eosinophils actually
express CCR10. Since CCRI10 is primarily a mucosa homing receptor, its expression may be
specific to a subpopulation of eosinophils which serve as first infiltrators and responders in tissues.
This idea is plausible based on reports that eosinophil infiltration precedes lymphocyte influx in
allergic mouse models [165]. In respect to vitamin D, calcitriol-induced reduction of CCR10
expression agrees with the perspective that vitamin D is anti-inflammatory. Theoretically, lower
CCR10 expression would result in reduced homing to mucosal tissues, such as pulmonary mucosa.
In general, further investigation of CCR10 in eosinophils is needed to determine specific CCR10
signaling functions on eosinophil biology as well as implications in airway inflammatory

pathogenesis concerning eosinophilia.

Calcitriol treatment had no effect on IL-5R expression on peripheral blood eosinophils.
The detection of IL-5Ra was extremely low, suggesting general issues with antibody specificity
and/or optimization-related problems. Moreover, IL-5Ra expression did not show consistency

between experiments. This may be indicative of genetic variation between blood donors. Similarly,
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IL-5Rp expression was more subtle than expected, suggesting antibody detection concerns. Also,
the distribution percentage of eosinophils positive for IL-5SR strongly differed from the pattern
observed in IL-5SRB MFI. More specifically, calcitriol addition seemed to decrease IL-5Rf3
expression compared to IL-5 treatment, at day 4. Calcitriol may simply lose this effect by day 7.
Decreasing IL-5Rp expression on eosinophils is a plausible mechanism by which calcitriol may
modulate eosinophil function in an anti-inflammatory manner. Such a change in cell surface
expression would render eosinophils less sensitive to respective ligands: IL-5, IL-3 and GM-CSF.
Overall, our investigation of IL-5R expression modulation through calcitriol remains indecisive.
These trial experiments must be repeated in order to conclude whether VD exerts a direct effect
on eosinophil IL-5R expression. Although calcitriol’s effect on other leukocyte receptors have
been explored, vitamin D modulation of the IL-5R remains unknown. One study, which found that
calcitriol inhibited IL-5 production (as well as eosinophilia) in experimental asthma, may suggest

that IL-5R upregulation is not a probable mechanism for calcitriol modulation [179].

Detection of CCR3 on eosinophils was also lower than expected. It has been well-
established that eosinophils highly express CCR3. Consequently, it is often used as an eosinophil
marker in inflammation [43, 101, 102]. Low CCR3 detection could simply be an optimization-
issue. Alternatively, low CCR3 expression in our experimental design may be a result of eosinophil
purification leading to decreased receptor expression. Certain manipulations, such as EDTA
treatment, which was used as an anti-coagulant, may cause shedding of cell surface receptors.
CCR3 levels at baseline (i.e., CCR3 expression of freshly purified eosinophils) are not available
in order to comment on this issue. Also, ex vivo incubation could discourage CCR3 expression due
to limited cellular factors (i.e., eosinophils in this study are exclusively supplemented with FBS).
Regardless, these experiments should be repeated in order to conclude whether calcitriol modulates

eosinophil CCR3 expression.

Similar to CCR3 experiments, CCR4 analysis was generally inconclusive. We report no
apparent trend after two experiments. Evidently, experiments concerning CCR4 expression in
relation to calcitriol must be repeated to obtain a higher ‘n’ value in order to confirm any finding.
Interestingly, a recent study did report that calcitriol treatment increases CCR4 expression on
eosinophils ex vivo. The contradiction with our results may lie in experimental design differences.

For example, Hiraguchi and associates obtained peripheral blood eosinophils from healthy donors,
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used a 10-fold higher concentration of calcitriol (i.e., 100 nM) and acquired CCR4 expression
levels at different time points [42]. Repeating these experiments in order to determine the effect of
calcitriol on CCR4 expression in eosinophils is greatly needed due to the lack of scientific literature
on the subject. Moreover, eosinophil CCR4 involvement in airway inflammation warrants further

investigation due to therapeutic potential [112].

We conclude that the addition of calcitriol to IL-5-treated eosinophils induces a reduction
in CRTh2 and CCR10 expression. Presumably, a reduction in such chemokine receptors would
discourage eosinophil recruitment to inflamed tissues, such as eosinophil lung infiltration observed
in asthma. As such, vitamin D may be anti-inflammatory in regards to dampening eosinophil
recruitment abilities which would result in less tissue damage. Experiments pertaining to CRTh2
and CCR10 expression should be repeated in order to confirm the latter findings as well as
elaborate a causative mechanism. In contrast, this study cannot conclude calcitriol effects on
eosinophil IL-5R, CCR3 and CCR4 expression. In general, a sample size must be equal to or
greater than n = 4 to properly execute any statistical test, including a power calculation. Therefore,
an experiment must be repeated at least four times to confirm or determine statistical significance.
It is also possible that inconsistent results within these experiments are due to genetic differences
between blood donors resulting in different responses. Further investigation is needed concerning
the latter receptors in order to clarify this matter. Additionally, future assays should include
baseline levels of expression, as a reference, as well as earlier time points. Calcitriol modulation

of eosinophil cell surface receptors may occur earlier than time points investigated in this study.

5.1.2 Calcitriol did not Modulate Dexamethasone Killing of Eosinophils

Our results show that calcitriol does not directly affect dexamethasone killing of
eosinophils. Although cross-talk between these molecules is possible, it may not occur at the
cellular level. Thus far, reports which link vitamin D deficiency with poor steroid response have
only investigated the matter in vivo [44], where influencing variables are not easily distinguished.
Since our study only reflects a few experiments, assays looking at combined effects of calcitriol
and dexamethasone must be repeated. Our results were also subjected to delayed dexamethasone
efficacy, which may be reflective of an inadequate dexamethasone concentration. The
dexamethasone concentration used is believed to be a standard, yet it appears to be non-optimal in

our experimental scheme. As mentioned, it has previously been shown that dexamethasone (1 uM)
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can induce eosinophil death within 24 hours in vitro [98]. Future investigation of calcitriol and
dexamethasone cross-talk should include a dexamethasone dose response in order to determine
optimal corticosteroid concentration exclusive to this study. Beyond repeating experiments, it may
be of value to include earlier time points as dexamethasone signaling may occur more rapidly than

anticipated.

5.1.3 Calcitriol did not Influence Eosinophil Cytolytic Response to RSV

Using our experimental design, RSV did not directly cause eosinophil cytolytic death. At
large, RSV-free and inactivated RSV (i.e., UV) groups were unexpectedly very similar to active
RSV treated groups, in eosinophil death percentage. This may be an indication that the active RSV
used did not function properly. This could be due to poor quality of RSV stock used. Alternatively,
it may simply demonstrate that RSV cannot directly infect eosinophils and cause cytolytic death
in this cell type. More than fifteen years ago, Kimpen ef al. [180, 181] demonstrated that RSV is
successfully taken up by human peripheral blood eosinophils. Although RSV virions were
visualized within eosinophil phagolysosomal compartments, Kimpen’s team was unable to show
RSV replication. Nevertheless, they revealed that RSV induced eosinophil activation through
PMD in vitro [180, 181] and in vivo [182]. This particular finding was extended upon by Davoine
et al. [162] who demonstrated that RSV-induced eosinophil degranulation necessitates interactions
with antigen presenting cells as well as CD4+ T cells. Specifically, eosinophil degranulation upon
exposure to RSV relies on a Th2 adaptive immune response in comparison to an innate mechanism.
Hence, the eosinophil response to RSV is a complex interaction, which depends on the
involvement of other immune cells. Additionally, calcitriol had no effect on eosinophil death in
relation to RSV exposure. Therefore, current evidence suggesting that vitamin D plays a protective
role against respiratory infections may be of a multifaceted nature, involving many immune and
non-immune cell types. Although this kind of assay should be repeated to confirm our
interpretation, these preliminary results highly discourage the idea that the link between vitamin

D and respiratory infections are due to direct interaction with eosinophils.

