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CHAPTER 1

INTRODUCTION

1.1. Overview

The ability to treat allergic disease including asthma, and the respiratory viral infections
that predispose to and exacerbate asthma, is of paramount importance. The contents contained
within this dissertation seek to expand our mechanistic understanding of the factors that
influence allergic disease and respiratory viral infection. It begins with an outline of the scope
and rationale for the work, followed by a synopsis of the literature upon which these studies were
founded. Next, the data for three research aims are presented and a final commentary is provided

about the significance of this work.

1.2. Scope and Rationale

Allergic diseases—including asthma, atopic dermatitis, and allergic rhinitis—are
substantial causes of morbidity and mortality with a particularly high prevalence in developed
countries. While considerable effort has been invested in developing therapeutics to treat
allergic disease, many individuals remain refractory to treatment. Further mechanistic insight
into the causes of allergy as well as the pathways that enhance or restrict disease will provide
opportunities for better prevention and treatment strategies.

Over the last decade, critical insights into non-T cell sources of classical T cell cytokines



associated with allergy, such as IL-5 and IL-13, have led to the identification and
characterization of group 2 innate lymphoid cells (ILC2). An extensive literature has
accumulated (reviewed in Chapter 2) describing a necessary and sufficient role for ILC2 in
mediating pathologic responses to allergens. However, key gaps in knowledge remain and
provide the basis for the studies within this dissertation. Respiratory viral infections are
recognized as a major cause of asthma exacerbations and infections with certain pathogens in
infancy strongly correlates with the subsequent development of asthma. The contributions of
ILC2 to allergic-like inflammation in the context of respiratory viral infections are still poorly
defined. Notably, ILC2 involvement in the immune response to the pathogen respiratory
syncytial virus (RSV) has not been established despite RSV representing the most common
respiratory pathogen in early infants and severe RSV infection in infancy being strongly
associated with a later diagnosis of asthma. Furthermore, it is largely unclear how the ILC2
compartment within the lungs and other mucosal sites is established and maintained throughout
life. A more mechanistic understanding of the pathways that establish and maintain ILC2 cells

in tissue will provide additional therapeutic targets for the treatment of allergic disease.

These gaps in knowledge provide the rationale for the aims of this dissertation:

Aim 1. Determine the effect of TSLP signaling on ILC2 activation and associated changes in

airway physiology in a mouse model of RSV infection.

Aim 2: Characterize the effect of interferons (IFNs), a major antiviral defense pathway, and

their signaling through signal transducer and activator of transcription 1 (STAT1) in



orchestrating the balance of group 1, 2, and 3 innate lymphoid cells during respiratory viral

infection.

Aim 3: Interrogate the role of the major ILC2-activating cytokine 1L-33 in regulating the egress
of newly developed ILC2 from the bone marrow for hematogenous trafficking to peripheral

tissues.



CHAPTER 2

BACKGROUND

2.1. Allergy, Asthma, and Viral Infections

Allergic reactions are inappropriate immune hypersensitivities to otherwise inert or non-
pathogenic environmental antigens. Several common allergic conditions include allergic asthma,
atopic dermatitis, allergic rhinitis, allergic conjunctivitis, and anaphylaxis. The severity of
disease and the extent of tissue involvement vary widely by condition and between people.
Common symptoms of allergic reactions include rhinorrhea, nasal congestion, conjunctivitis,
pruritis, mucus production, urticaria, and difficulty breathing. Anaphylaxis is the most severe
form of allergic reaction and may result in widespread hemodynamic instability and
bronchospasm that is life-threatening.

Asthma represents an important componentof allergic disease. Clinically, asthma is a
disease of chronic airway inflammation. Severe exacerbations of asthma lead to luminal mucus
accumulation and constriction of the airway smooth muscle, leading to compromised ventilation,
resulting in respiratory accessory muscle use, coughing, and wheezing. In such severe cases,
airway obstruction requires emergent medical intervention.

Below is a review of the epidemiology of allergy as well as the immunologic mechanisms

that drive allergic disease, with a focus on asthma and the role of viral infections.



2.1.1. Epidemiology

Clinically apparent allergic diseases are estimated to affect 50 million individuals within
the United States, and allergen sensitization as measured by serum IgE levels demonstrates that
30-50% of all individuals depending upon their age have been allergically sensitized.?
Globally, the prevalence of allergic disease is staggering. Nearly 300 million individuals are
diagnosed with asthma and over 200 million individuals suffer from food allergies, with to the
most common allergens being milk, eggs, peanuts, tree nuts, wheat, soybeans, fish, and
shellfish.>® The prevalence of allergic disease has increased over the last several decades,
particularly in developed countries, heightening the urgency for better therapeutic intervention
strategies.* The explanations for this are varied, but significant attention has been paid to the
hygiene hypothesis. The premise for the hygiene hypothesis is that exposure to a diverse set of
natural antigens trains the immune system to respond appropriately and with deference to
tolerance when otherwise inert antigens are encountered. Because of changing living patterns
(i.e. less contact with farm animals), medical interventions (i.e. antibiotics and vaccines), and
increased use of soaps and hygiene techniques, it is hypothesized that our immune system is not
properly trained during early life, thus leading to inappropriate reactions to otherwise inert
antigens precipitating allergic disease.” However, the specific antigen profile is likely important
as to whether these exposures protect from or enhance allergic disease.®’

Asthma prevalence is estimated to be 7% in the United States and varies between 1-18%
worldwide.® Age, sex, and geographic location all contribute to asthma prevalence.*** For
instance, children are more likely to have asthma than adults. Prior to puberty, boys have a

higher incidence of asthma but following puberty that inverts with women having a higher



incidence of asthma than men.*** Patients in the United States with uncontrolled asthma have
more frequent hospitalizations, higher utilization of emergency departments, and more missed
days from work with an increased cost burden of thousands of dollars per patient per year.*? The
total cost of illness associated with asthma in the United States was estimated to be over $6
billion annually, with the largest expenditures associated with emergency room visits,
hospitalizations, and death.*® Several risk factors in the prenatal period and in childhood
influence asthma incidence and severity. Prenatal tobacco smoke exposure is consistently
associated with episodes of childhood wheezing. Maternal antibiotic use also predisposes to
persistent wheeze and childhood asthma in a dose-dependent manner. Finally, emergency
caesarian sections are associated with a 2-3 fold increased risk of allergic disease compared to
vaginal births, possibly reflecting microbiome-associated effects.** Both childhood airborne
tobacco exposure and antibiotics also increase the risk of asthma, while exposure to farm animals
reduces allergic disease.** Exposure to airborne pollutants such as ozone and diesel exhaust
particulate can exacerbate asthma.*>'® Importantly, respiratory viral infections are a major cause
of asthma exacerbations, and early life exposure to certain respiratory infections strongly

correlates with the subsequent development of asthma.

2.1.2. Viral Infections and Asthma

An estimated 80% of asthma exacerbations in children are associated with respiratory

viral infection.”** Of these, about two thirds represent infections with rhinovirus (RV). The

remaining fraction represents a mixture of respiratory syncytial virus (RSV), influenza virus,



parainfluenza virus, and coronavirus. Of note, age is a major determinant of viral species and
association with active wheezing or asthma exacerbations.”® In patients less than 2 years old,
RSV is the predominant virus associated with wheezing. In patients 3-18 years old, RV becomes
the principal wheeze-inducing virus. Wheezing episodes also tracked with seasonal prevalence

of RV and RSV in the fall and winter, further suggesting causality for asthma exacerbations.”

As noted, RSV is the major respiratory pathogen in infants and is associated with
wheezing episodes. The incidence of RSV infections in the first year of life is approximately
70%, and nearly all children have been infected at least once by the age of two.* Numerous
studies have shown an association between early life severe RSV infection and the subsequent
development of asthma.® In a retrospective birth cohort study, infants who were hospitalized
with bronchiolitis had an higher odds of developing asthma compared to infants with no
hospitalization.?? Dose-dependent effects of RSV in the first year of life comparing outpatient
encounters, uncomplicated hospitalizations, and prolonged hospitilizations showed a severity-

dependent association with the subsequent development of asthma.?

Two key lines of evidence support a causal role for severe RSV infection in the initiation
of asthma. First, birth month strongly correlates with the development of asthma. RSV
circulates heavily in the late fall and early winter months. In a retrospective birth cohort, birth
month was compared relative to peak viral circulation in the first year of life and asthma
prevalence was assessed at ages 5-6. Despite annual variance in the winter viral season, the
highest prevalence of asthma was observed in infants born almost exactly 4 months prior to the

winter viral peak.** However, this study did not specifically evaluate the viral etiology, and



therefore does not definitively implicate RSV. Second, a randomized control trial evaluated the
effect of palivizumab on the number of wheezing episodes within the first year of life.?>
Palivizumab is a monoclonal antibody against the RSV fusion protein that reduces
hospitalizations by approximately 50% when given prophylactically. Compared to patients
receiving placebo, there was a significant reduction in the burden of wheezing illness in patients
receiving palivizumab. While wheezing does not necessarily indicate asthma, and asthma
diagnoses could not be made in this population because they were too young, early life persistent
wheezing correlate with a diagnosis of asthma later in life.?® Similar results were obtained in a
case-control study that evaluated palivizumab prophylaxis in infancy and wheezing at age
three.?” It is important to note that susceptibility to asthma is likely multifactorial, and host
genetics may play a significant role independent of exposure. Patients may be susceptible to
severe RSV infection and asthma by the same molecular mechanisms. Polymorphisms
conferring susceptibility to both RSV and asthma have been identified in genes such as IL-4, IL-
13, IL-8, IL-10, and TLR4.® Collectively, these data demonstrate the critical importance of viral
infections in exacerbations of asthma, and suggest a potential initiating role for RSV infection in

the development of asthma.

2.1.3. Immunologic Response in Asthma and Allergy

Multiple immune cells and mechanisms are involved in mediating allergic reactions. The
classical paradigm for allergic responses involves sensitization of the immune system to antigen
followed by an exuberant response upon re-exposure to the same antigen. Upon encountering

certain environmental antigens, dendritic cells mobilize to secondary lymphoid organs to



polarize CD4" T cells via OX40L:0X40 signaling towards CD4" T helper type 2 (Th2) cells.”®
CD4" Th2 cells release IL-4 in an autocrine fashion to reinforce this polarization. CD4+ Th2
cells” expression of IL-4 in conjunction with CD40L signaling onto B cells induces antibody
class switching to the IgE isotype. IgE circulate and binds to Fce receptors on mast cells
embedded within mucosal tissue. Re-exposure to the same antigen induces cross linking of
antigen-specific IgE on the surface of the mast cell, immediately releasing pre-formed pro-
inflammatory mediators such as tryptase and histamine, while leukotrienes and prostaglandin D,
are newly formed, resulting in the generation of an acute allergic response. As the reaction
progresses, memory CD4" Th2 cells are activated to produce type 2 cytokines including IL-4, IL-
5, and IL-13. In the lung, for instance, these cytokines mediate pathophysiologic changes in the
airway including eosinophilia, mucus metaplasia and release in the airways, smooth muscle
hyperreactivity, and airway remodeling.

Additional cell types of the innate immune system can mediate allergic disease, including
antigen-specific IgE-mediated activation of basophils which express type 2 cytokines. Dednritic
cells, endothelial cells, keratinocytes, and fibroblasts may produce chemokines such as CCL17
(also known as TARC) which preferentially recruits Th2 cells into tissue in which antigen is
present. Recruitment of eosinophils, basophils, and CD4" Th2 cells into the inflamed tissue is
significantly induced by eotaxin/eotaxin-2/eotaxin-3 signaling via CCR3, with eotaxin-3 being a
salient mediator of inflammation in eosinophilic esophagitis.?*** Type 2 cytokines such a IL-4
and 1L-13 may differentiate macrophages into a collection of phenotypes that have been termed
M2-like macrophages, which can produce TGF-B that may cause airway remodeling.3* More

recently, the identification of innate lymphoid cells (ILC) with similar functional properties as



CD4" T cells has led to an explosion of research in understanding their contributions to allergic

disease.

2.2. Overview of Innate Lymphoid Cells

ILC are a broad class of cells embedded at mucosal sites that are involved in tissue
homeostasis and response to diverse environmental insults. Derived from common lymphoid
progenitors, ILC develop into three major cell subsets—group 1, 2, and 3 ILC. These cells have
unique transcriptional signatures and effector functions, described in detail below. Briefly,
ILC1, ILC2, and ILC3 are driven by T-bet, GATA3, and RORyt and produce IFN-y; IL-5 and
IL-13; and IL-17 and IL-22, respectively.®® These gene signatures and effector functions mirror
CD4" Thi, Th2, and Th17 cells. However, ILC exhibit several key differences that make them
distinct from their CD4" Th cell counterparts. In contrast to CD4" T cells, ILC are primarily at
mucosal sites even at baseline and are only found in low numbers in secondary lymphoid organs
such as lymph nodes and the spleen.®* Moreover, even in ILC-rich tissues, ILC are found in
significantly fewer numbers than CD4" T cells. 1LC do not depend on antigen presentation and
can be activated immediately from stimuli in the tissue milieu, positioning them as innate
counterparts to CD4+ T cells.***" ILC have been studied in a number of diseases in both pre-
clinical models and in humans, the details of which are discussed below and summarized in

graphically in Error! Not a valid bookmark self-reference..

