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ABSTRACT

Thymic stromal lymphopoietin (TSLP) is a pleotropic cytokine highly implicated in the
pathophysiology of asthma and allergic diseases. Although there are robust data regarding
the associations of TSLP polymorphisms with the development of allergy and asthma, there
is very little information on how these TSLP variants functionally affect downstream
effector pathways and disease phenotype. The overall objective of this thesis was to
investigate how TSLP polymorphisms are linked to alterations in TSLP secretion and
subsequent downstream cellular events. Initially, we investigated the influence of innate and
adaptive stimuli on epithelial-derived TSLP expression and secretion, including effects on
dendritic cells (DC). We show that polyinosinic:polycytidylic acid (polyl:C) and allergen-
specific T cells induced enhanced TSLP secretion from asthmatic bronchial epithelial cells
(BEC) compared to non-asthmatic BEC. Furthermore, activated-BEC culture supernatants
induced TSLP-dependent CCL17 production from monocyte-derived DC in relation to
clinical asthmatic status (Chapter 2). Next, we examined effects of TSLP on hemopoietic
progenitor eosinophil-basophil (Eo/B) differentiation, demonstrating enhanced TSLP-
mediated hemopoiesis ex vivo in relation to clinical atopic status. We further demonstrated
p38MAPK-dependent autocrine signaling by TNFa in TSLP-mediated human Eo/B
differentiation ex vivo (Chapter 3). Lastly, to explore the potential functional consequences
of a key variant of the TSLP gene, we investigated associations between the rs1837253
TSLP variant and ex vivo production of TSLP in nasal epithelial cells (NEC). We showed
that NEC derived from individuals with the “protective” minor allele have diminished TSLP

secretion, which suggests that this rs1837253 polymorphism may be directly involved in the



regulation of TSLP secretion (Chapter 4). The novel work presented herein provides further
evidence for TSLP regulation of distinct immunological pathways in allergic immune
inflammatory airway responses initiated at the epithelial surface, and thus (by implication)
of allergic disease. These observations support the concept that TSLP is potentially an
important biomarker and therapeutic target for allergic diseases characterized by increased
Th2 and/or eosinophilic-basophilic inflammation. Continued investigations into the
functional mechanisms linking TSLP variants to allergic disease phenotype are of critical

importance.
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CHAPTER 1: INTRODUCTION

In recent decades, there has been a global increase in the prevalence of immune-mediated
chronic inflammatory diseases - allergic diseases, such as asthma, allergic rhinitis (AR) and
atopic dermatitis (AD); and, autoimmune diseases, such as diabetes, arthritis and
inflammatory bowel disease, which greatly disrupt the lives of those affected. The
underlying causes for the increasing prevalence - even “epidemic” - of allergic diseases are
not well understood. Many have attributed this rise to be a result of complex gene-
environment interactions [1]. While a family history of atopic disorder(s) is an independent
risk factor for the development of the same in the offspring [2, 3], the rapid increase in
allergic incidence rates strongly argues for a substantial role of rapid lifestyle and
environmental changes in industrialized countries, as opposed to genetic predisposition
alone. For allergic diseases, the latter has been articulated as the “hygiene hypothesis,”
according to which increased hygiene/cleanliness may have deprived the immune system of
bacterially and virally-evoked T helper (Th) type 1 (Th1l) immune responses during early
childhood, thus altering the lifelong trajectory of the immune response towards a Th2 bias
[4]. However, studies have reported that Thl-mediated autoimmune and Th2-mediated
atopic diseases are not mutually exclusive, but associated [5, 6]; which may help explain, in
part, the paradoxical rise in Thl-driven autoimmune diseases. Current evidence suggests
that the Th1/Th2 paradigm may be oversimplified and that gene-environment interactions
may be critical in determining allergic sensitization and its clinical outcome [7].

Recent genome wide association studies (GWAS) and meta-analyses of GWAS have

identified common and distinct genes and pathways that contribute to allergic diseases. The
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first GWAS on asthma by the GABRIEL consortium discovered a novel locus on
chromosome 172, which encompasses the genes orosomucoid 1-like 3 (ORMDL3),
gasdermin B (GSDMB) and zona pellucida binding protein 2 (ZPBP2), to be associated with
susceptibility for early-onset childhood asthma [8]. Two other GWAS, the phase I
GABRIEL study [9] and the EVE study [10], later identified associations between asthma
and single nucleotide polymorphisms (SNPs) in four loci (thymic stromal lymphopoietin
(TSLP), IL-33, IL1IRL1, 17921 locus). The SNP rs1837253 in the upstream region of TSLP
gene - the protein product of which is highlighted in this thesis as a key molecule which
orchestrates Th2 immune responses — was highly significantly, inversely associated with
allergic asthma and related traits [11]. It has been demonstrated that TSLP is upregulated in
bronchial biopsies from asthmatic individuals [12]; and its secretion, with subsequent
allergic inflammatory responses, can be further induced by various stimuli such as viruses
and allergens [13]. Elevated levels of TSLP can subsequently further skew Th1/Th2 balance
by promoting Th2-type responses through activation of dendritic cells (DCs) [14] as well as
hemopoietic progenitor cells [15]. Given the critical immuno-modulatory role of TSLP in
allergic inflammation, as well as TSLP effects on CD34+ progenitor cytokine and
chemokine secretion, we proposed to examine the effects of exogenous (toll-like receptor
(TLR)-ligation) and host-derived (pro-inflammatory) stimuli on epithelial cell-derived
TSLP secretion. Furthermore, we will examine the association of these processes with
atopic sensitization and/or asthmatic status; and, the effects on CD34+ human hemopoietic
progenitor (HHP) differentiation of the rs1837253 TSLP genetic variant. The rest of this
chapter will cover allergic inflammation and the pathophysiology of asthma and allergic

diseases and finally, the role of TSLP in allergic diseases.
2
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1.1 Asthma and Allergic Diseases

Atopy refers to the tendency to produce immunoglobulin (1g)-E antibodies to environmental
substances known as allergens. In humans, atopic sensitization is confirmed by a positive
skin prick test and/or detectable serum levels of specific IgE antibodies to one or more
known allergens [16]. In contrast, allergy refers to the hypersensitivity reaction and IgE-
mediated inflammatory response to allergens, resulting in one or more allergic diseases,
such as asthma, AR, AD and food allergy. Although atopy is considered a risk factor for
allergic diseases [17], the prevalence of atopic sensitization in asthma have been reported to
be <50% [18]. Therefore, not everyone with atopy develops clinical manifestations of
allergies and similarly, not everyone who has clinical manifestations of allergic-type

inflammation is atopic [19].

1.1.1  Allergic Immune Responses

Allergic reactions are a result of biased Th2-immune responses and are associated with IgE
synthesis, maturation and activation of mast cells, basophils and eosinophils [17]. The
development of an allergic response begins with sensitization, which occurs during the
body’s initial exposure to an allergen. This process results in the development of unique IgE
antibodies that bind to high affinity specific receptors on mast cells and basophils (FceRI),
leading to degranulation and an acute allergic reaction. Once sensitization has occurred,
subsequent exposure to the same allergen is likely to give rise to the immediate, or early-
phase reaction (occurs within minutes of allergen exposure). The immediate reaction is

triggered when the allergen interacts with the preformed membrane bound IgE, resulting in
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the release of both preformed and newly formed mediators in mast cells and basophils, such
as histamine, tryptase, leukotrienes, prostaglandins, as well as an array of cytokines such as
interleukin (IL)-4, IL-5, IL-13, granulocyte-macrophage colony-stimulating factor (GM-
CSF) and tumor necrosis factor (TNFa). These mediators enhance mucus production,
contraction of airway smooth muscle (ASM) and vasodilatation, leading to typical skin
reactions such as urticaria or wheal-and-flare reactions, sneezing and nasal blockade,
wheezing and bronchoconstriction or coughing — features of the early-phase reaction [17].

In some individuals, a late-phase occurs approximately 4-8 hours after the early
phase, and is characterized by the recruitment of effector cells such as eosinophils,
neutrophils, basophils and CD4+ T cells to tissues such as the airways [17]. Once at the site,
antigen presenting cells such as DCs process and present allergens as peptides to naive
CD4+ T cells through major histocompatibility complex (MHC) class 1l molecules [20].
Additionally, antigen presenting cells also aid in driving the development of Th2 cells from
naive T cells, which depends on an array of factors including antigen type and dose, T-cell
receptor interaction and co-stimulatory signals [21]. Subsequently, the newly differentiated
Th2 cells release IL-4, IL-5, IL-9 and IL-13, which further stimulate the production of IgE
and promote the infiltration and maturation of mast cells, eosinophils and neutrophils into
the airways [17, 22, 23]. Eosinophilic airway inflammation is a prominent feature of the late
response [24]. The newly recruited eosinophils, once activated, release a range of pro-
inflammatory and cytotoxic mediators, including major basic protein (MBP), eosinophil
cationic protein (ECP), eosinophil peroxidase (EPO), as well as leukotrienes, resulting in
contraction of ASM and mucus production, leading to bronchoconstriction and airway

hyperresponsiveness (AHR) (Fig. 1) [25, 26].
4
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1.1.2  Allergic Asthma

Asthma may be a serious and occasionally, life-threatening respiratory disease with clinical,
pathological and physiological characteristics. The main clinical features of asthma are
shortness of breath, often accompanied by cough and wheezing. Allergic asthma is the most
common type of asthma [27], and is a result of prior allergic sensitization to a specific
allergen, with a reaction in the airways to the allergen after inhalation, leading to asthmatic
symptoms [17]. An estimated 300 million individuals worldwide have been diagnosed with
asthma, with an expected 100 million more by 2025 [28, 29].

Pathophysiologically, asthma is a chronic respiratory disease that is characterized by
variable airway obstruction and an increase in airway responsiveness to a range of stimuli,
such as allergens and methacholine, accompanied by airway inflammation and remodelling
[30]. Allergic asthma is considered to be a result of disruption to the Thl and Th2 balance,
eventuating in the above respiratory pathophysiology, as it is readily associated with 1L-4,
IL-5 and IL-13 producing Th2 cells, which can lead to increased tissue numbers of activated
mast cells and/or eosinophils [31]. The chronic inflammation seen in asthmatics has been
hypothesized to result in structural remodelling of the airways [32], such as ASM
hypertrophy and hyperplasia [33], subepithelial fibrosis [34], epithelial shedding, mucous
gland hyperplasia, edema and infiltration of inflammatory cells [35]. Collectively, these
changes contribute to thickening of the airway, and subsequently, reduction of the airway
diameter [36, 37]. In both clinical and research laboratories, diagnosis of asthma can be
made by measuring AHR via inhalation challenges with direct (histamine and methacholine)

or indirect (allergen, cold air, exercise) airway constrictor agonists [38].
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Figure 1. Pathways leading to the immediate and late allergic response. Antigen-
induced release of histamine and lipid mediators from mast cells results in immediate
allergic response. The late allergic response depends on multiple pathways including
infiltration of eosinophils and release of MC products (adapted from [17]).

1.1.3  Th2 Cytokines in Asthma and Allergic Diseases

It is widely recognized that Th2 cytokines such as IL-4, IL-5 and IL-13 drive the allergic
inflammatory response while Th1-type cytokines such as interferon gamma (IFNy) and IL-
12 antagonize Th2 immune responses [39]. CD4+ Th2 cells predominantly produce IL-4
and IL-13, which stimulate B cells to produce allergen-specific IgE antibodies, whereas IL-
5 acts to promote eosinophilia and IL-9 and IL-13 contribute to AHR in asthma [40-43]. As
such, messenger ribonucleic acid (MRNA) expression for many signature Th2 cytokines

such as IL-4, IL-5, IL-13 and IL-9, is increased in bronchial biopsies from allergic and/or
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asthmatic individuals, compared to normal controls [44-46]. In addition, asthmatic patients
expressing IL-5 mRNA in the airway show a significant increase in the number of activated
T cells and activated eosinophils when compared to healthy controls. IL-5 mRNA
expression in bronchial biopsies also correlates with symptom severity and AHR in atopic
asthma, indicating that it may play an important role in driving disease [46]. IL-13 plays a
key role in the allergic response by inducing mucus hyper-secretion from goblet cells and
ASM contraction, leading to the airway remodeling and subsequent reduction in airflow,
characteristic of asthma [40, 47]. Similar to IL-13, IL-9 has been reported to induce airway
inflammation, mucus hyper-secretion, as well as AHR [48]; elevated expression of IL-9 in
allergic asthmatics has been shown to correlate with AHR [43]. Lastly, IL-9 has been shown
to enhance eosinophil survival and IL-5-mediated eosinophil (and mast cell) differentiation
and maturation [49], suggesting that 1L-9 may potentiate eosinophil function in vivo [50].
Aside from classical Th2 cytokines, epithelial cell-derived cytokines such as TSLP,
IL-25 and IL-33, which are elevated in the airways of asthmatics [12, 51], are secreted
following epithelial stimulation, tissue damage, pathogen pattern recognition or allergen
exposure, and have the capacity to initiate Th2 responses at mucosal sites [52]. The IL-33
and TSLP genes have emerged as two of the strongest associations for the development of
asthma and related traits [9, 11]. The most established mechanism for TSLP-driven Th2
inflammation is via the TSLP-DC axis whereby CD4+ T cells are primed towards a Th2-
biased immune response [14]. 1L-33, which has been shown to induce TSLP production
from epithelial cells [52], has been reported to induce eosinophilia, secretion of IgE and Th2
cytokines in mice [53]. In addition to driving Th2 cytokine, IL-4, IL-5 and IL-13,

production in T cells [54], IL-25 has also been shown to induce eosinophilia in murine
7
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models [55, 56] while delaying apoptosis of human eosinophils [57]. Furthermore,

polymorphisms in the IL-25 receptor (IL-17RB) have been associated with asthma [58].

More recently TSLP, IL-33 and IL-25 have been shown to activate a newly identified

population of lineage-negative lymphoid cells (multi-potent progenitor type 2 (MPPiype2)

cells, nuocytes and type 2 innate lymphoid cells (ILC2) that produce IL-5 and IL-13 and

also establish a Th2-biased immune response, including mucus production and eosinophilia

[59-62]. Therefore, in the appropriate circumstance and genetic context, TSLP, I1L-33 and

IL-25 have emerged as key regulators of the allergic responses. Table 1 provides a summary

of Th2 cytokines involved in allergic responses.

Table 1. Th2 cytokines in allergic asthma

Cytokine  Major cellular source Major cellular targets Actions
Th2 cells, Basophils, Mast ~ Th2 cells, B cells, IgE lso_type §W|tch|ng, Ma_st ceI_I dgvelopment,
IL-4 cells Basophils Eosinophil and basophil activation, mucus,
P secretion, induction of Th2 cytokines
IL5 Th2 cells, Eosinophils, Eosinophils, Basophils, Eosinophil and  basophil differentiation,
ILC2 CD34+ cells maturation and activation
Th2 Cells, Th9 cells, Sm_ooth_ muscle, Mast cell and eosinophil development, AHR,
IL-9 . . Epithelium, Mast cells ;
Eosinophils, Mast cells mucus secretion
Smooth muscle Mast cell development, B-cell switch to IgE
IL-13 Th2 cells, ILC2 S ' production, eosinophilia, AHR, mucus
Epithelium .
hypersecretion
- . . Basophil and DC activation, induction of Th2
TSLP Epithelium, Basophils, Th2 cells, DCs, Basophils, responses (including CD34+ cell 1L-5/IL-13
Mast cells ILC2 ;
production)
. Th2 cells, Basophils, DCs, Basophil activation, enhancing eosinophilia and
IL-33 Epithelium, ASM, DCs Nuocytes, IgE secretion, induction of Th2 responses
Epithelium, Th2 cells, . . ) )
IL-25 Eosinophils, Basophils, Th2 cells, Basophils, DCs, Th2 development and IL-4, IL-5 and IL-13

Mast cells

MPP, Nuocytes,

production

TSLP, thymic stromal lymphopoietin; ASM, airway smooth muscle; DCs, dendritic cells; ILC2, type 2 innate lymphoid
cell; MPP, multi-potent progenitors; IgE, immunoglobulin E; AHR, airway hyperresponsiveness.
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1.1.4  Genetics of Asthma and Allergic Diseases
While expression of allergic diseases appears to be a result of both genetic and
environmental factors, many allergic diseases are familial, and an increased risk can be
conferred genetically [3]. Two main features of allergic disease/asthma involve the
predisposition for allergen-specific IgE production and development of allergic
inflammation, both of which have been highly correlated with disease severity [17].
Chromosome 5 has been implicated in the regulation of total serum IgE levels, as
polymorphisms of genes on chromosome 5, including the gene for B chain of FceRI [63]
and the IL-4 family of cytokines [64], may contribute to allergic diseases. Another gene
with implications to allergic diseases is CD14, which encodes for the high-affinity receptor
for bacterial lipopolysaccharide (LPS) [65], exists as a membrane molecule on monocytes
and macrophages (mCD14) and as a soluble form (sCD14) in serum [66]. A polymorphism
in the CD14 gene has been associated with elevated sCD14 and lower total serum IgE levels
[67] and may be involved in certain IgE-‘protective’ TLR-mediated responses. Elevated
levels of sSCD14 have the ability to influence the Th1/Th2 balance by antagonizing the pro-
inflammatory response of mCD14 expressing cells to LPS via IL-12 secretion from CD14
DCs, favouring Thl responses, and thus reducing the probability of an IgE response to
allergens [67].

Analyses of TLR gene variants have revealed that SNPs in TLR1, TLR6 and TLR9
have protective effects on atopic asthma in children [68]. Polymorphisms in STAT6, a
member of the Signal Transducer and Activator of Transcription (STAT) family acts as a
transcription factor for activating genes involved in IgE synthesis and in Th2-associated

processes [69], have been associated with higher serum IgE levels [70]. Other genes such as
9
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IL-13 and vitamin D receptor (VDR) have been implicated as conferring risk for asthma and
allergic disease in many genetic association studies [69, 71, 72]. Variants in VDR have been
linked to asthma, atopy and IgE levels. SNPs in IL-13 have consistently been replicated to
show associations with asthma, atopic asthma, atopy, IgE levels and AHR [71, 73].
Recently, a SNP (rs1837253) in the TSLP gene has been shown to be highly negatively
associated with asthma and AHR [11, 74], while the IL-33 and IL1R1 genes have been
positively associated with asthma and eosinophil counts respectively [9, 75]; these latter
observations suggest that the airway epithelium plays a major role in regulating
susceptibility of asthma and related traits (Table 2). To date, numerous loci that are linked
to asthma and allergic phenotypes have been identified. However, in order to better
understand the development of asthma and allergic diseases, the causal mechanism(s)
behind the identified associations need to be elucidated. With particular emphasis on the
rs1837253 variant SNP in the TSLP gene, some of the work of this thesis will focus on its

functional role in TSLP production.

1.2 T Cell Dependence of Allergic Asthma

It is widely recognized that T cells play a significant role in asthma, in particular the
involvement of Th2 cells [17]. There are reports of a possible minor contribution from
CD8+ (cytotoxic) T cells in asthma [45, 76]. The overexpression of GATA-binding factor
(GATA)-3 [77] and under-expression of T-bet [78], transcription factors controlling Thl
and Th2 development, respectively, in asthmatic airways, further support the Th2

hypothesis.

10
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Table 2. Description of polymorphisms in various genes associated with allergic diseases.

Gene Chromosome  Clinical Association(s)

IL-4 5 Asthma, FEV,, total serum IgE [64]

IL-13 5 Asthma, atopic asthma, atopy, IgE levels, AHR [71, 73]
CD14 5 Total serum IgE [67]

TLR1 4 Atopic asthma [68]

TLR6 4 Atopic asthma [68]

TLR9 3 Atopic asthma [68, 79]

STAT6 12 Serum IgE levels [70]

VDR 12 Asthma, atopy, IgE levels [71, 73]

FceRIf 11 Total serum IgE [80]

TSLP 5 Asthma, atopic asthma, AHR [11, 74] and allergic rhinitis [81], IgE [74, 82]
IL-33 9 Asthma [9, 75]

ILIR1 2 Eosinophil counts [9, 75]

IL-17RB 3 Asthma [9, 75]

TLR, toll-like receptor; STAT, signal transducer and activator of transcription; VDR, vitamin D receptor;
FceRIB, B-chain of the high-affinity receptor for IgE; TSLP, thymic stromal lymphopoietin; IL1R1,
interleukin 1 receptor, type 1; IL-17RB, interleukin 17 receptor beta; FEV 4, Forced expiratory volume in 1 s;
IgE, immunoglobulin E; AHR, airway hyperresponsiveness.

1.2.1  The Role of Th2 Cells in Asthma

For many years, the mechanisms by which Th2 cytokines have been thought to primarily
contribute to the pathogenesis of asthma have been via IgE synthesis, maturation and
activation of effector cells, such as mast cells and basophils, and IL-5-mediated eosinophil
infiltration, resulting in damage to the epithelium and AHR [17]. However, there is
increasing evidence that airway narrowing and AHR in asthma are not mediated solely
through the activation of mast cells and basophils, but that allergen-specific T cells play an

important role in regulating airway tone and reactivity [83-86]. It has been postulated by

11



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

many that the late asthmatic response (LAR) is elicited by leukotrienes released by
eosinophils, which are recruited following the release of IL-5 from allergen-specific T cells.
In a randomized, double-blinded trial, Leckie et al. [87] reported the inability of the mAb to
IL-5 to reduce the magnitude of LAR following allergen challenge; however, subsequent

studies in selected patients showed benefits of IL-5 blockade [88, 89].

1.2.2  Peptide-Induced Late Asthmatic Reaction

In order to investigate the role of T cells in asthma along with the downstream
consequences of activating antigen-specific T cells, Haselden et al. [83] developed a unique
in vivo model for T cell activation by administering synthetic peptides from a common
aeroallergen protein to allergic asthmatic subjects. This group was the first to show that
direct T cell activation through intradermal injection of cat allergen-derived peptides could
induce isolated LAR (absence of early asthmatic response) in cat allergic asthmatic
individuals, independent of IgE. These cases of isolated LAR were shown to be MHC-
restricted (occurring only in individuals with MHC class 1l that are able to bind the injected
peptides). Since then, it has been shown that inhaled peptide can also induce isolated LAR
in cat allergic asthmatic individuals [86]. In a more recent study, Ali et al. [85] revealed
significant increases in CD3+ T cells and CD4+ T cells in mucosal biopsies following
inhaled peptide challenge, which was associated with increased chemokine (C-C motif)
ligand (CCL)17 levels in bronchoalveolar lavage fluid (BALF) and expression in mucosal
biopsies, correlating with the magnitude of peptide-induced LAR. It was also reported that
inhaled peptide challenge upregulates expression of the potent vasodilator, calcitonin gene-

related peptide (CGRP), in BALF and bronchial biopsies from asthmatic subjects who
12
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develop isolated LAR. Furthermore, levels of CGRP in BALF fluid correlated with AHR
[90]. Since CGRP is a potent arterial and venous vasodilator [91], it is possible that airway
wall oedema may be an important component of peptide-induced late responses.
Collectively, these findings support the concept that T cell activation alone is capable of

triggering the LAR and related clinical manifestations.

1.3 Airway Epithelium

For many years, the airway epithelium was considered to have the simple role of a physical
barrier, separating the external environment from the internal milieu of the lung; however in

recent years, its new role in the regulation of immune responses has slowly emerged [92].

1.3.1  Airway Epithelium in Health and Disease

The airway epithelium consists of a pseudostratified mucosal layer, with basal, ciliated,
mucus secreting goblet and surfactant secreting club cells. In health, through the formation
of tight junctions, the airway epithelium functions as a highly regulated barrier [93].
Furthermore, epithelial cells undergo rapid regeneration and repair whereby basal epithelial
cells differentiate and proliferate to restore the damage caused by inhaled viruses [94],
allergen [95] and other environmental factors [96]. Finally, the airway epithelium regulates
the innate and adaptive immune response by secreting inflammatory cytokines/chemokines,
resulting in the recruitment of, and direct interactions with, tissue leukocytes [92]. In asthma,
the airway epithelium shows impaired repair responses and decreased barrier function,

which result from inefficient tight junction formation [93]. This leads to enhanced access of

13
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environmental stimuli, which may alter mediator production and, consequently, result in
improper downstream adaptive immune responses [92, 97]. For example, compared to
healthy epithelial cells, asthmatic airway epithelial cells release more pro-inflammatory
mediators, including IL-13, TSLP, IL-25, IL-33, CCL17, CCL5, CCL2 and monocyte
chemoattractant protein-3 [14]. Furthermore, after in vitro infection of cultured asthmatic
epithelial cells, there is impaired virus elimination and increased cytotoxic cell death, due to
impaired production of IFNB and IFNA, cytokines responsible for viral clearance and

induction of apoptosis by healthy epithelial cells [98, 99].

