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Abstract

The Regulation and Function of Thymic Stromal Lymphopoietin Receptor (TSLPR)

in the Airway Epithelium

Michael Miles Miazgowicz

Chair of the Supervisory Committee:
Affiliate Professor Steven F. Ziegler

Department of Immunology

The epithelially-derived cytokine thymic stromal lymphopoietin (TSLP) plays a
key role in the development and progression of allergic disease and has notably been
shown to directly promote the inflammatory responses that characterize asthma. Current
models suggest that TSLP is produced by epithelial cells in response to inflammatory
stimuli and acts upon hematopoietic cells to effect a Tu2-type inflammatory response.
Recent reports, however, have shown that epithelial cells themselves are capable of
expressing the TSLP receptor (TSLPR), and may thus directly contribute to a TSLP-
dependent response. In this thesis, we review what is known about both the
immunological and epithelial responses that contribute to the pathogenesis of asthma,
and further present novel data indicating a role for epithelially expressed TSLPR to play

in those responses.



We present data that epithelial cells indeed express a glycosylated form of the
TSLP receptor. Furthermore, we find that beyond simply expressing TSLPR, epithelial
cells are capable of dynamically regulating TSLPR in response to the same inflammatory
cues that drive the production of TSLP. This induced receptor is functional, as epithelial
cells produce CCL17, a Tu2-associated chemokine, in response to stimulation with TSLP.
These data suggest that a direct autocrine or paracrine response to TSLP by epithelial
cells may initiate the first rounds of chemotaxis during an allergic inflammatory
response. Intriguingly, we find that the regulation of TSLPR, unlike TSLP, is NF-xB
independent, suggesting that the cell may be able to independently regulate TSLP and
TSLPR levels in order to properly modulate its response to TSLP. Finally, we show
evidence for this dynamic regulation occurring following the viral infection of primary
epithelial cells from asthmatic patients. Taken together, the data suggest that induction
of TSLPR and a direct response to TSLP by epithelial cells may play a novel role in the

development of allergic inflammation.
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Chapter 1: Introduction

Overview

Asthma is a chronic inflammatory disease of the airways with a complex etiology.
It is a significant public health concern; Asthma affects 8% of the adult US population,
and 10% of children, and is estimated to account for $56 billion in medical and related
expenses.! Patients typically develop the disease during childhood and suffer from its
effects throughout the remainder of their lives. For most patients, asthma’s symptoms
can be controlled by the use of $.-adrenergic receptor agonists and steroidal drugs,
however, up to 10% of asthmatics are unresponsive to therapeutic agents and are at high
risk for asthma-related hospitalization and death.2 Importantly, despite asthma’s history
and prevalence, none of the currently available pharmaceutical therapies are effective in
preventing or curing the disease. There exists, thus, a clear need for research into the
pathogenesis of asthma, both in its initiation and elaboration, in order to better design

effective treatment strategies.

While the precise causative mechanisms are unknown, both the symptoms and
triggers of asthma have been well studied. In many cases, acute exacerbations (“asthma
attacks”)— involving wheezing, coughing, and difficulty breathing— are triggered by
exposure to allergen.3 Indeed, allergic asthma, along with atopic dermatitis and allergic
rhinitis, is part of the so-called “allergic triad” defines the atopic syndrome.4 In a
minority of cases, asthma attacks are triggered non-atopically, by chemicals, intense
exercise, or other poorly defined or unknown factors. Regardless of the triggering

stimulus, however, the underlying symptoms of the disease are well defined. Asthmatic



disease is marked by extensive remodeling and thickening of airway walls, goblet

cell metaplasia and subsequent mucus hypersecretion, and cellular infiltration of the
airways with a characteristic “Ty2-skewed” hematopoietic profile featuring strong
eosinophilia. As a result of the chronic inflammation and tissue remodeling, airways
become hypersensitive to triggering stimuli, resulting in the acute bronchoconstriction
experienced during asthma attacks. Unmanaged, the airway remodeling is progressive,

leading to a permanent and significant impairment of lung function over time.5

Investigations into the causes of asthma stretch back over 150 years,° but it
wasn’t until relatively recently that asthma was appreciated as an inflammatory disorder
associated with a dysregulated immune response. The discovery that inflammatory
processes persisted in asthmatic lungs even during asymptomatic periods coincided with
the discovery of the allergy-associated Tu2 subset of CD4 T cells, and it was subsequently
found that these cells were present in asthmatic airways.57 Accordingly, investigations
into how immune responses, particularly allergic responses, become dysregulated have
dominated contemporary research into asthma. More recent research has suggested that
epithelial cells from the airways play a prominent, if not central role in asthma
pathogenesis.8'5 Indeed, much of the most promising current research into asthma
focuses on the interplay between the immune system and airway epithelium, and how
the responses of the epithelium to environmental insults result in the conditioning of
responding immune cells towards a pro-asthmatic phenotype. By identifying and
understanding the molecular and cellular mechanisms which the two systems use to
coordinate the asthmatic response, it is hoped that pharmacological interventions can be
targeted at those mechanisms to cure or even outright prevent the development of

asthma.



One of the key mediators of asthma that has been identified in recent years
has been the epithelially-derived cytokine thymic stromal lymphopoietin (TSLP).
Significantly, work from our lab and others has demonstrated that TSLP lies at the
crucial axis between the response of the airway epithelium to environmental insults and
the activation of a Tu2-skewed immune response towards those insults. TSLP has been
shown to be both necessary and sufficient to induce disease in mouse models of asthma.
Intriguingly, recent studies from our lab have shown that respiratory viruses, infections
with which have long been known to be a significant risk factor for the development of
asthma, induce production of TSLP and may thus directly promote subsequent asthmatic
responses. Investigating TSLP, therefore, offers an exciting avenue of research into the

pathogenesis of asthma.

The aim of this thesis is to better understand the mechanisms that control the
pathogenesis of asthma. We will examine the physiological systems involved in asthma
pathogenesis, as well as review what is known about both the triggers and risk factors for
the disease. We will discuss in particular how TSLP is responsible for mediating multiple
aspects of asthma, and draw attention to the role that the airway epithelium plays in
regulating the actions of TSLP. We will present novel findings concerning the ability of
the epithelium to respond to TSLP, and how by regulating this responsiveness to TSLP
following exposure to inflammatory stimuli the epithelium may play a direct role in the

earliest stages of the asthmatic response.

The Airway Epithelium

At an estimated 100 m?, the epithelium of the human lung is the largest surface in

the body that is directly and continuously exposed to the outside environment. The



degree of this exposure is quite obviously required for the purposes of gas exchange,

but does present a challenge in maintaining a strict separation of external and internal
environments. At the most fundamental level, cells of the airway epithelium form a tight
physical interactions with one another in order to form an impermeable barrier to the
outside environment. This barrier is complemented by a coating of mucus that traps
particulate matter, and is cleared from the lung by the mechanical action of ciliated
epithelial cells, together forming the so-called “mucociliary escalator.” Together, these
systems form an effective first line physical defense against harmful physical, chemical

or biological agents entering the airways.8

Airway epithelial cells are broadly classified into three groups: ciliated, secretory
and basal cells. Ciliated epithelial cells account for over half of the airway epithelial cells,
and form the luminal surface of the airways. These cells have a pseudostratified
columnar morphology, with apical cilia responsible for the mechanical clearance of
mucus. Interspersed among the ciliated epithelial cells lie the secretory goblet cells.
Goblet cells, named for their characteristic “goblet-like” morphology, are responsible for
secreting mucus into the airway lumen as well as controlling the viscosity of the secreted
mucus. Both ciliated epithelial cells and goblet cells are supported by basal cells. As their
name implies, basal cells attach to the basement membrane and provide a stable anchor
for the ciliated epithelium and goblet cells. In addition, basal cells are capable of
differentiating into both ciliated epithelial cells and goblet cells, and serve as the
progenitor population for these cell types. In the smaller airways, where basal cells are
fewer in number or altogether absent, a specialized cell type known as Clara cells is
thought to function as the resident stem cell population. In addition, Clara cells also have
a secretory character, producing surfactants and other more specialized compounds that

aid in bronchiolar function.1%:17



The ability of airway epithelial cells to form an impermeable barrier is
mediated by several kinds of molecular complexes. Tight junctions, the most apical of
these complexes, are formed by a network of homotypic and heterotypic protein
interactions that bring the plasma membranes of adjacent epithelial cells into close
contact. Proteins including claudins, occuldin, junctional adhesion molecule (JAM), zona
occludens proteins ZO-1, -2 and -3, as well as various other adhesion and adapter
proteins form a tight, nearly completely occluded junction between adjacent cells.’® More
basolaterally, adherens junctions, made predominantly of cadherin/catenin complexes,9
and desmosomes/hemidesmosomes, made predominantly of cadherins and integrins,°
provide additional adhesional foci. Along the basolateral edge of the epithelium lies a
dense network of collagen, laminin and fibronectin, referred to as the basement
membrane, that serves as both an anchor and orienting surface for the epithelial cells.?®
Importantly, while these various molecular interactions are impermeable to most
external environmental agents, they can be modified both structurally and dynamically
to form pores and transport networks that allow for selective passage of solutes and even

infiltrating immune cells across the epithelial barrier.8

In addition to purely physical barrier against the general external environment,
airway epithelial cells have a variety of mechanisms to respond to specific environmental
insults. In particular, infectious agents present a challenge to epithelial cells that simple
physical exclusion is insufficient to address, and that requires coordination with the
immune system to effectively overcome. To respond to these agents, airway epithelial
cells express a variety of pattern recognition receptors (PRRs) that are capable of sensing
specific evolutionarily conserved pathogen associated molecular patterns (PAMPs)
shared by many pathogens. Expression of Toll-like receptors (TLRs), RIG-I like receptors

(RLRs) and NOD-like receptors (NLRs) equip airway epithelial cells with the capacity to



initiate inflammatory responses following exposure to both intracellular and
extracellular pathogens.2-24 In addition, epithelial cells express protease activated
receptors (PARs) that allow the cells to respond to exogenous protease activities
common among certain classes of pathogens as well as certain common allergens25 In
response to stimulation of PRRs and PARs, as well as other more specialized receptors,
epithelial cells upregulate a wide array of pro-inflammatory chemokines and cytokines,
including TNF-q, IL-1, CCL17, CCL22, MCP-1, IL-25, IL-33 and TSLP.22-3! These factors
act to recruit and activate cells from both the innate and adaptive arms of the immune
system, as well as triggering structural changes in the epithelium itself that facilitate
clearance of the pathogen. The details of this interaction between the epithelial and

immune systems will be discussed in the following sections.