2.3. ILC Development and Tissue Composition
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Our understanding of ILC development comes largely from studies in mice, with the
verification of key stepwise progenitors in humans. In mice, ILC derive from common lymphoid
progenitors (CLP).* The expression of the transcriptional regulator 1d2 halts T and B cell
development and promotes the differentiation of CLP to alpha lymphoid precursor (aLP) cells
and common helper innate lymphoid progenitor cells (CHILP).*"***" oLP/CHILP have multi-
lineage potential, with the capability to form all ILC helper subsets as well as classical natural
killer (NK) cells and lymphoid tissue inducer (LTi) cells.** The expression of NFIL3 is also
critical for differentiation of lymphoid progenitors to «LP/CHILP.*> CHILP depend upon the
transcription factor ETS1 for appropriate fitness.** CHILP cells no longer maintain NK cell
potential, but can differentiate into all helper ILC lineages as well as LTi cells. Expression of
promyelocytic leukemia zinc finger (PLZF) protein and the upregulation of the cell surface
receptor programmed death 1 (PD-1) marks the differentiation of CHILP into ILCP, which can
repopulate all helper ILC lineages but not LTi cells.***

The lineage specification of ILCP into committed precursors of ILC1, ILC2, and ILC3
remains an area of ongoing investigation. The expression of Bcll 1b, Gfil, and RORa are vital

for the generation of 1LC2 precursors (ILC2P)**

, though Bcl11b-deficiency was dispensable
for bone marrow ILC2P but not mature peripheral ILC2 numbers in one study.*® Absence of
Gfil and RORa in mice leads to the loss of peripheral ILC2 populations and a deficit of bone
marrow ILC2P. GATAS is also a critical marker of ILC2-committed cells, though GATA3-
deficient mice lack all ILC subsets.**>? It is thought that GATAS3 expression in early progenitor

cells is required for advancement towards all ILC development, but within the mature ILC

compartment that high GATA3 expression demarcates the ILC2 fraction.*
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Recombination-activating genes 1 and 2 (RAG1 and RAG?2) are dispensable for ILC
development.**" Broadly, RAG-deficient mice have mostly normal ILC numbers and RAG
gene expression is not detected in ILC precursors.>® The mild reduction in ILC numbers may
result for a lack of supportive T cell-derived IL-2.>* Accordingly, RAG-deficient mice have
been used extensively to understand ILC biology without T cell confounding.

Multiple environmental signals are known to guide ILC development. Mice lacking the
IL-7 receptor (IL-7Ra, also known as CD127) or the 1L-2 receptor (IL-2Ra, also known as
CD25) have broad deficiencies in ILC, suggesting a critical role for these signals in ILC
development.*”® Interesting, the IL-7Ra is a shared subunit between the receptors for IL-7 and
TSLP. Yet, deficiencies in IL-7 and TSLP offer only modest reductions in the number of ILC in
mice, suggesting potential redundancy in these cytokines for ILC development.** Both the IL-2
and IL-7 receptor complexes utilize the common y chain. Consistent with these data, mice
double-deficient in RAG and the common y chain lack T cells, B cells, and ILC and these mice
have been used to understand the extent of ILC contribution to pathophysiology. Notch-notch
ligand signaling is also a critical pathway for ILC development, and disruption of this pathway
leads to reduced ILC2 differentiation in vitro® and in vivo.>>*®

Significant attention has been paid to ILC development in the bone marrow, though
evidence suggests that ILC lymphopoeisis may happen outside of primary lymphoid tissues
including in the fetal gut in mice.*® In addition, in humans circulating ILC progenitor cells have
been identified in the peripheral blood.®® The establishment and maintenance of ILC populations

in tissue is further detailed below.
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2.4. 1LC2 Function, Homeostasis, and Disease

ILC2 are a major type 2 immune effector cell and play pathologic, protective, and
homeostatic roles, especially in the context of allergic disease. IL-5 and IL-13 are the major
cytokine products of ILC2, though they are also sources of IL-9, IL-4, and amphiregulin under
the appropriate circumstances. ILC2 effector cytokines imparts significant and diverse

functional potential to the ILC2 lineage.

2.4.1. Activators and Inhibitors of ILC2

A variety of environmental stimuli are known to activate ILC2. The three canonical
activators of ILC2 are 1L-33, IL-25, and TSLP.%*%"" |L.C2 express the receptors for all three of

these cytokines in both mice and humans*®®2

, though different tissues may depend more
critically on one cytokine over the others.®*® 1L-33 is a pro-inflammatory IL-1 family member.
Epithelial cells, including type 1l pneumocytes within the lung and keratinocytes within the skin,
and endothelial cells are major sources of 1L-33.°% Macrophages and mast cells can also
express 1L-33. IL-33 is stored pre-formed within the nucleus of these cells, serving as a readily
available inflammatory mediator.®” In vitro, IL-33 robustly activates ILC2 increasing
proliferation and expression of IL-5 and 1L-13.%%" |L-33 signaling deficiency or blockade of the
IL-33 receptor attenuates ILC2 activation and associated physiologic responses in murine models

of influenza infection®®, Nippostrongylus brasiliensis infection®, atopic dermatitis®*, among

others. Exogenous delivery of recombinant IL-33 elicits strong ILC2 responses in tissues such
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as the lungs and gastrointestinal tract.***"®® Maximal ILC2 responses to IL-33 require a second
signal that potentiates NFAT signaling, such as leukotrienes.”

While neither activates ILC2 to any substantial effect in isolation in vitro, both IL-25 and
TSLP have been shown to significantly enhance ILC2 proliferation and cytokine expression in
combination with 1L-33.2%" Mice deficient in the I1L-25 receptor (also known as IL-17RB) have
impaired ILC2-mediated immunity to intestinal helminth infection while exogenous delivery of
IL-25 enhances ILC2 activity.:"'7 Furthermore, deficiency in TSLP signaling attenuates ILC2
responses in the skin while overexpression of TSLP activates ILC2.%? TSLP and IL-25 are both
expressed by epithelial cells, with a major source of IL-25 being tuft cells in the small
intestine.”""

Several other ILC2 activators have been characterized. The lipid mediators leukotriene
D, (LTD4), LTE,, and prostaglandin D, (PGD,) induce cytokine expression from ILC2.73™
Interestingly, LTD, extends ILC2 cytokine producing capacity to include IL-4 and PGD; is a
potent chemoattractant of ILC2. Additional activators of ILC2 include IL-1f and TL1A.”"

Conversely, there is intense interest in understanding inhibitors of ILC2 that may serve as
therapeutic targets in allergic disease. Endogenous inhibitors of ILC2 include Spredl, a
suppressor for the Ras-ERK pathway, and the cell surface receptor programed death 1 (PD-
1).”"® Lipoxin A4 and the cyclooxygenase product PG, also negatively regulate 1LC2
proliferation and cytokine production’®, and type | and II interferons negatively regulate 1LC2
viability and function including in a model of allergic airway disease.®***® Signaling through
the a7-nicotinic acetylcholine receptor similarly attenuates ILC2 function.®? 1LC2 are also
attenuated by the T regulatory cells and their products IL-10 and TGF-B.2® Therapeutics

targeting IL-25, 1L-33, and TSLP are of significant interest to the field.®
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2.4.2. ILC2 Tissue Maintenance and Trafficking

Tissue seeding by ILC2 occurs in the perinatal period. Prior to birth, ILC2 are virtually
absent in the lungs.>*®"# Across the first two weeks of life, ILC2 rapidly accumulate in the
lungs and reach levels comparable to adult mice.>*®® This accumulation of ILC2 coincides
with a wave of 1L-33 expression in the lungs, primarily from CD45 EpCam” type I
pneumocytes.?® Conceptually, this 1L-33 expression and ILC2 accumulation occurs during the
alveolarization period of murine lung development with expansion and maturation of type Il
pneumocytes. Mice lacking IL-33 signaling had reduced numbers of ILC2 in the lungs at post-
natal days 7, 10, and 14 consistent with a critical role for 1L-33 in establishing the ILC2
compartment within the lungs.®° In the lungs during the post-natal period, ILC2 are the major
source of type 2 cytokines, and the recruitment of type 2-associated effector cells such as
eosinophils and anti-inflammatory M2 macrophages critically depends upon 1LC2.88%
Collectively, these changes promote type 2 immune skewing in the post-natal period that can be
exacerbated with exposure to allergen and persist into adulthood. While ILC accumulation has
been well characterized in the lungs, substantially less is known about ILC2 accumulation in
other tissues.

An ample population of ILC progenitors exists in the bone marrow that may serve as the
source of early ILC tissue seeding and as a reservoir for repopulation of tissues throughout life.*
Additional progenitor cell sources in peripheral sites may contribute to tissue accumulation of
ILC. Fetal ILC progenitors (ftILCPs) expressing CD127, integrin o4f37, and Arginase-1 and

negative for RORyt, NK1.1, and ST2 were identified in the small intestine at embryonic day
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15.5.> These ftILCPs had the potential to differentiate into mature ILC1, ILC2, and ILC3 in
vitro and may serve as a progenitor cell source for populating the gastrointestinal tract with ILC.
A similar population of progenitor cells that lacked expression of lineage markers and was
positive for CD127, c-Kit, and PLZF has been identified in the fetal liver and can give rise to all
helper ILC lineages.**

ILC lineages are generally considered tissue resident under steady-state conditions.
Pulse-chase experiments demonstrate that ILC2 are long-lived cells that exhibit self-renewing
capacity in situ within tissues.>® Parabiosis studies of naive mice demonstrate that ILC2 are
minimally replenished from hematogenous sources across short-term (40 day) or long term (130
day) experiments, with recovery of approximately 2-5% of donor ILC2 in the lung, small
intestine, salivary gland, and adipose tissue of the opposing parabiont.”** However, in the
context of infection with the helminth Nippostrongylus brasiliensis, which induces a strong type
2 immune response, ILC2 but not other ILC lineages are recruited to the lung in higher quantities
than in mice receiving a mock inoculum.** The signals that support and maintain ILC2 in tissue
at steady-state are largely unknown. T cell-derived IL-2 is posited to support ILC2 in tissues via
an MHCII mediated dialogue®®, though a separate study suggests IL-2 may be dispensable for
ILC2 maintenance at baseline.”? Rag-deficient mice that lack mature T cells show variable
effects on ILC2 number, with different studies identifying more® or equal®® numbers of ILC2 at
mucosal sites compared to WT controls providing equivocal evidence for T cell-derived IL-2
supporting ILC2 at baseline. 1LC2 express ICOS, and ICOS-deficient mice have reduced
numbers of ILC2 in the lungs and small intestine at baseline, suggesting a homeostatic role for
ICOS signaling in supporting ILC2 populations at mucosal sites.”** While metabolic processes

tied to Arginase-1 and fatty acid processing support ILC2 responses to environmental challenge,
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disruptions of these systems have no effect on ILC2 at baseline.®*®" These data collectively
demonstrate that ILC2 are primarily tissue-resident cells in adult mice and that recruitment of
cells from the bloodstream may occur in response to disrupted homeostasis and inflammation.
A limited number of signaling pathways have been identified that influence ILC2
trafficking. Germline CCR9-deficiency reduced the trafficking of ILC2 to the small intestine,
suggesting a possible defect in early ILC2 seeding of the gastrointestinal tract dependent upon
CCR9.%® Using Kaede transgenic mice that express a photoconvertible fluorescent protein
allowing for cell tracking, ILC2 were found to traffic from the small intestinal lamina propria to
the mesenteric lymph node rapidly within a 24 hour period.” Additionally, PGD, and via its
receptor CRTH2 and the integrin B2 both promote accumulation of ILC2 in the inflamed
lung.’%1% Collectively, these data suggest ILC2 may transit dynamically within local regions or

systemically during development or upon inflammatory stress.
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Figure 2-1. 1LC Development and Effector Function

ILC develop from CLP and LMPP. CLP and LMPP differentiate into CHILP via expression of
Id2 and Nfil3. The expression of PLZF initiates the differentiation into ILCP that are restricted
to developing into the three main helper ILC lineages. PD-1 expression correlates with ILCP
differentiation. The transcription factors T-Bet, GATA3, and RORyt guide the development of
ILC1, ILC2, and ILC3 lineages. ILC2 lineage development also requires RORa, Gfil, and
Bclllb. ILC1, ILC2, and ILC3 have unigue activation signals, express distinct cytokines, and
are involved in non-redundant immune responses. P = progenitor; SLO = secondary lymphoid

organ.

18



2.4.3. ILC2 Mechanisms of Pathogenesis in Allergic Disease

ILC2 are important mediators of allergic disease, and a significant literature sheds light
on the mechanistic importance of ILC2 in response to allergens (summarized graphically in
Figure 2-2). The initial reports describing ILC2 all demonstrated their physiologic importance in
type 2 immune responses using a mouse model of infection with the helminth Nippostrongylus
brasiliensis.>>*" These data suggested an important role for ILC2 in type 2 immune responses
and by extension posited a potential role in allergic reactions. Subsequent work implicated ILC2
as important type 2 immune effector cells in mouse models of aeroallergen exposure to
Alternaria alternata and papain, and adoptive transfer studies into lymphocyte-deficient mice
demonstrated ILC2 to be sufficient to induce airway mucus accumulation and eosinophilia
independent of the adaptive immune system.®% In comparison to CD4" Th2 cells, ILC2 were
found to be considerable independent expressers of IL-5 and IL-13 in house dust mite-induced
allergic inflammation, and ILC2 have greater than 10 fold the per-cell cytokine producing
capacity compared to CD4" Th2 cells.®

Related work employing murine models of atopic dermatitis have shed additional light on
the role of ILC2 in allergic disease. Depletion of ILC2 in the skin of Rag” mice ablated skin
inflammation and thickening in a vitamin D analogue-induced model of atopic dermatitis.®* The
activation of ILC2 within the skin may involve multiple circuits. While much attention has been
focused on IL-33-induced activation of ILC2 in the lungs, all three of I1L-25, IL-33, and TSLP
have been implicated in ILC2-driven allergic reactions within the skin.®*%41%4

Activation of ILC2 in tissues profoundly changes their surface phenotype consistent with

several feed-forward loops that may promote the allergic response. Notably, the high-affinity
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subunit of the IL-2 receptor complex, CD25, is significantly upregulated in the setting of
inflammation in both the lungs and skin.**% Increased CD25 expression positions ILC2 to
better respond to IL-2, a potent IL-33-synergistic signal for ILC2 in mice and humans.
Inflammation in the skin and lung also upregulates the IL-33 receptor.®*'%>1% |n vitro
stimulation of human ILC2 increases the expression of the receptors for 1L-25, IL-33, and TSLP,
suggesting similar feed-forward loops may boost ILC2 responses in humans.™®” In addition,
ILC2 but not CD4" Th2 cells exhibit corticosteroid resistance in both mice and humans,
particularly when they are stimulated by TSLP, positing these cells as pathophysiologic
mediators in corticosteroid-resistant asthma,'% '

Several transcriptional regulators maintain ILC2 identity and enhance ILC2 activity
during allergic inflammation. GATAS is a hallmark transcriptional regulator of ILC2 that
defines the ILC2 lineage and when phosphorylated binds to the IL-5 and IL-13 promoters to
drive cytokine production.”®*" Transgenic mice overexpressing GATA3 displayed significantly
increased IL-5 and IL-13 production as well as ST2 and IL-25R expression in lung ILC2
compared to WT ILC2 or GATA3 hemizygous ILC2.> GATA3 overexpressing ILC2 also had
upregulated ST2 expression and cytokine production in a murine model of house dust mite

induced allergic airway inflammation.**?