1.3.2 Viral Infections of the Airway Epithelium: Role of TSLP

The airway epithelium is the main target of respiratory viral infections. Viruses infect and
replicate in epithelial cells, triggering the release of pro-inflammatory mediators, one of
which is TSLP, initiating the inflammatory cascade [100]. Despite the fact that this
inflammatory process is essential in the clearance of infection, it can augment any pre-
existing inflammation in the airways of asthmatics, leading to increased airway obstruction
[101]. DNA viruses synthesize double stranded (ds)RNA during replication, which are a
natural source of TLR3 ligands [102], are potent inducers of TSLP mRNA. Previous studies
have demonstrated that in vitro stimulation with dsRNA induced TSLP expression in small
airway epithelial cells (SAEC) [103] and primary bronchial epithelial cells (BEC) from both
healthy and asthmatic individuals [13, 104], with disproportionately higher levels secreted
from asthmatic epithelial cells [13]. Furthermore, dSRNA and Th2 cytokines synergistically
induced TSLP production by epithelial cells in a TLR3-dependent manner [104]. Similarly,

following respiratory syncytial virus (RSV) infection, Lee et al. [105] reported enhanced
14



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

TSLP secretion from asthmatic epithelial cells. Furthermore, asthmatic BEC have been
shown to produce higher levels of inflammatory cytokines (IL-6, Chemokine (C-X-C motif)
ligand (CXCL)8, GM-CSF) following RSV infection [106], which correlated with increased
inflammatory responses to viral infections in vivo [107]. Thus, TSLP triggers DC-mediated
Th2-biased inflammatory responses with induction of IL-4, which may have paracrine
effects on viral induced epithelial-derived TSLP, resulting in the perpetuation of the
inflammatory response [108]. Over the years, many respiratory viruses have been identified
with the capacity to generate Th2-biased responses, a characteristic feature of allergic
diseases. However, the work described in this thesis will focus specifically on how (synthetic)

dsRNA-activated airway epithelial cells are involved in the development of a Th2 response.

1.4 Eosinophils and Basophils in Allergic Disorders

Eosinophils and basophils are relatively rare hemopoietically-derived myeloid leukocytes.
Basophils represent the least abundant granulocyte population, constituting less than 1% of
the peripheral blood population, while eosinophils make up approximately 1-3% of all
circulating leukocytes [109, 110]. With particular importance to this thesis, recent studies
have shown that eosinophils are pleiotropic multifunctional leukocytes with the capacity to
exacerbate the inflammatory responses through the release of an array of preformed
cytokines and lipid mediators [25, 26]. With respect to basophils, a role for basophils as
contributors to the development and progression of allergic diseases emerged following

reports of IgE-dependent I1L-4 and IL-13 secretion by these cells [111].
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Eosinophilic and basophilic inflammation, with an increase in activation,
degranulation and mediator release from both cell types, is a key feature of allergic diseases
[112]. In the context of allergic inflammation, upon antigen exposure, eosinophils and
basophils and/or their progenitors are released from the bone marrow into the circulation.
Subsequently, these cells appear in the airways, in elevated numbers, where they may
modulate and enhance the immune response by releasing cytotoxic cationic proteins and
various inflammatory cytokines/chemokines [110, 113, 114]. Basophils are the predominant
source of IL-4 following allergen- and/or IL-33-activation and have been identified in late-
phase allergic responses and are found at elevated levels in bronchial biopsies of asthmatics
[115]. The activation of eosinophils is significantly correlated with asthma severity, as
reflected by bronchial hyperresponsiveness and asthma symptom score [109, 116]. The
trafficking of eosinophils from the bone marrow to inflammatory sites is mainly promoted
by IL-5, while IL-4 and IL-13 upregulate eotaxin (CCL11 and CCL24), as well other
chemotactic factors such as CCL5 [117].

Eosinophils secrete an array of cytotoxic granule cationic proteins, such as MBP,
ECP, EPO and eosinophil-derived neurotoxin, all of which have the capacity to induce
tissue damage [114]. Activated basophils on the other hand release preformed mediators,
histamine and leukotriene C4 (LTC,), which promote inflammation and bronchoconstriction
[118]. Collectively, eosinophils and basophils are highly prominent in conditions driven by
allergic inflammation, and differences in activation and mediator production contribute to
their unique effector functions. [26, 109, 114]. A focus of this thesis will be on events and
pathways involved in the differentiation of these cells, within the context of allergic

inflammation.
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1.4.1  Hemopoiesis

Hemopoiesis refers to the generation of blood cells that occurs mainly in the bone marrow,
under the influence of stromal cells, T lymphocytes and other immune cells and/or their
soluble products. Hemopoietic progenitor cells are derived from pluripotent hemopoietic
stem cells (HSC), which are able to self-renew, divide and differentiate into mature lineages
including the erythroid, lymphoid and myeloid lineages [119] (Fig. 2). Mature cells are
generated following the commitment of pluripotent progenitors into specific cell lineage,
followed by terminal differentiation [119]. The CD34 antigen, an important marker of
hemopoietic progenitors, is a glycoprotein whose expression appears at the highest density
on early hemopoietic lineage cells, and is progressively lost on terminally differentiated
cells [120, 121], with the exception of murine mast cells [122]. Therefore, CD34 is a stage-
specific rather than a lineage-specific leukocyte-differentiation antigen [120]. It is not clear
what function CD34 has, but it has been reported to facilitate mobilization of progenitors
from the bone marrow [123] and, together with determinants such as small size and low
granularity, it enables progenitor cells to be accurately enumerated in cord blood, peripheral

blood, bone marrow and sputum [124], by flow cytometry.

1.4.1.1 Eosinophil-Basophil Differentiation

The differentiation of mature hemopoietic cells from the HSC is under the permissive
control of a range of hemopoietic cytokines and growth factors. While stem cell factor has
been shown to exert its effects very early in the hemopoietic lineage hierarchy [125], other
cytokines act at later stages in the development of myeloid progenitors. The differentiation

of committed progenitors towards an eosinophil-basophil (Eo/B) lineage is regulated by a
17
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triad of cytokines found systemically and in tissue: IL-3, IL-5 and GM-CSF [126, 127],
which are closely linked on human chromosome 5, and are predominantly produced by Th2
cells and mast cells [128]. These cytokines are both pleiotropic and redundant, acting in
both an autocrine and paracrine fashion - signaling through a common B-receptor [129] and
high-affinity receptors, which determine specific-lineage commitment and cell proliferation,
differentiation and survival [130, 131], through the activation of signal transduction
pathways and lineage-specific transcription factors (e.g., GATA-1, C/EBP) [126, 127].
Human eosinophils and basophils are closely linked during development and share a
common progenitor as demonstrated by methylcellulose colony assays [132-134]. These
assays utilise cultured cells from samples such as bone marrow, cord blood and/or
peripheral blood. Cells are plated on semi-solid medium (methylcellulose) with supporting
hemopoietic cytokines (IL-3, IL-5, or GM-CSF). On day 14, Eo/B colony forming units
(CFU), defined as tight, granular clusters of 40 or more cells, with morphology consistent
with the Eo/B precursor, are enumerated. However, the effects of IL-3, IL-5 and GM-CSF
on colony formation are not uniform. The responsiveness of these progenitors to specific
cytokines varies with stage of differentiation, with IL-3 and GM-CSF acting on early
progenitors and IL-5 on committed progenitors, to induce specific Eo/B lineage
differentiation [135]. Furthermore, IL-3 tends to promote basophil growth and
differentiation, and to a lesser extent, eosinophils; while IL-5 is mainly responsible for
promoting eosinophil colonies, and to a lesser extent, basophil colonies [136]. Several
studies have demonstrated that IL-5 downregulates IL-5Ra on the surface of mature

eosinophils [137, 138], while immature eosinophils and human CD34+ progenitors acquire
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IL-5Ra expression and functional responses to IL-5 [139, 140], which suggest that

immature eosinophils and progenitors respond better to the ongoing exposure of 1L-5.
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Figure 2. The hemopoietic tree. Long-term hemopoietic stem cells (HSC), which have the
capacity to self-renew, give rise to all the cell types of the bone marrow and peripheral
blood. Other pluripotent progenitors, short-term HSC and multipotent progenitors (MPP)
have less self-renewal capacity. Together, these three cell types constitute the hemopoietic
stem and progenitor cell population. MPP are thought to differentiate into the two main
branches of hemopoietic development that arise from the common lymphoid progenitor
(CLP) and the common myeloid progenitor (CMP). Together, these progenitors give rise to
mature peripheral blood cells, shown on the right. GMP, granulocyte and macrophage
progenitor; NK, natural killer (adapted from [119]).
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Other cytokines that have been shown to regulate Eo/B differentiation include TNFa,
which demonstrated enhancing effects on IL-3- and GM-CSF-dependent proliferation of
CD34+ hemopoietic progenitors [141]. Furthermore CD34+ progenitors have been shown to
express receptors for TSLP and IL-33, which suggest that they are TSLP- and IL-33-
responsive [15, 142]. Recently, we (Chapter 3) [143] and others [142] have demonstrated a
role for TSLP in the regulation of Eo/B differentiation. Lastly, while human eosinophils and

basophils share a common progenitor, they exist as distinct cells [136, 144].

1.4.1.2 Intracellular Signaling in Eosinophil-Basophil Differentiation

The IL-3, IL-5 and GM-CSF receptors are members of the short-chain 4-a-helical bundle
subset of hemopoietic cytokine receptors, with a unique a-chain that is specific for each
cytokine. The shared common Bec-chain has no binding capacity on its own but is recruited
following the binding of IL-3, IL-5 and GM-CSF to its respective a-chain, resulting in the
assembly of the heterodimeric receptors and the subsequent initiation of signal transduction
[145]. Intracellular signaling can occur through three main pathways: the Janus Kinase
(JAK)/STAT pathway, the mitogen-activated protein kinase (MAPK) pathway and the
phosphatidylinositol 3-kinase (PI3K) pathway [129] (Fig. 3).

Cytokines and growth factors signal through the JAK/STAT pathway to transmit
extracellular signals through transmembrane receptors directly to promoters of target genes
in the nucleus of activated genes. JAK activation leads to tyrosine phosphorylation of the Bc
chain, which results in the generation of various docking sites for other signaling molecules

such as SRC homology 2 domains, which in turn leads to tyrosine phosphorylation of STAT
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proteins followed by STAT dimerization. The dimerized STATSs subsequently translocate to
the where they bind to specific promoter regions and induce gene transcription [129].

IL-3, IL-5 and GM-CSF activate the MAPK pathway, which includes the
extracellular signal regulated kinase (ERK), c-Jun amino-terminal kinase (JNK) and p38
signaling pathways, to promote growth, proliferation and survival of cells [129, 146]. On
cytokine stimulation, the cellular substrate Shc is phosphorylated leading to its interaction
with adaptor protein Grb2, resulting in the association with a nucleotide exchange factor for
Ras (SOS). The activation of Ras leads to the activation of kinases such as MEK1/2 which
activates ERK [147], MAPK kinase (MKK)3/6 which activates p38 or MKK4/7 which
activates JNK [148]. The activation of these signaling pathways leads to the activation of a
number of transcription factors such as c-Fos and c-Jun, which contribute to cytokine-
induced proliferation [147] (Fig. 3).

Finally, the PI3K pathway is involved in the regulation of proliferation, growth, cell
size and apoptosis [149]. Protein kinase A is activated upon cytokine binding resulting in
the phosphorylation of the Bc-chain, which in turn recruits subunits of PI3K to the receptor
complex [150]. Once recruited, PI3K is phosphorylated, which in turn phosphorylates
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2) and converts it to phosphatidylinositol
3,4,5-triphosphate (P1(3,4,5)P3), a second messenger that interacts with other signaling

proteins through resulting in the amplification of the activated signal [149, 150].

1.4.2  Hemopoietic Progenitors in Atopy — Local and Systemic Regulation
While the importance of mature eosinophils and basophils in allergic inflammation has long

been established, accumulating evidence supports the role of Eo/B progenitors in driving
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this allergic inflammatory response [151]. Several groups have demonstrated increased
numbers of CD34+ progenitors at sites of allergic inflammation, such as the nasal mucosa
of subjects with nasal polyposis [152], and the bronchial mucosa of patients with asthma
[153]. Moreover, CD34+ cell numbers have been shown to be inversely associated with
forced expiratory volume in 1 second (FEV1), which is consistent with the hypothesis that
Eo/B progenitors may contribute to clinical symptoms in allergic individuals [153]. Indeed,
there are enhanced numbers of CD34+ progenitors, as well as both mature and immature
eosinophil cell numbers, in peripheral blood [144, 154] and bone marrow [155] of atopic
individuals compared to nonatopics.

Further evidence for local airway mucosal (in situ) control of hemopoietic
differentiation was provided by studies that showed a rise in bone marrow and circulating
committed Eo/B progenitors, defined as CD34+/IL-5Ro+ cells [155, 156], in response to
airway inhaled allergen exposure in atopic asthmatic subjects [155, 157-159]. Likewise, in a
proof-of-concept study, Kuo et al. [160] demonstrated that direct stimulation of these
progenitors from the marrow by IL-5, administered systemically, also enhanced CD34+/IL-
SRa+ cells. Several groups have now reported increased expression of IL-5Ra on CD34+
cells from the bone marrow of atopic asthmatics [161]. This supports the concept that
progenitor cells from atopic subjects are primed to respond to IL-5 [154], likely as a result
of ambient or stimulated increased levels in bone marrow CD34+/IL-5Ro+ cells, a feature
of atopic disease [162]. Along these lines, compared to asthmatics who do not develop
eosinophilia, there is a higher proportion of CD34+/IL-5Ra+ cells in the bone marrow after
allergen challenge in mild asthmatic subjects who develop airway eosinophilia and

increased clinical symptoms to methacholine challenge [155, 158]. Taken together, these
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data demonstrate eosinophil lineage skewing of CD34+ cells following allergic immune

stimulation that may contribute to the subsequent development of blood and tissue

eosinophilia [155].
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Figure 3. Schematic diagram of IL-3, IL-5 and GM-CSF intracellular signaling.
Binding of hemopoietic cytokines, such as IL-3, IL-5 or GM-CSF, to their receptors
activates transduction cascades leading to gene expression, cell differentiation, proliferation
and survival. IL-3-, IL-5- and GM-CSF-mediated signaling begins with the high affinity
binding of each of the cytokines to its respective receptor a subunit (Ra), subsequently, this
complex binds to the common B-chain (Bc). The activation of the JAK/STAT pathway
directly transmits the extracellular signals to promoters of target genes in the nucleus
resulting in the expression of genes that are important in promoting cell differentiation and
survival. The activation of MAPK and related pathways results in cell differentiation as well
as gene expression. The activation of Ras leads to the activation of MEK1/2, MKK3/6 and
MKK4/7, which target ERK, p38 and JNK to enhance transcription and cell differentiation.
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In ovalbumin sensitized mice, similar increases in Eo/B CFU are observed, which
coincides with increased airway eosinophils [163]. Furthermore, in vivo experiments
demonstrate increased IL-5Ra [155] and CCR3 [164] expression on bone marrow-derived
CD34+ cells following allergen challenge, events which may subsequently facilitate the
mobilization of these cells from the bone marrow to sites of allergic inflammation [164].
These studies confirm that progenitors in the peripheral blood and bone marrow are
sensitive to allergic stimuli in the airways, and respond with enhanced systemic and local
eosinophilo- and basophilopoieis. This is supported by the close relationships that exist
among increased production of Eo/B lineage-committed progenitors within the bone
marrow, development of blood and tissue eosinophilia [155], and maintenance of allergic
tissue inflammatory responses [154, 158].

Therapeutic interventions for allergic diseases further highlight the importance of
progenitor cells in the development of allergic inflammation. Corticosteroids inhibit the
development of airway eosinophilia, and are considered the most effective treatment for
allergic asthma. Treatment with inhaled corticosteroids is sufficient to reduce baseline
numbers of bone marrow Eo/B CFU [165]. In mild asthmatics, the gradual withdrawal of
inhaled corticosteroids results in a rise in circulating progenitors, which coincides with the
development of clinical symptoms [166]. Moreover, inhaled budesonide has been shown to
have protective effects on allergen-mediated inflammation by inhibiting the number of
allergen-induced circulating eosinophils and their progenitors grown in the presence of GM-
CSF [167]. Similarly, Kim et al. [152] reported that intranasal steroids were associated with
an increase in CD34+/CD45+ progenitors and decrease in mature eosinophils in nasal polyp

mucosa, suggesting that corticosteroids block eosinophil differentiation resulting in the
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accumulation of tissue (undifferentiated) CD34+ cells. Together, these studies highlight and

demonstrate the direct responsiveness of hemopoietic progenitors to corticosteroids.

1.4.3 In situ Hemopoiesis — Local Differentiation of Hemopoietic Progenitors

A growing body of evidence suggests that progenitor cells may contribute to allergic
inflammation by giving rise to mature effector cells in the bone marrow, as well as by
trafficking as still-undifferentiated cells to allergic tissue sites where they differentiate into
effector cells in situ, under the control of local inflammatory cytokines and growth factors
[151]. Through this process, referred to as ‘in situ hemopoiesis,’ the inflammatory response
is maintained and further enhanced via the continuous production of effector cells and their
soluble products [151]. The first studies to provide indirect evidence that progenitor cells
may indeed traffic from the bone marrow to sites of inflammation where they undergo in
situ hemopoiesis were performed in subjects with AR [168-170]. A series of studies
reported significant elevations of Eo/B progenitors prior to seasonal allergen exposure,
followed by rapid reductions in the number of circulating progenitors in subjects during the
season as they developed symptoms of rhinitis, in turn followed by a rebound back to basal
(high circulating) levels at the end of the season.

It has been reported that up to 50% of CD34+ cells from asthmatic subjects express
intracellular IL-5 protein, with high expression of IL-5 mRNA [160]. Our group have also
shown that progeny of Eo/B progenitors in colonies express GM-CSF protein and mRNA
[171], and that there is an autocrine GM-CSF-dependent signaling mechanism for Eo/B
differentiation mediated through TLR [172]. Furthermore, it has recently been reported that

increased IL-5 and IL-13 positive CD34+ cells (a profile which can be attributed to the
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effects of TSLP and IL-33—see below) are present in the sputum after allergen inhalation
challenge [15]. Furthermore, Cameron et al. [173] demonstrated, in an explant model ex
vivo, that IL-5 induced in situ differentiation of CD34+ progenitors, measured as the
increase in the number of MBP immune-reactive cells, in the nasal mucosa of allergic
subjects. Lastly, clinical investigational evidence supports systemic effects of IL-5 on
progenitors: Stirling et al. [174] reported associations between systemic IL-5 given
intravenously, and circulating Eo/B progenitors. Aside from a possible role in the
recruitment of mature eosinophils from the circulation to the airways [174], systemic IL-5
has been implicated in the local differentiation of progenitors in the tissue [175]. Together,
these studies suggest that, in addition to acting as pro-inflammatory effector cells and
directly contributing to allergic inflammation, progenitors may aid in their own
differentiation through autocrine production of growth factors, such as IL-5 and GM-CSF.
Given that hemopoietic cells develop under the influence of the tissue milieu, the rich
combination of cytokines and growth factors present in the bone marrow sinusoids,
circulation or mucosal and other tissues, plays a critical role in guiding and modulating
hemopoiesis. Changes in the composition of the local milieu, such as increased expression
of Th2 cytokines (particularly IL-5) in individuals with atopy, may promote differentiation
of lineage-committed Eo/B progenitors [176], and help explain increased eosinophils and

basophils at sites of inflammation in atopic individuals.
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1.5 Thymic Stromal Lymphopoietin

TSLP is a four alpha-helical bundle type I cytokine that is structurally and functionally
similar to IL-7 [177]. TSLP was first identified in 1994 by Friend et al. [178], in the
supernatants of a murine thymic stromal cell line, Z210R, and shown to support B cell
development [179]. TSLP is located on chromosome 18 and chromosome 5g22.1 in mouse
and human, respectively [180, 181]. TSLP signals through a heterodimeric receptor
complex consisting of the IL-7 receptor-a (IL-7Ra) chain and a TSLP binding chain
referred to as TSLPR [182, 183]; it binds to the TSLPR chain with low affinity, but together
with the IL-7Ra chain, the affinity is greatly enhanced. Although there exists poor
homology between human and mouse TSLP, with only 43% amino acid identity and 39%
between human and murine TSLPR, human and mouse TSLP share very similar biological
functions [181, 183]. As such, recent evidence supports a major immunomodulatory role for
TSLP in the pathophysiology of allergic diseases, by acting as an important link between

innate and adaptive immunity, leading to Th2 responses [14, 108, 184].

1.5.1 Regulation of TSLP Expression

A range of cells in the airway system (epithelial cells, smooth muscle cells, DCs, basophils,
and mast cells) has been shown to have the ability to produce TSLP [14, 103, 104, 185, 186].
Expression of TSLP is regulated by several factors, both exogenous stimuli (e.g., injury,
infection, TLR ligation) and host-derived pro-inflammatory and Th2 cytokines [103]. Pro-
inflammatory cytokines IL-1p and TNFa have been shown to induce TSLP expression in

human BEC [104, 185, 187]. Likewise, Allakhverdi et al. [103] and Zhang et al. [186]

27



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

reported the ability of IL-1p and TNFa to induce TSLP production in SAEC and human
airway smooth muscle cells (HASMC) respectively. The induction of TSLP in airway
epithelial cells by inflammatory Th2 cytokines has been shown to be regulated by NFkB
[185]. In HASMC, aside from NFkB, the upregulation of TSLP by inflammatory Th2
cytokines is also regulated by the transcription factor, activating protein 1 (AP-1) [188], as
well as p38 and ERK MAPK signaling pathways [186].

The first evidence for a role for pathogenic stimulation in the induction of TSLP was
established by Allakhverdi et al. [103], who reported the ability of bacterial peptidoglycan,
and polyinosinic:polycytidylic acid (polyl:C) (mimicking viral dsRNA) to induce TSLP
expression in primary SAEC. The combination of TLR3 ligand (dSRNA) and Th2 cytokines,
in particular, IL-4 and TNFa, has been shown to significantly enhance TSLP production in
BEC in an NFkB-dependent manner [104]. Furthermore, infection of BEC with rhinovirus
or RSV, viruses known to trigger asthma exacerbations, results in the production of TSLP
[104, 189]. Recent data suggest that the long form of TSLP is highly inducible by polyl:C in
BEC. A functional SNP, rs3806933, has been identified in the regulatory element of the
gene for the long form of TSLP, which creates a binding site for the transcription factor AP-
1. This SNP enhances the binding of AP-1, leading to enhanced polyl:C-induced production
of TSLP in BEC [190].

In a murine AR model, mast cells were shown to upregulate TSLP expression in
nasal epithelial cells following allergen challenge [191]. Aside from regulating TSLP
expression, mast cells activated by monoclonal antibodies that cross-link FceRI have been
reported to express TSLP mRNA [192]. Murine basophils, activated by protease allergens,

were also reported to produce TSLP, along with other Th2 inducing cytokines; furthermore,
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activated basophils in the lymph nodes have been shown to produce TSLP [193]. Although
DCs are the major target of TSLP, surprisingly both human and murine DCs produce TSLP
following TLR-ligation [194]. Collectively, these findings suggest TSLP expression can be
regulated by inflammatory stimuli produced by both innate and adaptive immune cells.
Finally, in skin keratinocytes, TSLP gene expression has been reported to be
regulated by both VDR and retinoic X receptors (RXR). Ablation of RXRo and RXRp in
keratinocytes resulted in enhanced TSLP expression and development of chronic skin

inflammation in mice [195, 196].

1.5.2  TSLP Signaling Pathways
Despite a significant role of TSLP in driving Th2 inflammation, our knowledge of
TSLP/TSLPR signaling is limited. Initial studies reported TSLP-induced phosphorylation of
STATS5 in the absence of JAK activation, suggesting that STAT5 phosphorylation is
mediated by an unknown kinase [179, 197]. However, two recent studies using primary
human and murine CD4+ T cells and primary human DCs, demonstrated JAK1 and JAK2-
dependent TSLP-mediated STAT phosphorylation [198, 199]. These studies shed some light
on TSLP/TSLPR signaling and revealed that TSLP-induced phosphorylation of JAK
precedes that of STAT.

In human myeloid dendritic cells (mDCs), aside from STAT2, TSLP has been
shown to be capable of activating all other known STATSs. Noticeably, TSLP-activated
STATG6 binds to the promoter region of CCL17, a Th2-attracting chemokine [199], which

helps to explain the unique ability of TSLP-activated DC to secrete CCL17. Furthermore,
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TSLP-activated DCs have been shown to activate PISK/AKT, ERK, JNK MAPK, and
NFkB-dependent pathways [199].

TSLP has recently been shown to activate murine CD4+ T cells, resulting in STAT6
dependent Th2 differentiation [200]. In BEC, TSLP activates both STAT3 and STAT5
phosphorylation, leading to the induction of IL-13 and cell proliferation [201]. However,
TSLP does not induce STATS phosphorylation in ASM; rather, it induces STAT3
phosphorylation and activates the MAPK (ERK1/2, p38, and JNK) signaling pathways
[202]. In eosinophils, TSLPR signaling involves the ERK, p38, and NFkB signaling

pathways, but not STAT3 or STATS5 [203].

1.5.3  Cellular Targets of TSLP

TSLP is expressed predominantly by epithelial cells in the thymus, lung, skin, intestine, and
tonsils, as well as by stromal cells and mast cells, but is not found in most hemopoietic cell
types and endothelial cells [5, 38, 40]. In contrast, TSLPR has been found on DCs, T cells,
B cells, mast cells, natural killer T (NKT) cells, and monocytes, as well as on tissues from
heart, skeletal muscle, kidney, and liver [6, 31, 32]. Recently, hemopoietic progenitors [15,
142, 143] and nuocytes [204, 205], a new type of innate effector leukocyte cells that
mediate type-2 immune response, have been shown to respond to TSLP. Indeed, as

reviewed below, TSLP exerts its functions on a broad range of cell types (Fig. 4).