The Immune System

The mechanisms used by the body to protect against and eliminate various
pathogenic insults are collectively referred to as the immune system, and include such
functions as the formation of epithelial barriers as discussed above. However, a
particular lineage of cells, derived from hematopoietic stem cells, specialize in the
recognition and elimination of pathogens, and are typically what is being referred to
when speaking of the immune system. These hematopoietic cells can be subdivided into
two general categories: cells of the innate immune system and cells of the adaptive
immune system. Each subsystem is comprised of several distinct cell types, each with

highly specialized roles in the immune response.

Cells of the innate immune system are the first to respond to pathogenic insults,

and are involved in both the general effector stages of an immune response as well as in



the activation and tailoring of the more potent downstream adaptive responses.

Innate immune cells are largely derived from myeloid hematopoietic precursors, and
include neutrophils, eosinophils, basophils, macrophages, monocytes, dendritic cells,
and mast cells. A few innate (or innate-like) immune cells are derived from lymphoid
hematopoietic precursors, and include NK cells, NKT cells, and y5-T cells. Innate
immune cells detect pathogens largely by means of the PRRs previously mentioned, as
well as other specialized receptors that recognize evolutionarily conserved pathogenic
components or byproducts of pathogenic activity. Furthermore, innate immune cells can
become activated in response to non-specific pro-inflammatory signals, or can interact
with byproducts of the adaptive immune response to respond in a targeted fashion to
specific pathogens. In response to activation, innate immune cells produce a wide array
of pro-inflammatory mediators, including TNF-qa, Type I interferons, and other
chemokines and cytokines, as well as various microbicidal or cytotoxic factors. Some
cells, namely neutrophils, macrophages, monocytes and dendritic cells, possess
phagocytic activity, and macrophages and dendritic cells in particular play important
roles as antigen presenting cells (APCs) that serve a crucial function in further activating

the adaptive immune response.32

In contrast to the innate immune system, the adaptive immune system responds
to pathogens in a highly coordinated and exquisitely specific fashion. Adaptive immunity
is largely mediated by T and B cells, of the lymphoid hematopoietic lineage, acting
through tailored, pathogen-specific surface receptors (the T cell receptor— TCR— and B
cell receptor— BCR- respectively). T and B cells (collectively referred to as lymphocytes)
possess the ability to stochastically modify the genetic structure of the TCR and BCR loci,
respectively, in order to generate receptors with a nearly infinite variety of specificities.

The adaptive immune response is initiated when APCs (typically dendritic cells and some



macrophage populations, although previously matured B cells and even basophils
may also serve as APCs) present antigenic fragments of pathogens to immature
lymphocytes in the context of inflammation-induced co-stimulatory signals.
Lymphocytes with receptors capable of binding to the presented antigens become
activated and mature into effector cells. After the clearance of a specific pathogen, a
certain percentage of mature lymphocytes will persist as long-lived memory cells,
allowing the body to maintain long-term protection against previously encountered

pathogens. This process forms the basis of immunological memory.

Adaptive immune cells can play a diverse array of effector roles. B cells are
responsible for secreting antibodies (which are simply soluble forms of the BCR) as well
as playing the aforementioned role of an APC, and comprise what is termed the humoral
immune response. Following initial activation, B cells undergo processes known as
affinity maturation and class switch recombination, the effects of which are to potently
increase the specificity of their antibodies and modify the structure of those antibodies to
better fit specific effector responses. A terminally differentiated version of a B cell known
as a plasma cell is specialized towards the production and secretion of these matured
antibodies. T cells, by contrast, mediate more cellular effector responses. T cells
expressing the CD8 co-receptor mature to become cytotoxic T cells, responsible for the
controlled elimination of virally infected cells. T cells expressing the CD4 co-receptor
mature to become helper T cells, responsible for producing specific cytokines that assist
or modify the responses of other effector cells. These helper T cells can be further
subdivided into T-helper (Tx) subsets depending on which cytokines they produce.
Classically, helper T cells were believed to terminally adopt either the Tu1, Tu2 or Tu17

phenotype, producing IFN-y, IL-4/IL-5/1L-13 or IL-17, respectively, although work in



recent years has described many more Tu subtypes and has indicated that there is a

high degree of plasticity between the different types.33-35

Regulation of the Immune Response

One of the central challenges that the immune system faces is the distinction
between self and non-self. The effector responses the immune system is capable of
generating are often times dramatic in both their intensity and effectiveness, but if not
carefully targeted at foreign pathogens they can result in significant harm to the body.
The ability to accurately target the immune response is especially important given the
function of the adaptive arm of the immune response; if responses are targeted against
endogenous antigens or against harmless, non-pathogenic exogenous antigens,
immunological memory can be generated against those antigens, leading to cycles of
chronic, non-productive inflammation and tissue damage. Indeed, it is precisely these
processes that underlie autoimmunity and allergy, respectively. To prevent the mis-
targeting of immune responses, the body employs a variety of regulatory mechanisms,

broadly classifiable as central and peripheral tolerance.

Central tolerance includes the mechanisms that make the “first pass” against mis-
targeted adaptive immune cells. Due to the stochastic nature by which the TCR and BCR
genetic loci are rearranged to form full receptors, receptors can be generated that are
non-functional, functional and specific for non-self antigens, or functional and specific
for self antigens. To select for only cells that express functional receptors that target non-
self antigens, developing lymphocytes undergo both positive and negative selection.
These processes occur in specialized— or central— anatomical locations (namely, the

thymus for T cells, and the bone marrow and spleen, to a lesser extent, for B cells),



10

providing controlled environment for selection to occur. In positive selection,
Ilymphocytes are allowed to bind non-specifically to the cognate receptors utilized by
APCs, and only cells with receptors functional enough to recognize those cognate
receptors are permitted to survive. In negative selection, the newly positively selected
lymphocytes are exposed to self antigens. Cells that become activated during negative
selection are killed, leaving behind (theoretically) only those cells with a functional
receptor that does not recognize self-antigens. Once thus selected, lymphocytes can
travel from the thymus/bone marrow/spleen out into the peripheral tissues, ready to

participate in an immunological response.3%:37

Despite being highly effective, central tolerance does not eliminate every mis-
targeted lymphocyte. Thus, the body relies upon a different set of tolerance
mechanisms— peripheral tolerance— to eliminate or control these cells once they begin
circulation through the body. At the simplest level, the aforementioned requirement that
lymphocytes be exposed to inflammation-induced co-stimulation to become fully
activated serves as a passive tolerance mechanism. Indeed, cells that encounter their
antigen in the periphery in the absence of proper co-stimulation can become anergic,
and lose the ability to respond to future stimulation.3® Nevertheless, it is possible for
mis-targeted lymphocytes to encounter their antigen within a “proper” context and
become activated. Thus active mechanisms of peripheral tolerance are required to
handle any inappropriate responses that may arise. A specialized class of CD4+ T cells
known as regulatory T cells (Te) function to actively inhibit the effector responses of
activated T cells. Tieg cells can be derived directly from T cells undergoing thymic
selection, or can be induced in the peripheral under the correct circumstances, and they
are believed to act both by producing inhibitory factors that act on activated T cells as

well as interfering with the ability of activated T cells to receive the proper survival
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signals.3%:4° Between the mechanisms of central tolerance, passive peripheral
tolerance and active peripheral tolerance, inappropriate immune responses can be

completely avoided under normal circumstances.

It is worthwhile to note that due to the static nature of the PRRs and other related
receptors, the innate immune cells do not suffer to the same degree the propensity to
respond inappropriately to non-pathological stimuli. Interactions between self-antigens
and PRRs would be selected against evolutionarily, for obvious reasons, as would
interactions with innocuous antigens. This evolutionary protection is not perfect
however; certain allergens are thought to mimic the structure of PAMPs sufficiently to
induce an (inappropriate) response.4! Likewise certain self antigens, particularly nucleic
acids, must be kept sequestered by various means from innate cell PRRs due to their
similarity with pathogenic antigens (ie. viral nucleic acids). Inappropriate responses can
be generated if that sequestration ever breaks down, as is believed to happen during the
pathogenesis of systemic lupus erythematosus (SLE).42 Furthermore, if adaptive
immunity is generated against an inappropriate antigen, the effector responses of the
adaptive immune cells can feed back to innate cells and drive them to respond to the
same antigen, regardless of its nature. Inappropriate or excessive innate immune

responses are typically controlled by an extensive variety of anti-inflammatory factors.

If the mechanisms of tolerance are broken, then significant pathologies can
result. The ways in which tolerance can be broken and inappropriate immune responses
generated are myriad, but depending on the nature of the antigen or antigens the
responses are targeted against, different types of pathologies can be generated. If
tolerance is broken against a self antigen, autoimmunity results. Examples of
autoimmune disorders include type I diabetes (caused by a cytotoxic immune response

directed at pancreatic -islet cells), IPEX (caused by a mutation in the transcription
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factor required for Tre; development), or the aforementioned SLE.42-44 If the

immune responses are instead generated against an innocuous foreign antigen, allergy
results. Allergies include such diseases as atopic dermatitis, allergic rhinitis, and, of
course, asthma. While both autoimmunity and allergy can involve any aspect of the
immune system, autoimmunity— typically directed against specific tissues or cellular
antigens— tends to involve a strongly cytotoxic, Tu1-, or Tu17-skewed effector response,
and can be inhibited by Tu2 effector responses. Conversely, allergy has a strong Tu2
character that can be inhibited by Tu1-skewed responses.454¢ As asthma is strongly
associated with allergic responses, we will focus upon the mechanisms by which Tu2-

type immune responses are generated within the context of the disease.

The Asthmatic Response

As discussed previously, asthma can be caused by a wide variety of factors,
including non-atopic triggers such as synthetic chemicals and intense exercise.
Nevertheless, the allergic form of asthma is widespread, accounting for up to 80% of all
cases of asthma.5 Interestingly, even in cases of non-atopic asthma, the underlying
physiological response is largely the same as in atopic asthma. In both cases the
physiological reaction includes airway inflammation and remodeling along with
infiltration of the airway walls and bronchoalveolar spaces with immune effector cells of
a distinct, pro-allergic “inflammatory Tu2” character. By studying the processes involved
in allergen-dependent asthma, we can gain crucial insight into the general mechanisms

of the disease.