Whole transcriptome analysis of mature ILC2 with or
without a conditional deletion of GATA3 demonstrates substantial changes in the overall ILC2
program reinforcing the importance of GATA3 in ILC2 function.*® Similarly, overexpression of
GATA3 increased ST2 and TSLPR expression as well as IL-5 and IL-13 cytokine production
from human ILC2 stimulated in vitro.”® Additionally, Gfil promotes ILC2 activity by increasing

the expression of the 1L-33 receptor, stabilizing GATA3, and blocking IL-17A production.*®

Mice with a conditional deletion of Gfil fail to respond effectively to aeroallergen challenge and
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exhibit a hybrid ILC2-1LC3 effector state. Bcll11b critically stabilizes GATA3 and Gfil to
promote the ILC2 program and functionality. Bcll1b-deficient mice fail to respond
appropriately to IL-33 stimulation or Nippostrongylus brasiliensis infection, shifting towards an
ILC3-like phenotype.*®*® Moreover, PLZF enhances IL-5 and 1L-13 expression during allergen
challenge from ILC2 but not CD4" Th2 cells.'*®

Additional ILC2-intrinsic signals enhance ILC2 contribution to allergic disease. In
addition to playing a role in ILC2 homeostasis, signaling via ICOS on ILC2 enhances cytokine
production during IL-33-induced airway inflammation.®> MicroRNAs may also play a role in
shaping ILC2 responses, with miR-155 upregulated following 1L-33 stimulation of ILC2 and
contributing to ILC2 proliferation, IL-13 expression, and stabilization of GATA3."

While ILC2 have sufficient capacity to induce pathophysiologically significant responses
in isolation, ILC2 responses to allergens in intact organisms and humans occur in the context of a
broader type 2 immune response. Several key interactions have been described between ILC2
and other cells of the immune system that have potential relevance in allergic disease. ILC2:T
cell crosstalk appears to be a vital circuit for promoting robust innate and adaptive type 2
immune responses. ILC2 are competent for antigen uptake, processing, and presentation on
MHC class Il to T cells via interaction with the T cell receptor. ILC2 interact with antigen-
specific T cells via antigen-loaded MHC |1, triggering T cell expression of IL-2 that signals back
onto the ILC2 to promote ILC2 proliferation and 1L-13 production.>* Conversely, mice lacking
ILC2 have severe impairments in the number of CD4" Th2 cells in lymph nodes of
Nippostrongylus brasiliensis-infected mice.>***> Effective CD4" Th2 cell differentiation and
responses require ILC2-derived IL-13 to mobilize dendritic cells to migrate to the lymph nodes

for Th2 cell priming during both primary and memory responses in both adult and early postnatal
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mice.B %17 Transfer of ILC2 and CD4" T cells, but not either individually, into 117ra” mice
was required for a robust antigen-specific allergic response.™*® Furthermore, ILC2-derived IL-4
promotes mast cell sensitivity to degranulation and inhibits Treg cell induction, contributing to a
shift away from tolerance that may predispose to food allergy. Similarly, ILC2 function
alongside CD4+ Th2 cells to promote food allergy via IL-13 production.*® These data suggest a
key collaboration between ILC2 and adaptive CD4" T cells in promoting allergic type 2 immune
responses.®

With regard to other arms of the adaptive immune system, ILC2 may also promote B cell
extrafollicular responses as evidence by increased B cell expression of EBI2 in human ILC2:B
cell co-culture.*® In mice, co-culture of ILC2 and B1 or B2-type B cells enhanced B cell
proliferation and antibody production, and adoptive transfer of ILC2 into 117r" mice enhanced
B1 cell antigen-specific IgM production. These data suggest ILC2 may influence the B cell
and/or IgE compartments in allergic disease.?” 1LC2 also coordinate with cells of the innate
immune system. Specifically, basophil derived IL-4 is required for ILC2 responses in a mouse
model of atopic dermatitis.'?®

A significant proportion of asthma exacerbations are triggered by viral infections, most
notably with rhinovirus (RV), respiratory syncytial virus (RSV), and metapneumovirus (MPV).
Emerging evidence suggests that ILC2 may play an important role in the pathophysiology of
respiratory viral infection with consequence for allergic airway disease. The general paradigm is
that viral infections particularly of the respiratory tract infect epithelial cells, leading to the
expression of ILC2-activating cytokines such as I1L-33 (later in these infections, macrophages
become the predominant source of 1L-33) that stimulate ILC2. Influenza infection triggers IL-5

and IL-13 production from ILC2 with concomitant eosinophilia and airway hyperreactivity in
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both the presence and absence of an adaptive immune response.***** RV infection in neonatal
mice activates ILC2 via IL-25 to expand and express IL-13, contributing to airway mucus
accumulation and airway hyperactivity.**® In a murine model of RV-exacerbated asthma, RV
infection increased the expression of IL-25 in the lungs leading to an increase in ILC2 within the
lungs that correlated with increased I1L-5 and IL-13 cytokines in the BAL fluid.*?” Of note, ILC2
responses in the late stages of influenza infection are characterized by amphiregulin production
from ILC2 that promotes tissue repair, suggesting that ILC2 may play both pathologic and

beneficial roles at different points during viral infection.®
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Figure 2-2. The Role of ILC2 in Allergic Inflammation.

Environmental stimuli activate or damage the epithelium leading to a release of IL-25, IL-
33, and/or TSLP. These cytokines activate ILC2 to mediated an early type 2 response with
eosinophilia and mucus production via the production of IL-5 and IL-13. ILC2-derived IL-
13 also activates dendritic cells and induces their mobilization of draining lymph nodes
where they prime CD4+ T h2 cells. These Th2 cells return to the inflamed tissue, and via
signaling form MHC |1 loaded with antigen these cells produce IL-2 that further potentiates

ILC2.
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2.4.4. ILC2 in Human Disease

Enhancements in ILC2 number and/or function have been observed in humans in the
setting of allergic disease including asthma, allergic rhinitis, chronic rhinosinusitis (CRS), and
atopic dermatitis. ILC2 are twice as frequent in the blood of patients with allergic asthma as
compared to healthy controls. These ILC2 were also significantly more responsive to IL-33 and
IL-25 ex vivo, expressing higher levels of IL-5 and IL-13 as compared to healthy controls.'?®
Increases in the number of ILC2 in the peripheral blood were substantially greater in patients
with severe eosinophilic asthma compared to milder asthmatics or non-eosinophilic asthmatics,
with a strong positive correlation between the severity of eosinophilia in the sputum and ILC2
frequency of the peripheral blood.*****® Similar observations were made within the lung itself,
with both the total number of ILC2 and the number of IL-13-producing ILC2 increased in the
BAL fluid of asthmatics compared to non-asthmatic controls.*****? Induction of airway
inflammation in asthmatics by respiratory allergen challenge similarly increased ILC2 numbers
and cytokine production in the sputum®®, and ILC2 activation was found to inversely correlate
with effectiveness of corticosteroid treatment, %3134

Dynamic changes in ILC2 frequencies are also observed in patients with allergic rhinitis.
In cat-allergic subjects, nasal challenge with cat antigen significantly increased the frequency of
ILC2 in the peripheral blood as compared to diluent challenge.*® ILC2 are hypothesized to play
a key role as pro-inflammatory cells in allergic rhinitis as patients challenged with intranasal
exposure to allergen has increases in the number of ILC2 in nasal secretions that strongly and

positively correlated with airway eosinophilia.’* Interestingly, the extent of ILC2 induction and

cytokine production in allergic rhinitis patients varies by antigen, with house dust mite
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monosensitized patients significantly more responsive than mugwort monosensitized patients.**’

Furthermore, in one study no significant increase in ILC2 or their cytokine production was
observed in patients with allergic rhinitis compared to healthy controls.**® Pollen grass
subcutaneous immunotherapy (SCIT) was effective in preventing ILC2 accumulation in the
blood of seasonal allergic rhinitis patients, demonstrating the potential for therapeutic
intervention in attenuating 1LC2 responses.’® These data broadly support a role of ILC2 in the
pathogenesis of allergic rhinitis, though factors such as specificity of the antigen may influence
ILC2 reactivity.

Considerable effort has also been invested in understanding the role of ILC2 in chronic
rhinosinusitis (CRS). ILC2 are found in significantly higher frequency in nasal polyps of
patients with CRS compared to uninflamed tissue from healthy controls.*****° Further studies
have demonstrated that ILC2 induction is primarily restricted to CRS with nasal polyps
(CRSWNP) compared to CRS without nasal polyps (CRSSNP) or healthy controls.****** CRS
polyp endotype greatly influenced ILC2 frequency with allergic, eosinophilic polyps containing
the largest proportion of ILC2.142%% || C2 in CRSWNP also showed features of activation,
with increased surface expression of inducible T cell co-stimulator (ICOS), enhanced cellular
complexity as measured by side scatter properties using flow cytometry, and increased IL-5 and
IL-13 expression ex vivo.'*® Systemic corticosteroid treatment correlated with a partial decrease
in the number of ILC2 in CRSWNP.'* The ILC2-activating IL-33 axis is also upregulated in
CRSWNP, including elevated levels of IL-33 from polyp tissue and increased expression of the
IL-33 receptor ST2 on ILC2 compared to CRSsNP.*** Importantly, ILC2 number positively

correlated with severity of nasal symptom score, a combined measure accounting for nasal
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obstruction, need to expel nasal discharge, loss of smell or taste, thickness of nasal discharge,
and sinus pain.*

Atopic dermatitis in humans is also linked to dysregulation of ILC2. ILC2 are markedly
increased in the skin of patients with atopic dermatitis compared to skin samples collected from
healthy controls.?*%*12314¢ Moreover, ILC2 in the setting of atopic dermatitis displayed features
consistent with an activated phenotype, including the upregulation of CRTH2, CD161, ST2,
TSLPR, IL-25R, and KLRG1.%#** Within the dermis of inflamed atopic skin, ILC2 were found
in close proximity to basophils or T cells, suggesting possible coordination between these pro-
inflammatory cell types.*® Induction of an inflammatory response in allergic patients via
exogenous, intraepidermal injection of house dust mite antigen significantly increased the
number of ILC2 and their cytokine products IL-4, IL-5, and IL-13 at the site of injection as
compared to control saline instillation. Collectively, these data strongly suggest a pathologic
role for ILC2 in the setting of atopic dermatitis.

Emerging evidence supports a potential role for ILC2 in the context of several other
allergic diseases. Patients with aspirin-exacerbated respiratory disease (AERD) challenged
intranasally with NSAIDs had increased ILC2 burdens in nasal scrapings collected during
challenge as compared to ILC2 levels in nasal scrapings at baseline, and that this increase in
ILC2 burden positively correlated with severity of symptoms.**’ Additionally, several
eosinophilic disorders have been associated with ILC2 activation. Active eosinophilic
esophagitis (EoOE) promotes an increase in the percentage of ILC2 in the esophagus compared to
patients with quiescent disease or healthy controls.**® Eosinophilic pleural effusion (EPE)

induces a marked increase in the number of ILC2 in the pleural fluid.**°
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2.5. ILC1 Function, Homeostasis, and Disease

Helper-like ILC1 are a developmentally distinct class of cells that express the
transcription factor T-bet and produce large quantities of IFN-y. They are unique from other
innate IFN-y producing cells, namely classical NK cells, as they lack expression of CD49b
(DX5) and do not depend on the transcription factor eomesodermin (EOMES).***° ILC1 are
found throughout the body, but accumulate in particularly high levels in the liver and
intraepithelial fraction of the intestine.’*>**? Due to their expression of IFN-y, these cells have
been functionally implicated in many pro-inflammatory settings.

Because of this potent production of IFN-y, ILC1 are generally considered anti-viral,
though firm evidence for this role in humans is presently lacking. ILC1 were found in higher
frequencies in the blood of patients with chronic hepatitis B infection and ILC1 frequencies were
directly correlated with hepatitis B viral load.**® These ILC1 from chronic hepatitis B patients
also expressed higher levels of T-bet and IFN-y compared to ILC1 from healthy controls,
suggesting increased activity. However, chronicity of viral infection may paradoxically alter
extrinsic factors affecting ILC1, complicating such analyses. For instance, decreases in IL-7 in
HIV-infected patients correlated with significantly reduced number of ILC1 in the
gastrointestinal tract compared to healthy controls.** Further characterization of ILC1 during
human viral infection is imperative to firmly establish a role for ILC1, though given their potent
expression of IFN-y it is likely that such a connection exists.