5.2 Summary of Major Findings

We demonstrated that calcitriol, on its own, can sustain human peripheral blood eosinophil

viability, ex vivo. This effect was lost after 3 days. In contrast, calcitriol was able to potentiate pro-
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survival effects of anti-apoptotic cytokines, IL-5 and IFN-y, in a long-term manner. Specifically,
calcitriol had an additive effect starting at 4 days, which was followed by a synergistic effect with
the latter cytokines beginning at 7 days. Higher survival of eosinophils correlated with decreased
eosinophil necrosis. Furthermore, we were able to associate eosinophil necrosis levels with
amounts of cell debris. We confirmed that cell debris formed by eosinophil necrotic death
contained granules as well as the cytotoxic mediator EPX. We expanded on this finding by
showing a significant reduction in spontaneous EPX release in eosinophils treated with IL-5 and
calcitriol. As a whole, eosinophil survival inversely correlated with pro-inflammatory mediator
release. Additionally, we revealed that calcitriol has the capacity to modulate cell surface receptor
expression in eosinophils. Specifically, we showed important reductions in CRTh2 as well as
CCR10 expression upon addition of calcitriol. Other examined receptors (i.e., and IL-5R, CCR3

and CCR4) require further investigation for appropriate conclusions.

5.3 Eosinophil Fates in Inflammation: Apoptosis, Necrosis and Autophagy

In this study, we demonstrated a synergistic effect when calcitriol was combined with an
anti-apoptotic cytokine. The nature of the response in combined treatments is indicative that two
separate pathways, related to eosinophil survival, were targeted. Even if this result hints that
calcitriol modulates a different pathway than apoptosis, further investigations, focusing on death
signaling molecules, are needed to clarify a signaling mechanism. Intracellular death as well as

survival signaling pathways are highly intertwined yet result in distinct cellular outcomes.

Apoptosis is the classical PCD pathway described in eosinophils. Apoptosis is a caspase-
dependent pathway, where, caspase-8 becomes activated and cleaved to become an effector
molecule [72]. Apoptotic eosinophils and their apoptotic bodies are actively phagocytosed by
other immune cells, such as macrophages, to avoid granule release, which allows resolution [75].
When apoptosis is inhibited, as in eosinophil exposure to anti-apoptotic cytokine IL-5, Bcl-2 is
known to be upregulated in order to counter apoptotic effects [57, 63, 183]. To date, the only
known mechanism for increasing eosinophil survival is through inhibition of apoptosis [57, 65].
Our work shown here provides the first evidence of eosinophil necrosis inhibition to sustain

eosinophil survival (Figure 6).
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Although eosinophil apoptosis has been thoroughly studied, other cell death/survival
pathways may just be as crucial on eosinophil biology. Interestingly, a study demonstrated that
most immune cells are more prone to die by necrosis [79]. As reviewed by Han and co-workers
[78], there are many reports suggesting that necrosis in the immune system is a backup death
pathway, which competes with apoptosis, in order to stimulate specific immune responses [78]. In
contrast to conventional thought, recent research in cell biology has revealed that necrosis (recently
renamed ‘necroptosis’ as to imply its regulated nature) is a PCD pathway. It is distinct from
apoptosis by the formation of RIP 1 and 3 protein complex, known as necrosome, which inhibits
caspase-8 in order to initiate downstream cytolytic effects [78, 80]. Furthermore, it is extrinsically
initiated through cell surface receptors, similarly to apoptosis. For example, activation of the tumor
necrosis factor receptor (TNFR) and Fas receptor (FasR) can induce both apoptosis and
necroptosis, depending on environment cues [65, 78]. Due to extensive cross-talk between
apoptosis and necrosis, it is suggested that necrosis occurs following a prolonged apoptotic state,
particularly in vitro. As such, many studies refer to necrosis as secondary necrosis [184]. This is
very relevant to in vitro/ex vivo studies where apoptotic cells are not removed rapidly from the
environment by phagocytic cells. Whether peripheral blood eosinophils in our study were directly
induced to die by necroptosis or secondary necrosis was not addressed. Regardless of necrosis
initiation, the reduction of necrotic eosinophils through calcitriol modulation appears to be an anti-
inflammatory mechanism. It is plausible that during eosinophilia, as observed in asthma, an
accumulation of apoptotic eosinophils overwhelms resolving immune cells leading to necrotic
eosinophil death which promotes further inflammation. As mentioned, based on current results
pertaining to calcitriol and eosinophil death, our data indicates that calcitriol modulates a separate
pathway than apoptosis. Besides necrosis, autophagy is another candidate pathway as it directly
promotes cell survival [3, 84, 88]. It is recognized by the formation of autophagosome fusion to
lysosome for cytoplasmic material degradation [71]. Autophagy is commonly described by
redistribution of LC3 fusion proteins in vesicular structures, which include autophagosomes as
well as autolysosomes for degradation [71]. Also, phosphorylation of Ulk-1, leading to interaction
with mTOR, in mammalian cells has been shown to directly induce autophagy [89-91]. To
complicate matters further, autophagy is known to cross-talk specifically with necrosis, primarily
through intracellular ROS production [84]. As a whole, death and survival signaling pathways

remain to be properly studied in eosinophils in light of pathologic and therapeutic relevance.
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5.3.1 Proposed Mechanism

Overall, our data suggests that calcitriol directly impacts eosinophil biological functions in
an anti-inflammatory manner by preventing necrotic release of granule protein. As depicted in
Figure 18, a mechanism is suggested in order to explain the effects of calcitriol on eosinophils.
As mentioned, lung epithelial cells have been shown to constitutively convert calcifediol precursor
into active calcitriol in vitro [15]. In normal conditions, it is implied that this localized function
would create a calcitriol-rich microenvironment. Presumably, vitamin D deficiency would cause a
lack in vitamin D metabolites which serve as precursors, resulting in lower calcitriol production.