Studies on asthma in human patients have yielded important and clearly relevant

advancements in our understanding of the disease; indeed, the formulation of the link
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between asthma and a Tu2-associated immune response was borne out of studies
finding an enriched T2 lymphocyte population in the lungs of patients with atopic
asthma.” However, murine models of asthma have allowed researchers to more carefully
and precisely explore the identities and roles of the cells involved in the asthmatic
response. An asthma-like disease, featuring all of the hallmarks of asthma in humans,
can be induced in mice by sensitizing mice against an experimental antigen— frequently
ovalbumin (OVA)- then rechallenging the mice intranasally with the same antigen. By
examining the mice during all stages of the response, researchers have been able to map
the roles that the different cell types play in the pathology of asthma. These roles are

reviewed below.

Resident Antigen Presenting Cells

Antigen presenting cells are essential for the initiation of a full adaptive immune
response, providing the bridge between the initial innate immune response and the
activation of adaptive immunity. In mouse models of asthma, it has been shown that a
response by CD4+ T cells to an antigen is required to cause disease,47:48 implicating APCs
in this requirement. In the lung, macrophages and dendritic cells are the primary cells
responsible for APC activity, while more recent evidence suggests that basophils may
additionally contribute to these duties. B cells may play a minor role, but to date the

extent of their involvement in the pathogenesis of asthma has been unclear.49

A subset of macrophages known as alveolar macrophages (AMs) are a prominent
constituent of the total cell population found in the airways from healthy lungs.
Normally these cells are quiescent, existing in close contact with the airway epithelium,

exhibiting poor phagocytic activity and producing anti-inflammatory cytokines. Indeed,
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experiments depleting AMs worsened asthmatic responses.5° However, under

certain circumstances, their quiescence can be reversed, and AMs can contribute to
inflammatory responses. Activation of PRRs, though, for example, viral infection, can
induce AMs to begin secreting TNF-a.5! Significantly, AMs can both recruit activated
neutrophils during a response as well as phagocytose the apoptotic neutrophils following

the response, playing a role both in the initiation and resolution of inflammation.52-54

While AMs can take up and present antigen to allergen-specific T cells,54 it is
believed that their primary role during an inflammatory response is purely phagocytic.
In contrast, lung resident dendritic cells (DCs) are believed to be the primary antigen
presenting cell.55:5¢ Like AMs, resident DCs are thought to be largely tolerogenic in non-
inflamed lungs, being able to induce the generation of T populations through
production of TGF-f as well as through other mechanisms57:58. In the context of an
inflammatory response, however, DCs respond both directly to pathogenic insults as well
as to epithelially-derived signals of inflammation, becoming activated and capable of
presenting antigen to naive T cells. In particular, DCs responding to TSLP produced by
the lung epithelium upregulate the co-stimulatory molecules OX40L and CD86, which
allows them to specifically promote the development Tu2-skewed T cells.59-%3 In addition
to directly influencing Tu2 T cell generation, DCs also participate in recruiting Tu2 cells

to the lung through the expression of the Tu2-tropic CCL17 and CCL22 chemokines.

In addition to macrophages and dendritic cells, recent evidence has indicated
that basophils may participate in the allergic priming of T cells. Basophils are capable of
expressing MHCII and the appropriate co-stimulatory molecules required for antigen
presentation, and have been demonstrated to prime Ty2 T cells in models of papain-
induced or OVA-induced allergic response. In addition, the normally robust Tu2

responses seen following challenge with papain or after infection with the intestinal
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parasite Trichuris muris were both significantly attenuated following depletion of
basophils.®4-¢7 While to date, no studies have examined whether basophils function as
APCs in an asthmatic context, their presence in asthmatic lungs implies that they do, in

fact, play a role in initiating an allergic response to antigen in the lungs.

T Lymphocytes

While APCs, and DCs in particular, play the primary role in initiating the
asthmatic response, T lymphocytes play the primary role in coordinating the various
aspects of the response. Mice lacking a functional T cell compartment, either through
genetic modification (as is the case in Rag2-deficient animals) or through active T cell
depletion, are unable to mount a full asthmatic response to antigenic challenge. It has
been demonstrated furthermore that CD4+ T cells in particular are required to mediate a
full asthmatic response, as reconstitution of T cell deficient animals with adoptively
transferred CD4+ T cells was able to reconstitute the sensitivity of the animals to
antigenic challenge.4” These effects are furthermore reproducible in human patients;
depletion of CD4+ T cells was successful in reducing asthma symptoms in a clinical

trial.68

As was previously discussed, the predominant subtype of T cells present in
asthmatic lungs is the Tu2 lineage. These cells are traditionally defined by their
production of IL-4, IL-13 and IL-5, and have been shown to play a prominent role in a
wide range of allergic diseases. Significantly, Tu2 cells have been demonstrated to drive
asthmatic inflammation themselves; adoptive transfer of Ty2-skewed transgenic T cells

into naive, healthy mice is sufficient to allow the mice to develop all the hallmarks of
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asthmatic disease when the animals were later challenged with the cognate
antigen.®%7° The cytokines produced by Tu2 cells provide the mechanism for their

activity.

The cytokines IL-4 and IL-13 are thought to be the dominant effector cytokines in
the asthmatic response. Signaling by IL-4 through the IL-4 receptor (composed of IL-
4Ra and common gamma receptor chains) and by IL-13 through the IL-13 receptor
(composed of IL-4Ra and IL-13Ra1 receptor chains) both activate the transcription
factor STAT6. STAT6, in turn, activates a plethora of downstream targets and responses,
many of which are directly involved in the pathology of asthma. In addition to mediating
downstream responses, IL-4 and IL-13 also play key roles in the skewing of T cells
towards the Tu2 lineage, and thus form a positive feedback circuit that reinforces the Tu2
response.” Ablation of STAT6 can prevent both Ty2 skewing and development of
asthmatic responses,’> although, interestingly, ablation of either IL-4 or IL-13 alone
blocks only portions of those responses (Headley, Xu and Ziegler, unpublished data). IL-
4, in particular, has been shown to be essential in inducing B cells to undergo class
switching to IgE, which in turn is a primary component of the humoral allergic

response.’3

In addition to IL-4 and IL-13, Tu2 lymphocytes also produce cytokines that target
more specific effector responses. While not a feature of all Tu2 cells, the Tu2 cells in the
asthmatic lung can produce TNF-a, which activates inflammatory processes in the
epithelium and can enhance both the recruitment of and phagocytosis by various innate
immune cells.7475 Eotaxin, a potent eosinophil chemoattractant, is induced downstream
of IL-4,76 while the canonical Tu2 cytokine IL-5 additionally induces the activation and

accumulation of eosinophils. Mice lacking IL-5 do not develop eosinophila following
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antigenic challenge and, significantly are protected from the development of

airway hyperresponsiveness.””

In contrast to the Tu2 lineage, other T cell lineages can play minor or alternative
roles in asthma development. Tx1 cells, long considered the functional opposite of Tu2
cells, have been shown to inhibit the development of the asthmatic response under
normal circumstances.”® However, in settings of severe or chronic asthmatic
inflammation, both Tu1 cells and CD8+ T cells can be recruited to the lungs and
contribute to tissue damage.”9:8° In contrast, Tu17 cells and y8-T cells both can produce
large amounts of IL-17, which has been variously shown to both inhibit and exacerbate
asthmatic symptoms.8:82 Recent evidence has implicated Tu17 cells in particular in the
development of a particularly severe form of asthma marked by a neutrophilic as

opposed to eosinophilic cell infilitration.82

Eosinophils, Neutrophils, and Mast Cells

During an allergic asthmatic response, eosinophils make up the bulk of the
infiltrating cells. Eosinophils are recruited from the bone marrow to the lungs and
activated by the actions of IL-5 and eotaxin (among other factors), and can survive in the
lung tissue for weeks in the presence of IL-3, IL-5 and GM-CSF. At the site of
inflammation, activated eosinophils release granules containing a potent mix of cytotoxic
and microbicidal agents, including major basic protein, eosinophil cationic protein and
eosinophil peroxidase. Release of these agents can cause significant damage to airway
epithelial cells, and are believed to significantly contribute to asthma pathology. In
addition, eosinophils can themselves secrete various cytokines and chemokines,

including TNF-a, IL-4, IL-13, IL-5, GM-CSF, IL-3, RANTES, platelet-activating factor,
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and eotaxin, which form a positive feedback loop to recruit more Tu2 lymphocytes

and eosinophils.®3:84 Several of these factors, notably IL-13, can act on the airway
epithelium to induce wound repair, compensating for the cytotoxic effects of eosinophil
activation, but also contributing to the airway remodeling seen in asthma.85:86 There are
some indications that the microenvironmental localization of eosinophils within the
airways can lead to subtle differences in their regulation and behavior, illustrating the

complexity of the eosinophil mediated response.5

Neutrophils, like eosinophils, can be rapidly recruited to sites of inflammation,
and possess the ability to secrete cytotoxic and pro-inflammatory mediators. Unlike
eosinophils however, neutrophils do not play a primary role in most cases of asthma.
There is evidence that neutrophils are transiently recruited to the lungs after the initial
inflammatory insult, but die or leave within 24-48 hours.8” In mouse models of asthma,
neutrophils are rarely found in the bronchoalveolar lavage fluid of asthmatic animals,
but can be induced if IL-4 signaling is blocked (Headley, Xu and Ziegler, unpublished
data). Neutrophil recruitment is associated with strong IL-17 signals and, as mentioned

previously, is characteristic in certain severe cases of asthma.82

In contrast to both neutrophils and eosinophils, mast cells are largely resident
within the lung tissue during both inflammatory and non-inflammatory conditions. Mast
cell precursors are recruited from the bone marrow, and only mature once established
within the lung tissue. The factors that mediate these events are unknown, but are
believed to include eotaxin, among other chemokines and cytokines.®8 Once matured,
mast cells are incredibly long lived. Like most other effector cells, mast cells express a
range of PRRs that they use to respond to pathogenic insults. Importantly, however,
mast cells also express FCeRI, the receptor for IgE antibody isotype, which enables mast