ILC1 have been more robustly characterized in several other human inflammatory
conditions. Specifically, ILC1 are recovered in significantly increased frequency from the

inflamed intestines of individuals with Crohn’s disease compared to healthy controls.**
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Intestinal ILC1 are also increased in patients with wheat sensitivity upon exposure to wheat, and
return towards normal levels after initiation of a wheat-free diet."*® ILC1 are also increased in
the duodenum of patients with type 1 diabetes, though the role of ILC1 in this disease process
remains unknown.™’ In patients recently diagnosed with rheumatoid arthritis, ILC1 were found
in significantly higher frequency in inguinal lymph nodes compared to healthy controls.**®
Interestingly, increases in inguinal lymph node frequency of ILC1 were also observed in patients
at-risk for rheumatoid arthritis as defined by serum IgM rheumatoid factor or anti-citrullinated
antibody levels without clinical disease, suggesting a potential causative pro-inflammatory role
of ILC1 in the establishment of rheumatoid arthritis."*® Finally, ILC1 have been identified in
other tissues in humans including the lung and decidua, though their potential role in disease has
not been interrogated to date.*®

Our functional understanding of ILC1 comes largely from studies in mice. Immunity to
influenza virus was significantly enhanced in the presence of ILC1 and depended upon T-bet
expression.’®® Complementing this data, adoptive transfer of ILC1 into Rag2-/- 112rg-/- mice
significantly improved the clearance of the intracellular parasite Toxoplasma gondii.**
Therefore, ILC1 in mice, as expected based on their IFN-y production, play a critical role in the
clearance of viruses and intracellular pathogens. ILC1 also promote the clearance of
extracellular pathogens including Citrobacter rodentium and Clostridium difficile, with IFN-y
and T-bet established as critical mediators in the latter.'%*1°

Mirroring the increases in ILC1 seen in patients with Crohn’s disease, ILC1-derived IFN-
y was critical for pathophysiologic changes observed in anti-CD40-induced colitis in mice.™

Additionally, ILC1 accumulated in subcutaneous adipose tissue of mice fed a high fat diet

(HFD).** Adoptive transfer of HFD-conditioned ILC1 into HFD-fed Rag2-/- 12rg-/- mice
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promoted insulin resistance by expression of IFN-y and polarization of adipose tissue
macrophages to a pro-inflammatory phenotype.” ILC1 are also induced with COPD-associated
triggers such as cigarette smoke exposure.'®® Collectively, human and murine data point to a key
pro-inflammatory role for ILC1, particularly in the context of viral immunity, inflammatory

bowel disease, and diabetes.

2.6. ILC3 Function, Homeostasis, and Disease

ILC3 are a heterogenous subset of ILC that are activated by IL-23 and are major
producers of IL-17 and IL-22. The transcription factor RORyt governs ILC3 fate and
function.’® Two distinct subsets of ILC3 exist and are separated based on their surface
expression of NKp46 (mice) or NKp44 (humans). NKp46® ILC3 are associated with increased
IL-22 production, while NKp46™ ILC3 are more substantial producers of IL-17."%31%* |L.C3 are
populous throughout the gastrointestinal tract and localize within the lamina propria.*** ILC3 are
implicated in homeostatic as well as pathologic roles.

Within the gastrointestinal tract in particular, the commensal microbiome critically
influences the immune system. Commensal bacteria promote a tolerogenic immune response
skewed towards T regulatory cells and anti-inflammatory mediators. This enhancement of the
regulatory compartment within the gastrointestinal tract is necessary to protect against
inappropriate immune activation in the context of innocuous luminal contents such as food.'®®
Alterations in the microbiota that lead to overgrowth of pathogenic bacterial species or
disruptions in the intestinal barrier integrity are believe to be initiating or exacerbating events in

the pathogenesis of inflammatory bowel disease and celiac disease.*®
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An ILC3-dependent axis contributes to the maintenance of the healthy tolerogenic
phenotype within the gut. Commensal microbes induce IL-1p, which promotes the expression of
Csf2 (GM-CSF) by ILC3 that controlled dendritic cells leading to increased potential for T
regulatory differentiation.’®® In this same study, ILC3-derived Csf2 was shown to promote a
tolerance loop towards dietary antigens, providing in vivo evidence that ILC3 promote tissue
homeostasis within the gastrointestinal tract. 1LC3 also express MHC class 11, which is used to
present commensal antigens, identify T cells reactive to these antigens, and eliminate these T
cells by starving them of the key lymphocyte growth factor 1L-2.%°"*% This mechanism of
peripheral tolerance is dependent upon ILC3-specific expression of MHC Il and prevents the
development of lethal spontaneous inflammation directed against host commensals. However,
this phenotype has not been observed in related mouse models, suggesting additional complexity
to this interaction.'®®

ILC3 elaborate 1L-22, an IL-10 family member that acts on stromal cells to promote
epithelial barrier integrity and defense against bacterial pathogens.*’®*"* ILC3-specific
expression of IL-22 is required for protection against Citrobacter rodentium infection in the
absence of an adaptive immune system, and exogenous delivery of IL-22 rescues this
phenotype.’®**"? These IL-22-associated effects are likely in part mediated by increased
production of antimicrobial products as a result of 1L-22 signaling.**™ 1LC3-derived IL-22 is
also required for the maintenance of intestinal stem cells and activation of the epithelium in the
context of tissue damage.™ In the skin, 1LC3 accumulate within wounds, express elevated
levels of IL-22 and IL-17F, and promote healing.!” Additionally, IL-17 is a major ILC3
cytokine product. Skewing of ILC3 responses towards IL-17 production was associated the

development of innate intestinal pathology.'®* Moreover, IL-17A production by ILC3 induced
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airway hyperreactivity in a mouse model of obesity-associated asthma.’’ NKp46/NKp44
expression may regulate the balance of IL-17A and IL-22 production, with NKp46/NKp44*
ILC3 skewed towards IL-22 production and NKp46/NKp44™ ILC3 skewed towards IL-17A
production.'®*% These data highlight the heterogeneity of ILC3 function, with potential for
both protective and pathologic roles.

In humans, ILC3 have been evaluated in the context of inflammatory bowel disease
(IBD), including Crohn’s disease and ulcerative colitis (UC). Crohn’s disease patients have
reduced numbers of I1L-22-expressing ILC3 in the intestine, though similar changes were not
observed in UC."® However, IL-17-expressing ILC3 may actually be increased in Crohn’s
disease, reflecting a shift in the balance from I1L-22 production to the more inflammatory
mediator IL-17.1® In patients with IBD, colonic ILC3 expression of MHC Il was diminished,
suggesting reduced potential for elimination of commensal-reactive T cells that may drive
inflammation.*®® In summary, these data from humans and mice suggest an important role for

ILC3 in mucosal tissue homeostasis and defense against bacterial pathogens.

2.7. ILC Plasticity

While ILC are classically grouped into the three main classes described above, evidence
suggest that certain stimuli can promote interconversion between ILC1, ILC2, and ILC3.
Specifically, 1L-12 and IL-18 promote the transition of RORyt" ILC3 into T-bet” ILC1 that
express IFN-y.}"® Conversely, signaling via IL-23 on ILC1 can upregulate RORyt" and IL-17
expression consistent with an ILC3-like phenotype. Similarly, IL-12 promotes the conversion of

ILC2 to IFN-y-expressing ILC1 that upregulate T-bet.****®® Ex-ILC2 that have converted to
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ILC1 have the potential to revert back to an ILC2-like phenotype in the presence of IL-4.

However, de novo generated ILC1 do not appear to have this capacity.**

2.8. Summary

Allergic disease is a major cause of morbidity in the United States and
globally. Respiratory viruses are strongly associated with the development and exacerbation of
allergic asthma. ILC2 are at the center of these processes, and the data presented in Chapters 3,
4, and 5 aims to significantly advance the field of ILC biology and our understanding of allergic

inflammation.
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CHAPTER 3

RSV INFECTION ACTIVATES IL-13-PRODUCING ILC2 VIA TSLP

3.1. Introduction

Respiratory syncytial virus (RSV) is the leading cause of infant hospitalization in the
United States.’® RSV induces bronchiolitis and viral pneumonia, and in severe cases, can lead to
death. Severe RSV infection in infancy is also linked to the subsequent development of asthma,
and RSV can cause asthma exacerbations in older children and adults.® Current therapeutic
options are limited. Ribavirin, a nucleoside analog that inhibits viral replication, has shown poor
effectiveness in treating RSV-induced disease.'® Corticosteroids have also proven ineffective
during viral-induced bronchiolitis, failing to reduce the number of hospital admissions, length of
stay, or disease severity.****%* The majority of treatment strategies are supportive, focusing on
fluid and respiratory maintenance. Widely-available, cost-effective preventative options are also
lacking. The only FDA-approved preventative therapy is palivizumab, an antibody directed
against the surface-exposed RSV fusion protein, which given as prophylaxis decreases the
number of RSV-associated hospitalizations by up to 55%."%% While effective, palivizumab is
prohibitively expensive for widespread use and is currently only recommended for infants in the
first year of life with chronic lung disease, with hemodynamically significant congenital heart
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disease, or born significantly premature (< 29 weeks).”" Moreover, decades of research have

failed to yield a safe and effective RSV vaccine.
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Our incomplete understanding of the immune response to RSV presents a major obstacle
to the development of new therapeutics and a vaccine. It is unclear which aspects of the immune
response are protective and which are detrimental. Severe RSV infection in infants is
characterized by airway epithelial cell destruction and sloughing, mucus production,
peribronchiolar inflammation, and pulmonary obstruction.*®® Classically, mucus production has
been associated with the activation of CD4" Th2 cells.’® CD4* Th2 cells mediate responses to
certain viral, parasitic, bacterial, and allergen exposures and produce the cytokine interleukin 13
(I1L-13), a central mediator of airway reactivity and mucus production.*® However, no studies
have evaluated early 1L-13 production during RSV infection prior to CD4" Th2 cell maturation.
A better understanding of the host immune response to RSV will inform rational design of new
clinical and pharmacologic interventions.

Group 2 innate lymphoid cells (ILC2) are an early, significant source of 1L-13 in several
other pulmonary diseases.®6%98.102124126.191194 &\ nderstanding of lung ILC2 has largely come
from investigations into their role in allergic asthma, where they have been characterized as
important mediators of airway responsiveness, eosinophilia, and mucus production,®*©3102192.193
Several studies have also shown that ILC2 can play a role in pathologic changes during influenza
and rhinovirus infections via either 1L-33 or IL-25, though the effect of TSLP on viral-induced
ILC2 activation in the lungs remains unknown,%124126134

We hypothesized that RSV induces a robust I1L-13-producing ILC2 response during the
early phase of RSV infection in a murine model. To test this hypothesis, we used the RSV
clinical strain 01/2-20 that was isolated from a patient with RSV bronchiolitis and potentiated IL-

13 production in mice.'*® We identified a significant increase in the total lung IL-13

concentration and the number of IL-13" ILC2 at day 4 post-infection. TSLP signaling was
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required for this ILC2 enhancement. Moreover, RSV-infected TSLP receptor-deficient mice had
reduced lung IL-13 protein concentration, decreased airway mucus and reactivity, were partially
protected from RSV-induced weight loss, and had comparable viral loads to wild type mice.
Finally, infection of mice with recent clinical isolates of RSV with known human pathogenic
potential demonstrated a similar induction of IL-13" ILC2 at day 4 post-infection that required
TSLP. Collectively, these data demonstrate a critical role for TSLP in RSV-induced ILC2
activation, suggesting this cytokine as a potential therapeutic target to treat the immune-

associated pathology of severe RSV illness.

3.2. Methods

3.2.1. Virus and Mice

Unless otherwise noted, all experiments were performed using RSV strain 01/2-20, which
was isolated from a patient in 2001 in the Vanderbilt Vaccine Clinic (Nashville, TN).** The
01/2-20 strain was selected due to its recent isolation with limited in vitro passaging and its
mucogenic potential. Where indicated, we performed experiments using RSV strains 12/11-19
and 12/12-6, which were isolated in 2012 from hospitalized patients with severe lower
respiratory tract infection and bronchiolitis as part of the Infant Susceptibility to Pulmonary
Infections and Asthma Following RSV Exposure (INSPIRE) study.’® These viruses were
propagated and titrated in HEp-2 cells as previously described.*®” Mock inoculum was prepared
by collecting cell culture supernatant from lysed, uninfected HEp-2 cells. UV-inactivation was

performed by exposing the virus directly to a 30 watt UV light for 40 minutes on ice. Female, 8-
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12 week old IL-33 citrine reporter (IL-33-deficient; IL-33 KO) mice, TSLP receptor-deficient
(TSLPR KO) mice, or wild type BALB/c (WT) mice were used in compliance with the revised
1996 Guide for the Care and Use of Laboratory Animals prepared by the Committee on Care and
Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research
Council. IL-33 KO mice and TSLPR KO mice were generated on or backcrossed to a BALB/c
background as previously described.®>***'%° wild type BALB/c mice were purchased from the
Jackson Laboratory. Mice were housed in microisolator cages under specific pathogen free
conditions. For infection, mice were anesthetized with a ketamine/xylazine solution and
inoculated via intranasal delivery with 3.0 x 10° PFU of RSV 01/2-20, 1.0 x 10° PFU of RSV
12/11-19, 9.0 x 10° PFU of RSV 12/12-6, or an equal volume of mock inoculum as previously

described.'®’ Iliness severity was measured daily by weight loss.