In our study, we showed that calcitriol affects two separate aspects of eosinophil biology:

#1. Inhibition of Eosinophil Necrosis/Cytolysis

Recruited eosinophils residing in lung tissue have three major ‘cell fate’ options:
Autophagy, Apoptosis and Necrosis. Autophagy has been characterized in many immune cells,
but is not yet known in eosinophils. When eosinophils receive abundant survival signals,
autophagy is proposed to be activated. This would result in viable eosinophils which rely on
activation factors (i.e.,, cytokines, chemokines and cell-cell interactions) to execute specific
functions. In the case where death signals overwhelm eosinophils, cells choose to die either by
apoptosis or necrosis. Apoptosis remains the preferred death process in eosinophils and promotes
anti-inflammatory outcomes. Apoptotic bodies are formed to contain and restrict intracellular
components, such as granules and their cytotoxic proteins. These cellular compartments can be
eliminated through phagocytosis of apoptotic bodies by macrophages leading to proper resolution
of eosinophilic inflammation. In contrast, eosinophils can die by necrosis, resulting in cytolysis.
Necrosis is considered a pro-inflammatory process since cytolytic death allows intracellular
components to be expelled into tissue. Eosinophil cytotoxic mediators, such as MBP, EPX and
EDN, are released and granules are deposited into tissues. Cytotoxic mediators cause direct
epithelial damage and activation of pulmonary immune cells, causing production of inflammatory
mediators, such as PGD,. Mature eosinophils, as well as other immune cells, from surrounding
areas are thus stimulated to infiltrate the damaged tissue. Calcitriol seems to modulate eosinophil
demise in order to prevent necrosis and/or it may encourage autophagy (i.e., survival). Our data

indicates, however, VD did not increase apoptosis, but this needs to be further investigated. This
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vitamin D metabolite may actually balance death and survival signals in order to avoid pro-
inflammatory cell death. Likely, lower calcitriol levels (during vitamin D deficiency) in the lung

may result in more eosinophil necrosis allowing inflammation to be established.

#2. Downregulation of Recruitment Receptors

Mature eosinophils from surrounding tissues and blood are recruited to lung tissues in
inflammatory situations. Allergic immune responses as well as tissue damage stimulates the
production of various inflammatory factors, such as chemokines. Chemokines mediate the
recruitment of cells expressing their receptors. For example, PGD:> is a chemoattractant molecule
produced during airway inflammation which recruits eosinophils.[106] Thus, calcitriol-modulated
CRTh2 and CCR10 expression reduces eosinophil responsiveness to respective receptor ligands
which may lead to decreased eosinophil recruitment. In this way, calcitriol would avoid further
tissue damage and, consequently, reduce inflammation amplification. The latter effects would
expectedly encourage faster resolution. Seemingly, vitamin D deficiency, causing lower mucosal

calcitriol concentrations, would lack such an anti-inflammatory mechanism in lungs.
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5.4 Major Conclusions

We conclude that calcitriol may be a significant factor in airway inflammation through its
direct anti-inflammatory effects on eosinophil biology. In the presence of IL-5, it diminishes
eosinophil necrosis and decreases receptor expression. Thus, we propose that calcitriol helps to
avoid eosinophil cytotoxic mediator release while discouraging amplification of pulmonary
inflammatory responses through immune cell infiltration. Both distinct mechanisms would aim to

diminish the propagation of eosinophil-driven inflammation.

Due to the descriptive nature of this study, functional mechanisms may be proposed but
remain to be fully described. Further studies are needed in order to determine how calcitriol
modulates: (1) death and/or survival pathways to avoid necrotic death, and (2) receptor expression

to dampen eosinophil recruitment.
5.5 Future Directions

5.5.1 Calcitriol Modulating Eosinophil Death Signaling Pathways

Although not extensively studied, eosinophil cytolysis remains a clinically relevant
observation and a major factor in allergic airway inflammation [75] as well as eosinophilic
esophagitis [142]. Our results demonstrate that calcitriol reduces eosinophil granule and mediator
release through decreased necrosis. Although findings may imply that calcitriol serves as a
necrosis inhibitor, further studies are needed to evaluate calcitriol modulation of intrinsic death
signals. The study of apoptosis, necrosis and/or autophagy is often complicated by cross-talk
between these pathways. Therefore it is essential to select discriminatory signaling molecules used
as specific pathway markers. To study the effect of calcitriol on eosinophil apoptosis, expression
of caspase-8 and Bcl-2 should be analyzed. If caspase-8 is cleaved or phosphorylated, it indicates
apoptosis induction. In contrast, Bcl-2 is an anti-apoptotic molecule which would be upregulated
if apoptosis is being inhibited. With respect to programmed necrosis, calcitriol may modulate RIP1
as well as RIP3 expression. Furthermore, RIP3 phosphorylation would indicate necroptosis
activation. Finally, to ensure autophagy is not a target of calcitriol, one may evaluate expression
and phosphorylation of factors Ulk-1 and mTOR. Analysis of LC3 vesicles could serve as

verification that autophagy is being induced. Overall, survival states and death outcomes are
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classically defined by morphological characteristics [71]. Therefore, morphology assessment

should be used to confirm signaling pathway induction with cell death outcome.

Eosinophils also rely on certain cell-cell interactions to execute functions [43, 50, 57].
Pertaining to eosinophil cytolysis, death can be induced extrinsically. Therefore, it is pertinent to
also investigate calcitriol modulation on extrinsic death signals, such as TNF and FasL. Cell
surface expression of TFNR and FasR could be assessed in response to calcitriol treatment.
Furthermore, eosinophil death should be measured using Annexin-V-PI double stain (as executed
in this study) in response to the respective receptors ligands, TNF and FasL, following calcitriol
treatment. This would allow to determine if calcitriol not only modulates intrinsic death signaling
pathways, but possibly influences susceptibility to death induced by other immune cells as an

additional resolution mechanism.

5.5.2 Calcitriol Altering Eosinophil Recruitment

As discussed, experiments investigating eosinophil cell surface expression in response to
calcitriol must be repeated in order to have statistical credibility. It is also important to verify
chemokine receptor expression of peripheral blood eosinophils at baseline (i.e., before treatments)
as a reference point. It would be more relevant to show changes in receptor expression from
baseline. Furthermore, changes in chemokine receptor expression should be supported by
functional migration assays. Specifically, eosinophil migration patterns following calcitriol
treatment would be analyzed in response to a chemoattractant, such as PGD». This would allow to

confirm that downregulation of a receptor results in lower responsiveness to its ligand.

Additionally, eosinophils are known to secrete a variety of cytokines. Since eosinophils are
multi-faceted immune cells, involved in homeostasis as well as pathology, they have the capacity
to release pro-inflammatory cytokines (including: IL-4 and IL-6) and anti-inflammatory cytokines
(including: TGF-B and IL-10). Notably, some eosinophil-produced cytokines do not only influence
other immune cells, but alter tissue structure [165]. As a result, eosinophils have both the capacity
to create microenvironments which either promote inflammation or induce resolution. Hence, it
would be of value to investigate whether calcitriol modulates eosinophil cytokine aptitude. Such
data would offer information on the potential for eosinophils to alter the lung environment when

sufficient vitamin D is present.
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Introductory Comments

My supervisor, Dr. Francis Davoine, and I had the opportunity to write a brief review article
for the Open Access Inflammation, related to our field of research. Since our team directly studies
the eosinophil granulocyte in asthma and allergy, at a basic science level, we decided to focus on
this cell type. We constructed a review focused on new ideas and concepts in relation to eosinophil
functions. Since aspects of my graduate research project touched upon eosinophil death, we
decided to link new discoveries in cell death signaling pathways (specifically apoptosis and
necrosis) with unexplained observations of eosinophils in allergic inflammatory disorders. We also

included hints of the newly suggested, yet controversial, anti-viral role of eosinophils.