cells to respond to specific pathogen in a highly sensitive manner. Once activated, mast
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cells release granules containing a wide variety of cytokines, chemokines and other
mediators. Included in these granules are the previously discussed cytokines TNF-a, IL-
13, IL-5, and GM-CSF. More importantly, however, mast cell granules contain a number
of acute mediators such as leukotrienes, prostaglandins and, famously, histamine, which
can induce vasodialation and bronchoconstriction, hallmarks of acute asthma attacks.89
Despite these functions, mast cells do not appear to be absolutely required for asthmatic
responses, as mice lacking either mast cells or IgE can still mount an eosinophilic

response to an allergic challenge.o°

Airway Epithelial Cells

The last cell type we will consider within the context of the asthmatic response is
by no means of the least importance; airway epithelial cells provide both the initial
response to environmental insults as well as the stratum upon which the entire allergic
immune response is built. As mentioned previously, airway epithelial cells express a wide
variety of PRRs, PARs and other receptors. They are typically the first cells to physically
interact with the triggering environmental insult, and are a source of many of the
cytokines, chemokines, and other factors previously discussed. Frequently, the
disruption of epithelial cells’ barrier function precedes and facilitates the response to a
pathogenic insult. It has been found that epithelial cells taken from individuals with
asthmatic disease display a deficiency in the ability to reconstitute tight junctions in
vitro compared to healthy epithelial cells.* This defect correlates with an increased
propensity to produce inflammatory mediators. The epithelial layer is frequently
damaged in asthmatic lungs— whether the damage is caused by or causative of asthmatic

disease remains an open question— and the degree of damage is positively correlated
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with disease severity. It is believed that the weakening of tight junctions along with

the epithelial damage makes the epithelium “leaky,” allowing normally excluded antigens
access to underlying immune cells. In combination with the inflammation caused by the
epithelial damage, immune responses can be generated against these antigens, even if

the antigens themselves are innocuous.8

Epithelial cells possess a potent ability to undergo self-repair; epithelial cells can
initiate the processes of dedifferentiation, migration and proliferation required to close a
wound in as little as 15 minutes following the creation of that wound.o? This process is
controlled in part by IL-13. Indeed, it may be that the increase in production of IL-13 by
most of the cells involved in the asthmatic response, including the airway epithelial cells
themselves, is in part an attempt to repair the chronic injuries to the epithelium.
Certainly, IL-13 controls the rate of goblet cell metaplasia and mucus hypersecretion,
and is responsible for the related pathology.® Over time, the persistent activation of the
wound repair responses and production of IL-13 contribute to the airway remodeling,
thickening and hypersensitization characteristic to the asthmatic response. Indeed, the
response of the epithelium to IL-13, as well as other cytokines, produces the majority of
the physiological changes in the lung that are experienced by patients as the primary

symptoms of asthma.

The Pathogenesis of Asthma

Asthma is a progressive disease. Over time, the coordinated action between the
airway epithelial cells, APCs, lymphocytes and other effector cells creates a state of
chronic inflammation punctuated by acute response episodes. In the early stages of

disease, the inflammation and tissue remodeling are largely confined to the conducting
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airways of the lung, but as the asthmatic condition persists, that inflammation and
remodeling spread to both the large airways, including even the trachea and larynx, as
well as the small airways.93 In some cases, the symptoms of the disease wane with time,
while in most other cases it is only the careful management of symptoms and avoidance
of triggering stimuli can prevent serious or fatal complications from developing.
Typically, by the time asthmatic symptoms begin to present, the disease is well

established and largely non-reversible.5

It is for these reasons that there is intense interest in uncovering the how the
conditions that drive asthma first arise. It has been long appreciated that asthma, at least
in some cases, has a clear genetic component, even if the degree of that genetic
contribution is highly variable. To date, genome-wide association studies have identified
a handful of single-nucleotide polymorphisms (SNPs) that may predispose individuals to
the development of asthma. These polymorphisms are unsurprisingly associated with
genes known to play a role in the pathology of asthma, including IL-4, IL-13, IL-4Raq,
TSLP, and STAT®6, as well as the Tu1-associated IFN-y and IL-12. PRRs, such as TLR4,
TLR9, TLR10 and NOD1 have been implicated, as have proteinases such as ADAM33 and

anti-inflammatory factors such as CTLA4, TGF-f§ and IL-10.94:95

More significant, however, are the roles thought to be played by environmental
risk factors. It has been recognized for as long as asthma has been studied clinically that
there is a strong association between prior lung disease and development of asthma; as

was stated in a report on the etiology of asthma from 1859:

There is one circumstance in the history of asthma that is strongly
suggestive of the idea that some organic injury of the lung is at the root
of the asthmatic tendency: it is that, in the narrative of cases of asthma,
it will be so frequently found that the asthma dates from some disease
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that implicate the lungs, and in such a way as to imply injury of an
organic nature, though apparently temporary, as, for example,
whooping-cough, bronchitis, and measles.®

The idea that prior airway disease can predispose an individual towards the
development of asthma is a powerful one, and consistent with what is understood about
the link between epithelial cell responses and engagement of allergic immune responses.
Indeed, exposure to fungi and helminth infections as well as chronic exposure to
cigarette smoke, asbestos, or other chemical agents have all been linked to the asthma
pathogenesis.?%:97 In particular, infection with respiratory viruses, especially early in life,
is considered to be one of the most important risk factors for the development of asthma

later in life.98:99

Respiratory virus infection is the leading cause of asthma exacerbation,
accounting for up to 80% of exacerbations in some studies.3 Of particular interest is
respiratory syncytial virus (RSV). In longitudinal studies it was found that children who
experienced severe RSV infections were at significant risk for developing asthma later in
life.98 RSV itself is a respiratory virus of the Paramyxoviridae family, which includes the
parainfluenza viruses and the model murine respiratory virus Sendai virus. The virus has
an RNA genome encoding several viral proteins, including the N, P, L, M2-1, M, G, F,
NS1, NS2 and SH proteins. Of particular note are the G and F proteins, which mediate
attachment and fusion of the virus, respectively, and which have been shown to
respectively promote either Tu1- or Tu2-skewed CD4+ T cell responses.'°° What drives
the distinction between the two possible responses is poorly understood. Responses
against other viral proteins are largely mediated by CD8+ T cells, although the action of

viral proteins NS1 and NS2 can inhibit general immune responses by interfering with
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type I interferon function.0:192 RSV primarily infects airway epithelial cell, but can

also infect alveolar macrophages and dendritic cells.55103

RSV is detected by a variety of PRRs, most significant of which is the cytoplasmic
RNA sensor RIG-I. RSV-induced RIG-I signaling triggers a strong type I interferon
response, as well as activating IRF3, IRF7, NF-kB, and various MAPK-mediated
signaling pathways. Importantly, the culmination of these pathways upregulate many
cytokines and chemokines previously discusses as being associated with the asthmatic
response, including TNF-a, IL-1, TSLP, RANTES, and CCL17.1941°7 In murine systems,
RSV infection has been shown to potently upregulate Tu2 under certain
circumstances.'°® Exposing RSV-infected mice to a model of cockroach allergen-induced
asthma produced an exacerbated disease that was dependent on IL.-13.1°9 These studies
support the notion that RSV infection can create the conditions necessary for asthma
development or exacerbation, although the precise mechanisms for how it does this are

still incompletely understood.

Thymic Stromal Lymphopoietin

One of the more significant recent advances in understanding asthma’s pathology
and etiology has come from the discovery of the epithelially-derived cytokine TSLP.
Originally discovered as a weak growth factor for B and T cells derived from a murine
thymic stromal cell line,*° TSLP was subsequently found to play a critical role in
mediating allergic responses in the skin, gut, and both upper and lower airways.62:63;111-114
TSLP is most closely related to IL-7, and signals through a heterodimeric receptor

composed of the cytokine-specific TSLPR chain and the shared IL-7Ra chain. TSLPR is



24

an atypical type I cytokine receptor, having a heavily modified WSXWS motif and

lacking the cytoplasmic Box 2 motif frequently present in other type I cytokine receptors.

Both TSLP and TSLPR share only ~40% amino acid identity between mouse and
human, but nevertheless display strong functional homology. In both mouse and human,
TSLP signals through a STAT5-dependent pathway, and in humans other STAT
pathways have also been implicated in its function.'51'7 Initial studies indicated that
TSLP-dependent STAT5 activation occurred in a JAK-independent fashion, although
more recent studies have shown that both human and murine DCs activate JAK1 and
JAK2 in response to TSLP."7 TSLP stimulation was furthermore found to lead to the
activation various NF-kB subunits, but only after a delay of approximately 48h,
indicating a potential secondary signaling event."'7 Downstream gene targets of TSLP

include OX40L, CD80, CD86, IL-13, SLPI and CCL17.60-63;118-120

Expression and Regulation

Since its discovery, a significant amount of work has been done to understand the
cellular provenance and molecular regulation of TSLP. TSLP is predominantly expressed
by cells of epithelial origin, and TSLP expression has been detected in the skin, gut, lung,
heart and thymus.'?! In addition to the epithelium, TSLP has been shown to be expressed
by basophils, following a response to papain,®4 and by bone marrow-derived dendritic
cells (Lee, Headley and Ziegler, unpublished data). Regulation of TSLP expression is
controlled by the p65 subunit of NF-kB.2” Both human and mouse TSLP promoters
contain an NF-kB element responsive to both TNF-a and IL-13, and epithelial cells have

been shown to upregulate TSLP following stimulation with agonists for TLR2, TLR3,
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TLR8, and TLR9, as well as TNF-a and IL-1[3.2%27 This expression can be blocked

by the action of the retinoid X receptor.22

In contrast to TSLP, the regulation of TSLPR has not been extensively studied.
TSLPR was originally cloned from myleomonocytic cells, and based on functional studies
of TSLP was implied to be expressed on B cells.’23-125 The initial reports of its native
expression found that TSLPR transcripts were present predominantly in DC and
monocytes, with lower expression in T cells, NK cells and mast cells.”8 Since those
reports, TSLPR protein has been detected on a wide array of hematopoietic cells,
including DCs, monocytes, CD4+ and CD8+ T cells, mast cells, B cells, macrophages and
basophils.119:126-132 More recently, several groups have detected TSLPR protein on cells of
the gut and airways epithelium.!%120 What factors regulate the expression of TSLPR are

completely unknown.