3.2.2. ELISA

Lungs were snap-frozen in liquid nitrogen at the time of harvest. Lungs were
mechanically disrupted using 1 mL of radioimmunoprecipitation assay buffer (RIPA buffer,
Sigma-Aldrich, St. Louis, MO) with complete protease inhibitor (Roche Applied Science,
Penzberg, Germany) in a BeadBeater (BioSpec Products, Bartlesville, OK). Protein
measurements were performed as per manufacturer instructions using ELISA kits from R&D
Systems (Minneapolis, MN) for IL-25 (DuoSet), IL-33 (DuoSet), TSLP (Quantikine), 1L-4

(Quantikine), IL-5 (Quantikine), and IL-13 (Quantikine).
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3.2.3. Flow Cytometry

Right and left lungs were digested in RPMI media with 5% FBS, 1 mg/mL collagenase,
and 0.02 mg/mL DNase | for 60 minutes at 37°C. A single cell suspension was generated by
straining these digestions through a 70 um filter. RBC lysis (BioLegend, San Diego, CA) was
performed as per manufacturer instructions. Cells were restimulated with 10 ng/mL of PMA and
1 uM ionomycin in the presence of 0.07% monensin in IMDM media supplemented with 10%
FBS, 0.01 mM non-essential amino acids, penicillin/streptomycin, and 1 mM sodium pyruvate
for 6 hours at 37°C. Cells were stained with Live/Dead Blue (Life Technologies, Carlsbad, CA)
and combinations of the following surface markers: CD45 (30-F11) and CD25 (PC61.5) from
eBioscience (San Diego, CA); CD127 (SB/199) and CD3 (17A2) from BioLegend (San Diego,
CA); TSLPR (goat polyclonal) from R&D; and a surface marker cocktail containing CD5,
CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and Ter-119 from Miltenyi (Bergisch Gladbach,
Germany). Cells were fixed/permeabilized and stained for with combinations of the following
intracellular markers: 1L-13 (eBio13A) and Ki67 (SolA15) from eBioscience; IL-5 (TREKD5)
from BD Biosciences (San Jose, CA). All samples were run on a BD LSR Il Flow Cytometer
and analyzed using FlowJo Software Version 10. Total innate lymphocytes (ILC) were defined
as Lineage” CD45" CD25" CD127" cells where Lineage (Lin) includes (CD3, CD5, CD45R
[B220], CD11b, Gr-1 [Ly-6G/C], 7-4, and Ter-119). ILC2 were defined as ILC that expressed
IL-5 and/or IL-13. T cells were defined as CD45+ CD3+ cells. MFI was determined as the

geometric mean.
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3.2.4. In Vivo TSLP Neutralization

The monoclonal hybridoma cell line 28F12 was grown and anti-TSLP antibodies were
purified by the Vanderbilt Antibody and Protein Resource. The 28F12 hybridoma was
developed by Dr. Andrew Farr and was obtained from the Developmental Studies Hybridoma
Bank (DSHB). The DSHB was created by the NICHD of the NIH and maintained at The
University of lowa, Department of Biology, lowa City, 1A 52242. The 28F12 monoclonal
antibody has demonstrated TSLP neutralizing activity with efficacy for in vivo depletion®®2%,
Purified monoclonal rat IgG2ax isotype control antibody was purchased from BioLegend (Cat. #

400544). At either 6 hours or 36 hours post RSV infection, mice received a single dose of 200

pg of 28F12 or isotype control antibody via intraperitoneal injection.

3.2.5. BAL and PAS Staining

An intratracheal tube was inserted and lungs were flushed with 0.8 mL of physiologic
saline. An aliquot of BAL fluid was taken to determine total cells counts. For cell differentials,
0.1 mL of BAL fluid was spun onto slides and stained with Diff-Quik kit (American Scientific
Products) to visualize macrophages, lymphocytes, eosinophils, and neutrophils. For PAS
staining, lungs were perfused with 1x PBS, inflated with 10% neutral buffered formalin, and
fixed in 20 mL of 10% neutral buffered formalin for 24 hours at room temperature. Lungs were
then transferred to 70% ethanol, paraffin embedded, sectioned (5 pm), and stained with periodic
acid-Schiff (PAS) to visualize mucus. Small and medium sized airways were scored for mucus

by a trained pathologist blinded to the experimental information using the following scoring
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scheme: (0) no PAS positive cells observed in cross sections of medium to small airways; (1)
less than 10 PAS positive cells observed in cross sections of medium to small airways; (2)
greater than 10 PAS positive cells observed in cross sections of medium to small airways; (3)
greater than 10 PAS positive cells observed in cross sections of medium to small airways with
mucous strands observed in air spaces; or (4) greater than 10 PAS positive cells observed in

cross sections of medium to small airways with mucous plugging of airways.

3.2.6. Corticosteroid Treatment

Dexamethasone 21-phosphate disodium salt (Sigma-Aldrich) was prepared by dissolving
in PBS. Mice were treated with 2.5 mg/kg dexamethasone or equivalent volume of PBS vehicle
via intraperitoneal injection. Mice were treated 24 hours prior to infection, 1 hour prior to

infection, and every 24 hours after infection until mice were euthanized.

3.2.7. Airway Reactivity

Airway reactivity was measured as previously described?®*?%*. Briefly, mice were
anesthetized with an intraperitoneal injection of pentobarbital sodium (85 mg/kg). A
tracheostomy tube was inserted for ventilation. The internal jugular vein was cannulated for
intravenous delivery of acetyl-B-methacholine. The mice were then placed in a whole body
plethysmography chamger and mechanically ventilated. Precision glass microsyringes were
used to deliver increasing doses of acetyl--methacholine. Baseline airway resistance

measurements were collected followed by measurements with 45, 137, 411, and 1233 pg/kg
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body weight of acetyl-p-methacholine. Peak airway reactivity measurements for each dose were

recorded.

3.2.8. Viral Load

Mice were infected with 3.0 x 10° PFU of RSV 01/2-20 as described above. On days 2,
4, and 6 post-infection, lungs were collected, weighed, and snap-frozen. Thawed lungs were
resuspended in 1 mL of sterile MEM media and homogenized via BeadBeater. Lung
homogenates were serially diluted and used to infect subconfluent HEp-2 cells in 12 well plates
for 1 hour at room temperature while shaking. Cells were subsequently overlaid with MEM
supplemented with 10% FBS, penicillin G, streptomycin, gentamicin, amphotericin B, and
0.75% methylcellulose and incubated at 37°C. After 6 days, cells were fixed for 1 hour with

10% neutral buffered formalin and stained with hematoxylin and eosin to visualize plaques.

3.2.9. Statistical Analysis

Data were analyzed using GraphPad Prism version 5. Differences between groups were
evaluated by unpaired t-test, one-way analysis of variance (ANOVA) with Bonferroni post test,
or two-way ANOVA with Dunn’s multiple comparison test, as appropriate. Measurements
below the limit of detection were assigned half of the value of the limit of detection to allow for

statistical analyses.
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3.3. Results

3.3.1. RSV Infection Increases Lung IL-13 and the Number of IL-13" ILC2 at Day 4 Post-

Infection

We first determined the kinetics of IL-13 expression in the lungs of RSV-infected mice. 8
week old WT mice were infected with 3 x 10° PFU of RSV clinical isolate 01/2-20 and lungs
were harvested on days 0, 2, 4, 6, 8, and 10 for measurement of IL-13 by ELISA. There was a
significant induction of IL-13 protein in the lungs of RSV-infected mice compared to mock-
infected mice beginning at day 4 post-infection and continuing through day 8 post-infection
(Figure 3-1 A). We hypothesized that ILC2 rather than T cells were the predominant source of
the early IL-13 observed at day 4 post-infection, as this time point precedes the adaptive immune
response during RSV infection.?® No unique surface marker(s) is presently known to identify
ILC2 exclusively. We defined innate lymphocytes (ILC) by flow cytometry as hematopoietic
lineage marker (CD3, CD5, B220, CD11b, Gr-1, 7-4, and Ter-119) negative CD45" CD25"
CD127" and ILC2 as ILC that are IL-5" and/or I1L-13" (Figure 3-2).%

At day 4 post-infection, we noted a significant increase in the total number of cells in the
lung, the percentage of live cells that were ILC and IL-13" ILC2, and the total number of ILC
and 1L-13" ILC2 in RSV-infected mice relative to mock-infected mice (Figure 3-1 B-E and G-
H). Moreover, viral replication was required for this phenomenon as inoculation with UV-
inactivated virus did not increase the number of ILC or IL-13" ILC2 compared to mock
inoculum (Figure 3-1 B-E and G-H). Additionally, the ILC compartment had an increased side-

scatter MFI, consistent with an activate state (Figure 3-1 F).*%%?% Finally, the MFI of IL-13 in
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ILC2 was higher in the RSV-infected group compared to inoculation with mock preparation or
UV-inactivated virus, suggesting increased production of IL-13 on a per ILC2 basis following
RSV infection (Figure 3-1 1). As expected at day 4 post-infection, IL-13" T cells were not
detected as staining for 1L-13 in the CD3+ T cell compartment was comparable to isotype signal
(Figure 3-1 B).

ILC2 also have the potential to express considerable amounts of IL-5 in addition to IL-
13. We did not identify appreciable concentrations of IL-4 or IL-5 by ELISA in RSV-infected
mice compared to mock-infected mice during the first 10 days after RSV infection, with only IL-
4 being statistically significant but just slightly above the limit of detection at day 6 post-
infection (Figure 3-3 A-B). Consistent with this finding, we did not identify a significant
difference in the total number of IL-5" ILC2 or in the MFI of I1L-5 at day 4 post-infection
between mock and RSV-infected mice (Figure 3-3 C-F). Furthermore, RSV-infection did not
increase the percent or total number of eosinophils in the BAL at day 4 post-infection compared
to mock-infected mice (Figure 3-3 G-H). These data suggest that the predominant functional

capacity of ILC2 induced during RSV infection is the expression of IL-13.
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Figure 3-1. RSV infection induced whole lung IL-13 accumulation and IL-13-producing
ILC2 at day 4 post-infection.

WT mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and harvested on days 0-10
post-infection. (A) ELISA for IL-13 in whole lung homogenate (right lung only). (B)
Representative 1L-13 expression measured by flow cytometry in ILC2 (Lin" CD45" CD25"
CD127" IL-13%) and T cells (CD45" CD3" IL-13") compared to isotype control staining at day 4
post-infection; numbers indicate the percent of T cells or ILC2 within the gated region. (C) Total
number of live cells, (D) percent of live cells that are ILC, (E) total number of ILC, (F) MFI of
side-scatter area in ILC, (G) percent of live cells that are 1L-13" ILC2, (H) total number of IL-
13™1LC2, and (1) MFI1 of IL-13 in IL-13" ILC2 measured at day 4 post-infection. Data plotted as
mean + SEM. For A, n = 8-14 mice per group combined from 3 independent experiments. For
B, F, and I, data are representative of 3 independent experiments. For C-E and G-H, n = 15 mice
per group combined from 3 independent experiments. **p < 0.01 and ***p < 0.001 by one-way
(C-F) or two-way (A) ANOVA,; n.s. = not significant. Dashed line is the limit of detection of the
assay.
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Figure 3-3. RSV does not induce IL-5-producing ILC2.

WT mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and harvested on days
0-10 post-infection. ELISA for (A) IL-4 and (B) IL-5 in whole lung homogenate. (C)
Total number of live cells in the lungs at day 4 post-infection. (D) IL-5" ILC2 as a
percentage of viable cells as measured by flow cytometry at day 4 post-infection. (E)
Total number of IL-5" ILC2 as measured by flow cytometry at day 4 post-infection. (F)
MFI of IL-5 staining in ILC2 as measured by flow cytometry at day 4 post-infection. (G)
Percent of cells in the BAL at day 4 post-infection. (H) Total number of cells in the BAL
at day 4 post-infection. Data plotted as mean + SEM. For A and B, n = 8-14 mice per
group combined from 2 independent experiments. For C-E, G, and H, n = 10 mice per
group combined from 2 independent experiments. For F, n =5 mice per group
representative of 2 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 by
unpaired t test (C-H) or two-way ANOVA (A, B); n.s. = not significant. Dashed line is
the limit of detection of the assay.

46



Moreover, there was a significant increase in the number of total ILC and IL-13" ILC2
that stained for Ki67, a marker of cellular proliferation, at day 4 post-infection in the RSV-
infected group compared to mock infection (Figure 3-4). These data suggest that local
proliferation of ILC2 within the lungs contributes to the increase in the total number of ILC and
IL-13" ILC2 as a result of RSV infection. Collectively, these data suggest that ILC2 are a source

of early I1L-13 production following RSV infection.
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Figure 3-4. RSV stimulated ILC2 proliferation at day 4 post-infection.