1.5.3.1 Dendritic Cells
DCs are widely considered to be the major antigen presenting cell type in immune responses,

with the ability to initiate and direct immune responses. mDCs have been shown to have the
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Figure 4. Cellular targets of epithelial-derived TSLP. Allergens, viruses, pro-
inflammatory cytokines (TNFa, IL-1B, IL-4) chemokines (CCL17; TARC), and bacterial
components such as peptidoglycan, lipoproteins, lipoteichoic acid, LPS are all capable of
inducing TSLP production from airway epithelial cells. Subsequently, epithelial-derived
TSLP can act on cells of multiple lineages, inducing proliferation and differentiation as well
as cytokine production (adapted from [206]).

highest expression of TSLPR, which is consistent with the ability of mDCs to respond to
TSLP [14, 183]. TSLP-activated mDCs have also been reported to produce high levels of
CXCLS8 and eotaxin-2, chemokines that attract neutrophils and eosinophils, in addition to
producing thymus and activation regulated chemokine (TARC; CCL17) and macrophage-
derived chemokine (MDC; CCL22), which functions to attract Th2-polarized cells [14, 207].
Furthermore, epithelial-derived TSLP enhances the maturation of mDCs by inducing
expression of MHC 11 along with co-stimulatory molecules (CD54, CD80, CD83, and CD86)

[14]. TSLP-activation of mDCs results in the upregulation of OX40 ligand (OX40L)
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expression, which leads to the induction of ‘pro-allergic’ inflammatory responses by
triggering naive CD4+ T cells to differentiate into inflammatory Th2 cells that produce
allergy-promoting Th2 cytokines such as IL-4, IL-5, and IL-13, as well as (uniquely) TNFa,
but not IL-10 (Fig. 5) [14, 183, 208]. Gene expression analyses of TSLP-activated human
mDCs shows that TLSP alone strongly induces TNF superfamily protein OX40L [208],
which is critical for the induction of inflammatory Th2 cells, since blocking OX40L with a
neutralizing antibody inhibits the production of Th2 cytokines and TNFa, and enhances the
production of IL-10 by CD4+ T cells. Consistent with this finding, Liu et al. [209] observed
that treatment of naive CD4+ T cells with recombinant OX40L promoted the production of
TNF, while inhibiting the production of IL-10. Moreover, in vivo, TLSP-induced Th2
immune responses in the lung and skin were inhibited by treating mice with OX40L-
blocking antibodies [210].

Of interest, unlike other stimuli that activate DCs, such as CD40 ligand and TLR
ligands (polyl:C and bacterial LPS), TSLP-activated DCs do not produce the Thl-polarizing
cytokine 1L-12 [14, 208]. In the presence of I1L-12, both TSLP-activated mDCs and OX40L
lose its ability to induce inflammatory Th2 differentiation [208]. To date, TSLP is the only
factor that activates mDCs without the induction of IL-12 and other Thl-polarizing
cytokines. The molecular mechanism(s) by which TSLP activates mDCs without producing
Thl-polarzing signals remains unclear. However, the dominance of IL-12 over OX40L may
provide a molecular explanation for the “hygiene hypothesis,” which proposes that bacterial
and viral infections elicit a Thl-mediated immune response, which down-regulates the

development of Th2-driven atopy. For these reasons, it can be suggested that TSLP plays a
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Figure 5. Pathophysiology of TSLP in allergic inflammation. Insult from allergens or
viruses trigger epithelial cells to produce TSLP, which then activates immature DCs. TSLP-
activated DCs express OX40L, which triggers naive CD4+ T cells (ThO) to differentiate into
inflammatory Th2 cells that produce IL-4, IL-5, IL-13, and TNFa. Furthermore, TSLP-
activated DCs produce TARC, which functions to attract helper T cells that are Th2
polarized. These differentiated Th2 cells release a profile of inflammatory cytokine, thus,
initiating allergic inflammation (adapted from [108]).

major role in classic Th2 diseases such as allergic asthma. The activation of DCs by TSLP
consequently provides a permissive condition for Th2 development by upregulating the
Th2-polarizing signal (OX40L), without inducing the Th1-polarizing signal (IL-12) (Fig. 6).

In addition to its differentiating effects on naive CD4+ T cells, TSLP-activated
mDCs have the capacity to robustly activate and expand naive CD8+ T cells, in addition to
inducing them to differentiation into pro-allergic IL-5 and IL-13 producing cytolytic T cells
[211], which have been shown to induce eosinophilia and increased IgE production in

AD, both in vitro and in vivo [212]. Moreover, TSLP-activated mDCs potently expand Th2
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memory cells, without altering their central memory phenotype and Th2 commitment [213].
Lastly, TSLP has been shown to induce differentiation of CD4+CD8-CD25- naive
thymocytes into Foxp3+ T regulatory cells (Tregs) in a DC-dependent manner [214]. As
such, via mDCs, TSLP has the ability to regulate both the innate and adaptive phase of the
allergic immune response by: (1) recruiting neutrophils and eosinophils through production
of CXCL8 and CCL24, respectively; (2) preparing the local adaptive immune response by
recruiting Th2 cells, through CCL17 and CCL22; and, (3) inducing the differentiation of

naive CD4+ and CD8+ T cells into inflammatory Th2 cells and cytolytic T cells.

OX40L
No IL-12

Figure 6. Schematic regulation for Thl and Th2 differentiation. The Thl-polarizing
signal (IL-12) is dominant over the Th2-polarizing signal (OX40L); therefore, Th2
differentiation will only occur in the presence of OX40L and in the absence of IL-12
(adapted from [108]).

1.5.3.2 TCells
Although the effects of TSLP on T cells are mainly mediated by mDCs, recent studies

suggest that both murine and human TSLP can directly activate CD4+ T cells, independent

34



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

of mDCs. Murine TSLP appears to preferentially expand CD4+ T cells, as the addition of
TSLP enhances the proliferative capacity of CD4+ T cells pre-activated through T-cell
receptor stimulation. Furthermore, TSLP-treatment of murine CD4+ T cells results in 1L-4
expression [200]. Studies using TSLPR-deficient mice have shown that TSLPR expression
by CD4+ T cells is critical for TSLP-mediated CD4+ T cell expansion and Th2
differentiation in vivo [207, 215]. In humans, Rochman et al. [216] demonstrated that
following anti-CD3 and anti-CD28 stimulation, CD4+ T cells upregulate TSLPR expression
and become responsive to TSLP, resulting in STATS5 activation and enhanced sensitivity of
pre-activated CD4+ T cells to IL-2.

In addition to CD4+ T cells, both murine and human CD8+ T cells express the
TSLPR complex. In vitro, TSLP-activated CD8+ T cells induce STATS5 and Akt activation
and Bcl2 expression, which only increases survival without altering homeostatic
proliferation of CD8+ T cells [217]. Activated pulmonary Tregs have also been reported to
express TSLPR and respond to TSLP-mediated activation of STAT5 [218]. TSLP-treated
Tregs demonstrate impaired IL-10 production and diminished suppressive activity, which is
consistent with studies that report decreased frequency and diminished suppressive activity
of pulmonary Tregs in allergic asthmatics, compared to healthy controls and non-allergic
asthmatics [218, 219]. Furthermore, Nagata et al. [220] reported on the ability of murine
TSLP to activate NKT cells to preferentially produce IL-13, but not IFNy and IL-4. Using a
murine allergen-induced asthma model, this group demonstrated AHR in TSLP transgenic
mice, which was almost completely eliminated in the absence of NKT cells. Furthermore, in

the same asthma model, TSLP transgenic mice lacking NKT cells had significant reduction
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in 1L-13. Collectively, these findings highlight a unique role for TSLP in regulating the

adaptive immune response.

1.5.3.3 Eosinophils, Basophils, and Mast Cells

Eosinophils have been shown to express both chains of the TSLPR complex (TSLPR and
IL-7Ra) [203, 221]. Eosinophils respond to TSLP stimulation by releasing IL-6, CXCLS,
CXCL1, and CCL2 and up-regulating surface expression of the adhesion molecules CD18
and intracellular adhesion molecule-1, which suggests that TSLP may recruit eosinophils to
sites of Th2 cytokine-associated inflammation [203]. Furthermore, TSLP has been shown to
promote the viability and survival of eosinophils, as well as release of eosinophil-derived
neurotoxin [203, 221].

Mast cells infiltrating the bronchial mucosa of asthmatic subjects have been shown
to express functional TSLP receptors [103]. Allakhverdi et al. [103] reported that TSLP has
the ability to potently activate human mast cells, in the presence of IL-1p and TNFa, with
production of high levels of IL-5, IL-13, IL-6, GM-CSF, as well as chemokines involved in
allergic diseases. Furthermore, blocking native TSLP that is released by primary human
SAEC completely inhibits production of IL-13 by mast cells [103].

TSLP has been shown to regulate basophil responses in mice [142]. TSLP-
stimulated (as opposed to IL-3-stimulated) murine basophils show distinct attributes, such
as high levels of IL-33R expression. Although the majority of human basophils express
TSLPR, effects of TSLP on human basophils are still unknown. However, human basophils
obtained from sites of inflammation have been shown to have significantly higher levels of

IL-33R expression, indicating that TSLP may also induce basophil activation in allergic
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individuals [142]. Together, these studies support a role for TSLP in facilitating cross talk
between epithelial cells and effector cells (mast cells, eosinophils, and basophils) of allergic

inflammation.

1.5.3.4 Hemopoietic Progenitors

Hemopoietic progenitors give rise to mature eosinophils, basophils and mast cells, effector
cells of allergic diseases. Recently, Allakhverdi et al. [222] reported that human CD34+
cells express receptors for TSLP and IL-33, which supports their finding that TSLP can
potently activate human CD34+ progenitors (and thus mast cell precursors). In the presence
of IL-33, TSLP directly activates CD34+ progenitors, leading to the release of high levels of
pro-inflammatory Th2-like cytokines and chemokines that are involved in allergic diseases
[222]. Similar to its effects on mast cells [103], blocking endogenous TSLP that was
released by primary human SAEC completely inhibited production of IL-5 by CD34+
progenitors [15].

Related to this, we recently reported the ability of peripheral blood CD34+
progenitors to respond to TSLP with enhanced IL-3-responsive Eo/B CFU (including both
eosinophils and basophils), a process which is dependent on TSLPR-ligation [143].
Furthermore, 1L-3 and TSLP-stimulated CD34+ progenitors secreted an array of cytokines
and chemokines, key among which was TNFa which, together with 1L-3, stimulated the
enhanced surface expression of TSLPR, consequently increasing the sensitivity of CD34+
progenitors to TSLP, as reflected by Eo/B CFU (Chapter 3).

Moreover, we have recently demonstrated that CD34+ progenitors from atopic

individuals are functionally and phenotypically more responsive to TSLP than those from
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non-atopic individuals [143]. Consistent with this, Siracusa et al. [142] recently reported the
ability of TSLP to induce basophil maturation and expansion from murine bone-marrow
resident progenitors. TSLP-stimulated progenitors were predominantly CD34- and exhibited
elevated levels of CD49b expression, a phenotype consistent with mature basophils [142].
Collectively, these studies suggest that epithelial-derived TSLP may be central for
regulating the differentiation of tissue-resident hemopoietic progenitors into effector cells of

allergic inflammation.

1.5.3.5 Group 2 Innate Lymphoid Cells

ILC2, part of a large family of ILCs in a recently discovered group of innate immune cells,
are found in the gut and airway mucosa of mice and humans. These ILC2 have the capacity
to produce Th2 cytokines IL-5 and IL-13 [59, 62, 205, 223], suggesting functional
similarities between ILC2 and Th2 cells. Mjosberg et al. recently reported that human ILC2,
found in nasal polyps of patients with chronic rhinosinusitis, a Th2-mediated disease,
express receptors for TSLP. They demonstrated STATS5 activation and increased GATA3
expression in ILC2 following stimulation by nasal polyp epithelial-derived TSLP [59].
Despite these similarities between ILC2 and Th2 cells, unlike Th2 cells, ILC2 are able to
respond to TSLP with production of Th2 cytokines without prior activation, a response that
is augmented by IL-33 [59]. Additionally, in combination with IL-25 and IL-33, TSLP can
be shown to drive the expansion of ILC2 isolated from peripheral blood cells of healthy
donors [61]. As such, ILC2 may constitute an additional population of cells that can provide

an early source of Th2 cytokines, capable of initiating Th2 allergic inflammation. The
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ability of ILC2 to respond to epithelial cell-derived cytokines (i.e. TSLP, IL-33, and IL-25)

suggests that these cells may interact closely with the epithelium.

1.5.4  TSLP in allergic diseases

Recent studies show that TSLP plays a pivotal role in allergic diseases. In AD, TSLP is
highly expressed by keratinocytes in acute and chronic skin lesions, but not in uninvolved
skin (normal or non-lesional) [14]. Furthermore, serum TSLP levels in children with AD are
significantly higher than normal controls [224]. The first evidence for a link between TSLP
and human asthma was provided by Ying et al. Through in situ hybridization they
demonstrated elevated levels of TSLP mRNA expressing cells, which correlated with
disease severity, within the bronchial epithelium submucosa in asthmatics [12]. Elevated
levels of TSLP are also found in the airway epithelium and BALF of asthmatic individuals
[218, 225, 226]. Experimentally, over- expression of TSLP in airway epithelial cells induces
allergic airway inflammation in mice [207]. Furthermore, there is over-expression of TSLP
in the nasal epithelial cells of patients with AR [227-229] and nasal polyposis [228, 230].
Recently, several GWAS have identified TSLP as a locus associated with asthma and
allergic disease susceptibility [9, 231]. SNPs in TSLP have reported to be associated with
several clinical outcomes and phenotypes of allergic diseases such as AR, total IgE and
AHR [11, 74, 81, 82, 190, 232, 233]. In a recent clinical trial, a human TSLP mAb (AMG
157) was demonstrated to reduce both the early and LAR following an allergen challenge in
mild atopic asthmatics. Moreover, AMG 157 was able to reduce markers of systemic and
airway inflammation measured as fraction of exhaled nitric oxide, sputum eosinophil levels

and circulating eosinophils, which further supports TSLP’s role in persistent airway
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inflammation in asthmatics [234]. Evidence to date suggests a critical role for TSLP in the

pathogenesis of Th2-baised allergic diseases.

1.55  TSLP Polymorphisms

Susceptibility to allergic diseases is greatly influenced by gene-environment interactions,
which is multifaceted. In recent years, many genetic studies have been conducted in an
attempt to elucidate the genes and pathways related to allergic diseases. GWAS use an
unbiased approach to identify associations of susceptible genes and phenotype. Recent
GWAS and meta-analyses of GWAS have detected a large number of loci associated with
asthma and related traits.

For example, both the GABRIEL study [9] and the EVE study [10], large meta-
analyses of GWAS in European populations and ethnically diverse US populations,
respectively, identified SNPs in four loci (TSLP, IL-33, IL1IRL1, 17921 locus) that were
associated with asthma. These findings highlight the importance of epithelial-derived
cytokines in asthma. In relation to TSLP, in a recent GWAS of eosinophilic esophagitis
(EoE), Rothenberg et al. identified a SNP rs3806932 in the TSLP gene to be significantly
associated with EoE [231]. They reported that subjects with EOE had increase TSLP mRNA
expression, which was significantly correlated with rs3806932 genotype. EOE subjects who
were homozygous for the protective minor allele expressed less TSLP mRNA than those
who were heterozygous and homozygous for the risk (ancestral) allele.

Homing in on TSLP, a recent candidate gene and genome-wide association studies
identified “protective” associations between SNP rs1837253, found in the 5’ promoter

region of TSLP, with asthma, atopic asthma and airway hyper-responsiveness [9, 11]. The
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absence of linkage disequilibrium of rs1837253 with other SNPs in the region suggests that
it is likely the causal polymorphism for the associations, and/or has functional consequences
on TSLP expression. Other studies have reported that this same SNP, rs1837253, have
reduced association with asthma in Costa Rican boys [74] and reduced associations with AR
in three independent cohorts for asthma [81]. The inverse association between rs1837253
and asthma suggests the possibility that this TSLP variant results in diminished secretion of
TSLP, consequently, modulating the Th2 inflammatory response.

Other candidate gene association studies have demonstrated the importance of TSLP
variants to the development of allergic disease phenotypes [82, 232, 233] and TSLP
expression [190]. A functional SNP, rs3806933, has been identified in the regulatory
element of the long form of TSLP [190]. This variant enhances the binding of AP-1, a
transcription factor that is critical for TLR3-dependent cytokine expression, resulting in
enhanced transcriptional efficiency of the long form of TSLP in response to dsRNA
stimulation in primary BEC. This same SNP, rs3806933, was later reported to be associated
with childhood atopic and adult asthma [232]. Furthermore, in a sex-stratified genome wide
linkage analyses, Hunninghake et al. [82] found a SNP in TSLP, rs2289276, to be inversely
associated with cockroach-specific IgE in Costa Rican girls and total IgE in Costa Rican
girls with asthma.

AD is a common chronic inflammatory skin disease that affects 15- 20% of children
in industrialized countries. AD eczema herpeticum (ADEH) is a rare but serious
complication of AD. Associations between variants in TSLP and its receptors and risk of
AD and related sub-traits have recently been reported by Gao et al. [233]. They found a

SNP (rs1898671) in TSLP to be associated with a lower risk of ADEH among European
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American subjects. SNP rs2416259 was also identified to be associated with risk of ADEH,
as well as high total IgE concentrations, and eczema area and severity index scores. Of note,
SNP rs2289276, a SNP previously associated with cockroach specific IgE levels and total
IgE concentration [82], was associated with AD in their study. Table 3 provides a brief
summary of TSLP polymorphisms. Collectively, these genetic studies further highlight a
critical role for TSLP in the pathogenesis of asthma and allergic diseases. This thesis will
focus specifically on how the SNP rs1837253 in TSLP may be protective of the development

of Th2 responses.

Table 3. Description of polymorphisms in the TSLP gene associated with allergic diseases

SNP? Chron_qqsorznal Allele Change  Clinicial Association(s)
Position

rs3806932 5:110405675 A>G Eosinophilic esophagitis [231]
rs1837253 5:110401872 C>T Asthma, atopic asthma, AHR [11, 74] and AR [81]
rs2289276 5: 110407507 C>T Asthma, IgE to cockroach [74, 82] and AD [233]
rs3806933 5:110406742 C>T Childhood atopic asthma and adult asthma [232]
rs1898671 5:110408002 C>T Lower risk of AD eczemia herpeticum [233]
rs2416259 5:110419742 C>T AD eczemia herpeticum and total IgE [233]

!Single nucleotide polymorphisms (SNPs) listed using the unique rs (reference SNP) number assigned by
NCBI (www.ncbi.nlm.nih.gov); “Reference sequences from NCBI Build 37.1 (chromosome: base position):
AHR, airway hyperresponsiveness; AR, allergic rhinitis, AD, atopic dermatitis; IgE, immunoglobulin E.

1.6 Summary

Until recently, the TSLP-DC OX40L-T cell axis was believed to be the main pathway
through which TSLP mediates allergic disease [14, 187]. However, recent studies

demonstrate that there may be alternate pathway(s) in which TSLP may drive Th2-biased
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responses via the TSLP-progenitor axis [15, 142, 143]. To what extent these pathways are
operating in vivo in humans in the context of allergic disease is unknown.

Recent attention has focused on the effects of TSLP polymorphisms on asthma and
related phenotypes [82, 190, 232]. However, the biological effects of these polymorphisms,
which ultimately leads to the manifestation of these clinical phenotypes and associations are
lacking. TSLP is currently a candidate for therapeutic intervention in allergic disease but the
functional consequence(s) of TSLP variants as well as the downstream effects of TSLP may

be equally critical in designing novel therapeutic interventions for allergic diseases.

1.7 Research Studies

The overall objective of this thesis was to examine how TSLP drives the downstream
effector pathways of allergic disease. As such, we examined two distinct TSLP-mediated
pathways: a TSLP-DC axis and a TSLP-Eo/B progenitor axis. We hypothesized that
variants in the TSLP gene are linked to alterations in TSLP secretion that then modulate
downstream cellular events, such as Eo/B differentiation. Collectively, the goal of these
studies was to broaden our understanding of the role that TSLP polymorphisms, and
subsequently, epithelial-derived TSLP, play in the responses of downstream effector cells.
Modulation of the level of TSLP expression may ultimately influence the development of

allergic diseases.

43



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

1.7.1

1.7.2

1.7.3

T cell-mediated induction of thymic stromal lymphopoietin in differentiated human
primary BEC (Chapter 2)

Hypothesis: Activation of allergen-specific effector T cells in the airways leads to
activation of airway epithelium, resulting in the upregulation of the immuno-
modulatory mediators TSLP and CCL17.

Aim: Investigate the cross-talk between allergen-specific T cells and primary
human BEC with respect to TSLP and CCL17 production.

The effects of thymic stromal lymphopoietin and IL-3 on human eosinophil-
basophil lineage commitment: relevance to atopic sensitization (Chapter 3)

Hypothesis: Epithelial-derived TSLP mediates Eo/B lineage commitment via
induction of Th2 cytokine secretion, upregulation of hemopoietic cytokine

receptors, and amplification of Eo/B colony formation.

Aim: To determine whether TSLP-activated HHP differentiate into eosinophils and

basophils, the mechanisms involved in this process and their relationship to atopy.

Decreased nasal epithelial response to dsRNA in individuals with a thymic stromal
lymphopoietin gene variant (Chapter 4)

Hypothesis: SNP rs1837253 in the TSLP gene is a functional variant that alters
TSLP secretion.

Aim: To evaluate the expression of TSLP in nasal epithelial cells from atopic
individuals and to examine associations between rs1837253 genotype and TSLP

expression.
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CHAPTER 2: T cell-mediated induction of thymic stromal lymphopoietin in
differentiated human primary bronchial epithelial cells

Published in Clinical and Experimental Allergy, 2014; 44(7):953-64
Copyright © 2014 John Wiley & Sons Ltd.
Reprinted with Permission (See Appendix I)

Recent studies have demonstrated the ability of T cell epitopes from an allergen to induce
airway narrowing in asthmatic subjects through the activation of allergen-specific T cells
[83]. Furthermore, airway narrowing was reported to be associated with increased
expression of CCL17 and increased recruitment of CD4+ T cells to the airways [85]. The
mechanisms underlying T cell-dependent airway narrowing in asthma remain poorly
understood. We undertook the current study in an attempt to better understand the link
between activation of allergen-specific T cells and the induction of CCL17 in the airways.
Since CCL17 is highly induced by TSLP-activated DCs, we investigated whether activated
allergen-specific T cells are able to induce the expression of TSLP in primary bronchial
epithelial cells from asthmatic and non-asthmatic individuals and investigated the molecular
mechanisms through which this T cell-dependent TSLP expression occurs. We
demonstrated that mediators from activated T cells (and individual cytokines) are able to
induce TSLP and that production is higher in epithelial cells from asthmatic subjects.
Furthermore, using a novel DC bioassay, we demonstrated TSLP-dependent CCL17

production and related this to asthmatic status.
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Summary

Background Inhaled peptide challenge has been shown to induce T cell-mediated, isolated
late asthmatic reaction (LAR), characterized by recruitment of CD4™ T cells and increased
levels of thymus and activation-regulated chemokine (TARC; CCL17). Epithelial-derived
thymic stromal lymphopoietin (TSLP) has been shown to modulate dendritic cell function
to promote Ty2 responses via CCL17 production.

Objectives To elucidate the mechanisms involved in allergen-specific T cell-induced LAR
and recruitment of CD4™ T cells by examining the effects of T cell-derived factors on the
induction of TSLP in primary bronchial epithelial cells (PBEC).

Methods PBEC grown at air-liquid interface from healthy individuals and patients with
asthma were stimulated with double-stranded RNA (dsRNA) or supernatants from acti-
vated allergen-specific T cells. TSLP was measured in PBEC culture supernatants. Neutral-
izing antibodies and signalling inhibitors were used to examine the mechanisms
responsible for the induction of epithelial-derived TSLP. The functional activity of PBEC-
derived TSLP was measured using a bioassay involving the induction of CCL17 production
from monocyte-derived dendritic cells (moDC).

Results Both dsRNA and allergen-specific T cells induced enhanced TSLP secretion from
asthmatic PBEC compared to healthy PBEC. Activated PBEC culture supernatant induced
TSLP-dependent CCL17 production from moDC in a manner related to clinical asthmatic
status. IL-1f, IL-6, and CXCLS8, rather than Ty2 cytokines (IL-4/5/13), appeared to be the
principle mediators of allergen-specific T cell-dependent induction of epithelial-derived
TSLP, which was regulated by the MEK, MAPK, and NFkB pathways.

Conclusion and Clinical Relevance Our data reveal a novel effect of allergen-specific T
cells as a positive regulator of TSLP production by epithelial cells, suggesting T cell-air-
way epithelium interactions that may lead to maintenance and amplification of allergic
inflammation. TSLP is currently a candidate for therapeutic intervention in asthma, but
the factors that drive TSLP expression (T cell-derived factors) may be equally relevant in
the treatment of allergic inflammation.

Keywords airway epithelial cells, allergens, asthma, CCL17, dendritic cells, T cells, TSLP
Submitted 26 July 2013; revised 14 April 2014, accepted 14 April 2014

Introduction

stromal lymphopoietin (TSLP). TSLP is known to acti-
vate CD11c" dendritic cells (DC) [4]. TSLP-activated DC

In recent years, there has been a world-wide increase in
the prevalence of allergic asthma [1]. An important
immunopathological hallmark of allergic asthma is the
infiltration of T helper type 2 (Ty2) cells into the air-
ways [2], a phenomenon promoted by the epithelial-
cell-derived interleukin (IL)-7-like cytokine [3] thymic

express thymus and activation-regulated chemokine
(TARC; CCL17), resulting in the recruitment of CD4"
Ty2 cells expressing the chemokine receptor CCR4 [4,
5]. TSLP-activated DC also prime Ty2 cell differentia-
tion through expression of 0X40L [4, 6], thus initiating
and perpetuating the inflammatory cascade.
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Recent evidence suggests that the airway epithelium
is an important orchestrator in the recruitment of CD4"
Ty2 cells by influencing DC [4, 6, 7]. Epithelial-derived
cytokines such as TSLP, IL-33, and IL-25 have been
shown to play a key role in the genesis and mainte-
nance of allergic inflammation in the airways [8, 9]. A
role for TSLP in human allergic discases is suggested
because of the identified association of a single nucleo-
tide polymorphism (rs1837253) in the upstream region
of tslp with asthma, atopic asthma, and airway hyper-
responsiveness [10]. In healthy individuals, TSLP can be
elicited from human airway epithelial cells by cytokines
(e.g. IL-4/TNFz) and pathogen-associated molecular
patterns such as bacterial lipopolysaccharide (LPS;
TLR4-agonist) and polyinosinic-polycytidylic acid (pol-
yI:C; TLR3-agonist) [11-13]. In patients with asthma,
TSLP and CCL17 are expressed in increased levels in
the lungs and are linked to disease severity [14]. Studies
in murine models have demonstrated reduced airway
disease in TSLP receptor-deficient mice, while experi-
mental lung-specific expression of a TSLP transgene
induced experimental asthma [15].