Writing such a review, outside the scope of the vitamin D hypothesis, allowed me to deepen
my knowledge on cutting-edge cell death advances as well as broaden my knowledge of eosinophil

immunological roles.
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Abstract
Introduction

Eosinophils are continually targeted
in allergic airway inflammatory
disease therapies. The presence of
their granules in airway tissues
remains unexplained, yet implies the
involvement of necrosis. The latter’s
definition has evolved into a highly
regulated and distinct signalling
pathway leading to physiological inflam-
mation, known as necroptosis. Even
though necroptosis is a recently intro-
duced concept, we currently recognize
its role as an alternative mechanism
in the absence of apoptosis. Further-
more, necroptosis seems to act as a
host-defence strategy against viral
infections, which consequently asso-
ciates itself with eosinophils’ role in
airway viral clearance. The aim of
this review is to discuss if necroptosis
of eosinophils is involved in allergic
airway inflammation.

Conclusion

The investigation of necroptosis in
eosinophil is currently an area which
lacks research, yet harbours great
promise for drug development.

Introduction

Allergic airway inflammatory diseases
remain prevalent in many popu-
lations today. Their management
remains a burden on health care
systems; moreover, the diseases
affect the patients’ quality of life.
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Although therapies triggering eosino-
phils, in particular corticosteroids,
have greatly improved allergic and
asthmatic symptoms in airways,
disease management is not optimal in
every case', Human studies within this
field continue to unveil unexplained
phenomena involving eosinophils in
persisting inflammation. With recent
studies suggesting thatthe regulation
of cell death pathways is implicated
in the progression of allergic inflam-
mation®?, one may wonder if necrosis
may be the missinglinkin therapeutic
approaches. Physiological necrosis was
first observed over a decade ago?,
yet we recently started to under-
stand its regulated mechanisms
within the immune system as well
as its pathological relevance*’, The
purpose of thisreview s to bridge our
knowledge of eosinophil biology in
allergic airway disease with cutting-
edge discoveries in programmed cell
death (PCD) pathways, in order to
incite research towards better alter-
natives for treating eosinophilic
airway inflammation. Even though
concepts discussed in this review
may be applicable to other eosino-
philic pathologies, this paper will be
limited to the area of eosinophilic
allergic airway inflammation.

Discussion

The authors have referenced some of
their own studies in this review. The
protocols of these studies have been
approved by the relevant ethics com-
mittees related to the institution in
which they were performed.

The ever-changing concept

of ‘necrosis’

Necrosis is largely characterized
by morphological traits, such as an
increase in cell volume, swelling of

Page 1 0of 6
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involved in allergic airway inflammation?

organelles, among loss of plasma mem-
brane integrity, among other traits. The
term ‘necrosis’ was classically under-
stood as an unregulated form of cell
death that induces inflammation.
Stemming from this perspective,
necrosis is commonly known as the
opposite of apoptosis, the classical
PCD pathway which promotes the reso-
lution of inflammation®. Nowadays,
the concept of necrosis has adopted
some complexity as well as a new
name, necroptosis, as to indicate its
regulated nature®®. Based on current
scientific literature, necrosis may be
subdivided into three distinct defini-
tions: cytolysis, secondary necrosis and
necroptosis. Cytolysis is a general
term used to describe cells which
have died through lysis, thus expell-
ing their intracellular contents due
to non-specific external factors which
have compromised the integrity of
the plasma membrane. Similarly,
secondary necrosis also fits the latter
description, yet is said to occur
within a cell that has first been
in the apoptotic state. In contrast,
necroptosis is a newer concept which
describes a highly regulated death
signalling pathway specific for this
pro-inflammatory process®. It is
now known that necroptosis can be
initiated, similarly to apoptosis, by
‘extrinsic stimulus’, such as tumour
necrosis factor (TNF) and Fas ligand
(FasL), or ‘intrinsic stimulus’, such as
DNA damage, depending on the cell’s
state®!""!2, Pertaining to host-defence,
it has also been shown that necrop-
tosis can be specifically triggered
through recognition of pathogen-ass-
ociated molecular patterns (PAMPs)
by toll-like receptors (TLRs) and sen-
sors of DNA as well as RNA. Consider-
ing its involvement in inflammation,
necroptosis is beginning to be studied
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in some immune cells, such as T cells*”.
Even though eosinophils have been
well established as effector cells
in allergic inflammatory reactions,
necroptosis remains a mystery within
this cell type.

Eosinophils in allergic airway
inflammation: revealing hints

of necroptosis

Over the years, eosinophils have
been shown to play a variety of
roles ranging from homeostasis,
pathogen clearance and pathology.
Its pro-inflammatory abilities are
largely related to its granules and
granule contents. In addition to a
plethora of immunological and phys-
iological molecules (i.e. chemokines,
cytokines and growth factors), eosino-
phil granules contain cationic proteins,
such as major basic protein (MBP),
eosinophil cationic protein (ECP),
eosinophil-derived neurotoxin (EDN)
and eosinophil peroxidase (EPX)"-1¢,
Combined with traditional intra-
cellular adjuvants, also known as
damage-associated molecular patterns
(DAMPs) (ie. HMGB1, heat shock
proteins, DNA and RNA), these cyto-
toxic molecules render eosinophils
extremely potent inducers of inflam-
mation in the event of their cytolysis.
In fact, cytolysis is now recognized as
a separate mode of degranulation in
eosinophilst’-1%,

Apart from the basic biology of
eosinophils, their abnormal recruit-
ment and infiltration into lung tissues,
which lead to airway inflammation
and tissue damage, have become hall-
marks of asthma. Although the exact
mechanism is not yet fully described,
various researchers previously pro-
posed thattheincreased totalamount
of eosinophils observed in asthmatics
caused improper airway eosinophilia.
More recently, studies in this field
have shown that delayed-apoptosis
or insufficient apoptosis of eosino-
phils is an important factor in the
pathology of asthma®-*, As previously
mentioned, immune cells involved in

allergic inflammation tend to lack
proper cell death regulation.

Moreover, studies on airway tissues,
even as old as the study by Parrotand
Leyden in the 1800s, report the pres-
ence of free extracellular eosinophil
granules (Cfegs). Cfegs can equally
be found in human whole-mount
airway preparations'**2, Although
the study of Cfegs in wild-type mouse
models have not been reported due
to lack of degranulation and cytolysis,
eosinophil cytolysis has been observed
in rats, dogs, primates and guinea
pigs. In fact, cytolysis of mucosal tissue
eosinophils was induced within 1 h of
an allergen challenge in guinea pigs.
These findings suggest a necrotic
type of eosinophil cell death rather
than apoptotic, where intracellular
components would remain in apop-
totic bodies for proper clearance®.
In support of this, a recently devel-
oped IL-5/human eotaxin-2 double
transgenic mouse model demonstrates
eosinophil-dependent inflammation as
well as granule deposition”. It has
also been reported that ‘asthma-like’
insults, such as airway inflammation,
induces rapid death of eosinophils,
which causes granule deposition in
these tissues'®. Likewise, eosinophil
cytolysis has been often observed and
imaged in various tissues subdued to
eosinophilic inflammation*”?*, Inter-
estingly, apoptosis has been viewed
as the primary mode of demise for
eosinophils'®#-%2, although classic
studies, such as work done by Kodama
and co-workers, fail to demonstrate
apoptotic eosinophils in these tissues®'.
In addition, the ambiguous outcomes
in asthma symptom management from
various anti-interleukin-5 (anti-IL-5)
therapies, which specifically target
the eosinophil apoptotic pathway,
could be interpreted as supporting
that an alternative PCD pathway is
playing a role in airway inflammatory
pathologies?®3-3%.