WT mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and lungs were
harvested for flow cytometry at day 4 post-infection. Cells were gated for viable IL-
13" ILC2 and analyzed for Ki67. (A) Representative plots for Ki67 staining; numbers
indicate the percent of Ki67" ILC or Ki67" IL-13" ILC2 within the gated region. (B)
Total number of Ki67" ILC and (C) Ki67" IL-13" ILC2. Data plotted as mean + SEM.
n = 13-14 mice per group combined from 2 independent experiments. **p < 0.01 and
***p < 0.001 by unpaired t test.
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3.3.2. TSLP is necessary for the RSV-induced ILC2 response

We next sought to understand the mechanism by which RSV drives ILC2 accumulation
in the lungs. TSLP has not previously been recognized to affect ILC2 during respiratory viral
infection; however it is a known stimulus of ILC2 in other disease models and can be released
from epithelial cells similar to IL-33 and IL-25. Moreover, previous studies have shown that
infections with RSV strains A2 and Line 19 provoke TSLP expression in murine lungs, though
these studies focused on the effect of TSLP on dendritic cells and Th2 cells.”*"?% To determine
if TSLP is required for the RSV-induced ILC2 response, we first measured the concentration of
TSLP by ELISA in the lungs of mock- and RSV-infected mice. We identified a significant
increase in the total concentration of TSLP in the lungs of RSV-infected mice compared to
mock-infected mice at 12 hours post-infection (Figure 3-5 A). Measurements of TSLP by
ELISA between 24 and 96 hours post-infection were all below the limit of detection (data not
shown). Consistent with a role for TSLP in lung ILC2 activation during RSV infection, we
identified that lung ILC2 in naive mice express the TSLPR and are thus poised to respond
directly to TSLP (Figure 3-5 B). To determine the role of TSLP during RSV-induced ILC2
activation, we assayed the total number of ILC and I1L-13" ILC2 in TSLPR KO mice at day 4
post-infection. Both wild type and TSLPR KO mice displayed a substantial inflammatory
response to RSV infection (Figure 3-5 C). However, RSV-infected TSLPR KO mice had
significantly reduced numbers of total ILC compared to WT RSV-infected mice (Figure 3-5 D).
Among these ILC, RSV-infected TSLPR KO mice had similar numbers of 1L-13" ILC2

compared to mock-infected TSLPR KO mice and significantly reduced numbers of 1L-13" ILC2
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compared to RSV-infected wild type mice (Figure 3-5 E). TSLPR expression was also
upregulated on total ILC following RSV infection (Figure 3-5 F), and was selectively enhanced
on IL-5 IL-13" ILC2 (Figure 3-5 G). Similarly, TSLPR expression was upregulated on Ki67"
ILC compared to Ki67" ILC (Figure 3-6 A) and high levels of expression were restricted to Ki67"
IL-5" IL-13" ILC2 (Figure 3-6 B).

To determine the plausibility of exogenously targeting TSLP signaling during RSV
infection, we tested the effect of a TSLP neutralizing antibody (clone 28F12) on RSV-driven
ILC2 induction (Figure 3-5 H). RSV-infected mice treated either 6 hours or 36 hours post-
infection with a single 200 pg dose of TSLP neutralizing antibody had a trend for a decrease in
the total numbers of ILC compared to RSV-infected mice treated with isotype control antibody,
but this was not statistically significant (Figure 3-5 1). Importantly, there was a statistically
significant decrease in the number of 1L-13" ILC2 in the groups receiving TSLP neutralizing
antibody at either 6 hours or 36 hours post-infection compared to RSV-infected mice treated with
isotype control antibody (Figure 3-5 J). Consistent with these data, we found that treatment of
mice every 24 hours with dexamethasone beginning 24 hours prior to infection decreased lung
TSLP expression and the total number of IL-13" ILC2 at day 4 post-infection compared to
vehicle treated mice, further highlighting the importance of TSLP during RSV-induced ILC2
activation (Figure 3-7). Of note, dexamethasone was given prophylactically in our model, a key
distinction from human trials of corticosteroids in which administration has been post-infection
and demonstrated to be ineffective. Collectively, these data strongly suggest a TSLP-dependent

mechanism for the induction of I1L-13-producing ILC2 following RSV infection that could be

potentially exploited therapeutically.
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Figure 3-5. RSV-induced TSLP signaling is required for ILC2 activation.

WT or TSLPR KO mice were infected 3 x 10° PFU of RSV strain 01/2-20 and lungs were
harvested for ELISA or flow cytometry. (A) ELISA for TSLP in the whole lung homogenate. (B)
TSLPR expression by flow cytometry in 1L-13" ILC2 from naive mice. (C) Total number of live
cells, (D) ILC, and (E) IL-13" ILC2 as measured by flow cytometry at day 4 post-infection. (F)
MFI of TSLPR on ILC from mock and RSV-infected mice. (G) MFI of TSLPR on ILC subsets
in RSV-infected mice. (H) Protocol for in vivo neutralization of TSLP. (I) Total number of ILC
and (J) IL-13" ILC2 as measured by flow cytometry at day 4 post-infection. Data plotted as
mean + SEM. For A, n = 5-10 mice per group combined from 2 independent experiments. For
B, data are representative of 2 independent experiments. For C-E, n = 9-15 mice per group
combined from 3 independent experiments. For F-G, n = 10 mice per group. For I-J, n =9-10
mice per group combined from 2 independent experiments. *p < 0.05 and ***p < 0.001 by
unpaired t test (F), one-way (C-E, G, 1-J), or two-way (A) ANOVA; n.s. = not significant.
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Figure 3-6. TSLPR expression in Ki67+ and Ki67- subsets of ILC at day 4 post-RSV
infection.

WT mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and lungs were harvested for
flow cytometry. (A) MFI of TSLPR expression by flow cytometry at day 4 post-RSV
infection stratified by Ki67 expression status. (B) Subset analysis of ILC stratified by Ki67
expression status in RSV-infected mice at day 4 post-infection. Data plotted as mean + SEM.
For A and B, n =5 mice per group. ***p < 0.001 by one way ANOVA.
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Figure 3-7. Pre-treatment of mice with dexamethasone decreases TSLP expression
and ILC2 activation.
WT mice were treated every 24 hours with 2.5 mg/kg of dexamethasone beginning 1 day
prior to infection and up until harvest. Mice were infected on day 0 with 3 x 10° PFU of
RSV strain 01/2-20 and lungs were harvested for flow cytometry at day 4 post-infection.
(A) Protocol for dexamethasone administration. (B) ELISA for TSLP in the whole lung
homogenate at 12 hours post-infection. (C) Total numbers of 1L-13" ILC2 as measured by
flow cytometry at day 4 post-infection. Data plotted as mean + SEM. For B, n = 10 mice
per group combined from 2 independent experiments. For C, n =5 mice per group
representative of 3 similar experiments. ***p < 0.001 by one-way ANOVA; n.s. = not

significant.
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IL-33 and IL-25 have been implicated as activators of ILC2 during infection with other

respiratory Viruses®8:124:126,194

, and RSV strain Line 19 has been shown to induce transcription of
IL-25.2° To determine the importance of these cytokines during RSV infection, we measured
the whole lung concentration of 1L-33 and 1L-25 protein by ELISA following RSV infection.
We identified a significant increase in lung IL-33 protein in RSV-infected mice compared to
mock-infected mice at 12 hours post-infection (Figure 3-8 A). IL-25 was below the limit of
detection by ELISA across the first 96 hours after infection (data not shown). To determine if
IL-33 was required for activating ILC2 during RSV infection, we measured the total number of
IL-13" ILC2 in the lungs at day 4 post-infection in wild type and IL-33 KO mice. Both wild type
and 1L-33 KO mice showed a significant inflammatory response to RSV as measured by total
lung cell numbers compared to mock infection (Figure 3-8 B). RSV infection induced a
significant increase in the number of IL-13" ILC2 compared to mock infection in both wild type
and 1L-33 KO mice, and there was no statistically significant difference in the total number of
IL-13" ILC2 between RSV-infected wild type and 1L-33 KO mice (Figure 3-8 C). There was,
however, a significant decrease in the total lung concentration of 1L-13 in the RSV-infected IL-

33 KO mice compared to RSV-infected WT mice (Figure 3-8 D), highlighting an equivocal role

for IL-33 during RSV-induced ILC2 activation in our murine model of infection.
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Figure 3-8. RSV-induced IL-33 and ILC2.

WT or IL-33 KO mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and lungs
were harvested for ELISA or flow cytometry. (A) ELISA for IL-33 in the whole lung
homogenate. (B) Total number of live cells in the lungs at day 4 post-infection. (C) Total
numbers of 1L-13" ILC2 as measured by flow cytometry at day 4 post-infection. (D) ELISA
for IL-13 in the whole lung homogenate (right and left lung) at day 4 post-infection. Data
plotted as mean + SEM. For A, n = 5-10 mice per group combined from 2 independent
experiments. For B and C, n = 13-17 mice per group combined from 3 independent
experiments. For D, n = 4-5 mice per group from 1 independent experiment. *p < 0.05, **p
< 0.01, and ***p < 0.001 by one-way (B-C) or two-way (A) ANOVA,; n.s. = not significant.
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3.3.3. TSLPR-deficient mice have increased IL-13, mucus, and reactivity in the airways

following RSV infection

To consider the efficacy of targeting TSLP for the attenuation of ILC2 responses during
RSV infection, we considered the effect of TSLPR-deficiency on RSV disease severity.
Notably, RSV-infected TSLPR KO mice had significantly decreased levels of whole lung I1L-13
compared to RSV-infected WT mice at day 4 post-infection (Figure 3-9 A). TSLP neutralization
also had a trend for a decrease in IL-13 whole lung concentration at day 4 post-infection, though
this was not statistically significant (Figure 3-10). We next sought to determine the physiologic
effect of early RSV-induced IL-13 on mucous cell metaplasia and airway mucus accumulation.
To allow time for this early 1L-13 to induce physiologic changes in the airways, we evaluated
PAS-stained sections of lungs from mock and RSV-infected WT and TSLPR KO mice at day 6
post-infection. Importantly, at day 6 post-infection, there remained a significant increase in the
total number of ILC as well as IL-13" ILC2, but not IL-5" ILC2 (Figure 3-11 A-C).
Additionally, there was an increase in the total numbers of CD3" T cells but no significant
increase in the number of IL-5" or IL-13" T cells, though a trend for an increase was seen with
IL-13" T cells (Figure 3-11 D-F). These data suggest that ILC2 remain a major component of
the type 2 immune response at day 6 post-infection. In mock-infected WT and TSLPR KO mice,
there was minimal or absent mucous cell metaplasia (Figure 3-9 B). In RSV-infected WT mice,
we identified moderate mucous cell metaplasia and significant airway mucus accumulation with
both intraluminal mucus strands and overt mucous plugging. RSV-infected TSLPR KO mice
also exhibited moderate mucous cell metaplasia but they had no substantial intraluminal mucus

accumulation. Collective scoring of airways from multiple mice showed a significant decrease
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in mucus severity score in RSV-infected TSLPR KO mice compared to RSV-infected WT mice
(Figure 3-9 C and Figure 3-12). The primary difference between these groups of mice was
related to the amount of intraluminal, obstructing mucus, which was never observed in the RSV-
infected TSLPR KO mice. To evaluate airway obstruction and reactivity, we performed a
methacholine challenge experiment at day 6 post-infection on mock or RSV-infected WT and
TSLPR KO mice. We saw a significant increase in airway reactivity in the RSV-infected WT
group compared to the RSV-infected TSLPR KO mice with increasing methacholine
concentration (Figure 3-9 D). No significant differences were observed between mock and RSV-
infected TSLPR KO mice.

Within the first four days after infection, both RSV-infected WT and TSLPR KO mice
had significant weight loss relative to mock-infected controls. However, RSV-infected TSLPR
KO mice had significantly less weight loss compared to RSV-infected WT mice (Figure 3-9 E).
Next, we sought to determine whether TSLPR-deficiency altered viral load. We did not observe
any significant differences in the viral load at days 2, 4, or 6 after RSV infection between TSLPR
KO and WT mice (Figure 3-9 F). Together, these data suggest that the absence of TSLP
signaling is unlikely to exacerbate disease or increase viral load and implicate TSLP as a
potential therapeutic target for attenuating ILC2-associated immunopathology during RSV

infection.
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Figure 3-9. TSLPR-deficiency attenuated RSV-induced IL-13 production, airway mucus
accumulation, airway reactivity, and weight loss without negative effects on viral load.

WT or TSLPR KO mice were infected with 3 x 10° PFU of RSV strain 01/2-20. (A) 1L-13
measured by ELISA from whole lung homogenate (right and left lung) at day 4 post-infection.
(B) Representative PAS-stained sections of mucus-containing airways in the lungs on day 6 post-
infection (20x magnification); arrowhead (P ) denotes intraluminal mucus plugging. (C)
Quantification of airway mucus from the experiment in B; each dot represent a combined airway
mucus score for an individual mouse. (D) Airway reactivity measured at baseline and increasing
doses of methacholine at day 6 post-infection. (E) Daily weight loss displayed as percentage of
original body weight prior to infection. (F) Lung viral titers determined at days 2, 4, and 6 post-
infection by plaque assay. For A, n =5-10 mice combined from 2 independent experiments. For
B-C, n = 8-9 mice per group combined from 2 independent experiments. For D, n =5-10 mice
per group. For E, n = 12-15 mice per group combined from 3 independent experiments. For F, n
= 6-8 mice per group combined from 2 independent experiments. All data plotted as mean +
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way (A, C) or two-way (D-F) ANOVA;
n.s. = not significant. For D-F, statistical comparisons indicated are between Wild Type RSV and
TSLPR KO RSV. Dashed line is the limit of detection of the assay. BL = baseline.
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Figure 3-10. Lung IL-13 with TSLP neutralization.

WT mice were infected 3 x 10° PFU of RSV strain 01/2-20, treated with 200
ug of anti-TSLP antibody or isotype control at 6 hours post-infection, and
lungs were harvested for ELISA at day 4 post-infection. ELISA data is
shown for measurements of 1L-13 in the whole lung homogenate (right and
left lung). Data plotted as mean + SEM. For A, n = 15 mice per group
combined from 3 independent experiments. ***p < 0.001 by one-way
ANOVA.

58



25+

204

15

104

ILC (x 10%

w

IL-5+ ILC2 (x 10%

o

250+

T Cells (x 10°%)

o
<

m

- - [*]

o [3)] o

o [=] o

1 L 1
IL-5+ T Cells (x 10°%)

o
1

Figure 3-11. Analysis of ILC and T cells at day 6 post-infection.

WT mice were infected with 3 x 10° PFU of RSV strain 01/2-20 and harvested on day 6
post-infection for flow cytometry. Total numbers of (A) ILC, (B) IL-5" ILC2, (C) IL-13"
ILC2, (D) T cells, (E) IL-5" T cells, and (F) IL-13" T cells were determined. Data plotted
as mean + SEM. For A-E, n =10 mice per group from 2 independent experiments. *p <
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RSV-Infected

Wild Type TSLPR KO

Figure 3-12. Supplementary histopathologic sections from WT and TSLPR-

deficient mice at day 6 post-infection.
WT or TSLPR KO mice were infected with 3 x 10° PFU of RSV strain 01/2-20.