The role of T cells in asthma, particularly Ty2 cells,
has been well established [16—-18]. Intradermal injec-
tion [19, 20] and inhalation [17] of allergen-derived T
cell peptide epitopes have been shown to induce T
cell-mediated, isolated late asthmatic reactions (LAR)
in some patients with atopic asthma. Furthermore, fol-
lowing inhaled peptide challenge, there are significant
increases in CD3' and CD4" T cells recruited to the
airway during the LAR, which is associated with
increased levels of CCL17 in the airwaysflung [18].
Given that TSLP and CCL17 expression are up-regu-
lated in bronchial epithelium of patients with asthma
and correlate with asthma severity [14], T cells acti-
vated by peptide cpitopes can induce isolated LAR
[18], CCL17 is associated with CD4" T cell accumula-
tion during the LAR [18], and TSLP is capable of
inducing CCL17 in DC [4], a potentially important yet
unexplored role for allergen-specific T cells is the
induction of TSLP expression in airway epithelial cells.
However, to date the biological effects of T cells on
epithelial-derived TSLP have not been described. In
this study, we attempt to elucidate the mechanisms
through which activation of allergen-specific T cells
can induce airway narrowing associated with recruit-
ment of CD4" T cells [18]. We examine the effects of
T cell-derived factors on the induction of TSLP in dif-
ferentiated human primary bronchial epithelial cells
(PBEC) grown at air-liquid interface (ALI) from healthy
individuals and patients with asthma. Functional activ-
ity of PBEC-derived TSLP in the induction of CCL17
secretion by moDC was employed to create an in vitro
model of T cell-dependent airway mucosal inflamma-
tory responses.

Materials and methods

Airway epithelial cell isolation and culture

All studies were approved by Hamilton Health Sciences/
McMaster University Research Ethics Board (approval
number 07-213), and patients provided written
informed consent to participate. PBEC from patients
with asthma were derived from segmental bronchial
brushings during bronchoscopy of asthmatic volunteers
according to international guidelines [21] and as previ-
ously described [22]. Asthma was defined as either a
positive methacholine provocation challenge (a meth-
acholine concentration inducing a 200% fall in forced
expiratory volume in 1s, PC20 of <16 mg/mL) or
reversibility to inhaled short-acting bronchodilator of
>12% and =200 mL as per standard international
guidelines [23]. Healthy PBEC were purchased from
Clonetics (Lonza, Allendale, NJ, USA). PBEC were
expanded and cultured as previously described with
modification [24, 25]. Briefly, PBEC were maintained in
bronchial epithelial growth medium (BEGM) — bronchial
cpithelial basal medium (Lonza) supplemented with Sin-
gleQuots (Lonza). PBEC were propagated for less than
four passages from original stocks.

Culture

PBEC were sceded at a density of 8.25 x 10” cells/insert
in 0.5 mL bronchial epithelial differentiating medium
(BEDM) — 1 : 1 mix of Dulbecco’s modified eagle med-
ium (Sigma Aldrich, St. Louis, MO, USA) and BEGM -
onto the apical surface of the polyester inserts (Corning
Costar, Corning, NY, USA). One millilitre of BEDM was
added to the basal compartment and cultured at 37°C,
500 CO,. Media were replaced every second day until
cells reached confluence. Thereafter, media from the api-
cal surface were removed — establishing an ALI — and
cells were differentiated for a further 21 days with the
basolateral media replaced every second day.

Activation of PBEC

PBEC were stimulated with TNFa, IFNy, IL-1B, IL-4, IL-
5, [L-6, IL-13, CXCL8, CCL5 (PeproTech, Rocky Hill, NI,
USA), activated T cell supernatants (1 x 10° cells/mL
and 2 x 10° cells/mL allergen-specific T cells), and pol-
yI:C (EMD Chemicals, Life Science Solutions, Gibbs-
town, NJ, USA) as indicated for 24 h at 37°C, 5% CO,.
In some experiments, cells were pretreated for 1 h with
a cocktail of Ty2 neutralizing antibodies (anti-IL-4,
anti-IL-5, and anti-IL-13; each at 10 pg/mL; R&D Sys-
tems, Minncapolis, MN, USA), a cocktail of Tyl neutral-
izing antibodies (anti-TNFa and anti-IFNvy; each at
10 pgfmL; R&D), N'-((4-Oxo-4H-chromen-3-yljmethy-

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Aflergy, 44 @ 953-964
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lene} nicotinohydrazide (STATS inhibitor; 50 pm; Santa
Cruz Biotechnology, Dallas, TX, USA), AS1517499
(STAT6 inhibitor; 100 nm; Axon, Reston, VA, USA),
PD98059 (MEK inhibitor; 10 pwm; Calbiochem, San
Diego, CA, USA), SB203580 (p38MAPK inhibitor; 1 pm;
Calbiochem), SP600125 (JNK inhibitor; 50 nu; Calbio-
chem), and BAY 11-7082 (IxB inhibitor; 10 pwm; Calbio-
chem). The concentrations of the inhibitors used in this
study are in line with other in vitro studies [26, 27],
which have shown no effects on cell survival at the
selected concentrations.

Blood collection and processing

Fifty millilitre of blood was collected through direct
venipuncture into heparinized vacutainer tubes (Becton-
Dickinson, Franklin Lakes, NJ, USA). Peripheral blood
mononuclear cells (PBMC) were isolated by density cen-
trifugation, washed with RPMI-1640 (Sigma), and resus-
pended in complete culture medium - RPMI-1640
supplemented with 10% fetal bovine serum (Sigma) and
1% penicillin-streptomycin-i-glutamine (Sigma).

Cat allergen-specific T cells

Cat allergen-specific T cell lines (TCL) were generated
from PBMC of patients with cat-allergic asthma. PBMC
were cultured for 14 days in the presence of cat allergen
(25 pg/mL; ALK Abello; Mississauga, ON, Canada) and
IL-2 (10 ng/mL; PeproTech). T cells were restimulated
with autologous irradiated (3000R) PBMC and cat aller-
gen extract for 3-6 cycles. In each 7 -day restimulation
cycle, IL-2 was added at days 0 and 3. Supernatant was
obtained following 48-h restimulation with plate-bound
anti-CD3/anti-CD28.

Monocyte-derived dendritic cells (moDC)

CD14" human monocytes were isolated from PBMC by
positive magnetic sclection using FasySep” Human
Buffy Coat CD14 Positive Selection kit (STEMCELL
Technologies, Vancouver, BC, Canada) as per manufac-
turer’s instructions. Monocytes were cultured (2 x 10°
cellsymL) in 96-well flat-bottom plates in complete
RPMI supplemented with GM-CSF and IL-4 (cach at
25 ng/mL; PeproTech) at 37°C, 5% CO,, for 6 days.

moDC activation

Mature moDC were stimulated for 48 h with superna-
tant from activated PBEC. Isotype control IgG; (eBio-
science, San Diego, CA, USA} or anti-TSLP monoclonal
antibody (mAb) (generous gift of Dr. G. Delespesse;
University of Montreal, QC, Canada) was added to a
final concentration of 10 pg/mL.

@ 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 @ 953-964
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Cytokine and chemokine measurement

TSLP and CCL17 in cell-free supernatant were measured
using DuoSet ELISA Development kit (R&D) as per
manufacturer's instructions. Cat allergen-specific T cells
(2 x 10° cells/well) were stimulated for 48 h, and cell-
free supernatant was harvested, and IL-1pB, IL-4, IL-6,
IL-9, IL-10, IL-13, GM-CSF, IFNy, TNFu, CXCL8, CCL11,
CCL2, and CCL5 were assessed using Bio-Plex assays
(Bio-Rad, Hercules, CA, USA) according to manufac-
turer's recommendation. The detection limits for these
cytokines were 3.2 (IL-1p), 12 (IL-3), 2.2 (IL-4), 3.1 (IL-
5), 2.3 (IL-6), 2.1 (IL-9), 2.2 (IL-10), 3.7 (IL-13), 2.2
(GM-CSF), 92.6 (IFNy), 5.8 (INFo), 1.0 (CXCL8), 40.9
(CCL11), 2.1 (CCL2), and 2.2 pg/mL (CCL5).

Statistical analysis

All data are expressed as the means = SEM. Signifi-
cance was assumed at P < 0.05. All analyses were per-
formed with PASW Statistics (version 18) (SPSS,
Chicago, IL, USA) using nonparametric tests. Differences
within groups were assessed by Friedman test with
Dunn’'s post hoc test. Differences between groups
(healthy individuals vs. patients with asthma) were
assessed by Mann-Whitney U-test.

Results

Clinical characteristics of patients with asthma

All subjects had either a positive methacholine chal-
lenge or significant airways reversibility to bronchodi-
lator [23]. Additionally, all subjects were taking regular

Table 1. Clinical characteristics of patients with asthma

Characteristics Asthmatics (n = 6)

Age (years) 52 (24-64)
Ratio M/F 2:4

BMI (kg/m?) 32.28 (21.1-48.1)
FEV,, L (prebronchodilator) 2.39 {1.47-4.5)

FEV,,% predicted (prebronchodilator) 79.5 (50-97)
FEV,, L (post-bronchodilator) 2.53 (1.67-4.51)
FEV % predicted (post-bronchedilator) 86 (64-103)
»FEV, bronchodilator (%) 5 (1-14)
PC, methacholine (mg/mL) 12.5 (1.33-33)
Eosinophil {absolute) 0.25 {0.2-0.5)
Total IgE 63 (24-344)
ICS/LABA (n) 6

Inhaled corticosteroids (pg)* 400 {100-1000)

FEV,, forced expiratory velume in 1 s; PCy, methacholine, concentra-
tion of methacholine provoking a fall in FEV, of 20% or more; ICS/
LABA, inhaled corticosteroid/long-acting (-agonists.

Values shown are numbers of median (minimum-maximum).

*Inhaled equivalent.
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inhaled steroids (= 400 pg beclomethasone/day). Fur-
ther subject characteristics are shown in Table 1.

Pro-inflammatory cytokines induce TSLP expression in
PBEC

Pro-inflammatory cytokines have been shown to induce
TSLP production (mRNA or protein) from human airway
epithelial cells [11, 12, 28]. To investigate whether air-
way epithelial cells grown at ALI behave similarly,
healthy PBEC were stimulated with cytokines (1, 10,
100 ng/mL) or medium alone and culture supernatants
assayed for TSLP. Dose-dependent release of TSLP was
observed in response to TNFa (P < 0.05). IL-1B, IL-13,
and IL-4 induced a substantial amount of TSLP
although no dose response was observed within the
range examined (Fig. 1).

TLR3 ligand induces TSLP expression in PBEC

To further validate our ALI model, we examined the
effects of polyl:C on the induction of TSLP from PBEC
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Fig. 1. Pro-inflammatory cytokines induce TSLP in healthy human
PBEC. Healthy human PBEC were incubated for 24 h with varying
concentrations (0-100 ng/mL) of TNFa (a), IL-1p (b), IL-13 (c), and IL-
4 (d). Concentrations of TSLP protein in the culture supernatant were
measured by ELISA. One independent experiment performed per sub-
ject. Results shown are mean + SEM in duplicate (# = 5). Significant
difference from untreated cells (*P < 0.05)

obtained from healthy individuals and patients with
asthma grown at ALL Stimulation with polyl:C induced
a dose-dependent release of TSLP in both groups, with
significantly higher expression of TSLP following
50 pg/mL of polyl:C compared to medium alone

(healthy controls: 97.91 £+ 17.67 pg/mL vs.
0.45 &+ 0.45 pg/mL, P <0.001; and paticnts with
asthma: 184.74 & 33.37 pg/mL vs. 19.82 &+ 14.67

pg/mL, P < 0.01, respectively; Fig. 2). PBEC derived from
patients with asthma expressed higher levels of TSLP
than those from healthy controls across all concentra-
tions (184.738 + 33.37 pg/mL vs. 97.91 &+ 17.67 pg/mL
at 50 pg/mL poly I.C; P < 0.05; Fig. 2).

Allergen-specific T cell-soluble products elicit greater
TSLP production in PBEC from patients with asthma

We investigated whether mediators secreted by aller-
gen-specific T cells could activate airway epithelial cells
to produce TSLP. Supernatants from activated cat aller-
gen-specific T cells cultured at 2 x 10° cells/mL
induced significantly more TSLP secretion from ALI-
differentiated PBEC from both clinical groups, com-
pared to  medium  alone (healthy  subjects:
8.78 + 2.44 pg/mL vs. 3.62 &+ 1.19 pg/mL, P < 0.05;
patients with and asthma: 22.57 £ 5.05 pg/mL vs.
9.14 + 1.71 pg/mL, P <0.05; Fig.3). PBEC from
patients with asthma expressed higher levels of TSLP
than PBEC obtained from healthy controls (2.6-fold;
P < 0.05; Fig. 3).
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Fig. 2. Triggering of TLR3 induces TSLP production in human PBEC
grown at ALL Healthy (open circles) and asthmatic (closed circles)
PBEC grown at ALI were incubated for 24 h with inereasing concen-
trations of poly [:C {(0-50 ng/mL). Concentrations of TSLP protein in
the culture supernatant were measured using ELISA. Results shown
are mean + SEM in duplicate (n = 6). One independent experiment
performed per subject. Significant difference within group from
untreated cells (*P < 0.05; **P < 0.01; ***P < 0.001) and between
groups (*P < 0.05).

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 953-964
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Fig. 3. Allergen-specific T cell-soluble products elicit greater TSLP
production from asthmatic PBEC. Both healthy (open circles) and
asthmatic (closed circles) PBEC were stimulated for 24 h with super-
natants from purified allergen-specific T cells (1 x 10" and 2 x 10°
cellsfmL). Concentrations of TSLP protein in the culture supernatant
were measured using ELISA. Results shown are mean + SEM in dupli-
cate (n = 5). One independent experiment performed per subject. Sig-
nificant difference within group from untreated cells (*P < 0.05) and
between groups (*F < 0.05).

Inhibition of MEK, MAPK, and NFxB pathways reduces
allergen-specific T cell-induced TSLP

To elucidate the responsible mediators in the superna-
tant of activated allergen-specific T cells, PBEC were
stimulated with allergen-specific T cell supernatants in
the presence or absence of neutralizing antibodies
against a cocktail of Ty2 cytokines (IL-4, IL-5, and IL-
13) or a cocktail of Tyl cytokines (TNFa and IFNy) and
the supernatants were collected and analysed for TSLP
levels. We demonstrated that neutralizing a pool of Ty2
or Tyl cytokines did not effectively inhibit TSLP pro-
duction (Fig 4a). Next, pharmacological inhibitors were
used to clucidate the signalling pathway(s) responsible
for mediating allergen-specific T cell-induced TSLP
expression. Preincubation with STAT5/6 inhibitors or
LY294002 (phosphatidylinositol 3-kinase (PI3K) inhibi-
tor) had no effect on allergen-specific T cell induction
of TSLP expression. In contrast, SP600125 (c-Jun N-ter-
minal kinase (JNK) inhibitor), PD98059 (MEK inhibitor),
S$B203580 (p38), or BAY 11-7082 (IxB inhibitor) signifi-
cantly inhibited the production of TSLP (P < 0.05;
Fig. 4b).

IL-1f3, IL-6, and CXCL8 secreted by allergen-specific T
cells induce TSLP production in PBEC

To further characterize the responsible mediators
involved in the induction of TSLP, supernatants from
activated cat allergen-specific T cells cultured at
2 x 10° cells/mL were analysed for cytokine/chemokine
secretion using Luminex. IL-1p, IL-5, IL-6, IL-13, CCL2,
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Fig. 4. Allergen-specific T cell-induced TSLP is dependent on MEK,
MAPEK, and NFgB pathways. Healthy PBEC were preincubated with (a)
a cocktail of Ty2 neutralizing antibodies (anti-IL-4, anti-IL-5, and
anti-IL-13; each at 10 pg/ml) or a cocktail of Tyl neutralizing anti-
bodies (anti-TNFa and anti-IFNvy; each at 10 pg/mL) before stimulat-
ing with supermatant from activated allergen-specific T cells, or a
cocktail of Ty2 cytokines (IL-4, IL-5, and [L-13; each at 10 ng/mL) or
Tyl cytokines (TNFor and [FNy; each at 10 ng/mL). (b) STATS inhibi-
tor (50 pm), STAT6 inhibitor (100 nM), PD98059 (MEK inhibitor;
10 ), SB203580 (p38MAPK inhibitor; 1 ), SP600215 (INK inhibi-
tor; 50 nu), BAY 11-7082 (IxB inhibitor; 10 pm), and LY294002
(PI3K inhibitor; 50 pm) for 1 h before stimulating with supernatant
from activated allergen-specific T cells. Results shown are
mean + S5EM in duplicate {n = 6). One independent experiment per-
formed per subject. Significant difference from media (*P < 0.05) and
allergen-specific T cells (*P < 0.05).

CCL5, and CXCL8 were the predominant mediators
secreted by allergen-specific T cells (Fig 5a). Allergen-
specific T cells failed to secrete detectable levels of
CCL11. We next examined the effects of human
recombinant IL-1[, IL-5, IL-6, CCL5, and CXCL8 on
TSLP production in PBEC. When combined, IL-1p, IL-6,
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Fig. 5. Allergen-specific T cells induce TSLP production in PBEC via IL-1p, IL-6, and CXCLS8. (a) Cat allergen-specific T cells (2 x 10° cells/well)
were stimulated for 48 h, and cell-free supemnatant was harvested and measured for cytokine/chemokine secretion (pg/mL) using Luminex. (b)
Healthy PBEC were incubated for 24 h with IL-1p (15 ng/mL), [L-6 (20 ng/mL), CXCL8 (50 ng/mL), CCL5 (20 ng/mL), and IL-5 (10 ng/mL). Con-
centrations of TSLP protein in the culture supernatant were measured by ELISA. One independent experiment performed per subject. Results
shown are mean + SEM in duplicate (# = 5). Significant difference from untreated cells (*P < 0.05). N.D., not detected.

and CXCL8 together significantly enhanced TSLP
expression from PBEC (Fig. 5b).

TSLP-dependent production of CCL17

To assess the biological activity of TSLP in the superna-
tants of activated airway epithelial cells, moDC were
stimulated with supernatants (SN) from [1] polyl:C-

exposed PBEC from healthy individuals (healthy polyl:
C-SN) and patients with asthma (asthmatic polyl:C-SN)
and [2] cat allergen-specific TCL supernatant-stimulated
PBEC from healthy subjects (healthy TCL-SN) and
patients with asthma (asthmatic TCL-SN). Healthy and
asthmatic polyl:C-SN induced CCL17 production from
moDC that was significantly inhibited by anti-TSLP mAb
(P <0.001) (Fig. 6a,b). moDC cultured with asthmatic
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Fig. 6. TSLP-dependent production of CCL17 by moDC following cul-
ture with PBEC poly[:C-SN. Fully differentiated healthy and asthmatic
PBEC grown at ALl were stimulated with polyl:C-5N for 24 h and
supernatant collected for activation of moDC. meDC were stimulated
for 48 h with healthy (a) and asthmatic (b) polyl:C-5N in the presence
or absence of neutralizing anti-TSLP and supernatant collected and
measured for CCL17 using ELISA. (¢) CCL17 secretion by moDC fol-
lowing healthy {white bars) and asthmatic {(black bars) polyl:C-SN.
Results shown are mean + SEM in duplicate (n = 5). One independent
experiment performed per subject. Significant difference within group
from SNT + anti-TSLP (***P < 0.001) and berween groups (*P < 0.05).

polyl:C-SN produced significantly higher levels of
CCL17 than that cultured with healthy polyl:C-SN (1.7-
fold at 50 pgfmL poly I:C; P < 0.05; Fig. 6¢). Likewise,
healthy and asthmatic TCL-SN induced CCL17 produc-
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Fig. 7. TSLP-dependent production of CCL17 by moDC following cul-
ture with PBEC TC-SN. Fully differentiated healthy and asthmatic
PBEC grown at ALl were stimulated with TC-SN for 24 h and super-
natant collected for activation of moDC. moDC were stimulated for
48 h with healthy (a) and asthmatic (b) TC-SN in the presence or
absence of neutralizing anti-TSLP and supernatant collected and mea-
sured for CCL17 using ELISA. (¢} CCL17 secretion by moDC following
healthy (white bars) and asthmatic (black bars) TC-5N. Results shown
are mean + SEM in duplicate (# = 3). One independent experiment
performed per subject. Significant difference within group from
SNT + anti-TSLP (*P < 0.05).

tion from moDC that was significantly inhibited by the
addition of anti-TSLP mAb (P < 0.05; Fig. 7a,b).
agreement with data from polyl:C-SN, asthmatic TCL-SN
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induced higher levels of CCL17 from moDC than healthy
TCL-SN, although the difference between groups did not
achieve statistical significance (Fig. 7¢).

Discussion

The active role of the epithelium in the initiation and
regulation of mucosal inflammation has become
increasingly clear [8, 9]. The crosstalk between epithe-
lial cells and DC, mediated by allergen-specific T cell-
induced TSLP, may be an important mechanism for the
allergic immune cascade. In a recent study [18], bron-
choscopic analysis of T cell recruitment to the airway
revealed significant increases in CD3" and CD4" T cells
following inhaled peptide challenge (in individuals who
developed LAR), which was associated with increased
levels of CCL17 in the airways/lung. Levels of CCL17
correlated with the magnitude of the LAR, suggesting
an association between CCL17 and CD4" T cell accumu-
lation, in the induction of the LAR. Together, these
observations support our finding of enhanced allergen-
specific T cell-mediated CCL17 by DC in vitro in rela-
tion to clinical asthmatic status — a process that we
demonstrate to be dependent on TSLP. The capacity of
TSLF to participate in allergen-specific T cell-driven
allergic response points to the potential importance of T
cell-epithelium interactions in the development of aller-
gic inflammation.

Airway epithelial cells produce an array of cytokines
and chemokines that have the capacity to orchestrate
allergic inflammation in the lung [15]. We demonstrate
herein the production of TSLP by both healthy and
asthmatic PBEC grown at ALL To date, the ability of
individual Ty2 cytokines to stimulate TSLP protein
expression in the airway epithelium remains controver-
sial. Kato et al. [12] did not find detectable levels of
TSLP following stimulation with TNFa, 1L-4, or IL-13.
Similarly, Lee ct al. [28] found that IL-4 and IL-13 had
no effect on TSLP expression, but demonstrated
increased TSLP production with IL-1 or TNFa. Allakver-
di et al. [11] reported the combined effects of IL-1p and
TNFa on TSLP production in small airways epithelial
cells (SAEC). In the present study, we found a dose-
dependent release of TSLP in healthy PBEC grown at
ALl following stimulation with TNFo or IL-1p (Fig. 1).
Recently, TNFo or IL-18 alone was shown to induce
TSLP production from human airway smooth muscle
cells [29]. In pivo, a combination of ciliated, non-cili-
ated, and mucous-secreting cells constitutes the airway
epithelium [30]. PBEC grown in ALI cultures are well
differentiated, with a mixed mucociliary phenotype,
compared to the poorly differentiated PBEC grown in
submerged monolayer cultures [31, 32]. Epithelial cells
in ALI cultures have been reported to secrete tonic levels
of inflammatory cytokines including TNFa [33]. There-

fore, the ability to detect TSLP in our in vitre cultures
could result from the synergistic effects of autocrine
TNFa and our selected cytokines of interest. This is in
line with the reports that showed that a combination of
TNFo with IL-4, IL-13, or IL-1B up-regulates TSLP
expression in healthy PBEC [12] and SAEC [11].

Previous studies have demonstrated that exposure to
dsRNA in vitro induces TSLP expression in SAEC [11]
and PBEC from healthy individuals and patients with
asthma [12, 13]. We demonstrate herein that PBEC from
patients with asthma have a higher response to stimuli,
resulting in the release of more TSLP than PBEC from
healthy controls (Fig. 2), which is consistent with previ-
ous reports [13, 34, 35]. Our data support the reproduc-
ibility of dsRNA-dependent TSLP production in human
PBEC and extend these findings by showing it in PBEC
grown in ALI conditions, which allow cells to differen-
tiate to a mixed mucociliary phenotype more represen-
tative of in wvive conditions than liquid submerged
cultures [32]. OF note, Lee et al. [34] failed to induce
TSLP from ALI cultures from healthy children using
respiratory syncytial virus (RSV). This discrepancy may
be a result of intrinsic and functional differences
between children- and adult-derived PBEC. However,
consistent with our data, Uller et al. [13] were able to
demonstrate TSLP secretion from healthy bronchial epi-
thelial cells following stimulation with polyl:C. RSV
represents only one of many strains of viruses; other
strains of viruses have been successful in inducing TSLP
from airway epithelial cells [12]. Furthermore, polyl:C is
a highly accepted dsRNA surrogate commonly used in
research to simulate virus infection, as it mimics many
aspects of rhinovirus infection in PBEC [13], allowing
for the yield of robust and reproducible data.