Immunological Function

TSLPR’s expression on cells of nearly every single hematopoietic lineage points
clearly to TSLP playing a prominent role in immune responses. Initially, TSLP was
shown to promote the growth and maturation of T and B cells, driving, in particular, the
pro- to pre-B cell maturation.!%:25 Nevertheless, mice lacking TSLPR have essentially
normal B and T cell compartments, indicating that its role as a general growth factor was
modest at best. TSLP may play a direct role in some aspects of T cell function; some
studies suggest that it can support the survival of Tieg cells,'33 while others have shown
that it can drive naive CD4+ T cells towards a Tu2 fate.’34 It is, however, clear that TSLP
has potent effects on DCs. Stimulation of DCs with TSLP promotes their maturation,

upregulating CD80, CD86 and MHCII. In particular, TSLP-stimulated DCs upregulate
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0OX40L, which allows them to efficiently promote Ty2 development.®°-62 In

addition, TSLP drives production of CCL17 and CCL22 by DCs, and suppresses the
expression of IL-12.6%18 Basophils and eosinophils have both been shown to respond in
various ways to TSLP,28:135 and hematopoietic progenitor cells are capable of responding
to TSLP in combination with IL.-33 by producing a range of Tu2 cytokines.!3¢ Finally

some studies have shown that TSLP treated NKT cells are capable of producing I1.-13.137

That TSLP induces Tu2-associated factors in so many different cell types, it is
perhaps unsurprising that there is a strong association between TSLP and allergic
responses. In humans, high levels of TSLP have been detected in the diseased tissue of
patients with atopic dermatitis, allergic rhinitis, and asthma.®23:114 In mouse models of
atopic dermatitis and asthma, TSLP has been shown to be both necessary and sufficient
to drive disease,47:93:112 while in the gut, TSLP has been shown to play important roles in
helminth infection, immune homeostasis, and food allergy.45111:138 The precise role that
TSLP plays in each of these diseases varies in important ways, and it is beyond the scope
of this review to detail the intricacies of each. TSLP’s role in asthma, however, does merit

further discussion.

Work in our lab as well as by other groups have shown that TSLP plays a central
role in the pathology of asthma using various mouse models of the disease. Mice
expressing TSLP under the control of Surfactant Protein C (SPC) restrict the
overexpression of TSLP specifically to the airway epithelium. These mice were found to
develop spontaneous airway inflammation consistent with an asthmatic response to an
environmental antigen. Mice lacking TSLPR, conversely, are resistant to development of
asthma using the OVA-driven model of disease induction.®3 Interestingly, mice given
serial intranasal treatments of exogenous TSLP in combination with foreign antigen

developed acute asthmatic disease, indicating that TSLP stimulation is sufficient to drive
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disease, and may act at the earliest stages of an asthmatic response.4” These effects
are mediated by Tu2 CD4+ T cells, as ablation of either CD4+ T cells, IL-4 signaling or

STAT®6 signaling abolishes or significantly diminishes TSLP’s ability to drive disease.”>

Role in Asthma Pathogenesis

It is clear that by playing an integral role in the generation of a Tu2-skewed
immune response TSLP plays an integral role in the pathology of asthma. Beyond that,
however, there is mounting evidence that TSLP may play an important role in the
mechanisms that underpin susceptibility to asthma, and may thus contribute directly to
the pathogenesis of asthma itself. Genetic polymorphisms in TSLP or its receptor
complex have been associated with the development of allergic airway disease; TSLP
variant alleles have been linked to decreased sensitivity to cockroach allergen in a Costa
Rican cohort,3% and a SNP significantly linked to TSLP correlates with asthmatic disease
in an Icelandic population.'4° In addition, allelic variations in IL-7Ra have been

associated with sensitivity to inhalation allergy.4!

In another study, a SNP in the TSLP promoter that forms a novel functional AP-1
site has been shown to lead to an upregulation in promoter activity following stimulation
with a viral mimetic.’42 This report underscores a significant feature of the regulation of
TSLP: infection of epithelial cells by respiratory viruses is a potent stimulator of TSLP
expression. That these infections are also known risk factors for the development of
asthma strongly implies a causal association between the upregulation of TSLP and the
enhanced propensity to develop asthmatic disease mediated by respiratory viruses. In a
recent study from our lab, it was assessed whether infection of primary airway epithelial

cells with RSV lead to the enhancement of a TSLP response. Intriguingly, it was found
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that not only were epithelial cells capable of upregulating TSLP in response to RSV
infection, but that primary cells collected from asthmatic patients were uniquely
susceptible to RSV-induced TSLP upregulation. We speculate that viral infection may
exacerbate underlying defects within the epithelium, leading to enhanced TSLP
production. These increased levels of TSLP, in turn, may then in turn be sufficient to
trigger an inflammatory Tx2 response and initiate a positive feedback loop that

ultimately leads to the development of asthmatic disease.43

The work in this thesis continues to explore the link between TSLP, the airway
epithelium and the development of asthma. Our attention is focused upon the receptor
for TSLP, and we show that much like TSLP, TSLPR expression in epithelial cells is
induced by RSV infection, and that epithelium from asthmatic airways is uniquely
susceptible to these effects. Significantly, our work shows that in addition to mediating
its effects through responding hematopoietic cells, TSLP can act directly on the
epithelium itself. We present evidence that the epithelium can independently regulate
the expression of both TSLP and TSLPR, and we speculate that by doing so may be able

to initiate the early asthmatic response in an autonomous fashion.
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Chapter 2: Materials and Methods

Reagents and constructs

Recombinant human tumor necrosis factor-alpha (TNF-a), PE-conjugated
murine a-human TSLPR (Clone 1A6), FITC-conjugated a-human CD4 and PerCP-Cy5.5
conjugated a-human CD3 were purchased from eBioscience (San Diego, CA).
Recombinant human TSLP and blocking a-human TSLP antibody was kindly provided
by Dr Michael Cuomo (Amgen, Seattle, WA). BAY-11-7082 was purchased from EMD
Millipore (Billerica, MD). Copper(II) sulfate (CuSO,) and anisomycin were purchased
from Sigma-Aldrich (St. Louis, MO). Endo-H, neuraminidase (NeuA), and PNGaseF
were purchaced from New England Biolabs (Ipswitch, MA) and used according to
manufacturer’s protocol. Full length TSLPR and interleukin-7 receptor alpha (IL-7Ra),
lacking a stop codon, were amplified from cDNA obtained from TNF-a A549 cells, and
cloned into a mammalian expression vector using the pcDNA3.1/V5-His TOPO TA
Expression Kit from Invitrogen (Carlsbad, CA). Expression vectors containing full length
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) p65 or p50
subunits were created as previously described.2” The -404 CIS promoter-luciferase (cis-

luc) and pRSV-B-galactosidase reporter (pRSV-p-gal) were described previously.27:144

Submerged cell culture and viral infection

The human lung epithelial cell line A549 was obtained from ATCC, and
maintained in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10%

FBS and 1% penicillin/streptomycin, non-essential amino acids, and sodium pyruvate.
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Normal human bronchial epithelial cells (NHBECs) were obtained from Lonza
(Walkersville, Md.) and maintained according to the manufacturer’s instructions. RSV
(Line 19, A strain) was obtained and propagated as previously described.™43 Virus was
added to A549 or NHBECSs at the titers indicated. Cells were washed and received fresh

media after 2h, then harvested for analysis 24h following the initial infection.

Air-liquid interface culture and viral infection

Primary bronchial epithelial cells (BECs) were obtained from healthy and
asthmatic children, cultured under air-liquid interface (ALI) conditions, and infected
with RSV as previously described.!43 Briefly, BECs were collected by unsheathed
cytologic brushings performed via an endotracheal tube during elective surgical
procedures. Cells at passage 2 or 3 were subsequently seeded onto transwells and grown
under ALI conditions. BECs were exposed at the apical surface to RSV Line 19 at MOI of
0.5 or an equivalent volume of fluid from the control Vero cell supernatant for two hours,
and cells collected for analysis 96 hours post-infection. The protocol was approved by the

Seattle Children’s Hospital Institutional Review Board.

Real-time quantitative polymerase chain reaction (qPCR) analysis

Total RNA and cDNA preparation were performed as previously described.2”
Human primers used were purchased from Sigma-Aldrich (St. Louis, MO), and include
TSLPR (forward, 5-CAGAGCAGCGAGACGACATT-3’; reverse, 5'-
GGTACTGAACCTCATAGAGG-3"), IL-7Ra (forward, 5’-GCTCAGGGGAGATGGATCCT-

3’; reverse, 5-GTCTTCTTATGATCGGGGAG-3"), CXCL5 (forward, 5’-
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CTCCAAGGTGGAAGTGGTAG-3’; reverse, 5-CTTGTCTTCCCTGGGTTCAG-3’),
and HPRT (forward, 5-TGGCGTCGTGATTAGTGATG-3’; reverse 5'-
GCACACAGAGGGCTACAATG-3’). Primer sequences for TSLP and chemokine CCL17

were previously published.12145

Western blots

Samples were lysed with 1x lysis buffer (50mM Tris-8.0, 150mM NaCL, 1.0%
Triton-X100), and total protein concentration determined using the Bio Rad Protein
Assay (Bio Rad, Hercules, CA), according to the manufacturer’s protocol. Equal amounts
of protein were electrophoresed on NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad,
CA), and transferred onto membranes. TSLPR was detected with murine a-human
TSLPR clone 1A6 or polyclonal goat a-human TSLPR AF981 (R&D, Minneapolis, MN),
and membranes stripped and reprobed for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), detected via rabbit a-human GAPDH (Trevigen, Gaithersburg, MD). TSLPR

expression constructs were detected with mouse a-V5 antibody (Invitrogen).

Transfections

Prior to transfection, cell were seeded in wells and allowed to reach a confluency
between 50%-70%. Plasmid constructs were mixed with Mirus TransIT-LT1 transfection
reagent (Mirus, Madison, WI) according to manufacturer’s protocol and applied to cell
cultures. All transfections were allowed to rest at 12-16 hours prior to further
experimental manipulation. For the STATj5 luciferase assays, expression vectors

containing TSLPR and IL-7Ra, the cis-luc promoter-reporter construct, and pRSV-f-gal
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control plasmid were transfected into cells at a ratio of 1:1:2:1, respectively. For
transfections of TSLPR and IL-7Ra expression vectors alone, constructs were added in

equal amounts.

Luciferase assays

A549 cells were transfected and rested as described. Cells were subsequently
stimulated for eight hours with recombinant TSLP, washed with PBS, and immediately
lysed in 200pL lysis buffer (Promega, Madison, WI). Lysates were analyzed for luciferase
activity using Luciferase Assay Reagent (Promega), and read using a Lumat LB9507
luminometer (Berthold, Bad Wildbad, Germany). $-galactosidase levels were detected
using the [-galactosidase Enzyme Assay System (Promega), following manufacturer’s

protocol.