Overall, eosinophils are distinct
immune cells that are highly sus-
ceptible to dying in the absence of
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pro-survival cytokines!3141629323637
which validates that death signalling
pathways are at the heart of their
biology and, consequently, our under-
standing of eosinophilic pathologies.
Therefore, deepening our under-
standing of PCD pathways, primarily
necroptosis in relation to apoptosis,
is necessary in improving eosinophil-
targeting therapies.

Cross-talk between apoptosis and
necroptosis

While the subject of eosinophil
cytolysis and necrosis has been
largely pushed aside within scientific
literature®’, eosinophil apoptosis has
received major attention. It is curr-
ently accepted that apoptosis is an
important component for the reso-
lution of inflammation. Thus, most
popular drugs targeting eosinophil
seek to increase the initiation of
apoptosis (e.g. corticosteroids and
anti-IL-5 therapies)'7?%%3° In fact,
most of our knowledge of eosinophil
apoptosis stems from studies on the
role of IL-5 in eosinophilpoiesis and
eosinophil survival*##*4°_ Extensive
knowledge of eosinophil apopto-
sis can indeed help us understand
eosinophil necroptosis. We now
know that apoptosis and necroptosis
share many components for signal-
ling complexes in which receptor
interacting serine/threonine-protein
kinase 3 (RIPK3) recruitment and
activation causes it to complex with
RIPK1, which specifically determines
the cell’s fate**-%*", In fact, it has been
shown in pancreatic tissues that
a switch from apoptosis to necrop-
tosis can occur through induction
of RIPK3%2. Also, overexpression
of RIPK3 explicitly induces necrop-
tosis®. Interestingly, the inhibition
of caspase-8 (casp8), a molecule
necessary for the extrinsic apoptotic
pathway, results in increased expres-
sion of RIPK3*. This finding may be
suggestive of a cause-effect relation-
ship between delayed apoptosis and
increased necroptosis, which would
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explain the presence of improper
apoptosis in airway inflammatory
pathologies. Also, there is increasing
evidence that both PCD pathways
may inhibit each other*®*.,

In general, our familiarity with
apoptosis-necroptosis cross-talk rema-
ins basic, yet expansion in this field
of research is very promising. So
far, we understand that necroptosis
may serve as a backup PCD pathway
in the event of caspase-dependent
apoptosis inhibition®.

The role of necroptosis within
the immune system
The role of necroptosis as an immu-
nological process is currently gaining
more interest. Although there is still
much to learn about necroptosis,
examining its inflammatory function
during immune responses as a whole
can help us clarify its mechanisms in
relation to pathology. Even if necrop-
tosis is a pro-inflammatory event,
there is increasing evidence that such
a cytolytic death may be a natural
process for immune cells®, When
various mouse tissues were screened
for the expression of necroptosis-
related genes using zVAD.fmk, a
necroptosis inducer and non-specific
caspase inhibitor, clusters showing
increased expression were found
particularly in immune as well as
neuronal cells. More specifically, out
of 119 mouse tissue samples, 83%
were primary immune cells. Further-
more, necrostatin-1 (Nec-1), an inhibi-
tor of necroptosis, was able to block
zVAD.fmk-induced death as well as
spontaneous death in macrophages’.
Although the effects of zVAD.fmk
and Nec-1 were not directly studied
using eosinophils, one may extrapo-
late that eosinophils be intrinsically
more prone to necroptosis as well.
The marked presence of necroptosis
in immune cells may be explained
through immune cell activation.
More specifically, necroptosis is impli-
cated in certain immune cellular
processes, such as mitochondrial

and lysosomal alterations leading to
production of reactive oxygen species
(ROS), nitric oxide (NO) and other
similar compounds®**. In fact, Hitomi
and colleagues were able to link
RIPK1-dependant necroptosis to
increased ROS production by which
they suggest that necroptosis may be
driven by ROS production in T cells®.
Overall, the production of these
compounds in immune cells might
explain why necroptosis may be
more prominent in these cell types.
Itis presently well known thatallergic
responses are inappropriate events
which consist of immune cells mimick-
ing a host-defence strategy. Because
necroptosis is pro-inflammatory in
nature, one may wonder the primary
function of having such a regulated
mechanism.Therefore, the function
of necroptosis may be explained
through pathogen clearance. There
is a marked association between
viral infections, such as vaccinia
virus, herpes virus and cowpox, and
‘necrosis-like’ cell death®**#, Also,
necroptosis seems to be intrinsically
initiated by viruses that block apop-
tosis through virally encoded caspase
inhibitors®. Specifically, the inhibi-
tion of casp8 is a popular strategy
for such viruses to silence the apop-
totic pathway in host cells*’#%, In this
way, necroptosis may be an evolu-
tionary back-up signalling pathway
to clear pathogens in the absence
of apoptosis. More convincingly,
cytomegalovirus  (CMV)  actually
possesses a gene which encodes a
necroptosis inhibitor®, It seems this
virus has already evolved a mechan-
ism in order to counter the necrop-
totic host-defence strategy. Such a
virulence factor is suggestive that
necroptosis is an important path-
way for immune defence and should
be studied more closely. The latter
explanation may pertain to allergic
airway disease since eosinophils are
known to promote viral clearance
in the lung through ligand binding
of various TLRs"**’, Indeed, certain
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viruses, such as respiratory syncy-
tial virus (RSV), have been shown to
induce eosinophil degranulation®,
As previously alluded, viral-specific
pathogen-recognition receptors (PRRs)
may directly trigger necroptosis.
Furthermore, it has been well estab-
lished that respiratory viruses,
including RSV, are associated
with asthma exacerbations®?. Tak-
ing into account both facts as
well as the knowledge of viruses
with anti-apoptotic abilities, one
may assume that RSV could trig-
ger eosinophil recruitment into
lungs as well as cause the switch
from apoptosis to necroptosis, in
order to trigger potent inflammation
as a mechanism of viral clearance.
Such an explanation would be in line
with worsening of asthma symptoms
during respiratory viral infections,
such as asthma exacerbations.

If major findings in the necrop-
totic signalling pathway were to
be merged with our knowledge of
eosinophil functionsrelated to allergic
airway inflammatory diseases, a con-
ceptual mechanism can take shape,
as depicted in Figure 1. Theoretically,
eosinophils which are recruited to
airway tissues may be triggered by
viral particles directly through PRRs,
or indirectly by cytokines, such
as through the TNFa receptor, or
interactions with other immune cells,
through the Fas receptor, in order to
induce necroptosis. The activation of
eosinophils causes ROS production,
which may further induce necroptosis.
It may also be possible that direct
viral infection of eosinophils causes
a state of anti-apoptosis through the
inhibition of casp8, which results in
an upregulation of RIPK3. The latter
would form a complex with other
death signalling proteins, including
RIPK1, rendering it a necroptotic
signalling complex. In the context of
allergy,an allergen may initiate a very
similar cascade of events. Finally, the
induction of necroptosis would result
in plasma membrane disruption
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Figure 1: Conceptual mechanism of eosinophil granule release through
necroptosis. Eosinophils become activated due to various stimuli, such as
PAMPs, DAMPs, TNFa and FasL, which induce a cascade of intracellular events
leading to increased RIPK3 expression ROS production may increase upon im-
mune cell activation. Complexing of RIPK1 and RIPK3, results in specific induc-
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tion of necroptosis, which leads to eosinophil granule release.

causing intracellular components
to leak out. Some researchers have
previously suggested that eosino-
phil cellular debris might be expelled
from the lung tissue through luminal
entry, where eosinophils may be
further expelled from the body by
mucociliary movementand coughing.
Cfegs would be deposited within the
lung tissue, which could extend the
inflammation. In order to confirm
this regulated pro-inflammatory
mechanism, various supporting
evidence is needed. Although the
presence of Cfegs in airway tissues
is not a new observation, advance-
ments in this area of research
were discouraged by lack of tech-
niques in PCD pathways as well as
general tissue-handling methods.
In addition, it remains unclear if
necroptosis of immune cells, such
as eosinophils, is intrinsically
predominant or is the cause of
their interactions with pathogens,
allergens and/or other immune
cells.