Little is known about the details of interaction
between activated allergen-specific T cells and the epi-
thelium. Our study provides the first evidence that
exposure of PBEC to soluble products from allergen-
specific T cells induces disproportionate production of
TSLP in PBEC from patients with asthma compared to
healthy controls. Given that allergen-specific T cells are
largely associated as being Ty2 in nature, we speculate
IL-4 and IL-13 [11, 12, 28] to at least partially account
for the activity of the T cell supernatants. To our sur-
prise, we found that neither neutralizing a pool of Ty2
nor Tyl cytekines effectively inhibited TSLP production
(Fig 4a). Of note, although we blocked a cocktail of Ty2
cytokines (IL-4, IL-5, and IL-13), we did not specifically
block the combination of IL-18 and IL-13 in the T cell
supernatant-dependent TSLP production in PBEC. As
allergen-specific T cell supernatants contained high lev-
els of IL-13 (~8 ng/mL) and IL-1p (~15 ng/mL; Fig. 5a)
and given the modest induction of TSLP in PBEC by IL-
13 (10 ng/mL) and IL-1p (10 ng/mL; Fig. 1), there may
very well be additive effect of IL-1p and IL-13.
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We further demonstrate that blocking STAT5, STATS6,
or PI3K has no effect on inhibiting T cell-induced
TSLP expression (Fig. 4b). In contrast, we demonstrate
that the regulation of TSLP expression by allergen-spe-
cific T cells involves the MEK, mitogen-activated pro-
tein kinases (MAPK) — p38 and INK - and nuclear
factor kappa beta (NFxB) pathways. SP600125 (INK
inhibitor) inhibited allergen-specific T cell-induced
TSLP expression by more than 50%, while PD98059
(MEK inhibitor), SB203580 (p38 inhibitor), and BAY
11-7082 (IxB inhibitor) inhibited the production of
TSLP to a lesser extent (46.7%, 39.3%, and 36.4%,
respectively; Fig. 4b). Of note, when the P-values were
corrected for multiple analyses, the inhibitors no longer
achieved a statistical significance, which is likely due
to small sample size. Nonetheless, our results are in
agreement with the findings that MAPK and NFxB sig-
nalling regulates TSLP induction in airway epithelial
cells [28, 36, 37]. Upon further characterizing the
responsible mediators in driving TSLP expression, we
detected high levels of IL-1p, IL-5, IL-6, IL-13, CXCLS,
CCL2, and CCL5 in the supematants of allergen-specific
T cells (Fig 5a). When combined, IL-1p, IL-6, and
CXCL8 together significantly enhanced TSLP expres-
sion in PBEC (Fig 5b). Of note, we did not examine the
combination of IL-6 and CXCL8 on the induction of
TSLP, and therefore, it is still unclear what the com-
bined role of IL-6 and CXCL8 is and remains to be elu-
cidated. Furthermore, in the current study, we did not
cxamine the expression of CXCL8 receptors, CXCR1
and CXCR2, in bronchial epithelial cells. However,
CXCR1 and CXCR2 expression has been demonstrated
on bronchial epithelial cells. Farkas et al. [38] previ-
ously reported that human bronchial epithelial cell
lines (BEAS2B) and PBEC from patients with chronic
obstructive pulmonary disease and healthy subjects
express both CXCR1 and CXCR2. This finding was con-
firmed by Di Stefano et al. [39] and Schulz et al. [40].
Collectively, these hndings along with our data suggest
that CXCL8, together with IL-1f and IL-6, can directly
act on PBEC, resulting in the up-regulation of TSLP
secretion. The lack of action through STAT5/6 and
anti-Ty2 intervention leads to the conclusion that the
major drivers of TSLP are not a result of the combina-
tion of [L-4, IL-5, and IL-13, supporting our finding
that a cocktail of antibodies to the major T2 cytokines
was unable to suppress TSLP production. However, fur-
ther studies are needed to elucidate the possible com-
bined effects of IL-13 and IL-1p. Together, our data
provide new evidence that allergen-specific T cells are
a positive regulator of TSLP production by epithelial
cells, via pro-inflammatory cytokines IL-1f, IL-6, and
CXCL8, suggesting T cell-airway epithelium interac-
tions that may lead to maintenance and amplification
of allergic inflammation.
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The current study presents a TSLP-driven model of
inflammation demonstrating the ability of PBEC-derived
TSLP to potently activate moDC, inducing the release of
CCL17 (Figs 6 and 7). Although several groups have
shown that it is the induction of 0X40L on TSLP-treated
DC that drive Ty2 responses, we examined CCL17 induc-
tion, which recruits memory CCR4" T2 cells [4, 6, 7], to
investigate whether differential expression of TSLP
between asthmatic and healthy PBEC translated to
CCL17 expression. We found an increased release of
TSLP from asthmatic PBEC compared to healthy controls
in response to TLR3-ligand or allergen-specific T cells
that resulted in a correspondingly increased release of
CCL17, which was markedly inhibited by the addition of
an anti-TSLP mAb demonstrating the dependency of
TSLP signalling in the expression of CCL17 (Figs 6 and
7). To the best of our knowledge, this is the first study to
demonstrate enhanced allergen-specific T cell-mediated
CCL17 expression by DC in vitre in relation to clinical
asthmatic status. Together, our data support the notion
that TSLP partakes in allergen-specific T cell-mediated
mucosal inflammatory response, which is increased in
patients with asthma. Of note, CCL17 is expressed in the
bronchial epithelium under physiological and pathologi-
cal conditions, such as bronchial asthma [14, 41]. Cyto-
kines such as IL-4, TNFa, and IFNvy have been previously
shown to induce CCL17 from bronchial epithelial cells
[42, 43] and may therefore contribute to CCL17 expres-
sion in our functional assay. Furthermore, Miazgowicz
ct al. [35] recently demonstrated the ability of TSLP to
drive the production of CCL17 from TSLPR* epithelial
cells. Taken together, it is plausible that the moDC super-
natant may be contaminated with epithelial-derived
CCL17, which may explain why anti-TSLP mAb did not
completely block CCL17 expression in the functional
assay. Nevertheless, Fig. 6a shows a > 50% reduction,
and Fig. 6b shows an approximate >60% reduction;
therefore, although complete inhibition of CCL17 was
not achieved, the degree of inhibition is substantial,
highlighting the biological activity and dependence on
TSLP in CCL17 induction. Increased expression of CCL17
in the bronchial epithelium of patients with asthma has
previously been reported [14, 41] and may result from
the action of activated T cells and other stimuli on air-
way epithelium, leading to TSLP production as suggested
by our findings. Furthermore, given that the magnitude
of LAR following peptide challenge correlates with
CCL17 expression and that peptide-induced LAR is mast
cell independent [18], our data suggest that mast cell-
derived TSLP may not be essential for CCL17 expression
[44]. Together, this supports the notion that airway nar-
rowing and airway hyper-reactivity in asthma are not
mediated solely through the activation of mast cells and
basophils, but that allergen-specific T cells play an
important role in regulating airway tone and reactivity.



Ph.D. Thesis — C. C.K. Hui

962 C. C K Hui et o

McMaster University — Medical Sciences

However, it is not clear how physiologically pure the
data are, and thus, the next step will be to conduct in
vivo studies to better understand these pathways and
their relevance in patients.

Many have previously reported on the regulation of
TSLP expression in the epithelium [11-13]; however,
this study is the first to report on the downstream bio-
logical activity of PBEC-derived TSLP, which is in
agreement with a study that reports on the ability of
SAEC-derived TSLP to activate MC to produce cytokines
and chemokines [11]. Collectively, our findings support
the notion that TSLP-primed DC could be a potent
inducer of T cell-mediated immune responses [45].
Indeed, the concomitant action on the airway epithe-
lium of both dsRNA and allergen-specific and/or virus-
specific T cells during a viral infection may result in
heightened TSLP/CCL17  production and enhanced
pathology. Taken together, the present data, along with
previous reports [13, 34, 35], reveal differences between
healthy control and asthmatic bronchial epithelial cells’
immune response. The higher capacity of asthmatic epi-
thelial cells to sense and respond to viral infections and
thus to release more TSLP has previously been sug-
gested by Lee et al. [34], who demonstrated increased
expression of retinoic acid-inducible gene 1 in asth-
matic airway epithelial cells following respiratory syn-

cytial virus (RSV) infection. Furthermore, asthmatic
PBEC have been shown to produce higher levels of
inflammatory cytokines (IL-6, CXCL8, GM-CSF) follow-
ing RSV infection [46), which correlates with observed
increase in inflammatory response to viral infections in
vivo [47]. However, whether this difference is a result of
an autocrine regulation — enhanced signalling, resulting
in increased levels of inflammatory cytokines followed
by enhanced expression of TSLP - or whether the
observed differential response describes an underlying
genetic or epigenetic predisposition towards enhanced
TSLP expression needs to be further investigated. Fur-
thermore, asthmatic airway epithelia have decreased
barrier function and impaired airway repair, leading to
enhanced access of environmental stimuli [48].

In conclusion, our study demonstrates enhanced TSLP
secretion from PBEC derived from patients with asthma
compared to healthy controls. Our in vitro model pro-
vides further support for the notion that TSLP mediates
crosstalk between the epithelium and DC during allergic
inflammation. Furthermore, our study uncovers a previ-
ously unrecognized immunomodulatory role for T cells
in the pathogenesis of allergic airway inflammation — as
a trigger for the inflammatory cascade via TSLP secre-
tion. The activation of allergen-specific T cells in the air-
way mucosa (after allergen or peptide epitope exposure)

e X g ceL7 _x‘
Blood Stream .
Th2 cells
Mucousal Tissue

Fig. 8. Role of allergen-specific T cells in TSLP-mediated allergic inflammation. Following exposure to allergens/viruses 1), the epithelium
secretes TSLP (2, which activates immature DC ¢3). TSLP-activated DC trigger naive CD4" T cells to differentiate into inflammatory T2 cells that
produce inflammatory cytokines (IL-4, I1.-9, etc.) resulting in increased airway hyper-reactivity and mucus production @). TSLP-activated DC also
produce CCL17 (5), which recruits Ty;2 cells resulting in the release of inflammatory cytokines 6 and (7) - initiating allergic inflammation. Fur-
thermore, soluble products from allergen-specific T cells have the capacity to interact with the epithelium &) triggering more TSLP secretion (9),
which perpetuates the inflammatory cascade.
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leads to secretion of TSLP by bronchial epithelial cells
and activation of local DC, resulting in secretion of
CCL17 and recruitment and activation of CD3'/CD4"' T
cells, production of inflammatory cytokines, and, ulti-
mately, trigger of the paracrine regulation of TSLP secre-
tion by the epithelium, leading to the amplification of
allergic inflammation (Fig. 8). Given that our observa-
tions support the idea that T cell activation is capable of
triggering the inflammatory cascade via TSLP secretion,
our findings may have high implications in patients with
chronic severe asthma where the role of T cell is promi-
nent. The effect of inhaled peptide challenge on the pro-
duction of TSLP in airway epithelial cells from patients
in vivo merits investigation. TSLP is currently a candi-
date for therapeutic intervention in asthma, but defining
the factors that drive TSLP expression (T cell-derived
factors) will allow for a better understanding of allergic
disease development and for identifying new therapeutic
targets for atopic disorders.
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CHAPTER 3: The effects of thymic stromal lymphopoietin and IL-3 on human
eosinophil-basophil lineage commitment: relevance to atopic
sensitization
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Seminal studies have highlighted a critical immunomodulatory role for TSLP in allergic
inflammation, as well as TSLP effects on the differentiation of progenitors in animal models
[142]. Recently, TSLP has been shown to enhance Th2 cytokine production from human
progenitors [15], but the role of TSLP in ‘in situ hemopoiesis’ and its relevance to atopic
sensitization have not been studied. We therefore investigated the effects of TSLP on the
induction of Eo/B differentiation from HHP as well as the molecular mechanisms through
which this TSLP-dependent hemopoiesis occurs, and their relationships to atopy. We
demonstrated that CD34+ progenitors have the capacity to participate in TSLP-driven
allergic response in vitro through enhanced Eo/B colony formation. Furthermore, we
showed p38MAPK-dependent autocrine signaling by TNFa in TSLP-mediated human Eo/B
differentiation ex vivo. Lastly, we demonstrated enhanced stimulatory effects of TSLP on

peripheral blood Eo/B progenitors-derived from atopic individuals.
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Introduction

Abstract

An important immunopathological hallmark of allergic disease is tissue
eosinophilic and basophilic inflammation, a phenomenon which originates
from hemopoietic progenitors (HP). The fate of HP is determined by local
inflammatory cytokines that permit “in situ hemopoiesis,” which leads to the
accumulation of eosinophils and basophils (Eo/B). Given that recent evidence
supports a critical immunomodulatory role for thymic stromal lymphopoietin
(TSLP) in allergic inflammation, as well as TSLP effects on CD34+ progenitor
cytokine and chemokine secretion, we investigated the role of TSLP in mediating
eosinophilo- and basophilopoiesis, the mechanisms involved, and the association
of these processes with atopic sensitisation. In the studies presented herein, we
demonstrate a direct role for TSLP in Eo/B differentiation from human peripheral

blood CD34+ cells. In the presence of IL-3, TSLP significantly promoted the

formation of Eo/B colony forming units (CFU) (including both eosinophils and

basophils) from human HP (HHP), which was dependent on TSLP-TSLPR

interactions. IL-3/TSLP-stimulated HIHP actively secreted an array of cytokines/
chemokines, key among which was TNFa, which, together with IL-3, enhanced
surface expression of TSLPR. Mareover, pre-stimulation of HHP with IL-3/TNFa
further promoted TSLP-dependent Eo/B CFU formation. HHP isolated from
atopic individuals were functionally and phenotypically more responsive to TSLP
than those from nonatopic individuals. This is the first study to demonstrate
enhanced TSLP-mediated hemopoiesis ex vivo in relation to clinical atopic status.

The capacity of HHP to participate in TSLP-driven allergic inflammation points to

the potential importance of “in situ hemopoiesis” in allergic inflammation
initiated at the epithelial surface.

a heterodimeric receptor complex consisting of the IL-7Ra
chain and a TSLP binding chain (TSLPR) [9]. TSLP is known

The airway epithelium is an important initiator of the allergic
response; it secretes cytokines/chemokines, which regulate
innate immune cells [ 1]. One such cytokine is thymic stromal
lymphopoietin {TSLP), an IL-7-like cytokine [2], which can
be elicited from human airway epithelial cells by cytokines
and pathogen-associated molecular patterns [3, 4]. Many
effector cells involved in allergic diseases such as eosino-
phils [5], basophils [6, 7], and mast cells [3, 8] have all been
shown to respond to TSLP with increased survival,
differentiation, and cytokine secretion. TSLP signals through

to signal through the JAK/STAT and MAPK pathways
[10, 11], both of which are involved in the differentiation of
hemopoietic progenitor cells into eosinophils [12, 13].
However, the pathways involved in basophilopoiesis remain
unclear [7]. Nonetheless, human eosinophils and basophils
are closely linked during development and share a common
progenitor [14-16], while in the mouse these differentiative
pathways appear distinct [17].

Human eosinophils and basophils differentiate from a
common commiitted CD34+ hemopoietic progenitor cell,

© 2014 The Authors. fmmunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 1
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the eosinophil-basophil (Eo/B) progenitor, found in bone
marrow, cord blood, and peripheral blood (PB) [14]. We
have previously provided evidence that allergic inflamma-
tion is, at least in part, a result of CD34+ progenitors
homing to sites of inflammation where they differentiate,
under the control of local inflammatory cytokines, into
eosinophils and basophils, a process referred to as “in situ
hemopoiesis” [18-20]. This overarching concept is sup-
ported of findings of many investigators: Siracusa et al. [6],
demonstrated that cytokines found at sites of inflammation
(IL-3 or TSLP) can differentially impact the differentiation
of murine progenitors into effector cells (basophils),
resulting in functional and phenotypic heterogeneity;
Sergejeva et al. [21], reported that ~10% of the eosinophilic
cells found in murine bronchial alveolar lavage fluid post-
allergen exposure was derived from eosinophil-lineage
committed precursor cells, or local production of eosino-
phils within the airway; Robinson et al. [22], Kim et al. [23],
and Dorman et al. [24] collectively showed that human
CD34+ progenitors are detected in the bronchial and nasal
mucosa, and sputum, respectively, of patients with atopic
asthma and nasal polyposis, with increased numbers of
CD34+/1L-5Ra—+ cells found in the airways and sputum of
asthmatics following allergen challenge, suggesting that
CD34+FEo/B lineage committed cells are found in the
tissue [22, 24]; furthermore, Allakhverdi et al. [8] demon-
strated that human CD34+ progenitors can be induced
by TSLP to produce Th2 cytokines, principally IL-5 and
IL-13, and that these double-positive CD34+ cells are
present in sputum after airway allergen challenge of atopic
asthmatics, suggesting that progenitors may act as proin-
flammatory effector cells and directly contribute to allergic
inflammation.

Recent evidence supports a critical immunomodulatory
role for TSLP in allergic inflammation, as well as TSLP effects
on CD34+ progenitor cytokine and chemokine secretion [8],
but the biological effects of TSLP on human PB CD34-+
progenitor Eo/B lineage commitment have not been
previously described. In this study, we examine the influence
of TSLP on IL-3-dependent CD34+ progenitor differentia-
tion via phenotypic and functional human hemopoietic
progenitor (HHP)-related Eo/B lineage commitment. Addi-
tionally, we elucidate the mechanisms through which TSLP
enhances IL-3-mediated eosinophilo- and basophilopoiesis,
and the association of these processes with atopic
sensitisation.

Methods
Subjects

This study was approved by the Hamilton Health Sciences
Research Ethics Board (approval number 08-015) and all

McMaster University — Medical Sciences
C.C. K. Huietal

subjects provided written informed consent. Atopy-unat-
tributable subjects were initially recruited for the study
(Figs. 1-4), following which, subjects with (n=10) or
without (n=10) atopy were recruited (Fig. 5). Atopy was
defined as a positive skin prick test response (>2-mm wheal)
to at least one of 14 common aeroallergens. Further subject
characteristics are shown in Table 1.

Blood collection and processing

One hundred mL of blood were collected through direct
venipuncture into heparinized vacutainer tubes {Becton—
Dickinson, Franklin Lakes, NJ, USA). Peripheral blood
mononuclear cells were isolated by density centrifugation
and CD34+4 progenitors were enriched using EasySep™
Human Progenitor Cell Enrichment Kit with Platelet
Depletion (STEMCELL Technologies, Vancouver, BC,
Canada) as per manufacturer’s instructions.

Methylcellulose colony assays

Enriched CD34+ progenitors (8000 cells/well) were cultured
in duplicates in 0.9% methylcellulose (Sigma Aldrich,
St. Louis, MO, USA) with Iscove’s 2+ (modified Dulbecco’s
medium (Gibco, Burlington, Ontario, Canada) supple-
mented with FBS, penicillin—streptomycin, and 2-ME) and
IL-3 (I ng/mL), IL-5 (1 ng/mL), or GM-CSF (10 ng/mL; BD
Biosciences, Mississauga, ON, Canada) in the presence or
absence of TSLP (10ng/mL; PeproTech, Rocky Hill, NJ,
USA) in 12-well plates (Corning Costar, Corning, NY, USA).
In some experiments, cells were treated with anti-TSLP
(Amgen, Seattle, WA, USA), anti-TSLPR (R&D Systems,
Minneapolis, MN, USA), anti-TNFa (R&D), or isotype
control (each at 10 pg/mL). Treatment with the indicated
stimulatory/inhibitory conditions had no effects on cell
viability as determined by trypan blue exclusion. Cultures
were incubated for 14 days (37°C, 5% CO,). Eo/B CFU were
enumerated using inverted light microscopy (colonies were
defined as tight, granular clusters >40 cells).

Antibodies

Antibodies used included CD123-PE, TSLPR-PE, IL-7Ra-
APC, CD34-PerCP, and CD45-eFluor 450. IL-3R and
TSLPR/IL-7Ra and their respective isotype controls were
purchased from BD Biosciences, Mississauga, ON, Canada
and eBioscience, San Diego, CA, USA, respectively. CD34
and CD45 antibodies were purchased from BioLegend and
eBioscience, San Diego, CA, USA, respectively.

Cell staining

Isolated CD34+ progenitors (10° cellsyfmL} were stimu-
lated overnight as indicated. Following which, CD34-+

2 © 2014 The Authors. immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.
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Figure 1. IL-3 and TSLP mediate Eo/B differentiation from PB HHP. PB CD34+ cells were stimulated as indicated and assessed for (a) Eo/B CFU by
methylcellulose cultures (n = 8 in duplicates) and surface expression of (b} IL-3Ra (n = 6), and {c) TSLPR {n = 8) and IL-7Re {n = 7) by flow cytometry. (b) A
representative overlay histogram for expression of IL-3Re on unstimulated (shaded gray), IL-3 (dotted line), TSLP (gray line), and IL-3/TSLP (black line)
stimulated CD34+ cells. Normal mouse lgG was used as an isotype control (shaded-light gray). Percent expression is the percent of CD34+ cells expressing
a given antigen at the 98% confidence limit (i.e., relative to a quadrant marker set to include 2% of cells stained with isotype control antibody). Results
shown are mean + SEM. One independent experiment performed per subject. *P< 0.05; **P< 0.01; ***P < 0.001.

progenitors were stained as previously described with
modification [18]. Briefly, cells were washed with fluores-
cence-activated sorting buffer (PBS containing
0.1% sodium azide) and resuspended in murine block
(1 x 10 cells/tube) and incubated in the dark (15 min, 4°C).
Next, optimal amounts of isotype controls or test antibodies
were added and incubated in the dark {30 min, 4°C). Cells
were then washed, fixed in cytofix (BD), and stored in the
dark at 4°C until ready for acquisition.

cell

Acquisition and analysis

Stained cells were acquired with a LSR 11 flow cytometer (BD
Biosciences) using the FACSDiva software (BD Biosciences).
Offline analysis was performed using FlowJo software (Tree
Star, Ashland, OR, USA). CD34-+ cells were enumerated
using a previously established multi-parameter sequential
gating strategy [18]. CD34+ progenitor cells were identified
as having high CD34 expression, low-intermediate CD45
expression, and low forward and side scatter (Supplemen-
tary Fig. §1). Receptor expression data were collected as the

percentage of positive cells at the 98% confidence limit (i.e.,
relative to a quadrant marker set to include 2% of cells
stained with isotype control antibody). Median fluorescence
intensity (MFI) is defined as the MFI of the receptor of
interest divided by the MFI of the isotype control. Due to the
use of an enrichment protocol, absolute numbers of CD34+
cells were not determined.

Cytokine and chemokine secretion

CD34+ cells (l[)6 cells/mL) were stimulated overnight as
indicated and cell-free supernatant was harvested and IL-1f3,
IL-4, 1L-6, 1L-9, IL-10, IL-13, GM-CSF, IFNy, TNFa,
CXCL8, eotaxin, CCL2 (MCP-1), CCL5 (RANTES), and
CCL17 (TARC) were assessed using Bio-Plex assays (Bio-
Rad, Hercules, CA, USA) according to manufacturer’s
recommendation. The detection limits for these cytokines
were 32 (IL-1B), 2.2 (IL-4), 2.3 (IL-6), 2.1 (IL-9), 2.2
(IL-10), 3.7 (IL-13), 2.2 (GM-CSF), 926 (IFNvy), 5.8
(TNFa), 1.0 (CXCL8), 409 (eotaxin), 2.1 (CCL2), 2.2
(CCL5), and 1.7 pg/mL (CCL17).

@ 2014 The Authors. fmmunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 3
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Figure 2. TSLP enhances IL-3-induced basophilopoiesis from PB HHP. (a)
Representative pictograph of a colony on day 14 of a methylcellulose
colony culture, which was then plucked and cytospin preparations made
and stained for (b) eosinophils and (c) basophils with Diff-Quik solution
and toluidine blue respectively. (d) Histamine assay was performed on
individual colonies on day 14 of methylcellulose colony cultures (n = 15).
Results shown are mean + SEM. One independent experiment performed
per subject.*P< 0.05; **P<0.01.
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Histochemical stains

Individual Eo/B CFU cells were picked from methylcellulose
and placed into PBS. Cytospin preparations were made on
glass slides using Shandon Cytocentrifuge 3 (Shandon
Southern Instruments, Cambridge, UK). Eosinophils were
identified using Diff-Quik (Siemens, Erlangen, Germany)
and basophils identified using toluidine blue stain (Sigma).

Histamine assay

The total number of cells in each individual colony was
enumerated using inverted light microscopy before being
picked from methylcellulose and placed into PBS, boiled
(99°C, 5min), centrifuged, and cell-free supernatant
harvested and measured for histamine content using
Histamine Enzyme Immunoassay Kit (Bertin Pharma,
Montigny-le-Bretonneux, France) according to manufac-
turer’s recommendation. The detection limit of this assay is
55 pg/mL.

Statistical analysis

All data are expressed as the mean = SEM. Significance was
assumed at P < 0.05. All analyses were performed with Prism
version 5 (GraphPad Software, La Jolla, CA, USA) using
non-parametric tests. Differences within groups were
assessed by Friedman test with Dunnett post hoc test.
Between-group comparisons (nonatopic vs. atopic) were
made using the Mann—Whitney U-test.