Additional representative PAS-stained sections of mucus-containing airways in
the lungs on day 6 post-infection (20x magnification); arrowhead () denotes

intraluminal mucus plugging.
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3.3.4. Multiple pathogenic clinical isolates of RSV induce IL-13-producing ILC2 via TSLP

To determine the generalizability of our results and their clinical relevance to strains of
RSV with known human pathogenic potential, we evaluated the ability of two recently collected
clinical isolates of RSV to induce ILC and IL-13" ILC2 and the necessity of TSLP in this
process. RSV strains 12/11-19 and 12/12-6 were both isolated in 2012 as part of the Infant
Susceptibility to Pulmonary Infections and Asthma Following RSV Exposure (INSPIRE) study
from two different patients who were hospitalized with severe lower respiratory tract infection
and bronchiolitis.**® Mice were infected with 1.0 x 10° or 9.0 x 10° PFU of 12/11-19 or 12/12-6,
respectively, and the number of ILC and I1L-13" ILC2 was determined at day 4 post-infection.
Consistent with our results obtained with RSV strain 01/2-20, both 12/11-19 and 12/12-6
induced a significant expansion of total ILC and 1L-13" ILC2 by day 4 post-infection (Figure
3-13 A-B). Moreover, anti-TSLP neutralizing antibody was able to significantly attenuate the
RSV-induced IL-13" ILC2 response for both 12/11-19 and 12/12-6 (Figure 3-13 A-B).
Importantly, both of these clinical isolates induced the accumulation of IL-13 in the whole lung
homogenate at day 4 post-infection and airway mucus at 6 post-infection (Figure 3-13 C-E),
though significant weight loss was only observed with 12/11-19 (Figure 3-14). Collectively,
these data demonstrate that the TSLP-dependent activation of ILC2 is a conserved feature among
RSV strains with known human pathogenic potential that have recently circulated in the human

population.
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Figure 3-13. Pathogenic clinical isolates of RSV induce IL-13+ ILC2 via TSLP.

WT mice were infected with RSV strains 12/11-19 (1.0 x 10° PFU) or 12/12-6 (9.0 x 10° PFU),
treated with either 200 pg of isotype or anti-TSLP antibody at 6 hours post-infection, and
harvested on day 4 or 6 post-infection. Total numbers of ILC and 1L-13" ILC2 in mice infected
with (A) RSV 12/11-19 and (B) RSV 12/12-6 at day 4 post-infection. (C) Whole lung IL-13
measured by ELISA (right and left lung) at day 4 post-infection. (D) Representative PAS-
stained sections of mucus-containing airways in the lungs on day 6 post-infection (20x
magnification); arrowhead () denotes intraluminal airway mucus. (E) Quantification of airway
mucus from the experiment in D; each dot represent a combined airway mucus score for an
individual mouse. Data plotted as mean + SEM. For A and B, n = 8-10 mice per group
combined from 2 independent experiments. For C, n = 10 mice per group combined from 2
independent experiments. For D-E, n =5 mice per group. *p < 0.05, **p < 0.01, and ***p <
0.001 by one-way ANOVA.
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Figure 3-14. RSV-induced weight loss with 2012 clinical isolates.

WT mice were infected with RSV strains (A) 12/11-19 (1.0 x 10° PFU) or (B) 12/12-6 (9.0 x
10° PFU) and weight loss was measured daily for four days. Data are displayed as a percent of
initial body weight and represent the mean + SEM. For A-B, n = 8-10 mice per group from 2
independent experiments. *p < 0.05 by two-way ANOVA.
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3.4. Discussion

The immunologic contributions to the pathophysiology of severe RSV infection are
incompletely understood. Our studies implicate the recently described group 2 innate lymphoid
cells as a key source of 1L-13 during the early stages of RSV infection in a murine model. We
demonstrated that TSLP signaling was required for induction of ILC2 during RSV infection.
Moreover, TSLPR-deficient mice had reduced airway mucus, airway reactivity, and weight loss
and a similar viral load compared to wild type mice, suggesting that TSLP may be a potential
therapeutic target for 1L-13-driven immunopathology associated with RSV. Finally, we
identified that multiple recently collected clinical isolates of RSV with known human pathogenic
potential induced IL-13-producing ILC2 via a TSLP-dependent mechanism. Collectively, these
data demonstrate the importance of ILC2 and TSLP during the early stages of RSV infection and
are the first to link TSLP to the activation of ILC2 during a respiratory viral infection.

TSLP is primarily produced by epithelial cells, especially those in the lungs and gut as
well as keratinocytes in the skin.?’>#'* Lung epithelial cells are the primary site of RSV infection

in humans and mice!®*®

, suggesting a means by which TSLP may be elaborated rapidly after
infection. Interestingly, direct treatment of purified lung ILC with TSLP alone failed to induce
cell proliferation or IL-5 and IL-13 cytokine production (data not shown; all values below the
limit of detection). It is possible that TSLP is acting on non-1LC to produce further signals that
activate ILC2. However, our data demonstrating that lung ILC2 express the TSLPR and that
changes in TSLPR expression are restricted to the ILC2 subset that is increasing in number

suggest that TSLP is likely having effects directly on ILC2. Previous studies have shown that

TSLP acts synergistically with other stimuli, rather than individually, to potentiate murine and
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human ILC2.°%%2 Together, these data suggest that an additional collaborative partner(s) may
play a role in conjunction with TSLP during the in vivo activation of ILC2 following RSV
infection. 1L-33 has been shown to be an important activator of ILC2 in mouse models of
allergic airway inflammation, influenza infection, and rhinovirus infection,®*/6362102.124,192.1942213
Interestingly, we found similar numbers of IL-13-producing ILC2 following RSV infection in
IL-33-deficient mice, though there was a statistically significant decrease in the total lung
concentration of IL-13 at day 4 post-infection. These incongruous results could be explained in
the IL-33-deficient mice by potentially defective functionality of ILC2 despite similar numbers
to wild type mice or different kinetics or localization of the ILC2 response. Also, we cannot
exclude additional sources of IL-13 in these mice, including epithelial cells themselves®*, which
could be susceptible to IL-33-deficiency leading to decreased total lung IL-13 concentrations
despite stable numbers of IL-13-producing ILC2. Age-variable effects of IL-33 on ILC2 in the
mouse model of RSV infection may also play a role.'® Furthermore, ILC2 activation in the
neonatal mouse model of rhinovirus infection requires IL-25.'% Additionally, RSV strain Line
19 has been shown to induce IL-25 transcription in mice.?®® However, we did not detect this
cytokine by ELISA following RSV infection with strain 01/2-20, suggesting it is less likely to
play a role in this model. Beyond IL-33 and IL-25, additional pro-inflammatory molecules
including cysteinyl leukotrienes (notably LTD,) and TNF family cytokines (notably TLA1) have
recently been identified as activators of ILC2 and may play a role, in conjunction with TSLP,
during RSV infection.”*" Future studies will be required to precisely define the network of
cytokines influencing ILC2 activation during RSV infection, though our data strongly suggest a

critical role for TSLP in this milieu.
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Importantly, the identification of TSLP as an activator of ILC2 is distinct from other
respiratory viruses. These data highlight that different respiratory viruses induce ILC2 through
unique mechanisms. Determination of the precise stimuli for ILC2 in each disease model will be
necessary when conceptualizing and developing therapeutics, specifically with monotherapies
targeting only IL-33, IL-25, or TSLP.

A recent Phase Il randomized control trial evaluated the effectiveness of an anti-TSLP
monoclonal antibody, AMG 157, in reducing disease severity in patients with mild allergic
asthma.® Patients randomized to AMG 157 had reduced airway obstruction and inflammation
relative to patients receiving placebo following aeroallegen challenge. Both airway obstruction
and inflammation are associated with Th2 cytokines including IL-13. Given that RSV induces a
TSLP-dependent, 1L-13-producing ILC2 response in mice and that IL-13 promotes airway
obstruction, it is intriguing to consider the therapeutic potential of an anti-TSLP monoclonal
antibody for treating severe RSV infection. Our studies demonstrate that a neutralizing
monoclonal antibody targeting TSLP was capable of reducing the number of IL-13-producing
ILC2 in the lungs of mice following RSV infection, providing a small animal model proof of
concept for this therapeutic approach. Critically, it has been demonstrated that RSV infection can
stimulate the production of TSLP in primary human airway epithelial cells, supporting the
translational significance of TSLP during RSV infection.”” In addition, TSLP has previously
been shown to enhance the CD4" Th2 compartment during the later stages of RSV
infection.?”*® The use of an anti-TSLP monoclonal antibody may also have the dual benefit of
decreasing both ILC2 and CD4" Th2 contributions to immunopathology. Additional studies will
be required to further assess the feasibility of an anti-TSLP monoclonal antibody during severe

RSV infection in humans.
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Interestingly, neutralization of TSLP significantly attenuated the IL-13" ILC2 induction
during RSV infection whether intervention occurred 6 or 36 hours post-infection. This was
surprising given that the peak of TSLP in the lungs occurred 12 hours post-infection. One
potential explanation for these data is the continued production of TSLP in the lungs beyond 12
hours post-infection that is physiologically significant but below the limit of detection of the
ELISA. Dynamic changes in TSLPR expression on ILC2 may play a critical role in
responsiveness to this sub-maximal TSLP. Specifically, we identified that TSLPR is increased
in expression on ILC following RSV infection, and that the increased expression clusters most
significantly with proliferating Ki67" IL-5 IL-13" ILC2. Increased receptor expression in this
subset may allow for continued responsiveness to levels of TSLP that are below the limit of
detection of our ELISA.

Furthermore, our data suggest a deficiency in TSLP signaling is unlikely to affect viral
load and may improve clinical illness as measured by weight loss, all while attenuating IL-13-
producing ILC2, whole lung concentration of 1L-13, airway mucus accumulation, and airway
reactivity. While the human pathogenesis of RSV is multifaceted, inclusive of both viral and host
contributions, several lines of evidence suggest that immunopathology and airway mucus
hypersecretion promote disease severity in infants.'*®#® Importantly, we did not identify any
significant increase in viral load in TSLPR-deficient mice, suggesting that the targeting of the
TSLP axis is unlikely to exacerbate virally-associated disease metrics while still providing relief
to immunopathologic changes in the airways. It is relevant to note that while weight loss is a
common measure of illness severity in mice, the direct implications of this murine observation to

prognosis or disease course in humans remain unclear.
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Respiratory viral infections, including RSV, are an important cause of asthma
exacerbations in both children and adults.?*” Atopic asthma is associated with elevated levels of
Th2 cytokines in the airways, including IL-4?7%, Several studies demonstrate that IL-4
enhances the capacity of human airway epithelial cells to produce TSLP.??*#?2 Moreover, the
combination of IL-4 plus dsSRNA synergistically enhanced the production of TSLP from human
airway epithelial cells.??! Together, it is intriguing to consider whether a mechanism exists for
RSV-induced asthma exacerbation whereby pre-existing allergic inflammation and 1L-4
production may prime airway epithelial cells to produce augmented levels of TSLP upon
infection with RSV, leading to an exaggerated ILC2 response with increased Th2 cytokine
production. Consistent with this hypothesis, airway epithelial cells isolated from asthmatic
children express greater levels of TSLP upon in vitro RSV infection than airway epithelial cells
isolated from non-asthmatic children.?’” Further studies will be needed to determine whether
such a mechanism exists, and if so, to what degree it influences RSV-exacerbated asthma.

Our data demonstrate that ILC2 are an important source of 1L-13 during the early stages
of RSV infection in a murine model. This process required TSLP signaling and the lack of TSLP
signaling did not negatively impact viral load but significantly reduced disease severity as
measured by weight loss, airway mucus accumulation, and airway reactivity. Additionally,
infection of mice with two recent clinical isolates of RSV with known human pathogenic
potential similarly induced IL-13-producing ILC2 via a TSLP-dependent mechanism. These
studies have significant and broad implications for the targeting of ILC2 during primary RSV
infection, potentially via neutralization of TSLP, as well as during RSV-induced wheezing

illnesses.
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CHAPTER 4

STAT1 REPRESSES ILC2 AND ILC3 DURING RESPIRATORY VIRAL INFECTION

4.1. Introduction

A carefully orchestrated immune response is vital for effective host defense and tissue
homeostasis. Both innate and adaptive immune responses are precisely regulated to respond
productively to a variety of different environmental insults while simultaneously restricting
detrimental host immunopathology. Lymphocytes, both innate and adaptive, exhibit the expected
functional diversity to accomplish this arduous task.

Innate lymphoid cells (ILC) are an expansive class of cells that derive from the common
lymphoid progenitor and respond rapidly to cytokine stimuli in an antigen-independent
manner.??® ILC have been classified into three major subsets—ILC1, ILC2, and ILC3, which
largely mirror adaptive CD4" Th1, Th2, and Th17 cells, respectively, in both transcriptional
regulation and cytokine production. Several endogenous signals have been identified as
inhibitors of ILC including prostacyclin (PGl,), 1,25-dihydroxyvitamin D3, and the natural Ras-
ERK inhibitor Spred1.”®"*??* |n particular, the activation of ILC2 induces detrimental
immunopathology in the context of influenza and rhinovirus infection 12412619422 gimilarly, the
activation of CD4" Th2 and Th17 cells has previously been associated with maladaptive
immunopathology and enhanced disease severity in the context of viral infection.??*%
Conversely, ILC1 have been shown to produce anti-viral mediators in the context of viral

infection and/or enhance viral clearance.!8%231.2%
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In Chapter 3, we demonstrated that RSV induces the activation of ILC2 with potential
pathophysiologic consequences. Considerations of pathways that repress ILC2 are likely to be of
pharmacologic interest. If those pathways can also mediate beneficial changes in ILC1 or ILC3,
it would be of particularly high value.