Conclusion

Presently, the topic of eosinophil
PCD pathways is a field with many
unanswered questions although it
is a very promising area for drug
development. More specifically,
there is no direct evidence that
necroptosis of eosinophils is a factor
in allergic airway inflammation,
even though current knowledge
strongly implies that necroptosis
may be the missing link in under-
standing how eosinophils potently
promote inflammation during allergic
responses. More than 25 years ago,
Fukuda and team had noted that
eosinophils may be programmed to
lyse upon stimulation under specific
conditions. Although their research
efforts alluded to necroptosis, it
cannot be denied that this question
was asked prior to its time. It is very
reasonable to postulate that necrop-
tosis is gravely influencing the
pro-inflammatory capabilities of
eosinophils through controlling the
release  of their intracellular
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cytotoxic elements as an indepen-
dent degranulation mode.

Abbreviations list

DAMPs, damage-associated molecu-
lar patterns; ECP, eosinophil cationic
protein; EDN, eosinophil-derived neu-
rotoxin; EPX, eosinophil peroxidase;
FasL, Fas ligand; MBP, major basic
protein; PAMP, pathogen-associated
molecular pattern; PCD, programmed
cell death; PRR, pathogen-recognition
receptor; ROS, reactive oxygen spe-
cies; RSV, respiratory syncytial virus;
TNE tumour necrosis factor.
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Appendix Preface

Since my research focused on eosinophil biology, the ability to isolate and purify primary
human eosinophils became a necessity. I had the pleasure of receiving training from Ying Wu, an
experienced laboratory technician and member of the Airway Inflammation Team within the
Pulmonary Research Group at the University of Alberta, regarding eosinophil isolations and
experimental handling. I also volunteered to be trained in phlebotomy, at research level, through
Alberta Health Services Phlebotomy Department at the University of Alberta Hospital. I took the
initiative in order to be more independent in the laboratory. During my graduate studies, both skill
sets allowed me to make eosinophil handling in the Airway Inflammation Team laboratory my
specialty. With on-going technical practice, I have been able to optimize eosinophil isolations in
total number and purity as well as developed a confidence in venous blood extraction from blood
donors. For these reasons, I have become a dynamic member of the Airway Inflammation Team.
I have been able to share my technical skills in order to aid to laboratory colleagues’ projects.
Furthermore, 1 was recruited due to my practical skills in eosinophil handling and technical

knowledge in eosinophil isolations for the following publications:
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1. Eosinophils in human oral squamous carcinoma; role of prostaglandin D2.

(Journal of Inflammation)

For this study, I isolated primary eosinophils from peripheral blood in order to test the
effect of HQL-79 drug (a PGD2 synthase inhibitor) on eosinophil viability. This experiment was
done in response to reviewer comments suggesting that HQL-79 may decrease eosinophil survival,
therefore impacting overall results. I was able to confirm that HQL-79 did not induce death of
eosinophils, by verifying viability levels through flow cytometry using Annexin-V-PI double stain.

Hence, we were able to refute the expressed concern which allowed the manuscript’s publication.

Publication Reference:

Davoine F., Sim A., Tang C., Fisher S., Ethier C., Puttagunta L., Wu Y., McGaw W.T., Yu D,,
Cameron L., Adamko D.J., Mogbel R. (2013) Eosinophils in human oral squamous carcinoma;

role of prostaglandin D2. J Inflamm (Lond) 10, 1-7
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2. Identification of human eosinophils in whole blood by flow cytometry

(Springer Protocols Manuscript - Humana Press)

Due to the familiarity I developed during my graduate work in eosinophil isolation from
human blood, I contributed to a scientific protocol describing how to discriminately stain human
eosinophils in whole blood by flow cytometry. [ was able to share my observations and experiences
in eosinophil manipulation as well as acquisition of eosinophils through flow cytometry.
Therefore, I was heavily involved in the writing process of the following technical manuscript,
alongside Dr. F. Davoine and Dr. P. Lacy. This effort did not only offer me another soon-to-be
publication, but allowed me to view my research project and eosinophil handling ex vivo from a
more technical and analytical perspective. Consequently, my involvement on this scientific

communication deepened my overall knowledge on eosinophil research.

Publication Reference:

In Press
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Identification of human eosinophils in whole blood by flow cytometry

Caroline Ethier!, Paige Lacy' and Francis Davoine '

Origin: '"Pulmonary Research Group and 2Campus Saint-Jean, University of Alberta, Edmonton,

Alberta, Canada.

Summary

Identification of eosinophils in whole blood samples by flow cytometry is often problematic. There
are usually only a low number and percentage of cells that may be detected, and it may be difficult
to discriminate eosinophils from other granulocytes. Here, we propose a simple approach using
the eosinophil’s intrinsic autofluorescence properties, combined with detection of CCR3
expression, to reliably identify eosinophils in a mixed leukocyte population.

Key words: Flow cytometry, eosinophils, granulocytes, white blood cell differential, CCR3,
CD193.

1. Introduction

The identification of eosinophil granulocytes in whole blood samples represents a challenge. These
cells are part of a rare population, and are usually difficult to discriminate from other granulocytes
simply by the measurement of light scattering properties. Isolation of circulating eosinophils
requires large quantities of blood (50-100 ml) as well as lengthy manipulation procedures.
Moreover, many of the techniques used for eosinophil isolation may activate granulocytes and/or
deplete important subpopulations, such hypodense or CD16-positive subpopulations. For example,
CD16 expression on eosinophils can vary in pathological conditions such as asthma, or by cytokine
stimulation [1-6]. This can be circumvented through whole blood staining of eosinophils in
combination with standard flow cytometry equipment using simple gating strategies and specific
eosinophil markers. The use of intrinsic physical and optical characteristics of eosinophils in order
to identify these cells in whole blood has been elegantly demonstrated by Lavigne et al. in 1997[7].
They reported the use of depolarized orthogonal light scattering to allow better discrimination of
neutrophils from eosinophils. Unfortunately, it may not be possible or practical to modify side

scatter settings in most flow cytometry facilities with a depolarized light filter, which poses a major
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technical limitation. Here, we describe the use of simple physical-optical attributes of light
scattering, autofluorescence, and specific receptor expression of CCR3 to reliably identify human

eosinophils in a mixed leukocyte population from whole venous blood samples.

2. Materials

1. Sterile distilled water must be used to prepare all solutions. No sodium azide should be
added to any reagents.

2. Lysis Buffer: Ammonium chloride-potassium bicarbonate lysing solution. Add 800 ml of
water to a glass beaker. Weigh 8.29 g of NH4Cl, 1 g of KHCO3, 0.0372 g of Na2EDTA
and transfer to the beaker. Mix and adjust the pH to 7.35 with HCI. Transfer to a 1 L
graduated glass cylinder and make up to 1 L with distilled water. Store at room temperature
and use within 4 weeks.