IL-1p IL-13 TNFa
0 Liid — 100+ Hkk
ke
ke >
154 *
i *k
z
10+
g
54
ND ND ND ND
Media IL-3  TSLP iL-2TSLP TSLP IL-3TSLP Media IL-3  TSLP IL-3TSLP Media L3 TSLP IL-3TSLP
CXCLs CcCL2 CCL5 CccL17
8000+ ks 5001 * 1800+ 100- *
*
o 400+
"3001
g4000-
g 8‘zoo-l
20004
04
Media  IL-3 TSLP IL-3TSLP Medka IL-3  TSLP IL-3/TSLP Media IL-3 TSLP IL-ATSLP Media IL-3  TSLP IL-3/TSLP

Figure 3. IL-3 and TSLP increase cytokine and chemokine secretion by PB HHP. PB CD34+ cells were stimulated overnight as indicated and cell-free
supernatants were collected and measured for cytokine/chemokine secretion (pg/mL) using Luminex. Results shown are mean + SEM in duplicates (n = 8).
One independent experiment performed per subject. *P<0.05; **P<0.01; ***P<0.001. ND; not detected.
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Figure 4. IL-3 and TNF« increase TSLPR expression and sensitivity of PB HHP to TSLP. PB CD34+ cells were treated with IL-3 {1 ng/mL), TSLP (10 ng/mL),
and anti-TNFe (10 pg/mL). (a) Eo/B CFU (defined as tight, granular clusters >40 cells) were enumerated at the end of 14 days methylcellulose cultures
{(n=46 in duplicates). {b) surface expression of TSLPR on PB CD34+ cells were analyzed by flow cytometry following 24 h stimulation {(n=7). {c)
A representative overlay histogram for expression of TSLPR on unstimulated (shaded gray), IL-3 and TNFa {gray line) and IL-3 and TSLP {black line)
stimulated CD34+ cells. Normal mouse l9G was used as an isotype control (shaded-light gray). Percent expression is the percent of CD34-+ cells expressing
a given antigen at the 38% confidence limit {.e., relative to a quadrant marker set to indude 2% of cells stained with isotype contral antibody). This
experiment was performed four independent times with similar results. (d) PB CD34+- cells were pre-stimulated with IL-3 (1 ng/mL) and ThFe (50 pa/mL)
for 24h and cultured in methylcellulose colony assays in the presence of IL-3 {1 ng/mL) and increasing doses of TSLP (0.1, 1, 10ng/mL). On day 14, Ec/8B
CFU were enumerated (n =5 in duplicates, **P < 0.01; ***P < 0.001 compared with TSLP {Ong/mL) within group). Results shown are mean + SEM. One
independent experiment performed per subject. *P < 0.05; **P< 0.01; ***P < 0.001

Results

TSLP preferentially enhances IL-3-dependent Eo/B
differentiation from PB HHP

The addition of TSLP significantly increased the formation
of IL-3-responsive Eo/B CFU from 7.56 £ 0.9 to 15.8 = 1.6
(P < 0.001; Fig. 1a), which was inhibited by the addition of
neutralizing anti-TSLP (9.3 = 1.0 per 8000 CD34+ cells;

P < 0.05) and anti-TSLPR (10.6 = 1.1 per 8000 CD34+ cells;
P < 0.05). TSLP did not have any effects on either IL-5- or
GM-CSF-responsive Eo/B CFU (Supplementary Fig. S2).
Moreover, effects of TSLP on HHP were not enhanced by
IL-33 {data not shown).

Overnight stimulation of HHP with IL-3/TSLP together
enhanced the MFI of IL-3Ra compared to unstimulated
(3.4-fold; P<0.001) and TSLP-stimulated (1.9-fold;
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Figure 5. Differential Eo/B CFU, TSLPR expression, and cytokine/chemokine secretion from PB HHP from nonatopic and atopic individuals. PB CD34+ cells
from nonatopic {open dircles) and atopic (closed cirdes) subjects were stimulated as indicated and assessed for {a) Eo/B CFU by methylcellulose cultures

{n=10in duplicates), (b) surface expression of TSLPR by flow cytometry

{n=8), and {c) cytokine/chemokine secretion by Luminex {n =8 in duplicates).

Percent expression is the percent of CD34+ cells expressing a given antigen at the 98% confidence limit {i.e., relative to a guadrant marker set to indude
2% of cells stained with isotype control antibody). Results shown are mean + SEM. One independent experiment performed per subject. *P < 0.05;

P 0.01; " P<0.001. ND; not detected.

P <0.01; Fig. 1b). Overnight stimulation with IL-3/TSLP
significantly increased percent expression of TSLPR com-
pared to unstimulated (P<0.001) and TSLP-stimulated
HHP (P <0.05). A similar trend was seen for IL-7Ra
expression, although not significant (Fig. 1c). No significant
difference in TSLPR expression was observed following IL-5/
GM-CSF and/or TSLP stimulation (Supplementary Fig. 53).

TSLP enhances IL-3-induced basophilopoiesis from
PBE HHP

Histochemical staining of individual colonies with DiffQuik
and toluidine blue revealed the presence of cells with either
eosinophilic granular cytoplasm or metachromatic granules,
morphologically consistent with eosinophils and basophils,

@ 2014 The Authors. immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.

64



Ph.D. Thesis — C. C.K. Hui

C. C. K. Hui et al.

Table 1. Subject demographics.

Characteristics Nonatopics {n= 10} Atopics (n=10)

Sex
Male 5 (50) 7 (70)
Female 5 {50) 3 (30)
Age
18 1o <30 6 (60) 4 {40)
30 to <60 3(30) 6 {60)
>60 1{10) 0
Mean* 29.9{13.6) 285 (7.4)

Values in parentheses indicate percentages.
*Mean (SD).

respectively (Fig. 2b,c). To further confirm the presence of
basophils, colony histamine assay was performed. Taking
colony size (cell number) into account, the mean (£SEM)
calculated amount of histamine (pg/cell) was significantly
higher in IL-3/TSLP-induced Eo/B CFU compared to IL-3-
induced Eo/B CFU (48%; P <0.05). In the presence of
neutralizing anti-TSLP or neutralizing anti-TNFa, the
histamine content was significantly lower compared to
IL-3/TSLP stimulated colonies (57%; P < 0.05 and 54%;
P < 0.01, respectively; Fig. 2d).

IL-3 and TSLP increase cytokine and chemokine
secretion by PB HHP

TSLP alone induced significant levels of IL-13, IL-6, TNFe,
CXCL8, and CCL17 from PB HHP, compared to unstimu-
lated controls (P < 0.05; Fig. 3). IL-3/TSLP-stimulated HHHP
released significant levels of IL-18, IL-6, IL-13, TNFa,
CXCL8, CCL2, and CCL17 compared to unstimulated
controls (P<0.001). PB HHP failed to secrete detectable
levels of IL-4, IL-9, IL-10, GM-CSF, IFNv, and eotaxin; while
CCL5 was highly secreted by PB HHP cells under all
conditions.

TNF« plays a key role in IL-3/TSLP-mediated Eo/B
CFU formation and TSLPR expression

Next, we investigated whether TSLP-induced TNFa could
support Eo/B CFU formation given that IL-3 and TNFe have
previously been reported to upregulate TSLPR on human
eosinophils [5]. The addition of neutralizing anti-TNFea
significantly reduced TSLP-induced IL-3-responsive Eo/B
CFU (38%; P <0.05; Fig. 4a) and surface expression of
TSLPR on HHP (40.1%; P < 0.05; Fig. 4b) compared to IL-3/
TSLP-stimulated HHP. Overnight stimulation of PB HHP
with IL-3 and TNFa (50 pg/mL) increased TSLPR expres-
sion to comparable levels post TSLP/IL-3-stimulation
(Fig. 4c) and promoted Eo/B CFU formation at lower
concentrations of TSLP, which was statistically significant
compared to IL-3-stimulated HHP (P < 0.001; Fig. 4d).

McMaster University — Medical Sciences
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PB HHP from atopic individuals exhibit enhanced
Eo/B differentiation, TSLPR expression, and
cytokine/chemokine secretion

We next examined responses of HHP in relation to atopic
sensitization. PB HHP derived from atopic individuals
produced significantly higher numbers of Eo/B CFU
compared to those from nonatopic individuals following
stimulation with IL-3 (5.4=0.6 vs. 2.1 =0.5 per 8000
CD34+ cells; P<0.01) and IL-3/TSLP (11.1=1.3 vs.
3.3 = 0.6 per 8000 CD34+ cells; P < 0.001; Fig. 5a). Within
the atopic group, TSLP significantly increased the formation
of IL-3-responsive Eo/B CFU (twofold; P < 0.01; Fig. 5a).
No differences in TSLPR expression were observed
between nonatopic and atopic individuals at baseline or
after IL-3-stimulation (Fig. 5b). However, TSLPR expression
was significantly higher in atopic subjects compared to
nonatopic subjects following stimulation with TSLP
(4.40 £0.42% expression vs. 2.95+0.20% expression;
P<0.05) and IL-3/TSLP (8.26 £0.38% expression vs.
5.10 £0.42% expression; P < 0.001; Fig. 5b). Furthermore,
PB HHP derived from atopic individuals produced
significantly higher levels of IL-1B (P<0.05), IL-13
(P<0.05), TNFa (P<0.01), CXCL8 (P<005), and
CCI17 (P<0.05), compared to PB HHP from nonatopic
individuals, post IL-3/TSLP-stimulation (Fig. 5c).

DISCUSSION

We demonstrate for the first time that PB HHP respond
directly to TSLP in vitro with enhanced Eo/B colony
formation and TSLPR/IL-7Rex expression, specifically upon
co-stimulation with IL-3, and not IL-5 or GM-CSF. This
differentiation process appears dependent on autocrine and/
or paracrine signaling by TNFa-producing progenitors. IL-3
and TNFa, cytokines which are found at sites of allergic
inflammation, may help explain the increase the sensitivity
of HHP to TSLP-mediated Eo/B differentiation. Finally, we
demonstrate enhanced stimulatory effects of IL-3 and TSLP
on PB CD34-+ progenitors derived from atopic individuals.
To the best of our knowledge, this is the first study to
demonstrate such findings in humans ex vivo. These findings
provide a novel mechanism underlying eosinophil and
basophil accumulation in tissues during allergic inflamma-
tion, linked as it is to TSLP and its known amplification of
Th2 immune responses in atopic individuals.
TSLP-TSLPR interactions are crucial to the development
of eosinophilia [25] and basophilia [6] in mice; however, its
role in humans is unclear. We show for the first time the
importance of TSLP-TSLPR in Eo/B lineage commitment of
IL-3-responsive HHP. Our group and others have previously
reported the presence of both eosinophils and basophils in
IL-3-stimulated hemopoietic progenitor cultures [14-16];
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our current findings therefore demonstrate that TSLP can
serve the role of a key epithelial-derived factor in this process
of human Eo/B differentiation. Differential counts of colony
cells were not formally performed; therefore, relative
proportions of eosinophils versus basophils in these colonies
are unclear. However, methylcellulose colony assays have
been used for many years by us and others, to both
enumerate and assess progenitors and their progeny in
response to hemopoietic cytokines (and other stimuli), as
quantitated by Eo/B CFU [ 14, 19, 26]. We have elected to use
the CFU assay, and add histamine assays, as previously
extensively documented by us and others, to represent a
specific, surrogate biomarker of basophil “content” within
these Eo/B colonies, which are each derived from a single
progenitor, given that histidine decarboxylase is only present
within the basophil, not the eosinophil in these mixed
basophil-eosinophil colonies [14, 20, 27-29]. Since cells
within these Eo/B colonies are rather immature and often
possess dual phenotypes — including cells with “‘hybrid”
eosinophilic-basophilic granulation by standard morpho-
logical-histochemical assessments — differentiating the cells
using histochemical stains is not reliable. When the latter are
routinely performed, both toluidine blue-positive granules
as well as eosinophilic staining granules are found in many
cells simultaneously [14-16]. As such, our key (and to our
judgment, more robust) arbiter of basophil content remains
the colony histamine content. Indeed, our group has
previously reported on the close correlation between the
basophil numbers and the histamine content in Eo/B
CFU [14, 20, 30]. Additionally, in the current study, the
histamine assay allowed for comparative analyses, demon-
strating marked differences in histamine content between
colonies grown in the presence or absence of TSLP and/or
neutralizing anti-TSLP or anti-TNFa. While further analyses
are required to examine precisely how TSLP may alter colony
histamine content, it appears unique among the epithelial-
derived cytokines in its ability to promote basophilia in
peripheral tissues [6]. Of note, Siracusa et al. [6] recently
reported the ability of TSLP to induce IL-3-independent
basophils from bone marrow-resident precursors in mice.
However, we were unable to observe TSLP alone-mediated
Eo/B CFU, suggesting that TSLP must work in concert with
IL-3 to induce Eo/B differentiation. We speculate that this
discrepancy may reflect inter-species differences in hemo-
poiesis due to the distinct surface phenotype of progenitors
in mice and humans [31], or to the distinct differentiative
pathways of eosinophil and basophil development in
humans and mice [14, 17], or to a combination of these
factors. As such, rather than examining the relative
proportions of eosinophils versus basophils in these colonies
of nascent eosinophils and basophils of mixed granulation
{which one also sees in liquid cultures), we have focused on
PB Eo/B CFU (and thus, HHP) production after TSLP
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stimulation, providing novel evidence that TSLPR engage-
ment on PB CD34+ cells has the capacity to enhance Eo/B
lineage priming of myeloid progenitors, increasing the
likelihood of development of allergic eosinophilic/basophilic
inflammation, in addition to disease maintenance or
progressiorn.

Allakhverdi et al. recently demonstrated the ability of
TSLP, together with IL-33, to promote “Th2-like” proper-
ties in human CD34+ progenitors, based on induction of
Th2 cytokines (IL-6, IL-13, GM-CSF) and chemokines
(CXCL8, CCL1, CCL17, CCL12) [8]. Likewise, we detected
levels of IL-1B, IL-6, IL-13, TNFa, CXCL8, CCL2, CCL5,
and CCL17 following overnight stimulation of PB HHP with
TSLP; IL-4, IL-9, IL-10, GM-CSF, IFN+, and eotaxin were
undetected under all conditions. However, contrary to
findings by Allakhverdi et al. [8], we were unable to detect
levels of GM-CSF in the supernatant and of the cytokines
detected, the concentrations were comparatively low. The
higher levels of cytokines reported by Allakhverdi et al. may
be due to the use of stem cell factor (100 ng/mL) in their
culture medium [32]. Of the Th2 cytokines and chemokines
detected, of importance is the enhanced secretion of TNF-a,
which, in conjunction with TSLP/IL-33, has been previously
shown to enhance cytokine secretion by human cord blood
and PB-derived CD34+ progenitors [8]. Furthermore, Caux
et al. [33] showed enhancing effects of TNFa on IL-3- and
GM-CSF-dependent proliferation of CD34+ HHP. It is
plausible that TL-3/TSLP-induced TNF« is a key event in
HIP autocrine secretion of Th2-like cytokines/chemokines
and in Eo/B differentiation. Our observation that inhibiting
TNFa reduces TSLPR expression on HHP, which is in
agreement with a study that showed enhanced TSLPR
expression on mature eosinophils post IL-3/TNFa-stimula-
tion [5], may explain the reduction in Eo/B CFU formation
and colony histamine levels in our cultures. The relevance of
TNFa antagonists in decreasing eosinophil and/or basophil
counts in vivo is unclear; however, anti-TNFa agents have
been reported to decrease sputum histamine levels and
improve asthma outcomes, airway hyper-responsiveness,
and exacerbation rates [34, 35]. Furthermore, in OVA-
sensitized allergic rhinitis and bleornycin-induced pulmo-
nary fibrosis murine models, TNFa antagonists have been
shown to inhibit eosinophilia in the nasal mucosa and lung,
respectively [36, 37].

Although we have not herein reported on which signaling
pathways are involved in TSLP-induced Eo/B differentia-
tion, we do have findings implicating the preferential
dependence of p38MAPK signaling pathways in IL-3/TSLP-
mediated Eo/B differentiation (Supplementary Fig. S4).
Indeed, Fanat et al. [38] showed that supernatants from
TNFa-, IL-1B-, and IFNy-stimulated human airway
smooth muscle (HASM) cells drive eosinophilic differentia-
tion from HHP in vitro, in a p38MAPK-dependent way.

© 2014 The Authors. immunity, inflammation and Disease Published by John Wiley & Sons Ltd.
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Figure 6. Autocrine/paracrine regulation of TSLP-mediated Eo/B differentiation. Following exposure to allergens @ , increase CD34+ progenitors are

recruited and detected at sites of inflammation

. Allergen induce epithelial-derived TSLP @

along with local cytokines {IL-3) activate CD34+ cells

with release of cytokines and chemokines @ as well as induce in situ hemopoiesis — the differentiation of CD34-+ progenitor cells into eosinophils and

basophils @ . The cytokines secreted by CD34+ cells can directly activate the epithelium @ resulting in the release of more TSLP

, which can act

cooperatively with local cytokines and/or CD34+ released cytokines to further enhance eosinophilo/basophilopoiesis in situ , 9).

TNFa/IL-1f have been shown to induce TSLP production
from HASM cells [39]; we therefore speculate the preferen-
tial dependence of TSLPR/p38MAPK signal transduction in
TSLP-mediated Eo/B differentiation [38].

Atopic sensitization is a widely recognized risk factor for
allergic diseases [40]. In the current study, we show that PB
HHP from atopic individuals are more responsive to IL-3
and even more so to TSLP, resulting in elevated numbers of
Eo/B CFU post IL-3/TSLP-stimulation, compared to HHP
from nonatopic individuals. This novel finding related to
TSLP effects is in keeping with previous observations that
atopic sensitization and disease are associated with
enhanced PB (and bone marrow) HHP Eo/B lineage
commitment and tissue allergic inflammation related to
more “classic” eosinophilopoietic cytokines such as IL-
5[18,22,23,26]. Furthermore, our group has demonstrated
increased levels of IL-5-responsive progenitors in atopic
subjects, compared with nonatopic subjects [18]. Likewise,
the observation that HHP from atopic individuals respond
more robustly to TSLP/IL-3 may be related to increased

levels of IL-3-responsive progenitors. Alternatively, PB
HHP from atopic subjects may have increased endogenous
expression of IL-3, with consequent autocrine effects on
Eo/B differentiation, as Kuo et al. [41] have shown with IL-
5. The increased TSLP responsiveness of HHP from atopic
individuals may be a reflection of increased production of
TNFa compared to HHP from nonatopic individuals
(Fig. 6¢). We show in the current study that TNFa, together
with IL-3, enhance TSLPR expression and HHP sensitivity
to TSLP-mediated Eo/B differentiation. These findings are
consistent with an atopic priming effect on HHP, such that
they differentiate into Eo/B CFU more readily to IL-3/TSLP
than HHP from nonatopic individuals, contributing to the
development of tissue eosinophilia/basophilia. Of note,
given the lack of any significant effects of TSLP on IL-5- and
GM-CSF-Eo/B differentiation in non-attributable PB HHP
(Fig. S2), we did not examine the combination of IL-5/TSLP
nor GM-CSF/TSLP in the HHP of known atopic individu-
als, but rather concentrated on the TSLP/IL-3-mediated
pathway.

© 2014 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 9
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There is also documented increased secretion of TSLP
from bronchial epithelial cells of atopic, versus nonatopic
individuals [4], suggesting that TSLP may play an
important tissue role, such as enhancement of “in situ
hemopoiesis™ in atopy. Although the precise mechanisms
are unclear, we postulate paracrine effects of epithelial cells
on tissue-resident HHP, which have been detected at
mucosal sites of allergic inflammation [22, 23]. We
demonstrate in the current study that IL-3/TSLP induces
TNFa and IL-1§ secretion, previously shown to mediate
TSLP secretion from airway epithelial cells [3]. Moreover,
our data illustrate that pre-stimulation of PB CD34+ cells
with IL-3 and TNFa upregulates TSLPR expression, which
significantly increases the sensitivity of CD34+ cells to
TSLP-mediated Eo/B differentiation. It is possible that
epithelial-derived TSLP, along with local hemopoietic
factors (ie., IL-3), both of which are elevated in atopic
individuals [4, 42], may target HHP resident at mucosal
sites, triggering the paracrine and/or autocrine differentia-
tion of these recruited progenitor cells (Fig. 6). TNFa can
be produced by various cell types other than CD34+
progenitors; however, in the current study, CD34-+
progenitors were enriched using a protocol which virtually
eliminated all T- and B-cells.

Although flow cytometry was not performed to check for
residual T cells following separation, the ability of CD34+
cells themselves to produce Th2-like cytokines and TNFa
following TSLP stimulation and toll-like receptor-ligation
has previously been reported [3, 43].

Finally, the preferential synergy of TSLP with IL-3, and
not IL-5 or GM-CSF, in driving Eo/B differentiation is
consistent with previous work which demonstrates that the
responsiveness of progenitors to these cytokines is highly
dependent on the stage of differentiation [44, 45]. PB
CD34+ cells consist of mainly immature progenitors, and
therefore mostly respond to IL-3 and GM-CSF, early-acting
cytokines [44, 46], which is consistent with our findings
(Fig. la and Supplementary Fig. $2). Of note, IL-3 tends to
drive CD34+ progenitor differentiation primarily along the
basophil-lineage [47], while GM-CSF promotes the differ-
entiation of a mixed population (Eo/B cells, macrophages,
etc.) [46]. Therefore, the preferential differentiation of PB
CD34+ progenitors to IL-3-responsive lineage suggests that
the response of PB HHP to TSLP involves basophil-
mediated inflammation [6].

In summary, our study uncovers a previously unrecog-
nized role for TSLP in allergic inflammation — as a regulator
of in situ hemopoiesis, by enhancing the process of
HHP (CD344 cell) differentiation within tissues. The
enhanced TSLP-mediated hemopoiesis ex vivo in relation
to clinical atopic status may help explain increased
eosinophils and basophils at sites of inflammation in
atopic individuals.
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Additional supporting information may be found in the
online version of this article at the publisher’s web-site.

Figure S1. Flow cytometric multi-gating strategy for
receptor expression on PB CD34+ cells.

Figure $2. TSLP has no effect on IL-5- and GM-CSF-
responsive Eo/B CFU.

Figure $3. IL-5 and GM-CSF has no effect on TSLPR
expression.

Figure S4. p38MAPK signal transduction is preferentially
involved in TSLP-mediated Eo/B differentiation.
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Supplementary Figure Legends

Fig. S1. Flow cytometric multi-gating strategy for receptor expression on PB CD34+
cells. Gating was based on high CD34 and low-intermediate CD45 positivity combined
with low forward and side scatter, characteristics of CD34+ progenitor cells. (a) An initial
gate (R1) was set to capture CD45+ cells (leukocytes). (b) A subsequent gate was made to
capture CD34-bright cells (R2). (c) R3 was then gated to capture CD45+ cells with
mononuclear morphology. (d) Cells with low forward and side scatter, consistent with
mononuclear cell morphology, was gated (R4). Finally, cells in R4 (true CD34+ population)
were further analyzed for staining with PE-linked TSLPR (f) or isotype control (e).
Receptor expression data were collected as the percentage of positive cells at the 98%
confidence limit (ie. relative to a quadrant marker set to include 2% of cells stained with

isotype control antibody).

Fig. S2. TSLP has no effect on IL-5- and GM-CSF-responsive Eo/B CFU. PB CD34+
cells were stimulated with (a) IL-5 and (b) GM-CSF and assessed for Eo/B CFU by
methylcellulose cultures. Results shown are mean + SEM in duplicates (n=5). One

independent experiment performed per subject.

Fig. S3. IL-5 and GM-CSF has no effect on TSLPR expression. PB CD34+ cells were
stimulated as indicated to examine the effects of (a) IL-5 (n=5) and (b) GM-CSF (n=4) on
TSLPR expression. Results shown are mean + SEM. One independent experiment

performed per subject.
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Fig. S4. p38MAPK signal transduction is preferentially involved in TSLP-mediated
Eo/B differentiation. PB CD34+ cells were incubated with STATS inhibitor (50uM),
U0126 (ERK1/2 inhibitor; 10pM), SB203580 (p38MAPK inhibitor; 10uM), or SP600215
(JNK inhibitor; 50nM) for 1 h before stimulating with IL-3 (1ng/mL) and/or TSLP
(10ng/mL). Eo/B CFU (defined as tight, granular clusters >40 cells) were enumerated at the
end of 14 d methylcellulose cultures. Results shown are mean + SEM in duplicates (n=6).