Human CD4+ T cell isolation and flow cytometry

Blood was collected from normal healthy donors by the Benaroya Research
Institute Translational Core. Buffy coats were collected, and CD4+ T cells isolated using
Naive Human CD4+ T cell Isolation Kit IT from Miltenyi (Auburn, CA) according to
manufacturer’s protocol. CD4+ T cells were cultured on tissue culture plates coated with
a-CD3 (OKT3) and a-CD28 (BD Biosciences, San Jose, CA) for 3 days. Cells were stained
with FITC-CD4, PerCP-Cy5.5-CD3 and PE-TSLPR and analyzed on a FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ). PE-TSLPR stained cells were isolated using a-

PE MACS beads from Miltenyi, according to manufacturer’s protocol.
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Statistical Analysis

All experiments were analyzed for statistical significance. Where samples were
compared to an internal control and reported as a “Fold Change”, statistical significance
was calculated with a one-sample t-test using the null hypothesis that the population
mean is equal to one. In all other cases, two samples were compared using Student’s t-
test. Statistical significance is indicated on figures, where P = 0.05 is used as the

minimum threshold for significance.
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Chapter 3: Respiratory syncytial virus induces functional

thymic stromal lymphopoietin receptor in airway epithelial cells

Introduction

Asthma is a chronic inflammatory disease of the airways, classically associated
with strong Tu2-type immune responses including airway hyperresponsiveness,
eosinophilic cell infiltration, goblet cell metaplasia, and mucus hypersecretion.5 While
the etiology of asthma is complex, it is now appreciated that the epithelial-derived
cytokine thymic stromal lymphopoietin (TSLP) plays a key role in mediating various
aspects of the disease. In mouse models, overexpression of TSLP, or exogenous
administration via the airways, is sufficient to drive the development of all the classical
hallmarks of asthmatic disease. In addition, inhibiting TSLP signaling is also sufficient to
prevent disease manifestation in mouse models of induced asthma.?4¢ TSLP appears to
act both to initiate and to sustain an inflammatory response against foreign antigens

when it acts at the appropriate stages of that response.4”

In humans, high levels of TSLP are believed to drive asthmatic responses in a
similar fashion. Elevated levels of TSLP are present in the lungs of asthmatic patients,3
and the induced expression of TSLP has been linked to several known risk factors for the
development of asthma. Of particular note, severe childhood infections with respiratory
syncytial virus (RSV) have long been known to positively correlate with the subsequent
development of childhood asthma.?® Recent studies have shown that RSV is capable of
inducing high levels of TSLP production in airway epithelial cells.!43 Intriguingly, this

induction is enhanced in airway epithelial cells from asthmatic individuals, implying that
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the inappropriate sensitivity of these cells to inflammatory stimuli may be linked

to a TSLP-driven asthmatic response.43

While much attention has recently been naturally focused on TSLP and its role in
allergic disease, less is known about the regulation and expression of its receptor. Recent
reports have shown that the TSLP receptor (TSLPR) is expressed on cells of both the
airway and colonic epithelium, where it has been shown to play a role in the wound-
healing response.19120 We show here that the TSLP receptor is inducibly expressed on
the cells of the airway epithelium in response to inflammatory stimuli including TNF-a
treatment or infection with respiratory viruses. TSLPR expressed by epithelial cells is
glycosylated at four different N-linked glycosylation sites on its extracellular domain. We
present the novel observation that this induction is driven by same stimuli that drive
TSLP production, albeit by a parallel mechanism that may include p38-mediated, JNK-
mediated or other related intracellular signaling pathway. We furthermore show that this
induced receptor is capable of functionally responding to TSLP in an autocrine/paracrine
fashion. Finally, we show that much as they displayed an enhanced induction of TSLP,
airway epithelial cells from asthmatic individuals also have an enhanced induction of the
TSLP receptor in response to infection by RSV. We speculate that this enhanced
induction in addition to allowing the epithelial cells to directly mediate a TSLP-
dependent inflammatory response may also be symptomatic of an underlying sensitivity
that had originally predisposed these individuals to asthma, and that by upregulating
both the cytokine and it’s receptor, epithelial cells can establish an autocrine/paracrine
feedback loop that may serve to enhance and sustain the TSLP-dependent inflammatory

response.
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Results

TNF-a induces TSLPR and IL-7Ra expression in human airway epithelial cells.

The TSLP receptor is a heterodimer consisting of the cytokine-specific TSLPR
chain and IL-7Ra chain that it shares with the IL-7 receptor. While it is well established
that the receptor is expressed on cells of hematopoietic origin, recent reports have
suggested that both TSLPR and IL-7Ra are expressed by epithelial cells in both the lungs
and gut."9120 While we have previously shown that proinflammatory stimuli can induce
the production of TSLP by lung epithelial cells,>7143 it is not known whether TSLP
receptor can be modulated under similar conditions. To assess whether the TSLP
receptor can be induced under inflammatory conditions, we stimulated the human
airway epithelial cell line A549 cells with the cytokine TNF-a. Upregulation of TSLPR
mRNA was detectable by four hours, rising to a steady increase of 4-fold over
unstimulated cells by eight hours (Figure 3.1A). Likewise, TNF-a induced IL-7Ra mRNA
as early as one hour (data not shown), reaching a peak of 8-fold upregulation over
unstimulated cells by four hours, and dropping off to a 2-fold upregulation at 24 hours
post-stimulation (Figure 3.1A). These results demonstrate that TSLPR and IL-7Ra, like

TSLP, are subject to dynamic regulation under inflammatory conditions.

Infection of epithelial cells with RSV potently induces both TSLPR and IL-7Ra.

RSV is a common respiratory virus and a known risk factor for the development
of asthma98:99, We have previously shown that RSV infection potently upregulates TSLP
in both primary human airways epithelial cells and epithelial cell lines.'43 To determine

whether RSV infection could also induce TSLPR and IL-7Ra, we infected A549 cells with
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various titers of RSV for two hours, and assessed mRNA levels 24 hours post-

infection. Compared to mock-infected cells, at titers of 2x104 and 2x105 pfu, RSV induced
a 2-fold and 77-fold upregulation, respectively, of TSLPR and a 2-fold and 25-fold
upregulation, respectively, of IL-7Ra (Figure 3.1B). TSLPR protein was readily detectable

at these levels (Figure 3.1C).

These effects were even more pronounced in primary epithelial cells; NHBECs
were similarly infected with different titers of RSV and showed strong upregulation of
both TSLPR and IL-7Ra. Induction of TSLPR was detectable at as low as 2x103 pfu RSV,
upregulating levels by 2-fold over mock infected cells, and increasing to up to 23-fold
upregulation at 2x105 pfu. Likewise, IL-7Ra mRNA was upregulated between 4- and 150-
fold, respectively, at the same range of titers (Figure 3.1D). Taken together, these results
demonstrate that TSLPR and IL-7Ra can be and are induced by the same inflammatory

stimuli that drive TSLP production in airway epithelial cells.

Epithelially expressed TSLPR is glycosylated

In analyzing the protein expression patterns, we observed that TSLPR was
running at a higher apparent molecular weight than expected from its amino acid
sequence. Examination of its structure revealed four N-linked glycosylation motifs,
marked by the sequence N-x-S/T, present within the extracellular domain of TSLPR. To
determine whether these sites were glycosylated in epithelial cells, and account for the
high apparent molecular weight, we created TSLPR overexpression constructs
containing targeted mutations of the individual motifs. These mutations are diagrammed
in Figure 3.2A. By mutating the asparagine residue in the motif to a glutamine, the

ability to glycosylate the site is abolished while largely preserving the other structural
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properties of the residue. We transfected A549 cells with the constructs, and

analyzed the apparent molecular weight of each construct. The migration pattern of the
constructs indicated that each of the four glycosylation motifs contribute to the
molecular weight of the overall protein (Figure 3.2B). Significantly, mutation of all the
glycosylation motifs resulted in a protein running close to the molecular weight
predicted by TSLPR’s amino acid sequence. To conclusively demonstrate that
glycosylation accounts for the additional molecular weight, A549 cells were transfected
with WT TSLPR and lysates were digested with various glycosidases. Digestion with
either Endo-H and PNGaseF, which target N-linked glycosyl groups, reduced the
apparent molecular weight of TSLPR, while digestion with neuraminidase, which cleaves
sialic acid moieties, had no effect (Figure 3.2C). These results indicate that TSLPR is

glycosylated on each of its four extracellular N-linked glycosylation motifs.

Because the presence of glycosylation was unexpected, we wanted to verify that
the antibody we were using to detect TSLPR was indeed detecting a physiologically
relevant isoform of the protein. Rare populations of circulating CD4+ T cells have been
previously demonstrated to express TSLPR.147 We isolated CD4+ T cells from human
blood, and stained the cells with a PE-conjugated a-TSLPR, matching the clone that we
used for our Western blots (clone 1A6). Approximately 0.2% of unstimulated CD4+ T
cells were TSLPR+ (data not shown). To expand these numbers, we activated bulk CD4+
T cells with plate bound a-CD3/a-CD28 for 3 days, and repeated the staining. We
detected TSLPR on approximately 2.0% of the activated T cells (Figure 3.3A). We
enriched these cells using a -PE MACS beads, and analyzed the cells via Western. Using
both the 1A6 clone as well as a separate polyclonal a-TSLPR antibody, TSLPR was
detected strongly in lysates from TSLPR+ cells, and ran at the previously observed

molecular weight (Figure 3.3B). To test whether the 1A6 antibody could detect other
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potential isoforms of TSLPR, we transfected A549 cells with WT TSLPR or the

mutant TSLPR lacking all glycosylation sites. We treated the lysates from these cells with
PNGaseF, and analyzed the proteins via Western blot. While both undigested and
PNGaseF treated TSLPR from both WT and mutant construct transfected cells was
detectable using an antibody directed at the expression constructs’ V5 epitope tag, the
1A6 a-TSLPR clone was only able to detect undigested WT TSLPR (Figure 3.3C),
indicating it is highly specific for the glycosylated form. From this data, we can conclude

that our reagents are detecting a physiologically relevant glycosylated isoform of TSLPR.

Regulation of TSLPR and IL-7Ra is not mediated by NF-xB.