3. Phosphate-buffered saline (PBS): Add 800 ml of distilled water to a glass beaker. Weigh 8
g of NaCl, 1.15 g of Na2HPO4, 0.2 g KH2PO4, 0.2 g of KCl and transfer to the beaker,
and dissolve thoroughly with stirring. Adjust pH to 7.35 with HCI. Transfer to a graduated
glass cylinder and make up to 1 L. Keep at room temperature (see Note 1).

4. 10X Phosphate-buffered saline (10X PBS): Add ~70 ml of water to a glass beaker. Weigh
8 gof NaCl, 1.15 g of Na2HPO4, 0.2 g KH2PO4, 0.2 g of KCI and transfer to the beaker,
and dissolve thoroughly with stirring. Transfer to a graduated glass cylinder and make up
to 100 ml. Keep at room temperature (see Note 1).

5. Blocking Buffer: 5% goat serum in PBS. Add 0.5 mL of goat serum in 10 ml of PBS. Mix
well and keep at 4°C.

6. Flow Buffer: 5% bovine serum albumin in PBS. Weigh 50 g of bovine serum albumin and
add to 1 L PBS in a beaker. Mix well and keep at 4°C. Prepare fresh on the day of use,
preferentially, and discard within a week of preparation as this is easily contaminated by
microbial growth.

7. Paraformaldehyde (4%): Warm 80 ml of PBS to 65°C in a beaker using a microwave (i.e.,
not boiling!) (see Note 2). Weigh 4 g of paraformaldehyde and add to the warm water under
the fume hood. Add a magnetic stirrer and mix for 10 minutes until the solution is fully

suspended and cloudy. Then add 1 drop of NaOH (4 M) to the solution. The solution will
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turn almost instantly clear. If not, add another drop of NaOH and repeat until the solution
is absolutely clear (see Note 3). Cool down the solution for 30 minutes in an ice bucket
under the fume hood. When the solution is ice cold adjust pH to 7.3 with HCI. Then using
a graduated glass cylinder, add PBS to make up to 100 ml. Aliquot the solutions in 15 ml
tubes and keep at -20°C.(see Note 4)

3. Methods
3.1. Staining of whole blood leukocytes

1. Venous blood is usually collected in Vacutainer™ collection tubes containing anti-
coagulant (see Note 5).

2. To 5 mL of blood, add 10 ml of Lysis Solution in a 50 ml Falcon conical tube (see Note
6).

3. Incubate 10 min at room temperature on a rocking plate (gentle mixing at 30 rpm). Add
PBS (room temperature) to 50 ml to stop the reaction and centrifuge at 200 g for 7 minutes.

4. Remove the supernatant by aspiration. Recap the tube and resuspend the pellet of cells by
flicking the bottom of the tube with your fingers (see Note 7). Then add 5 ml Blocking
Buffer, and count cells using a hemocytometer. If there are still some red blood cells, this
won’t cause a problem for staining and flow cytometry acquisition.

5. Adjust the cell concentration to 107 cells/mL with Blocking Buffer. Mix gently by
manually flicking the cell suspension without using a pipette or vortexing. This is important
for maintaining cell integrity.

6. Add 100 uL of cell suspension to a flow cytometry tube (5 ml snap cap tubes) for each
sample (see Note 8). Typically, you will need one tube for an isotype control (e.g., [gG1 if
the test antibody is an IgG1 antibody), and a second tube for the test control (i.e., the
antibody of interest which is IgG1 in this example) where you wish to carry out single
staining. If performing multiple marker labeling with antibodies conjugated to different
fluorescent dyes, you will need to generate a multiple isotype control for each antibody
used by combining isotype control antibodies in one tube. It is also recommended to

include an additional tube as an unstained autofluorescence control that lacks antibodies.
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3.2

10.

11.

12.

13.

14.
15.

For a demonstration experiment, we used conjugated antibodies against human CD4-FITC,
CD45-FITC, CDS8-PE, CD3-PERCP, CCR3-APC and CD25-APC. See Table 1 for the
staining protocol.

Add antibodies according to your staining plan (e.g., Table 1). Since monoclonal antibodies
may come from different sources and production batches, refer to the manufacturer’s
instructions for optimal concentrations required. Add the antibodies directly in the cell
suspension at the bottom of respective tubes. Mix gently without vortexing.

Incubate antibodies with cell suspensions. Ideally, incubate on ice for 20 min protected
from light.

After incubation, add 4 ml Flow Buffer to each tube and centrifuge at 200 g for 5 min at
4°C (see Note 9).

Remove supernatants and discard liquid directly into a beaker containing a small volume
of bleach for biohazard control. The last remaining drop of liquid at the tube collar should
be wiped using absorbent tissue paper (see Note 10).

Resuspend each pellet by gentle tube flicking.

Add 100 uL of paraformaldehyde (4%) solution, mix each tube by gentle agitation, and
keep on ice for 10 min.

After fixation, add 300 uL of Flow Buffer (see Note 11).

Keep in dark at 0-4°C until ready for flow cytometry acquisition.

Distinguishing eosinophils from other blood leukocytes by flow cytometry

Since there are a wide variety of flow cytometers available, we will not discuss specific
instrument settings here, but instead will provide strategies to obtain the desired results.
Results shown as an example in this section were obtained using a BD FACSCanto™ II
Flow Cytometer.

To begin acquisition, we recommend performing a baseline setting of the instrument’s
photomultipliers using Tube #1 (autofluorescence, Table 1). Using forward scattering (FS)
and side scattering (SSC), adjust the voltage settings of the photomultipliers to visualize
the entire cell population. In our example, we used a log scale for SSC to spread the scale
and allow better grouping of different populations depicted on flow cytometry density
plots. Increase the voltage and gain as much as necessary for FS and SS properties of your
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cell population to ensure you visualize the entire population. Too low a voltage setting will
result in grouping all cells in the lower left corner of the density plot, and render it
impossible to discriminate intact cells from debris and erythrocytes. In Figure 1, a
representative flow cytometry density plot of side scatter (SSC-log) and forward scatter
(FS-Linear) is shown in a whole blood sample. Granulocytes, monocytes and lymphocytes
are easily discriminated based on their light scattering properties using the argon 488 nm
laser. However, it is usually difficult to clearly distinguish eosinophils from neutrophils in
the granulocyte population using only forward and side scattering characteristics.

. Next, examine the FITC-related fluorescence in the cell population by acquisition of data
using the argon 488 laser. Neutrophils are less autofluorescent than eosinophils when
excited by the argon laser, allowing discrimination of these two cell types. Figure 2A shows
a typical FITC isotype control result. This density plot reveals a small population of cells
(eosinophils) exhibiting high SSC-Log along with higher autofluorescence. Using different
antibodies against CD4, CD3, CD8, CD45 and CD25 receptors conjugated to common
fluorophores (FITC, PE, PERCP, APC), it is possible to distinguish a population of CD4+
cells (Figure 2B). CD45 is present on all leukocytes, to varying intensities, as depicted in
Figure 2C. This density plot depicts CD45+ cells shifted to the right side of the graph,
while CD45- erythrocytes and debris remain in their original position on the left side of the
density plot. In Figures 2A, B and C, autofluorescent eosinophils are clearly discernible
from neutrophils.