One independent experiment performed per subject. * P<0.05; ** P<0.01; *** P<0.001.
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Supplementary Figures

Figure S1
[
(7]
o
0 1[12 103 10‘1 105 0 1(]2 103 10‘1 105
CD45-Pacific Blue CD34-PerCP
(c) (d)
250K + 250K
R1
200K 200K
o 160K o 160K
o oD
o (]
100K 100K
50K 50K A
L I T T T T
50K 100K 150K 200K 250K
o 1[)2 10:3 10‘1 105
CD45-Pacific Blue FSC
(e) (f)
10 107
4 4
a 10 a 10
[&] [
5 5
[ o
3 .0 3 1034
210 210
[ ] 3 (] ]
107 7 107 7
03 0
L e | ¥ T y T T 1 L . D | ¥ T ¥ U T 1
0 1[12 103 1011 105 o 1(]2 103 10‘1 105
Isotype Control TSLPR-PE

74



McMaster University — Medical Sciences

Ph.D. Thesis — C. C.K. Hui

Figure S2

—
a

—

o

—

GM-CSF
TSLP

Media

r T T T 1
= © ] — o

(paieid , #2000 000'g Jod)
nN4o g/o03 Jo siaquinu ueapy

IL-5

r T T .
© o~ - o

fpeed , 200 000'8 Jod)
nN4o ga/03 jo siaquinu ueapy

GM-CSF

<
W+ MmN D
Md1S1 Jo uoissaudx3g o,

75

-
z

IL-5

% 6 & T
HdSl jo uoissaudx3y o



McMaster University — Medical Sciences

Ph.D. Thesis — C. C.K. Hui

Figure S3

(b) GM-CSF

IL-5

(@)

T T T T T 1 ﬁN\

w0 - L] o™ - o ?
Hdisl jo _.._O_mm&hﬂxm %

<
ST 5 & T 5

Hd1SL Jo uoissaidx3 o,

76



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

Figure S4

8
;

-
bl

[%]
1

Mean numbers of EovB CFU
(per8,000 c034" cels)
=]

I]._

-3 +

T5LF -
DMs0 - -
Stats Inhib - -
umzs - -
SB203580 - - -
SPE0021S - - - - - -+

+ +
+ +

i+ 4+
4+ +
I+
i
i

i
i
+ 0
1

77



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

CHAPTER 4: Decreased nasal epithelial response to dsRNA in individuals with a
thymic stromal lymphopoietin gene variant

Submitted to Mucosal Immunology. June 2014

TSLP, a cytokine highly implicated in allergic disease, can be differentially elicited from
healthy vs. asthmatic-derived epithelial cells by stimuli such as allergens and viruses [235].
Emerging evidence supports a role for TSLP in promoting survival and differentiation of a
range of effector cells involved in allergic diseases, such as eosinophils [203, 221]. Recently,
SNPs in the TSLP pathway have been implicated in the pathogenesis of allergic disease [82,
190, 232]. The SNP rs1837253 of TSLP has been reported to be inversely associated with
asthma and related-traits and suggested to have functional consequences on TSLP
expression [9-11, 75, 236, 237]. To investigate whether rs1837253 is a genetic variant with
functional effects, we evaluated the expression of TSLP and secretion of TSLP protein as a
function of rs1837253 genotype using NEC cultured from atopic individuals. We
demonstrated that while polyl:C-mediated TSLP secretion in NEC is not affected by atopic
sensitization, individuals who are homozygous and heterozygous for minor allele secrete

significantly less TSLP compared to individuals who are homozygous for the major allele.

78



Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

Title: Thymic stromal lymphopoietin (TSLP) secretion from human nasal epithelium

is a function of TSLP genotype

Claudia C.K. Hui*, Ashley Yu', Delia Heroux®, Loubna Akhabir®, Andrew J. Sandford?

Helen Neighbour®, Judah A. Denburg*

'Department of Medicine, Division of Clinical Immunology & Allergy, McMaster
University, Hamilton, Ontario;

’Centre for Heart Lung Innovation, University of British Columbia, St. Paul’s Hospital,
Vancouver, BC, Canada;

3Firestone Institute for Respiratory Health, McMaster University, Hamilton, Ontario

Short title: TSLP SNP and TSLP secretion

+ Correspondence address:

Judah A. Denburg, MD, FRCP(C), Department of Medicine, McMaster University, 1280
Main Street West, HSC 3Vv46, Hamilton, ON, L8S 4K1, Canada.

Tel: +1-905-521-2100 x 76714, Fax: +1-905-521-4971

e-mail: denburg@mcmaster.ca.

79


mailto:denburg@mcmaster.ca

Ph.D. Thesis — C. C.K. Hui McMaster University — Medical Sciences

ABSTRACT

Recent candidate gene and genome-wide association studies have identified ‘protective’
associations between the single nucleotide polymorphism (SNP) rs1837253 in the TSLP
gene and risk for allergy, asthma and airway hyper-responsiveness. The absence of linkage
disequilibrium of rs1837253 with other SNPs in the region suggests it is likely a causal
polymorphism for these associations, having functional consequences. We hypothesized
that rs1837253 genotype would influence TSLP secretion from mucosal surfaces. We
therefore evaluated the secretion of TSLP protein from primary nasal epithelial cells (NEC)
of atopic and non-atopic individuals and its association with rs1837253 genotype. We found
that while atopic sensitization does not affect the secretion of TSLP from NEC, there was
decreased TSLP secretion in NEC obtained from heterozygous (CT; 1.8-fold) and
homozygous minor allele (TT; 2.5-fold) individuals, compared to NEC from homozygous
major allele individuals (CC; p<0.05) post double-stranded (ds)RNA stimulation (50
pug/mL). Our novel results show that the rs1837253 polymorphism may be directly involved
in the regulation of TSLP secretion. This may help explain the protective association of this
genetic variant with asthma and related traits. Identifying functional consequences of SNPs
in genes with previously reported clinical associations is critical in understanding and

targeting allergic inflammation.
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INTRODUCTION
Allergic diseases are often triggered by environmental stimuli that induce Th2 immune
responses. For many years, the airway epithelium was recognized purely for its function as a
physical barrier; however, it is now seen as an important initiator of the allergic response by
secreting cytokines/chemokines, which regulate innate immune cells.**2 An epithelial cell-
derived cytokine, thymic stromal lymphopoietin (TSLP), is IL-7-like,® appears to be a key
initiator of allergic inflammation, and also plays a role in the pathogenesis of allergic
diseases — with effects on dendritic cells,* T lymphocytes® and other effector cells such as
mature eosinophils® 7 and basophils® as well as their progenitors.® ° In asthmatics, TSLP is
expressed at elevated levels in the lungs and is linked to disease severity.! Studies in
murine models have demonstrated reduced airway disease in TSLP receptor (TSLPR)-
deficient mice, while experimental lung-specific expression of a TSLP transgene induced
experimental asthma (Th2 cytokine-associated inflammation of the airways).*? In a recent
clinical trial, treatment with a human anti-TSLP antibody (AMG 157) reduced allergen-
induced bronchoconstriction and airway inflammation in mild atopic asthmatics.*®
Genome-wide association studies have shown associations between genetic variants

1416 and eosinophilia.*’

in TSLP and allergic disease and phenotypes, including asthma
Furthermore, a single nucleotide polymorphism (SNP) rs1837253 in the TSLP gene has
been shown to be associated with asthma, atopic asthma, and airway hyper-
responsiveness.***% 1819 |t has further been reported that the minor T allele of rs1837253 in

TSLP is associated with reduced risk of allergic rhinitis and asthma in males.?> ? The

absence of linkage disequilibrium (LD) between rs1837253 and other SNPs, 2Mb up or
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downstream in the chromosomal region, suggests that it is likely causal, having functional
consequences.'®

Recent evidence suggests that SNPs in the TSLP pathway may play a major role in
the pathogenesis of allergic disease, but the functional role of the rs1837253 SNP in TSLP
has not been previously described. Given that the T allele of the rs1837253 SNP in TSLP is
associated with reduced risk of allergic disease, and since there are no other SNPs in LD
with rs1837253, we hypothesized that there would be associations between rs1837253
genotype and ex vivo production of TSLP, which is a crucial cytokine for the induction of
Th2 inflammatory responses. Specifically, we hypothesized that individuals with the minor
allele would have a decreased propensity to induce a Th2 inflammatory response related to
an altered mediator profile, leading to ‘protection’ from asthma and related traits. We
therefore evaluated the double-stranded (ds)RNA-induced secretion of TSLP from primary
nasal epithelial cells (NEC) from non-atopic and atopic individuals, examining associations

among rs1837253 genotype, atopy, and TSLP secretion.
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RESULTS

Subject Characteristics

From October 30, 2013 to February 10, 2014, 61 subjects were recruited. On Visit 1, all 61
subjects received skin prick tests and had mouthwash samples collected and genotyped for
the SNP rs1837253 — 29 were homozygous for the major allele (CC), 9 were homozygous
for the minor allele (TT), and 23 were heterozygous (CT). On Visit 2, only 43 of these
subjects returned and received nasal scrapes. Of these latter 43 subjects, 36 long-term
expansions of NEC in vitro were successful. Of these 36 subjects, the breakdown by
genotype was as follows: 14 CC, 8 TT, and 14 CT. Of the 18 subjects that dropped out
before Visit 2, 14 were due to studying/exam and holiday schedule conflicts and four were

due to a common cold. Further subject characteristics are shown in Table 1.

Polyl:C induces TSLP expression in NEC

Polyl:C has been previously reported to induce TSLP production (messenger (m)RNA or
protein) in human airway epithelial cells.?** To investigate whether NEC behave similarly,
the epithelial nature of the cultured cells was confirmed using immunofluorescence staining
for cytokeratin-5 (Fig. 1), and cultured cells were stimulated with polyl:C for 0, 3, 6 and 24
h. Polyl:C (25 pg/ml) induced a time-dependent expression of TSLP mRNA (p<0.001 at 6h;
Fig. 2A). Furthermore, a dose-dependent release of TSLP protein was observed following

24 h stimulation with polyl:C (p<0.01; Fig. 2B).
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Effects of atopy and TSLP rs1837253 genotype on TSLP expression

No statistically significant association was found between allergic sensitisation and
production of TSLP by NEC at baseline. Furthermore, polyl:C did not induce differential
TSLP secretion from NEC derived from non-atopic, compared with atopic, individuals (Fig.
3). However, polyl:C did induce differential TSLP secretion according to genotype (Fig.
4A). When subjects were stratified by genotype, decreased TSLP secretion was observed in
NEC obtained from heterozygous (CT; 1.8-fold; p<0.05) and homozygous minor allele (TT;
2.5-fold; p<0.05) individuals, compared with NEC from homozygous major allele (CC)

individuals, post stimulation with polyl:C (25 pg/mL and 50 ug/mL; Fig. 4B, C).
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DISCUSSION

There is increasing evidence implicating TSLP polymorphisms in the development of
allergy and asthma.?>*’ Previous work has documented inverse associations between the T
allele of rs1837253 and asthma;*®  however, the reasons for this association have remained
unclear. Genetic polymorphisms are proposed to exert effects that can be measured through
a variety of ‘intermediate’ steps and outcomes (‘phenotypes,” which could be biological or
clinical); however, information on these ‘intermediate phenotypes’ is currently lacking.

In the current study, our aim was to examine a key intermediate phenotype —
specifically, TSLP secretion from NEC in response to stimulation ex vivo - which could
shed insight on the underlying involvement of rs1837253 in the pathogenesis of allergic
disease. We selected the TSLP SNP rs1837253, based on the fact that it was the most
significant signal in a candidate gene association study on asthma and related phenotypes,®
which has been confirmed in recent global GWAS analyses.***°
Consistent with previous studies on small airway epithelial cells,”> NEC,*® and

bronchial epithelial cells (BEC) from healthy and asthmatic individuals,?® 2%

we
demonstrated that exposure to dsRNA in vitro induced a time-dependent expression of
TSLP mRNA and a dose-dependent release of TSLP protein in NEC. We? and others®®*
have previously reported differences in the immune response between the BEC of healthy
and asthmatic individuals, with enhanced TSLP secretion in BEC from asthmatics compared
to their healthy counterparts following ‘viral’ exposure. The higher capacity of asthmatic
BEC to sense and respond to viral infections and thus, to release elevated levels of TSLP

was reported to be due, in part, to increased expression of the retinoic acid-inducible gene 1

(RIG-1) in asthmatic airway epithelial cells following viral infections.® In the current study,
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dsRNA did not induce differential TSLP secretion in NEC obtained from non-atopic
compared to atopic individuals, suggesting that there is no discrepancy in RIG-1 expression
in NEC between these two groups. Further study examining differential RIG-1 expression
in relation to clinical phenotypes will provide additional mechanistic insights on the
function of SNP rs1837253.

Previous data demonstrate that the long form of TSLP is highly inducible by polyl:C
in BEC.?® A functional SNP, rs3806933, has been identified in the regulatory region of the
TSLP gene, which enhances the binding of activator protein-1 (AP-1), a prominent
transcription factor in airway diseases that regulates the expression of multiple
inflammatory proteins.** Furthermore, the rs3806933 SNP influences AP-1-driven promoter
activity of the long-form of TSLP in BEC.?* AP-1 expression is enhanced in the asthmatic
airway,® consistent with reports that SNP rs3806933 is associated with adult asthma and
childhood atopic asthma.?’

In the current study, we related the differential secretion of TSLP protein to the SNP
rs1837253 genotype, and our data suggest that this SNP in the upstream region of TSLP has
functional effects on TSLP protein production. SNP rs1837253 is located 5.7 kb upstream
of the TSLP transcription start site and is predicted to disrupt a number of potential
transcription factor binding sites.®* It is possible the rs1837253 T allele down-regulates
microbe-induced production of TSLP in NEC through inhibiting the binding of transcription
factors to regulatory elements. In order to better understand the mechanism of SNP
rs1837253 associations with TSLP secretion, potential differential binding of possible

regulatory proteins to this important SNP should be examined.
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In a recent proof-of-concept study,® in addition to reducing allergen-induced
bronchoconstriction in both early and late asthmatic responses, AMG 157, a human anti-
TSLP monoclonal antibody, was demonstrated to reduce markers of systemic and airway
inflammation measured as fraction of exhaled nitric oxide and sputum eosinophil levels, as
well as levels of circulating eosinophils. The capacity for AMG 157 to decrease baseline
blood eosinophil counts and exhaled nitric oxide®® suggests a pivotal role for TSLP in the
development or persistence of asthma in the absence of allergen exposure. In support of this,
we previously demonstrated the ability of TSLP to mediate eosinophil-basophil
differentiation from human peripheral blood hemopoietic progenitor cells, a process which
was dependent on TNFo and TSLP-TSLPR interactions'®. In the current study, we
demonstrate for the first time diminished TSLP secretion in NEC derived from individuals
who are carriers of the rs1837253 T allele, a finding that provides key insight into allergic
disease pathogenesis and explains, at least in part, the inverse association between
rs1837253 and asthma and related phenotypes, and the recently reported therapeutic effects
of TSLP antagonism. Several clinical outcomes and phenotypes of allergic diseases such as
allergic rhinitis, total 1gE and airway hyper-responsiveness, have also been reported to be
associated with SNPs in TSLP.18 2021 2527.35 co|lectively, these data suggest a critical role
for TSLP in regulating multiple downstream effector pathways involved in allergic disease.

Finally, our findings may have implications in explaining virus-induced asthmatic
exacerbations, especially those due to rhinovirus infections, a major cause of asthma
exacerbations in both children and adults® resulting from these single-stranded RNA
viruses which synthesize dsRNA during replication at the respiratory epithelium.*

Therefore, the effects of dsSRNA and/or TLR-mediated production of TSLP in NEC from
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patients with or without asthma in relation to rs1837253 genotype merits investigation.
Activation of the innate immune system in the epithelium involving rs1837253 may
ultimately influence the development of allergic diseases by modulating TSLP’s
downstream effector pathways. Our findings in the current study provide further evidence

for TSLP being an ‘asthma gene’, and help uncover the possible function of the rs1837253

variant.
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METHODS

Study Subjects. All studies were approved by Hamilton Integrated Research Ethics Board
and subjects provided written informed consent to participate. Eligible subjects were healthy,
non-smoking individuals, 18 to 63 years of age, with no history of use of any nasal, oral, or
inhaled corticosteroids within the previous three months. All recruited study participants had
mouthwash samples collected and were identified as atopic using a positive skin prick test
response (>2-mm wheal) to at least one of 14 common aeroallergens. Additionally, all
subjects were confirmed to have no prior history of upper respiratory tract infection, within

6 weeks of sample collection. Further subject characteristics are shown in Table 1.

DNA extraction and genotyping. The SNP rs1837253 in the TSLP gene was selected
based on previous associations with asthma and related traits as well as the absence of
significant LD with any other SNP.*® 2% 21 DNA was extracted from mouthwash samples
using QlAamp® DNA Blood Mini Kits (Qiagen, Toronto, ON, Canada) according to the
manufacturer’s supplementary protocol for mouthwash samples. Genotyping was performed
using a commercially available TagMan® genotyping assay for rs1837253 (Assay #
C_ 11910823 20, Life Technologies Inc., Burlington, ON, Canada). The genotyping data

were verified for Hardy-Weinberg equilibrium (HWE) by a Chi-square test.

Nasal epithelial cell isolation and culture. Primary NEC were derived from the inferior
nasal turbinate using Rhino-Probe nasal curettes (Arlington Scientific, Springville, UT,
USA). NEC were expanded and cultured as previously described with modification.?®

Briefly, NEC were maintained in bronchial epithelial growth medium (BEGM) - bronchial
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epithelial basal medium (Clonetics, Allendale, NJ, USA) supplemented with SingleQuots
(Clonetics). Collected cells were centrifuged and re-suspended in BEGM with 10% 100x
DNase 1 (Sigma Aldrich, St. Louis, MO, USA; at RT, 20 mins). Cells were washed twice
and plated on 35 mm culture dishes (Corning Costar, Corning, NY, USA), coated with
Purecol (Inamed, Fremont, CA, USA) and incubated at 37°C, 5% CO,. Media were changed
24 h post-plating; thereafter, media were replaced every second day until 80-90%
confluence. Subsequently, cells were passaged (P1) using trypsin (Gibco, Burlington, ON,
Canada) and further expanded in 75cm? flasks (Corning) in BEGM. In this study, second
and third passaged cells were used. Viability was assessed by exclusion of trypan blue dye
(Gibco) and the epithelial nature of cells assessed by immunocytochemistry as previously
described with modification.®® Briefly, selected cultures were fixed in 4% paraformaldehyde
and permeabilized using Triton-X 100 (Sigma). Subsequently, cells were incubated with
rabbit anti-cytokeratin 5 antibody (Abcam, Cambridge, UK) overnight at 4°C. Cells were
then exposed to AlexaFluor 488 goat anti-rabbit 1gG antibody (Life Technologies) at RT for
1 h in the dark. Nuclei were stained with DRAQ5 (Abcam) at RT for 15 minutes and slides
were subsequently mounted using Fluoroshield Mounting Medium (Abcam). Negative
control slides were prepared by omitting the primary antibody (Fig. 1). Fluorescent images
were viewed using a Leica SP5 confocal inverted microscope (Leica Microsystems Inc.,
Concord, ON, Canada) using a 63X oil immersion objective. Images were captured and

viewed using LAS AF (Leica) acquisition software.

Polyl:C stimulation. NEC were seeded onto 24-well plates (Corning) and allowed to grow

to 80-90% confluence. Thereafter, BEGM was replaced with bronchial epithelial basal
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media (Clonetics) and 1% fetal bovine serum (FBS; R&D Systems, Minneapolis, MN, USA)
prior to experimental stimulation. NEC were treated with polyl:C (EMD Chemicals,

Gibbstown, NJ, USA) as indicated or vehicle control for 24 h at 37°C, 5% CO,.

RNA isolation and reverse transcription. RNA was extracted from a number of different
human nasal epithelial samples using the RNeasy® Mini-kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Total RNA in each sample was quantified
using a NanoDrop Spectrophotometer (Thermo Fisher, Wilmington, DE). The RNA in each
sample time point (0, 3, 6 h) from each participant was diluted based on the lowest
concentration sample using RNase-free water. The samples were reverse-transcribed using
the Quantitect Reverse Transcription kit with genomic DNA wipeout buffer (Qiagen) and

cDNA were aliquoted and stored at -80 °C.

Quantitative reverse transcription polymerase reaction. The expression of TSLP was
determined by quantitative reverse transcription polymerase chain reaction (QRT-PCR)
using SsoAdvanced Universal SYBR Green Supermix (BioRad, Hercules, CA) with a
MX4000 Stratagene detection system according to the manufacturer's instructions. The
PrimePCR Human Reference Gene Panel (BioRad) was used to determine glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta (YWHAZ) to be the optimal reference genes. We
used the following primer set for gRT-PCR: (NM_033035.4 and NM_138551.4), 5’-
CTAAGGCTGCCTTAGCTATC-3> and 5’-AAGCGACGCCACAATCCTTG-3> as

previously described.? PrimePCR SYBR®© green assay for Human GAPDH and YWHAZ
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were used for reference gene primers (BioRad). All TSLP primer sets (Integrated DNA
Technologies, Inc., Coralville, 1A) were designed and evaluated as per the minimum
information for publication of gRT-PCR experiments (MIQE) guidelines.*® Pooled cDNA
was used to optimize annealing temperature (found to be 60 °C for all primer sets). 8-point
standard curves were used to verify amplification efficiency for each TSLP isoform primer
sets and the GAPDH, YWHAZ reference genes using Sso Advanced SYBR green Supermix
(BioRad). Melt curves were used to verify expected single peak amplicons. The threshold
cycle (Ct) is inversely correlated with the target mMRNA expression level and was defined as
the cycle number at which the reporter fluorescence emission exceeded the midpoint along
the amplification curve.*’ The standard 2022V formula was used to calculate arbitrary TSLP
mRNA concentrations.”” The level of TSLP mRNA was normalized to the level of

GAPDH/YWHAZ mRNA.

TSLP measurement. The release of TSLP in cell-free supernatant after 24 h stimulation
with polyl:C was measured using DuoSet ELISA Development kits (R&D) as per the

manufacturer’s instructions.

Statistical Analysis. All data are expressed as the means + SEM. Significance was assumed
at p<0.05. All analyses were performed with Prism version 5 (GraphPad Software, La Jolla,
CA, USA) using non-parametric tests. Differences within groups were assessed by
Friedman test with Dunn’s Post hoc test. Differences between groups (CC, CT, vs. TT) were

assessed by Mann Whitney U test.
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FIGURE LEGENDS

Table 1. Subject Characteristics

Figure 1. Immunofluorescence staining of cultured primary NEC. (A) Representative
image of primary NEC stained for cytokeratin (green staining with AlexaFluor 488) to
assess for the epithelial nature of the cells. (B) Representative image of negative control of
primary NEC stained without primary antibody. Nuclei in all images stained red with

DRAQ5 (X63).

Figure 2. Polyl:C induces TSLP expression and secretion in human primary NEC. (A)
Kinetics of TSLP expression in polyl:C (25 pg/ml)-stimulated NEC (n=8). Results shown
are expressed as fold change in the TSLP mRNA level in polyl:C-stimulated NEC at 3h and
6h relative to the level in unstimulated NEC (0h). (B) Primary NEC were incubated for 24h
with increasing concentrations of poly I:C (0-50 pug/ml). Concentrations of TSLP protein in
the culture supernatant were measured using ELISA. Results shown are mean + SEM of
duplicates (n=8). One independent experiment performed per subject. Significant difference

from unstimulated cells (*p<0.05; **p<0.01; ***p<0.001).

Figure 3. Relationship between atopy and polyl:C-induced TSLP secretion in NEC.
Concentrations of TSLP protein in NEC culture supernatant from nonatopic (n=22) and
atopic (n=14) individuals were measured using ELISA following overnight stimulation with

(A) increasing concentrations of polyl:C (0-50 pg/ml); (B) 25 pg/ml of polyl:C; and (C) 50
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pug/ml of polyl:C. Results shown are mean £ SEM of duplicates. One independent

experiment performed per subject.

Figure 4. Relationship between TSLP rs1837253 genotype and polyl:C-induced TSLP
secretion in nasal epithelial cells. Concentrations of TSLP protein in nasal epithelial cell
culture supernatant from rs1837253 homozygous major allele (CC; n=14), heterozygous
(CT; n=14), and homozygous minor allele (TT; n=8) individuals were measured using
ELISA following overnight stimulation with (A) increasing concentrations of polyl:C (0-50
pg/ml); (B) 25 pg/ml of polyl:C; and (C) 50 pg/ml of polyl:C. Results shown are mean +
SEM of duplicates. One independent experiment performed per subject. Significant

difference from CC genotype (*p<0.05).
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TALBES & FIGURES

Table 1

McMaster University — Medical Sciences

Characteristics Xﬁggz()égco;ls Major I(—ICe_][_(;rozygous Zﬂgwlgz(éllgrc;us Minor
Sample size, n 14 14 8
Sex, male:female 5:9 11:3 3:5
Age*, years 28.4 (15.0) 30.4 (15.4) 27.0 (11.0)
Atopy, n 6 4 4
Ethnicity
Asian 3(21.4) 4 (28.6) 6 (75.0)
Caucasian 10 (71.4) 8 (57.1) 2 (25.0)
Other 1(7.2) 2(14.3) 0 (0.0)

Values in parentheses indicate percentages.
*Mean (SD)

Figure 1
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CHAPTERS5: DISCUSSION

An estimated 300 million individuals worldwide have been diagnosed with asthma, with an
expected 100 million more by 2025 [28, 29]. In Canada, the cost of treating asthma alone is
estimated to be $4.2 billion by 2030 [238]. Given the rising socio-economic and health
burdens of asthma, it is important to elucidate mechanisms underlying its development and
thus discover novel treatments and preventive strategies. Although allergic sensitization is
widely recognized as a risk factor for allergic diseases [17], not all sensitized individuals
have symptoms. Studies have reported <50% prevalence of atopic sensitization in asthma,
suggesting that other factors contribute to the onset of disease [18]. With the completion of
the human genome project in 2001, much effort in the last decade has centered on
identifying novel genes as susceptible loci for asthma and related traits. Nonetheless, the
precise roles of genetic factors in direct causation remain unclear, with all evidence pointing
to complex gene-environment interactions.

With this in mind, the TSLP gene has emerged as one of the most important
associations for the development of asthma and related traits in recent candidate gene [11]
and GWAS [10, 236, 237] findings. The most established mechanism for TSLP-driven Th2
inflammation is via the TSLP-DC axis whereby CD4+ T cells are primed towards a Th2
biased immune response [14]. Aside from DC, the pleotropic effects of TSLP on T
lymphocytes [216], effector cells, such as mature eosinophils [203, 221] and basophils [142],
as well as their progenitors [15, 143], and, most recently, ILC2 [239], have also been
reported. The airway epithelium gives rise to TSLP, IL-33, and IL-25, a triad of cytokines

that have emerged as key influencers of the allergic immune response. However, evidence
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supporting a role for 1L-33 and IL-25 in allergic inflammation is derived mainly from
murine models [240, 241].