TNF-a and RSV, while distinctly different stimuli, utilize similar signaling
pathway intermediates; both are capable of signaling through canonical NF-«kB as well as
p38-kinase, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase
(ERK) pathways.48:149 Given that previous studies from our laboratory have shown that
TSLP expression is dependent on the activity of NF-kB,?7 it was reasonable to infer that
NF-kB also regulates TSLPR and IL-7Ra expression. To test if this is the case, we
transfected A549 cells with expression vectors expressing either the p50 or p65 subunits
of NF-kB, and assayed for gene expression 24 hours following transfection. Surprisingly,
while we observed the previously reported p65-dependent TSLP induction,?” neither
TSLPR nor IL-7Ra were upregulated by either p50 or p65 (Figure 3.4A). To confirm
these results, we pretreated A549 cells with the NF-xB inhibitor BAY-11-7082, followed
by treatment with TNF-a and assayed 4h later for suppression of TSLP, TSLPR and IL-

7Ra induction. Consistent with our previous results, the induction of TSLP was blocked



40

in the presence of the inhibitor, while TSLPR and IL-7Ra levels were

indistinguishable from cells treated with TNF-a and vehicle alone (Figure 3.4B).

Both TNF-a and RSV can mediate their effects through p38- and JNK-dependent
signaling pathways in addition to NF-kB, To see if stimulation of these pathways could
drive expression of TSLPR and IL-7Ra, we treated A549 cells with the JNK/p38 agonist
anisomycin. Intriguingly, anisomycin was not able to drive appreciable levels of either
TSLPR and IL-7Ra expression over a wide range of concentrations (Figure 3.5A). In
addition to anisomycin, we also treated cells with 0.5mM CuSO,, another known agonist
of p38 and JNK pathways. In contrast of anisomycin, CuSO, was able to produce a
transient induction of TSLPR and a more sustained induction of IL-7Ra (Figure 3.5B).
Significantly, the transient upregulation of TSLPR mRNA produced a upregulation of
TSLPR protein over longer periods of time (Figure 3.5C). While we find it surprising that
CuS0, is capable of inducing TSLPR and IL-7Ra where anisomycin is not, given that
both are agonists of p38 and JNK pathways, we note that CuSO, is more promiscuous in
its effects,’5° and speculate that there are more complex actions governing the regulation
of TSLPR and IL-7Ra expression. Taken together, we can conclude from these data that
in contrast to TSLP, TSLPR and IL-7Ra are not dependent on canonical NF-kB, and

speculate that other intracellular signaling pathways may control their induction.

Epithelial cells expressing TSLPR can functionally respond to TSLP.

Much of the previous research on TSLP has focused on its effects on
hematopoietic cells, where it has been shown to drive the maturation of both Tu2 CD4+
T cells and dendritic cells, and stimulate the production of chemokines such as

CCL17.93113 Less well studied are the effects of TSLP on epithelial cells. While previous
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studies have suggested a role for TSLP in assisting with an IL-13-mediated wound
healing response in airway epithelial cells," we wanted to assess whether epithelial cells

could be directly involved with a TSLP-mediated Tu2-type response.

Our data suggests that by upregulating both the cytokine and its receptor,
epithelial cells may be able to respond to TSLP in an autocrine or paracrine fashion.
Stimulation of untreated A549 cells with TSLP alone is insufficient to produce a
detectable response (data not shown), but treatment of cells with TNF-a to induce
receptor expression also induces TSLP, complicating the analysis of the data. To address
these effects, we treated A549 cells with an a-TSLP blocking antibody, and assessed the
antibody’s ability to block target gene upregulation. Previous data had indicated that
A549 cells upregulate CCL17 following treatment with TNF-a and IL-4, and upregulate
the neutrophil chemoattractant CXCL5 with TNF-a treatment alone. By treating A549
cells with TNF-a/IL-4 or TNF-a alone we observed that a-TSLP was able to inhibit
approximately 50% of the observed upregulation of CCL17 (Figure 3.6A) or CXCL5
(Figure 3.6B). The inhibition was observed over a wide range of concentrations, and thus
we speculate that the inability of a-TSLP to fully inhibit expression of CCL17 or CXCL5
may be due to compensation by TSLP-independent, TNF-a (or IL-4) dependent
pathways. Consistent with this idea, transfection of A549 cells with NF-kB p65 resulted
in an upregulation of CCL17 (Figure 3.6C). Taken together, we interpret this data to
indicate that autocrine/paracrine signaling by TSLP may play a partial role in TNF-a

dependent gene regulation.

In order to more directly test whether TSLPR is capable of signaling in epithelial
cells, we made use of the WT TSLPR expression construct in combination with an IL-
7Ra expression construct to bypass the requirement for TNF-a stimulation. Previous

studies have shown that TSLP is an activator STAT5.115125151 To determine whether TSLP
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activates STAT5 in epithelial cells, we made use of a reporter construct containing
luciferase under the control of a STAT5-responsive element from the human cytokine-
inducible SH2-containing protein (CISH) promoter.44 We transfected A549 cells with
the reporter in combination with TSLPR and IL-7Ra expression constructs, and treated
the cells for eight hours with varying concentrations of recombinant TSLP. Compared
with untreated cells, TSLP treatment induced a 1.5-fold upregulation of STAT5-
dependent luciferase activity at all concentrations of TSLP tested (Figure 3.7A). While
modest, this effect was remarkably reproducible, and is consistent with similarly modest

TSLP-dependent responses reported elsewhere.!9

As previously mentioned, CCL17 is a known TSLP-target gene and plays a central
role in recruiting many of the cell types associated with the canonical TSLP-dependent
inflammatory response.’5> While our previous data showed that epithelial cells could
express CCL17 in response to TNF-a and IL-4, we wanted to test whether TSLP alone
could drive CCL17 expression in TSLPR+ epithelial cells. We transfected A549 cells with
TSLPR and IL-7Ra expression constructs, enriched for TSLPR+ cells using an a-TSLPR
antibody, and treated these TSLPR+ A549 cells with 50ng/mL of recombinant TSLP for
eight hours. We found that TSLP treatment upregulated CCL17 levels by more than 2-
fold compared to similarly enriched but untreated cells (Figure 3.7B). Taken together,
these results indicate that epithelial cells can indeed respond to TSLP, and that they can

do so by participating in known Tr2-associated response patterns.

Asthmatic BECs upregulate TSLPR and IL-7Ra following RSV infection.

While the above data strongly indicate that airway epithelial cells are capable of

upregulating a functional TSLP receptor complex in response to common inflammatory
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stimuli, we wanted to assess whether epithelial cells behaved the same way in a

more physiological setting. In order to more closely mimic the microenvironmental
conditions airway epithelium is naturally exposed to, we collected primary BECs from
bronchial brushings of both healthy and asthmatic individuals, and cultured the cells

under ALI conditions.43

We first assessed what the levels of TSLPR and IL-7Ra expression were under
basal conditions in both healthy and asthmatic individuals. Expressed as a percentage of
the levels of the housekeeping gene HPRT, we found no significant difference between
the mean expression of TSLPR in healthy vs. asthmatic samples (Figure 3.8A). The
overall level of TSLPR expression was comparable to the levels observed in submerged
NHBEC cultures (data not shown). In contrast, we found that asthmatic samples did
express significantly lower levels of IL-7Ra compared to healthy samples (Figure 3.8A),
and overall levels from both healthy and asthmatic groups were between 3-5 times lower

than IL-7Ra levels observed in submerged NHBEC cultures.

We next assessed whether BECs could upregulate TSLPR and IL-7Ra in response
to RSV infection. Matching samples from each patient analyzed above were apically
exposed to RSV, and harvested 4 days later. Expressed now as a fold change relative to
each sample’s respective basal expression, we found that asthmatic samples, but not
healthy samples, significantly upregulated TSLPR levels over baseline. TSLPR levels
were upregulated by an average of 2.6-fold with a 95% confidence interval of +1.1 in the
asthmatic group, in contrast to a 1.5-fold +0.6 in the healthy group (Figure 3.8B). This
data mirrors previous data showing TSLP levels are only increased following RSV

infection in samples from asthmatic individuals.'43
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With regards to IL-7Ra, samples displayed a more heterogeneous response
to RSV, with some samples upregulating IL-7Ra as much as 50-fold and others
displaying no change in levels at all. Overall, both healthy and asthmatic samples
displayed a trend towards upregulating IL-7Ra, but failed to meet the criteria for
statistical significance with p-values of 0.086 and 0.059, respectively (Figure 3.8B). It is
worthwhile to note, however, that the raw expression values of IL-7Ra in infected
samples (as a percentage of HPRT) were not significantly different between healthy and
asthmatic groups, in contrast to the differences seen in under basal conditions. We
interpret this to indicate that IL-7Ra levels are truly upregulated, at least in the
asthmatic group, and that the statistical significance is simply being masked by high

variance between samples.

Discussion

Investigations into the interplay between the regulation of TSLP by epithelial
cells and the development of Tu2-type inflammatory responses has provided keen
insights into the etiology of atopic disease. More recently, however, it is becoming
apparent that the regulation of the TSLP receptor in epithelial cells may also play an
interesting role in how atopic responses are generated. We have shown here that both
TSLPR and IL-7Ra can be upregulated in epithelial cells by both the general
proinflammatory cytokine TNF-a as well as by infection with RSV. Both stimuli have
previously been shown to upregulate TSLP and, more significantly, RSV infection in
particular is known to correlate with the development and exacerbation of asthmatic
disease.?%:99 Our data suggests that epithelial cells are capable of initiating an

autocrine/paracrine TSLP signaling circuit, thereby directly initiating or propagating the
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TSLP-driven Tu2-type inflammatory responses associated with RSV infection and
other forms of airway inflammation. Indeed, we find that stimulation of TSLPR+
epithelial cells drives the production of the Tu2 chemokine CCL17, allowing epithelial

cells to directly participate in a Tu2-type response.