. Eosinophil autofluorescence may also be detected with other commonly used
photomultipliers for PE (585 nm) and PERCP (670 nm) when excited with 488 nm argon
laser. Figure 3A and C show eosinophil autofluorescence observed with isotype controls
for PE and PERCP, respectively. Staining for CD8-PE and CD3-PERCP (Figure 3 B & D)
as well as CD4-FITC (Figure 2B) did not affect the autofluorescence of eosinophils.

To confirm the identity of eosinophils, a specific marker is required. Good surface markers
for flow cytometry identification of human eosinophils include VLA-4 (CD49)[8], CRTH2
(CD294)[9] and CCR3 (CDI193)[10]. In our example, we confirmed eosinophil
identification by autofluorescence using a far red wavelength HeNe (633 nm) laser. In
contrast to the use of the 488 nm argon laser to detect eosinophil autofluorescence,

eosinophils fail to autofluoresce distinctly from neutrophils when excited with the 633 nm
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laser, as seen in Figure 4A using the isotype control for APC (660 nm). This allows a clear
identification of eosinophils using anti-CCR3-APC in Figure 4B. The CCR3+ population
of cells with high SSC-log (eosinophils) was back-gated on autofluorescent cells in Figures
2A, 3A and 3C to confirm their identification as eosinophils, shown in Figure 5 for PE
autofluorescence. Figure 4C shows an additional control (staining with anti-CD25-APC,
the IL-2 receptor) indicating the absence of autofluorescent high SSC-log cells, as well as
confirming the absence of non-specific binding in the isotype control in Figure 4A and
CCR3-APC (Figure 4B).

. Using autofluorescence-based identification strategies for eosinophils, it is possible to
collect highly purified eosinophils by sorting using flow cytometry. Sorting should be
carried out only on unlabeled cells to ensure that they are not activated for additional

measurements.

Notes

. You can also use ready-made PBS and 10X PBS from laboratory suppliers. To prevent
clumping of leukocytes, use PBS without Mg2+ and Ca2+; these cations contribute to
coagulation. PBS must be prepared fresh on the day of use, and must be discarded if unused
as it is prone to microbial contamination.

. Wear a mask and gloves when weighing paraformaldehyde. Cover the weigh boat with
another weigh boat of similar size to avoid dispersion of paraformaldehyde powder when
transporting to the fume hood. Keep the solution under the fume hood until it is ice cold.
We highly recommend adding PBS at this stage, because buffered paraformaldehyde is
superior to paraformaldehyde prepared in water. The reason for this is that
paraformaldehyde becomes formaldehyde in solution, which then breaks down into formic
acid very readily if the solution is not buffered. Even if it is frozen at -20 C, thawing
paraformaldehyde in water increases formic acid development. Formic acid degrades cells
and does not fix them appropriately.

. Paraformaldehyde is very difficult to solubilize unless you warm the solution and increase
its pH. Usually one or two drops of NaOH (4 M) is sufficient to dissolve paraformaldehyde

powder.
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10.

Paraformaldehyde solution will stay stable for at least one year when stored at -20°C. It is
highly recommended to use PBS to dissolve paraformaldehyde, because buffered
paraformaldehyde is superior to paraformaldehyde prepared in water. The reason for this
is that when paraformaldehyde becomes formaldehyde in solution, it rapidly produces
formic acid if the solution is not buffered. Even if frozen at -20°C, thawing
paraformaldehyde in water will result in formic acid generation. Formic acid does not fix
cells and instead degrades them. Once paraformaldehyde is prepared in this manner, aliquot
the solution in 15 ml conical tubes, and thaw the minimum amount necessary for daily use.
If after thawing the solution is slightly cloudy, place the hermetically closed tube in
lukewarm water (50-60°C) for 10 minutes until clear again. Then place tube in an ice
bucket to cool it down.

VacutainerTM blood collection tubes may contain EDTA (purple cap) or heparin (green
cap) to prevent coagulation. EDTA is the preferred anti-coagulant to use when working
with granulocytes.

All these manipulations should be done in a biosafety laminar flow cabinet in a Level 2
laboratory, and in compliance with your institution’s biosafety regulations regarding
handling of human samples.

Flicking the tubes: Hold one well-closed tube by the cap and tap the bottom side with one
finger to cause the cell pellet to gently breakdown. If this flicking does not work you can
carefully use a 2 ml pipette and, by gentle up-down aspiration, break up the pellet.
Carefully pipette 100 uL cell suspensions without up and down aspirations, since shear
stress through the pipette tip may cause cells to disintegrate. Slowly dispense cell
suspensions directly to the bottom of the tube. The resulting number of cells per tube should
be 106/100 uL. Keep tubes in an open tube rack and place over crushed ice in a large ice
box.

This is a washing step to remove unbound antibodies. You should be able to see a similar
small pellet of cells at the bottom of each tube. Some remaining red blood cells may give
the pellet a pink color.

Our experience suggests that pouring out supernatants (direct dispensation) is less likely to
cause loss of cells, and may be less time-consuming than aspiration of supernatants directly

from tubes. With top to bottom aspiration of supernatant liquid, there is more of a risk of
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turbulence and inadvertent loss of cells. Perform this step in one gentle motion without
shaking the tube. There is usually about 50 uL of liquid remaining in the tube after direct
dispensation. This also prevents exposure of cells to air, which causes degradation of cell
integrity.

11. Fixation of labeled cells with paraformaldehyde will stabilize antibodies on cell surfaces
and prevent further degradation of cells. The final concentration of paraformaldehyde will
be a little less than 1%, which is sufficient to preserve cell integrity and staining for at least

72 h.
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Figure legends

Figure 1: A typical 488 nm light scattering density plot of whole blood after lysis of erythrocytes
with ammonium chloride solution.

Figure 2: Density plots of 488 nm argon laser excitation and green (530 nm) emission of whole
blood leukocytes. (A) Emission from isotype control (mouse IgG) coupled with FITC (non-
specific staining control). (B) Staining of CD4+ T cells with anti-CD4-FITC. (C) Staining of total
leukocytes with anti-CD45-FITC.

Figure 3: Density plots of 488 nm argon laser excitation and orange (585 nm) and red (670 nm)
emission of whole blood leukocytes. (A & C) Isotype controls for PE and PERCP, respectively.
(B & D) Specific staining for CD8+ T cells (CD8-PE) and all T cells (CD3-PERCP).
Autofluorescent eosinophil cell populations are circled in each density plot.

Figure 4: Density plots of 633 nm HeNe laser excitation and red (660 nm) emission of whole blood
leukocytes. (A) Isotype control emission (mouse IgG coupled with APC). (B) Leukocytes stained
with anti-CCR3-APC to confirm eosinophils. (C) Staining for anti-CD25-APC to detect cells
expressing IL-2 receptor. Rectangles in density plots show positive staining of high SSC-Log
(SSC-A) for CCR3 in (B) and CD25+ T cells in (C).

Figure 5: Confirmation of specific eosinophil granulocytes autofluorescence. The red events in
panels (C & D) are coming from the sort rectangle gate in (A & B) respectively. CCR3+ cells in
(B) are showing in red in panel (D) confirming that high SS/CCR3+ cells are also high SS/high

autofluorescent cells.
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Figure 3
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