The overall objective of this thesis was to investigate the influence of innate (TLR3-
mediated) or adaptive (allergen-specific T cell putative factors-mediated) immune stimuli
on epithelial cell-derived TSLP production and the subsequent effector pathways leading to
allergic inflammation and disease. Specifically, the studies described herein investigate two
distinct TSLP-mediated pathways: a TSLP-DC axis and a TSLP-Eo/B progenitor axis. The
hypothesis for the studies found herein is that variants in the TSLP gene are linked to
alterations in TSLP secretion that then modulate downstream cellular events. These critical
events include hemopoietic progenitor differentiation and DC functional effects on Th2 cell
development, ultimately influencing the course of tissue allergic inflammation and thus,
disease.

The data presented herein provide evidence for TSLP being involved in the
regulation of multiple pathways of allergic immune response, and support TSLP being an
“asthma gene.” In this regard, the data presented in Chapter 2 demonstrate enhanced TLR3-
and allergen-specific T cell-mediated CCL17 expression in vitro in relation to clinical
asthmatic status. Chapter 3 investigates an alternate downstream pathway of TSLP-
mediated inflammatory response, and demonstrates enhanced TSLP-mediated hemopoiesis
ex vivo in relation to clinical atopic status. Given the enhanced inflammatory response
observed in our asthmatic and atopic group, we hypothesized that rs1837253 variant in the
TSLP gene may influence TSLP secretion from mucosal surfaces, which might
consequently influence the development of allergic responses. The data in Chapter 4

demonstrate that NEC derived from individuals with the minor protective allele have
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diminished secretion of TSLP. Our findings not only provide key and novel insights into the
possible function of rs1837253, but also explain, in part, the inverse association between

rs1837253 and asthma and related phenotypes [9-11, 236, 237].

5.1 TSLP Mediates Crosstalk Between Epithelial Cells and Immune Cells

The airway epithelium acts as the first line of defense towards inhaled pathogens and other
harmful substances [92]. However, persistent damage and/or exposure to numerous agents
including viruses can cause the epithelium to lose its barrier function, through disrupted
tight junctions and impaired innate immunity [93], which may contribute to increased
sensitivity to infections and allergens. In the last few years, much work has been focused on
the epithelium, especially due to the many cytokines and chemokines derived therefrom; in
particular, there has been focus on the pleotropic effects of epithelial-derived TSLP, which
can activate an array of immune cells [15, 203, 216, 221] such as DC [14] and hemopoietic
progenitor cells [15], indicating that there is active TSLP-mediated crosstalk between

epithelial cells and these immune cells.

5.1.1 Epithelial Cell-Dendritic Cell Interaction

In recent years, the roles of T cells and TSLP in allergic asthma have been extensively
examined. However, very little is known about the interaction between the epithelial-
derived TSLP and T cells. What role, if any, do allergen-specific T cells play in the
activation of airway epithelium and the subsequent release of TSLP? In Chapter 2, the

underlying concept is that in patients with asthma, there are increased allergen-specific T
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cells which, upon their activation in the airway mucosa (after allergen or peptide epitope
exposure), initiates the secretion of TSLP by BEC and activation of local DC. This results in
secretion of CCL17 and recruitment and activation of CD3+/CD4+ T cells, production of
inflammatory cytokines and, ultimately, triggering of the paracrine regulation of TSLP
secretion by the epithelium, leading to the amplification of allergic inflammation. This
series of events is also thought to be the basis for blood and airway eosinophilia in patients
with allergic asthma [242]. The data in Chapter 2 show that allergen specific T cell-
activated primary BEC culture supernatants induce TSLP-dependent CCL17 production
from monocyte-derived DC, commensurate with clinical asthmatic status. CCL17 has been
reported to be associated with CD4+ T cell accumulation during peptide-induced LAR as
well as the magnitude of the peptide-induced LAR [85]. Our in vitro model provides further
support for the concept that TSLP mediates crosstalk between the epithelium and DC during
allergic inflammation. However, Kashyap et al. reported the ability of DC to produce TSLP
post-TLR-ligation [194], which demonstrates a dual role for DC, to both respond to TSLP
and to produce TSLP in response to pathogens/allergens. Their work raises the possibility
that DCs themselves could bypass the need for epithelial cell-derived TSLP, by creating an
autocrine loop, both producing and responding to TSLP, in addition to serving as a source
of TSLP for other immune cells. Nevertheless, the airway epithelium acts as the first line of
defense towards pathogens and other harmful substances, rendering the epithelium as the

body’s major source of TSLP [92, 243].
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5.1.2  Epithelial Cell-Eo/B Progenitor Interaction

Recently, TSLP has been shown to directly activate CD34+ hemopoietic progenitors, with
release of pro-inflammatory and Th2 cytokines, as well as chemokines in a dose-dependent
manner [15]. Moreover, it has been suggested that TSLP may modulate the function of
CD34+ cells via changes in hemopoietic cytokine receptors, which have been shown to be
altered in cord blood CD34+ cells of atopic at-risk infants [244]. In line with this, the ability
of TSLP to induce differentiation of progenitors in animal models has previously been
demonstrated [142]; however, the effects of TSLP on human progenitor Eo/B lineage
commitment remain poorly understood. The study reported in Chapter 3 was an attempt to
better understand the link between TSLP and human progenitor Eo/B differentiation at the
epithelial surface. Our data demonstrate that TSLP drives IL-3-mediated Eo/B
differentiation through induction of autocrine TNFa secretion by HHP. Furthermore, we
demonstrate enhanced TSLP-mediated hemopoiesis ex vivo in relation to clinical atopic
status, which may help explain, in part, why atopic individuals may have increased
eosinophil and basophil accumulation at sites of inflammation. Our novel findings
demonstrate that besides the direct recruitment of inflammatory cells under the effects of
inflammatory mediators [17, 22, 23], the airway epithelium can interact with hemopoietic
progenitors to enhance Eo/B differentiation and induce an eosinophilic-basophilic

inflammatory response.

5.1.1.1 TSLP-Mediated in situ Hemopoiesis
In Chapter 3, we defined a concept for a pathway which leads to the development of

eosinophilic-basophilic inflammation in the absence of Th2 infiltration and accompanying
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inflammatory mediators, under the term “in situ hemopoiesis.” This concept refers to the
recruitment to, and differentiation at, mucosal sites of hemopoietic inflammatory cell
progenitors [151]. There is indirect and direct evidence that undifferentiated CD34+
hemopoietic progenitors can home, and give rise to eosinophils and basophils, at sites of
allergic inflammation, such as the bronchial mucosa of patients with asthma, the nasal
mucosa in AR and nasal polyposis, and at other target tissue sites in related allergic
inflammatory diseases [152, 153, 245]. In this regard, in 1988 Ohnishi et al. reported highly
potent, but not totally defined, Eo/B colony-stimulating activities in conditioned medium
derived from cultured human nasal polyp epithelial scrapings [246]. In line with this, we
report augmented secretion of TSLP from asthmatic epithelial cells (Chapter 2) and
demonstrate TSLP-mediated hemopoiesis ex vivo, which is especially enhanced in atopic
individuals (Chapter 3). Based on these observations, we posit that human TSLP, which was
only discovered in 2001, may be the key mediator responsible for the Eo/B colony-
stimulating activities reported by Ohnishi et al. [246]. In further support of this hypothesis,
TSLP is over-expressed in subjects with nasal polyposis [228] and AR [227], and is
significantly correlated with disease severity. Moreover, intravenous administration of
AMG 157, a human anti-TSLP mAb, in mild atopic asthmatics is accompanied by a
decrease in baseline blood eosinophil counts [234], suggesting that eosinophil levels are
controlled by epithelial-derived TSLP and/or TSLP-responsive factors. These findings
further support our findings in Chapter 3, which demonstrated the ability of TSLP to
mediate Eo/B differentiation from HHP, a process which was dependent on TSLP-TSLPR

interactions and TNFa [143]. Further study examining airway epithelial cell-derived TSLP-
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induced Eo/B differentiation in asthmatic subjects and controls, and its clinical relevance is

warranted.

5.1.1.2 Hemopoietic Progenitor Cells or ILC2?

TSLP is thought to be important in the generation of eosinophilic inflammation in patients
with allergic asthma, through activation of airway DC and promotion of increased numbers
of Th2 cells, resulting in the production of specific inflammatory cytokines, including IL-5
and IL-13 [24, 207]. TSLP has also been demonstrated to influence the production of IL-5
and 1L-13 from CD34+ progenitor cells and nascent mast cells [15]; in this context, TSLP
induces IL-5+/IL-13+ CD34 + cells to appear in sputum after airway allergen challenge of
atopic asthmatics [15]. Recently, nasal polyp epithelial-derived TSLP has been
demonstrated to act on ILC2 [239], and in combination with IL-33, stimulates the
production of Th2 cytokines, especially IL-5 and 1L-13. The enhanced production of IL-5
may help to explain the induction of eosinophilic inflammation in the absence of Th2 cell
activation in eosinophilic asthma [239, 247]. Given that TSLP induces surface expression
of TSLPR, along with the capacity to produce high levels of IL-5 and IL-13 [59, 62, 205,
223], in both CD34+ cells and the recently identified ILC2, makes it difficult to functionally
distinguish CD34+ hemopoietic progenitors from ILC2. The recent identification of ILC2 in
the context of allergic inflammation has attracted a lot of attention, but whether human
ILC2 are as important as CD34+ progenitors in triggering eosinophilic inflammation is still
unclear. Nonetheless, the capacity of various epithelial cell-derived cytokines such as TSLP,
IL-33 and IL25 to activate ILC2 suggests that, like CD34+ progenitors, the epithelium

closely interacts with both these cell types.
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5.2 Mechanisms Underlying Differential TSLP Secretion in Asthma and Allergic
Diseases

Allergic diseases are complex inflammatory disorders highly influenced by both genetic
predisposition and responses to environmental stimuli (e.g. infection, allergens, diet) [1]. In
Chapter 2, we demonstrate enhanced TSLP secretion from asthmatic BEC following
polyl:C stimulation. Others have shown that enhanced RIG-1 [105] and AP-1 [248] in
asthmatic BEC compared to healthy controls is, in part, responsible for the enhanced TSLP
secretion. However, gene expression is not solely determined by interactions between
transcription factors and DNA sequences in promoters, but also by epigenetic alterations,
such as DNA methylation [249]. DNA methylation is characterized by the addition of a
methyl group to a cytosine base in a cytosine-guanine dinucleotide. Generally, increased
DNA methylation of promoter sequences is associated with decreased gene expression
[250]. TSLP has been demonstrated to be a methylation-sensitive gene [251, 252]. Along
these lines, our findings demonstrate comparable basal levels of TSLP secretion in
asthmatic and healthy control BEC, suggesting that BEC may be susceptible to epigenetic
alterations induced by environmental factors such as microbial infection [235]. These
epigenetic changes may, in turn, alter the threshold for epithelial activation in response to
environmental stimuli such as viruses and allergens [235]. For example, TLR-ligands have
been demonstrated to alter methylation processes [253]. Given that reduction of DNA
methylation facilitates transcription by permitting transcription factors or co-activators to
bind to regulatory elements (promoter or enhancer regions) [250, 254], we hypothesized that
there would be diminished methylation of the TSLP promoter in asthmatic BEC following
exposure to polyl:C [251, 252].
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TSLP is an established susceptibility gene for asthma and allergic diseases across
different ethnicities [9, 10, 232, 236] and its association with asthma and related phenotypes
has been confirmed in both candidate gene [11] and GWAS [10, 236, 237] investigations -
especially the rs1837253 polymorphism studied in this thesis [11]; though the reasons for
this association have remained unclear. In Chapter 4, we demonstrate diminished TSLP
expression in NEC obtained from individuals who were carriers for the protective minor
allele of the rs1837253 polymorphism (T) compared to non-carriers (CC), post stimulation
with polyl:C but not at baseline. Although the precise mechanisms underlying the regulation
of TSLP secretion by rs1837253 remains elusive, an individual’s genotype may modulate
the effects of environmental exposure through epigenetic mechanisms [255]. Furthermore,
it has been shown that rs3806933 (-847 C > T) in TSLP creates a binding site for AP-1,
enhancing the transcriptional efficiency of the long-form TSLP induced by polyl:C in BEC
[190]. Although the assessment of epigenetic modification was not the objective of these

studies, we are now in a position to examine this hypothesis in prospective studies.

5.3 Clinical Implications: Viral-Induced Asthma Exacerbations

Asthma is a heterogeneous disease caused by multiple environmental factors in combination
with genetic susceptibility [1], and has many distinguishable phenotypes. Eosinophilic
inflammation is generally considered to be the main feature of allergic asthmatic airways
and is presumed to be crucial in the pathogenesis of allergic asthma [27]. Approximately 50%

of asthmatics have persistent eosinophilic asthma [256].
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Asthma exacerbations are a major cause for mortality, and repeated exacerbations
can cause permanent impairment of lung function [257]. Respiratory viruses are a
significant cause of asthma exacerbations [258]. Rhinoviruses are single stranded RNA
viruses that synthesize dsRNA during replication at the respiratory epithelium; therefore,
mediating its effects via TLR3 signaling [259]. We [187] (Chapter 2 and 4) and others [13,
103-105] have shown that TLR3 ligation induces production of TSLP from epithelial cells,
with enhanced secretion observed from epithelial cells obtained from asthmatic individuals
compared to their healthy counterparts. With particular relevance to this thesis, the ligation
of TLR3 by dsRNA has been shown to induce TNFa in airway epithelial cells [260]. Indeed,
in Chapter 3 we demonstrate enhanced TSLPR expression on HHP following overnight
stimulation with both IL-3 and TNFa, which significantly enhanced the sensitivity of
CD34+ cells to TSLP-mediated Eo/B differentiation. These findings implicate TNFa, as a
key mediator of epithelial-TSLP effects on Eo/B progenitors; and highlight a role for the
innate immune response, initiated at the epithelial surface, in augmenting TSLP-mediated
inflammation.

Virus-induced exacerbations are dependent in large part on the augmentation of pre-
existing airway inflammation in asthma, leading to increased obstruction of the airway
[261]. At baseline, most patients with allergic asthma have eosinophilia - increased
eosinophils both in the periphery and at sites of inflammation [27]. Following viral
infections, the airway epithelium secretes elevated levels of TSLP [13, 103-105, 187],
which along with TLR3-induced TNFa, further promotes in situ hemopoiesis and augments
the eosinophilic inflammatory response. Rhinovirus infection has been shown to induce

airway eosinophilia in some individuals [262]. Our studies may thus help to explain some
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mechanisms involved in virus-induced asthmatic exacerbations, highlighting, as they do,
pathways through which the eosinophilic inflammatory response may be amplified and

worsened following viral infections and/or viral-induced exacerbations of asthma.

5.4 Therapeutic Implications: TSLP Pathway as a Target in Asthma and Allergic
Diseases

TSLP has been highly implicated in allergic diseases, with elevated levels correlating to
disease phenotype [12, 218, 225, 226]. As we have demonstrated in Chapter 2, the TSLP-
DC axis is critical in the development of a Th2 inflammatory response. TSLP-activated DCs
permit Th2 development by upregulating OX40L, the Th2-polarizing signal, in the absence
of IL-12 [208]. Data from murine models provide compelling evidence for a critical role for
OX40/0X40L in the pathogenesis of asthma [263, 264]. However, support for the role of
OX40/0X40L in humans is limited [208, 265]. Relatedly, a clinical trial using allergen
inhalation challenge in mild atopic asthmatics reported that human monoclonal OX40L had
no effects on allergen-induced early and late responses [266]. These findings suggest that
the OX40/0X40L axis may not be critical in the pathogenesis of allergic inflammation in
humans; rather, TSLP-induced secretion of CCL17 by DC may play a greater part by
recruiting Th2 cells (Chapter 2).

Another clinical trial using AMG 157, a human TSLP mAb that inhibits its
interaction with the TSLP receptor, was recently designed to prevent airway obstruction in
mild atopic asthmatic by targeting the TSLP-TSLPR pathway [234]. AMG 157 was
reported to reduce both the early and late responses following an allergen challenge, which,
as the authors postulated, was likely due to the indirect effects of anti-TSLP treatment on
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both mast cell activation and inflammatory cell recruitment, given that mediators from
airway mast cells and basophils are major contributors to the early and LAR [267], and
since the late response is also associated with the allergen-induced influx of inflammatory
cells, such as basophils and eosinophils [267, 268]. The likelihood of this hypothesis is
supported by the observed striking decreases in blood and sputum eosinophils and exhaled
nitric oxide at baseline in the recruited subjects treated with the antibody [234]. However,
as the authors mention, it is unclear whether these changes, reduced eosinophil numbers,
were responsible for the inhibition of the allergen-induced responses or whether the
reduction in eosinophils and subsequent changes in the FEV; were coexistent but not causal.

In Chapter 3 we demonstrated the ability of TSLP to mediate Eo/B differentiation
from human peripheral blood hemopoietic progenitor cells ex vivo, which was dependent on
TSLP-TSLPR interactions. Our findings provide a mechanism by which AMG 157 may
operate to decrease eosinophils and basophils at sites of inflammation. However, it is as yet
unclear whether the inhibition of the allergen-induced responses was due to the decreased
numbers of eosinophils in the blood and sputum [234]; further mechanistic studies of AMG
157 are warranted.

To date, of all the available asthma treatments, inhaled glucocorticoids are the gold
standard for asthma treatment, as they are the only agents known to attenuate baseline levels
of blood eosinophil counts and exhaled nitric oxide, while all other available treatments can
only attenuate components of allergen-induced airway responses [269]. Therefore, although
the full clinical value of anti-TSLP therapy cannot yet be ascertained, the capacity of AMG
157 to attenuate baseline indices of inflammation appears promising. Collectively, these

findings highlight a possible role for TSLP in the development or persistence of asthma by
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initiating hemopoietic responses in the mucosa and/or promoting in situ hemopoiesis by
providing signals necessary for lineage commitment into effector cells that contribute to
inflammation at mucosal surfaces. Further clinical studies will be needed to carefully
evaluate the potential clinical benefits and/or side effects of anti-TSLP therapy, given that
the biological effects of TSLP are strongly dependent upon the local tissue
microenvironment: while in the skin and airway TSLP induces Th2-type inflammation, in

the intestinal mucosa it promotes tolerance [270].

55 Limitations

We acknowledge certain limitations in the studies presented herein. In Chapter 2, asthmatic
BEC were obtained from asthmatic subjects recruited at McMaster University, while
healthy BEC were commercially obtained from Clonetics, which may raise concerns of
altered cell responses due to differential BEC collection and/or culture methods. Although
we cannot be certain how healthy BEC samples were obtained, we took great care to culture
the cells in exactly the same culture media and supplements so as to reduce variation
between cultures of cells from asthmatic and healthy controls. Furthermore, while we
acknowledge that smoking can be a confounding factor in the induction of TSLP [271],
unfortunately we do not have data on the smoking status of our subjects. However, our
observed differential expression of TSLP between asthmatic and healthy BEC is supported
by previous studies, which have all shown increased TSLP expression from asthmatic BEC
compared to healthy BEC [13, 105, 272]. Finally, it was only very recently discovered that

IL-1B, IL-6, and CXCLS8 are the principle mediators responsible for allergen-specific T cell-
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dependent induction of epithelial-derived TSLP. Unfortunately, we had exhausted all the
asthmatic BEC on the earlier experiments and due to resource and subject recruitment
constraints there was not enough asthmatic BEC to explore whether IL-1B, IL-6, and
CXCLS8 induced more TSLP in BEC from asthmatics or not.

In Chapter 3, it is not clear how TSLP and/or any of the other manipulations (such as
anti-TNFa) may alter the relative proportions of eosinophils vs. basophils in the Eo/B
colonies. There are advantages and disadvantages to liquid cultures, in which enumeration
of eosinophils and basophils can be performed, but progenitors cannot be accurately
quantified as they can in Eo/B CFU assays. In light of this, we elected to use the CFU assay,
and added colony histamine assays as a specific, surrogate biomarker of basophil ‘content’
within these Eo/B colonies, given that histidine decarboxylase is only present within the
basophil, not the eosinophil in these mixed basophil-eosinophil colonies, each derived from
a single progenitor, [132, 136, 144, 273, 274]. Rather than examine the relative proportions
of eosinophils vs. basophils in these colonies of nascent eosinophils and basophils of mixed
granulation (which one also sees in liquid cultures), we have focused on peripheral blood
Eo/B CFU (and thus, HHP) production after TSLP stimulation, providing novel evidence
that TSLPR engagement on PB CD34+ cells has the capacity to enhance Eo/B lineage
priming of myeloid progenitors, increasing the likelihood of development of allergic
eosinophilic/basophilic inflammation, in addition to disease maintenance or progression.

Finally, in Chapter 4, we describe the effects of dSRNA on NEC-derived TSLP
(mRNA and protein) production. However, only very few cells are obtained from nasal
scrapes, and consequently, there were not enough cells available to examine the expression

of other inflammatory proteins, such as AP-1 and the retinoic acid-inducible gene 1 (RIG-1)
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that are in part responsible for the differential secretion of TSLP between healthy and
asthmatic airways, and among SNP rs1837253 genotypes [105, 248]. In addition, we had
gathered limited subject characteristics, which restricted our examining the effects of

rs1837253 on the differential production of TSLP amongst asthmatics.

5.6 Summary

The overall objective of this thesis was to investigate the influence of innate (TLR3-
mediated) or adaptive (allergen-specific T cell putative factors) immune stimuli on
epithelial cell-derived TSLP secretion and the subsequent effector pathways of allergic
disease. Our initial objective was to determine whether activated allergen-specific T cells
are able to induce the expression of TSLP in primary, differentiated BEC and the molecular
mechanisms through which this T cell-dependent expression occurs. We demonstrated that,
like polyl:C which has previously been shown to induce TSLP in airway epithelium [13,
104], supernatants from activated T cells (and individual cytokines) are able to induce TSLP
and that production is higher in epithelial cells from asthmatic subjects. This study was the
first to demonstrate enhanced allergen-specific T cell-mediated CCL17 expression in vitro
in relation to clinical asthmatic status. These findings support allergen-specific T cells as
positive regulators of TSLP secretion, suggesting T cell-airway epithelium interactions that
may lead to maintenance and amplification of allergic inflammation.

We next examined whether TSLP is able to induce eosinophil and basophil
differentiation from human hemopoietic progenitors and investigated the molecular

mechanisms through which this TSLP-dependent hemopoiesis occurs. Unlike previous
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studies of TSLP-induced differentiation, we used peripheral blood CD34+ progenitor cells
isolated from atopic and nonatopic control subjects to address these questions ex vivo. We
demonstrated that TSLP is able to drive IL-3-mediated Eo/B differentiation and that this
process is through induction of autocrine TNFa secretion by CD34+ progenitor cells, both
novel findings. Furthermore, this study was the first to demonstrate enhanced TSLP-
mediated hemopoiesis ex vivo in relation to clinical atopic status. This study enhanced our
understanding of the link between TSLP and human progenitor Eo/B differentiation at the
epithelial surface and may help explain increased eosinophils and basophils at sites of
inflammation in atopic individuals.

Finally, we attempted to elucidate the reasons for association between the rs1837253
and asthma by relating rs1837253 genotype differences to ex vivo TSLP production from
NEC. We demonstrated diminished TSLP secretion in NEC from individuals who are
carriers for the protective minor allele. This study sheds light on the functional role of
rs1837253 and helps to explain, in part, the reported protective association rs1837253 has
with asthma [9-11, 236, 237]. Collectively, the studies presented herein provide evidence
that TSLP plays a pivotal role in regulating airway inflammatory responses, and support
continued investigations into the functional mechanisms linking TSLP variants to allergic

disease phenotype.

5.7 Future Direction: SNP rs1837253 Associated Epigenetic Regulation of Asthma
and Allergic Disease

TSLP is currently a hot topic, which has refuelled interest in the role of the epithelium in

asthma and allergic diseases. Novel findings have reported on the immunological effects of
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TSLP on its downstream effector pathways [14, 142, 187, 203, 216, 221], with attention
recently focused on the effects of TSLP polymorphisms on asthma and related phenotypes
[9-11, 236, 237].

In our study, we demonstrated diminished TSLP secretion in NEC derived from
individuals who are carriers of the protective rs1837253 T allele; however, the mechanism
for reduced TSLP expression is unclear. TSLP has recently been shown to be a methylation-
sensitive gene [251, 252]. The methylation status of TSLP was significantly associated with
prenatal tobacco smoke exposure and was further associated with childhood AD. Moreover,
TSLP 5°-CpG island methylation was inversely related with its downstream TSLP protein
secretion [252]. In a more recent study, Luo et al [251] reported DNA hypomethylation of
the TSLP promoter region, which was accompanied by overexpression of TSLP in skin
lesions from patients with AD compared with controls. Further investigation into SNP
rs1837253-associated epigenetic alterations in airway epithelial cells will be critical in
understanding the mechanisms underlying the involvement of rs1837253 in regulating
TSLP secretion. Furthermore, given that SNP rs1837253 showed the greatest association
with asthma [11], continued research on the effects of rs1837253 genotype on TSLP
secretion in different phenotypes (mild and severe) of asthma will help unravel the
association. Although the obstruction of TSLP-TSLPR interaction seems promising as a
therapy for allergic airway inflammation [234], reaching a greater understanding of the
molecular pathogenesis of asthma and allergic diseases will eventually pave the way for
novel therapies targeting the source of inflammation rather than life-long therapies aimed at

dampening inflammation and easing symptoms.
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