Prior investigations of TSLPR have not examined the physical characteristics of
the receptor in any detail. We report here that, at least on epithelial cells and CD4+ T
cells, TSLPR exists in a highly glycosylated form. Many extracellular receptors,
particularly those of the type I cytokine family, are glycosylated; glycosylation has been
linked to a diverse array of effects including both receptor stabilization and enhancement
of ligand binding in other receptor systems.'53 We have attempted to assess the
functional consequences of TSLPR glycosylation, and while we have had some
indications that glycosylation affects the sensitivity of the receptor to TSLP, our results
have thus far been inconclusive (data not shown). We note that we have had difficulty
detecting the receptor on human cells, other than T cells and epithelial cells. While this
may simply be due to the relative rarity of those cells in our samples— much in the same
way that TSLPR+ CD4+ T cells are rare— we also speculate that TSLPR may have
different glycoforms that aren’t detectable by the specific reagents we have at our

disposal. Further research along these avenues may prove to be worthwhile.

Despite being downstream of the same kinds of stimuli, we have presented data
indicating that TSLP and TSLPR expression are in fact regulated by different
intracellular signaling pathways. While the precise pathway controlling TSLPR and IL-
7Ra is still unknown, we have ruled out the NF-kB pathway as a contributor to their
expression. That NF-kB is the central regulator of TSLP expression?’ creates an
interesting situation where epithelial cells have the ability to selectively modulate their

own responsiveness to TSLP without otherwise interrupting TSLP-dependent responses
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in other cells. Indeed, while we have only looked at two representative stimuli in

this study— TNF-a and RSV- there may be other more selective stimuli that drive the
expression of only TSLPR and IL-7Ra without affecting TSLP or vice versa. By
upregulating only the receptor, the epithelium may be able to prime itself for a rapid
TSLP-driven response only after further environmental requirements have been met.
Conversely, by only upregulating TSLP, the epithelium can delay such a response until

after the responding cells have integrated the proper environmental cues.

We can see evidence for this type of regulation occurring when we examine
primary BECs from healthy and asthmatic patients under basal conditions. Previous
research has found that asthmatic epithelium produces significantly greater levels of
TSLP,43 while our data indicates that levels of TSLPR are equivalent between healthy
and asthmatic cells. Furthermore, we find that IL-7Ra levels are depressed in asthmatic
cells. Given that IL-7Ra is known in other cell types to undergo downregulation upon
stimulation, 54155 we believe that, taken together, our data indicates that epithelial cells
from asthmatic individuals have previously responded to an inflammatory stimulus that
was sufficient to elevate their production of TSLP, but insufficient to sustain expression
of TSLPR. Since we know that epithelial cells are capable of directly participating in a
Tu2-type response upon TSLP stimulation, downregulating the receptor may allow

epithelium to limit the perpetuation of this response in the face of chronic inflammation.

The work presented in this thesis is consistent with the model of asthma
pathogenesis in which dysregulations of the airway epithelium are the key initiating
event of the disease.'56-158 Work from our lab using the ALI culture system has now
shown that both TSLP and TSLPR expression is intrinsically dysregulated in epithelial
cells from asthmatic individuals following exposure to respiratory viruses and pro-

inflammatory cytokines. It remains an open question whether this regulation is the
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result of an inherent difference between the asthmatic and healthy epithelium- a
difference that exists independently of the airway’s history of inflammation— or if the
differences are acquired as a result of chronic inflammatory stimulation. It is known that
asthmatic epithelium has both structural’s’ and epigenetic'5? differences from healthy
epithelium, even outside of the context of acute inflammation. By utilizing the ALI
culture system, we remove the epithelial cells from in situ environmental cues, but still
maintain any cell intrinsic modifications, and thus we can conclude that regardless of the
cause, asthmatic epithelial cells respond fundamentally differently to environmental
insult than healthy epithelial cells. Consistent with this hypothesis, prior work from our
lab has demonstrated that asthmatic cells have altered levels of the viral RNA sensor
RIG-I following infection with RSV,43 and we suggested that RIG-I control of TSLP
expression provided a link between RSV infection and asthma. Our work here indicates
that TSLPR expression by the epithelium must also be taken into account when
examining the mechanisms by which TSLP links viral infection with asthma
pathogenesis. Taken as a whole, our data suggests that in addition to supporting the
TSLP-dependent response by hematopoietic cells, epithelial cells themselves contribute

directly to that response, and thus are central mediators of asthmatic disease.
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Figure 3.1 Induction of TSLPR and IL-7Ra in epithelial cells

(A) As49 cells were treated with 40ng/mL TNFa for the indicated times and subjected to
gPCR analysis. (B) A549 cells were infected with the indicated titers of RSV for two hours
and harvested 24 hours post-infection for gPCR analysis. (C) Representative Western blots
of TSLPR and GAPDH from A549 cells mock infected or infected with 2x105 pfu RSV. (D)
NHBECs were infected with the indicated titers of RSV for two hours and harvested 24 hours
post-infection for PCR analysis. All PCR data are reported as the mean + SEM of at least
three independent experiments. mRNA levels are normalized to HPRT and expressed

relative to untreated or mock infected cells.
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Figure 3.2 TSLPR is glycosylated on four extracellular glycosylation motifs

(A) A schematic of the protein structure of TSLPR. The N-x-S/T glycosylation motifs are
marked as white circles, other structural motifs are marked as shaded shapes. Site-directed
mutagenesis was used to create asparagine to glutamine mutations in each glycosylation
motif, and schematics of the corresponding expression constructs are shown. (B) Western
blot of A549 cells transfected with the aforementioned expression constructs. (C) A549 cells
were transfected with WT TSLPR, and lysates treated with the indicated proteases. For all

western blots construct expression was detected with an a-V5 tag antibody.
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Figure 3.3 The a-TSLPR antibody 1A6 is specific for glycosylated TSLPR

(A) Human CD4+ T cells were isolated from blood and stained with an isotype control
antibody (top) or 1A6 (bottom). (B) CD4+ cells were stained with 1A6 and sorted on a MACS
column. TSLPR+ cells were analyzed by Western blot, using the indicated a-TSLPR
antibodies. The lower band visible in the AF981 blot is non-specific. (C) A549 cells were
transfected with WT or 4Q TSLPR constructs, lysates were treated with PNGaseF as
indicated. Equal amounts of treated lysates were analyzed by Western blot, and protein
detected with a -V5 (top) or 1A6 (bottom) .
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Figure 3.4 TSLPR and IL-7Ra are not regulated by NF-kB

(A) As549 were transfected with empty vector or expression vectors containing NF-kB-
p50 or NF-kB-p65, and harvested 24 hours post- transfection for gPCR analysis. (B)
A549 were pre-treated with DMSO, 1uM BAY-11-7082, or 10nm BAY-11-7082 for 30
minutes, then treated with 4ong/mL TNF-a for four hours and harvested for gPCR
analysis. All data are reported as the mean + SEM of at least three independent

experiments. mRNA levels are normalized to HPRT and expressed relative to empty

vector or untreated control samples, respectively.
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Figure 3.5 The mechanism of NF-kB independent regulation of TSLPR is

unclear.

(A) As49 cells were treated with the indicated amounts of anisomycin and harvested after
four hours for qPCR analysis. Values are reported as fold change of vehicle-treated cells. (B)
As549 cells were treated with 0.5mM CuSO, for the indicated times. Values are reported as
fold change of untreated cells. (C) A549 cells were treated with CuSO, as above for the
indicated times, and harvested for protein analysis. Western blots were developed with a-

TSLPR or a-GAPDH antibodies, as indicated.
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Figure 3.6 A blocking a-TSLP antibody partially inhibits TNF-a induced gene

expression

(A) As49 cells were treated with 40ng/mL TNF-a + 1ong/mL IL-4 and the indicated
amounts of a blocking a-TSLP antibody. Cells were harvested after four hours and analyzed
via qPCR for expression of CCL17, reported relative to cells untreated with antibody. (B)
As549 cells were treated with 40ng/mL TNF-a and the indicated amounts of a blocking a-
TSLP antibody. Cells were harvested after four hours and analyzed via qPCR for expression
of CXCLs5, reported relative to cells untreated with antibody. (C) A549 were transfected
with empty vector or expression vectors containing NF-kB-p50 or NF-kB-p65, and

harvested 24 hours post-transfection for qPCR analysis.
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Figure 3.7 Epithelial cells functionally respond to TSLP

(A) As49 cells were co-transfected with TSLPR and IL-7Ra expression constructs along with
the cis-luc reporter construct and the pRSV-3-gal control vector. Following transfection, cells
were stimulated with indicated amounts of recombinant TSLP for eight hours, harvested and
assayed for luciferase activity. Activity levels were normalized to -gal levels, and expressed
relative to untreated cells (***P < 0.001 versus untreated cells). (B) A549 cells were co-
transfected with TSLPR and IL-7Ra expression constructs. Following transfection, TSLPR+
cells were enriched with an a -TSLPR antibody, and treated with 50ng/mL recombinant
TSLP. Cells were harvested after eight hours, and analyzed via qPCR for expression of
CCL17, normalized to HPRT and expressed relative to untreated cells (*P = 0.031 versus
untreated cells). All data are reported as the mean + SEM of at least six independent

experiments.



% HPRT

Fold Change

ns

0 G2 “eqee
Healthy Asthmatic
TSLPR
81 *%
61 P
1 L]
44 oo
gi L]
1 oo ®eos
C L ]
Healthy Asthmatic
TSLPR

% HPRT

Fold Change

55

101
] ° .
84 —
6 o
(o]
44 B
- . b .:
[ ]
21 og00 ——
r o ()
°,e
C L) L)
Healthy Asthmatic
IL-7Ra
60- #
501 °
40+
30+
201 o .
10 . Eo
0 ] 00a oo poee

Asthmatic
IL-7Ra

Healthy

Figure 3.8 Primary BECs from asthmatic individuals upregulate TSLPR

following infection with RSV

(A) Bronchial brushings from healthy and asthmatic patients were collected and grown in

air-liquid interface (ALI) culture. Basal condition samples were apically exposed to control

Vero cell supernatants, and collected for qPCR analysis. Levels of TSLPR and IL-7Ra are

expressed as a percentage of HPRT levels from each sample. Each data point represents an

individual patient, and mean values + SEM are reported. Healthy and asthmatic patients

were grouped and compared with Student's t-test (*P = 0.03; ns indicates no significant

difference) (B) Matching ALI cultures from each patient were infected with RSV at an MOI

of 0.5, and collected for qPCR analysis. Levels of Levels of TSLPR and IL-7Ra were

normalized to HPRT, and reported as a fold change over the respective basal condition

sample. Each data point represents an individual patient, and mean upregulation + SEM are

reported. Healthy and asthmatic groups were evaluated for significant upregulation at the

95% confidence interval (**P = 0.008; # indicates P = 0.059)
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