Coordinated responses to viral infection, namely the enhancement of anti-viral Thl cells
and the restriction of Th2 and Th17 cells, are accomplished by several mechanisms. Multiple,
unique signals are integrated to either promote or inhibit Th1, Th2, or Th17 cells. Notably, type
I, 11, and/or 111 interferons are produced at high levels during viral infection and have convergent
signaling through signal transducer and activator of transcription 1 (STAT1).?* The presence of
interferons in the polarizing cytokine milieu strongly promotes the generation of Thl cells and
IFN-y while restricting Th2 and Th17 polarization and their associated cytokine production.?**"
240 These data implicate interferons and STAT1 signaling as a principle coordinator of CD4* T
cell subset balance during viral infection.

While many discrete pathways for activation and inhibition of ILC have been defined, it
remains unclear how ILC responses are orchestrated collectively to provide an effective anti-
viral response. Given the central role of STAT1 signaling during viral infection and in the
regulation of CD4" T cell subset balance, we hypothesized that STAT1 signaling promotes 1LC1
responses and restrains ILC2 and ILC3 responses to viral infection. To test this hypothesis, we
evaluated cytokine-producing ILC responses in Statl” mice infected with RSV, a major
pathogen of infants and the elderly with robust clinical morbidity in both developed and
undeveloped countries and a particularly high mortality rate worldwide. ILC were significantly
dysregulated in Statl”” mice, with diminished IFN-y* ILC1 and enhanced IL-5" ILC2, IL-13"

ILC2, and IL-17A" ILC3 populations. This dysregulation was associated with increased
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production of ILC-associated cytokines in the lungs, pathophysiologic changes in the airways,
and poor viral clearance. Concurrently, Stat1” mice had significantly increased expression of IL-
33 and IL-23, and abrogating IL-33 or I1L-23 attenuated the cytokine-producing ILC2 and ILC3
responses in these mice, respectively. Together, these data demonstrate the critical role of

STAT1 signaling in the proper regulation of ILC responses to viral infection.

4.2. Methods

4.2.1. Mice

Female 8-12 week old mice were used for all experiments. BALB/cJ and CByJ.SJL(B6)-
Ptprc®/J CD45.1" congenic mice were obtained from the Jackson Laboratory. Statl” and 11337
mice on a BALB/c genetic background were generated as previously described.®>?%242 Stat1™”-
11337 double-deficient mice were bred from these strains. Mice were housed in microisolator
cages under specific pathogen free conditions. All animal experiments were approved by the
Vanderbilt University Medical Center Institutional Animal Care and Use Committee and were
conducted in compliance with the 1996 “Guide for the Care and Use of Laboratory Animals”
prepared by the Committee on Care and Use of Laboratory Animals of the Institute of

Laboratory Animal Resources, National Research Council.
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4.2.2. RSV Infection and Viral Titer

Respiratory syncytial virus strain 01/2-20 was isolated from a patient in the Vanderbilt
Vaccine Clinic and propagated in HEp-2 cells as previously described.'*>**” Mice were
anesthetized with a ketamine/xylazine solution and inoculated with 3.0 x 10° PFU of RSV 01/2-
20 by intranasal instillation with 100 pl of viral preparation or mock preparation (lysed
uninfected HEp-2 cells). Mice were sacrificed and harvested for tissue on days 0-9 post-
infection. Viral titer was assessed by immunodetection plaque assay.*** Briefly, lungs were
collected and homogenized in 1 mL of MEM media using a BeadBeater.'*® Debris was removed
by centrifugation and serial dilutions of the homogenate were plated on 80% confluent HEp-2
cells for 1 hour while shaking. The cells were then overlaid with MEM supplemented with 10%
FBS, penicillin G, streptomycin, gentamicin, amphotericin B, and 0.75% methylcellulose and
incubated at 37°C for 6 days. Cells were subsequently fixed with methanol at -80°C for 2 hour,
blocked with 5% non-fat milk/PBS buffer, incubated at 37°C for 1 hour each with primary goat
anti-RSV (EMD Millipore Cat. # AB1128, 1:250 dilution) and secondary HRP-conjugated
donkey anti-goat (Jackson Immuno Cat. # 705-035-147, 1:500 dilution) antibodies, and

visualized with 4-chloronaphthol.

4.2.3. Flow Cytometry

Flow cytometric analysis was performed as previously described.?®® Briefly, lungs were
minced and enzymatically disrupted with 1 mg/mL collagenase IV and 50 U/mL of DNase I in

RPMI with 5% FBS for 1 hour at 37°C. Enzymes were inactivated with EDTA and the disrupted
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lungs were passed through 70 micron strainers to generate single cell suspensions. RBCs were
lysed and cells were restimulated with 10 ng/mL phorbol 12-myristate 13-acetate and 1 pmol/L
ionomycin in the presence of 0.07% monensin in Iscove modified Dulbecco medium media
supplemented with 10% FBS, 0.01 mmol/L nonessential amino acids, penicillin/streptomycin,
and 1 mmol/L sodium pyruvate for 5 hours at 37°C. In some experiments, cells were treated
during the restimulation one hour prior to collection with 0.1% BSA in PBS (vehicle) or 10
ng/mL of recombinant murine IFN-o (R&D Cat. #12100-1), IFN-B (R&D Cat. # 12400-1), IFN-y
(PeproTech Cat. # 50-813-664), IFN-A2 (R&D Cat. # 4635-ML-025), or 1L-27 (R&D Cat. #
2799-ML-010). Restimulated cells were stained with a fixable viability dye (Tonbo Cat. # 13-
0868) and combinations of cell surface markers. Cells were fixed and permeabilized (Tonbo Cat.
# TNB-0607-KIT) per manufacturer instructions and stained for intracellular markers. All
antibodies used for flow cytometric analysis are listed in Table 4-1. Cells were subsequently
evaluated on a BD LSR Il Flow Cytometer and analyzed using FlowJo Software Version 10.
Classical NK cells (cNK) were defined as CD3" CD19 NKp46* CD49b" T-bet” EOMES” cells
that produced IFN-y. Non-NK cells ILC1 were defined as Lin" CD127" T-bet" EOMES™ NKp46"
RORyt- cells that produced IFN-y. ILC2 were defined as Lin” CD45" CD25" CD127" cells that
expressed either 1L-5 or 1L-13. ILC3 were defined as Lin" CD90" CD127" RORyt" cells that
expressed either IL-17A or IL-22. Lineage markers (Lin) include CD3, CD5, B220, CD11b, Gr-

1, 7-4, and Ter-119.
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Table 4-1. Antibodies for Flow Cytometry

Epitope Clone Manufacturer Fluorophore Dilution®
CD3e 145-2C11 BD APC-Cy7 1:100
CD19 6D5 BioLegend PE-Cy5 1:800
CD49b DX5 eBioscience APC 1:200
NKp46 29A1.4 eBioscience PerCP-eFluor 710  1:200
EOMES DAN11IMAG eBioscience AF488 1:100
T-bet eBio4B10 eBioscience PE-Cy7 1:200
IFN-y XMG1.2 eBioscience eFluor 450 1:200
Lineage Cocktail ~ 130-092-613 Miltenyi Biotin 1:25
CD3 17A2 eBioscience Biotin 1:200
CD45 30-F11 Tonbo rE710 1:400
CD25 PC61.5 eBioscience AF488 1:50
CD127° SB/199 eBioscience PE-Cy7 1:200
CD127° SB/199 BioLegend APC 1:100
cD127° A7R34 eBioscience PE-Cy5 1:200
IL-5 TRFK5 BD Biosciences  APC 1:200
IL-13 eBiol3A eBioscience PE 1:200
CD90.2 30-H12 eBioscience FITC 1:400
RORyt B2D eBioscience PE 1:200
RORyt Q31-378 BD Biosciences BV786 1:50
IL-17A eBiol7B7 eBioscience PE-Cy7 1:200
IL-22 1H8PWSR eBioscience PerCP-eFluor 710 1:200
Ki67 SolA15 eBioscience eFluor 450 1:100
IFN-aR1 MAR1-5A3 eBioscience PE 1:100
IFN-yR1(CD119) 200 eBioscience PE 1:100
IL-27Ra 2918 BD Biosciences PE 1:100
Statl (pY701) 4a BD Biosciences PE 1.5
CD45.1 A20 BioLegend BV510 1:100
CD45.2 104 BioLegend Bv421 1:100
Streptavidin 405208 BioLegend APC-Cy7 1:400

% Stains were performed in a volume of 100 pl with 3-5 million total lung cells

® Used in flow cytometric analysis of ILC2
¢ Used in flow cytometric analysis of 1LC3
9 Used in flow cytometric analysis of ILC1
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4.2.4. ELISA

Lungs were isolated and homogenized in 1 mL of MEM media using a BeadBeater. Cell
debris was removed by centrifugation and supernatants were plated for ELISA. ELISAs for IL-5
(Cat. # M5000), IL-13 (Cat. # M1300CB), IL-17A (Cat. # M1700), IL-22 (Cat. # M2200), IL-12
p70 (Cat. # M1270), IL-15 (Cat. # DY447), IL-18 (Cat. # 7625), IL-33 (Cat. # DY 3626), TSLP
(Cat. # MTLPOO), IL-25 (Cat. # DY1399), IL-1beta (Cat. # MLBOOC), and IL-12p40 (Cat. #

DY2398) were obtained from R&D and performed as per manufacturer instructions.

4.2.5. Quantitative PCR

Lungs were collected and homogenized in 1 mL of TRIzol reagent (Ambion Cat. #
15596018) using a BeadBeater. RNA was isolated per TRIzol manufacturer instructions.
Samples were DNase treated (Invitrogen Cat. # 18068-015) and cDNA was generated using
SuperScript 11 (Invitrogen Cat. # 18080-051) per manufacturer instructions. cDNA abundance
was assessed using FAM-MGB TagMan primers for 1123p19 (Cat. # Mm01160011_g1), 1133
(Cat. # Mm00505403_m1) and Gapdh (Cat. # Mm99999915 g1) from Applied Biosystems.
Amplifications were carried out on an Applied Biosystems QuantStudio 12k Flex Real-Time
PCR machine and data were analyzed using Applied Biosystems QuantStudio 12k Flex Software
v1.2.2. 1123p19 expression was normalized to Gapdh and expressed as a fold change calculated

by comparing Statl” to WT samples by the AACt method at each time point.
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4.2.6. Bronchoalveolar Lavage (BAL)

Endotracheal tubes were placed into euthanized mice. Saline (0.8 mL) was instilled into
the lungs and recovered with a syringe placed in the endotracheal tube. 0.1 mL of the recovered
solution was spun onto slides and these cells stained (Richard-Allan Scientific Cat. # 22-050-
272) to visualize macrophages, lymphocytes, neutrophils, and eosinophils. 200 cells on each
slide were counted to assess cell type frequencies. Total numbers were determined by
multiplying the cell frequencies by the total number of cells recovered from the BAL. In some
experiments, BAL fluid was centrifuged to remove cells and the supernatants were plated for

ELISA.

4.2.7. Periodic acid-Schiff (PAS) Staining

To evaluate mucus, lungs were instilled with 0.8 mL of 10% neutral buffered formalin
and immersed in excess 10% neutral buffered formalin for 24 hours at room temperature. Lungs
were subsequently paraffin embedded and sectioned (5) for histologic analysis. Slides were
stained with PAS. Small- and medium-sized airways were quantified for airway mucus by a
trained pathologist blinded to the experimental conditions using the following scoring matrix: 0,
no PAS+ cells observed in cross-sections of medium to small airways; 1, less than 10 PAS+ cells
observed in cross-sections of medium to small airways; 2, greater than 10 PAS+ cells observed
in cross-sections of medium to small airways; 3, greater than 10 PAS+ cells observed in cross-

sections of medium to small airways with mucous strands observed in air spaces; or 4, greater
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than 10 PAS+ cells observed in cross-sections of medium to small airways with mucous

plugging of airways.

4.2.8. Bone Marrow Chimeras

Female 6 week-old BALB/cJ or Statl” mice were lethally irradiated with 10 Gy of Cs-
137. A 1:1 mixture of whole bone marrow was prepared from 6 week-old CByJ.SJL(B6)-Ptprc®/J
CD45.1* congenic and Statl” CD45.2" mice. This bone marrow mixture was transferred via
retroorbital injection into irradiated mice and allowed to reconstitute for 6 weeks prior to RSV
infection and analysis. Mice were maintained on antibiotic water (0.025% trimethoprim/0.125%

sulfamethoxazole) for 2 weeks following transplant.

4.2.9. 1L-23p19 Neutralization

Statl”” mice were treated on day 0 and day 3 post-infection intraperitoneally with 250 g
of an anti-1L-23p19 subunit neutralizing monoclonal antibody (Amgen) or an isotype control
(BioXCell clone MOPC-21). Lungs were isolated at day 6 post-infection for flow cytometric

analysis.

4.2.10. Statistics

All data were collated and analyzed in GraphPad Prism Version 5. Whenever possible,

data were pooled from multiple experiments for analysis. Statistical analyses including Student’s
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t-test, one-way ANOVA with Bonferroni post-test, or two-way ANOVA with Bonferroni post-
tests were performed using GraphPad Prism Version 5 as appropriate and as documented

throughout the text.
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4.3. Results

4.3.1. ILC and their Cytokine Products are Dysregulated in Statl” Mice During Viral Infection

To test the role of STAT1 signaling on cytokine-producing ILC populations during viral
infection, we infected Stat1™ mice intranasally with RSV or mock inoculum (uninfected HEp-2
cell lysate) and measured ILC1, ILC2, and ILC3 cell numbers throughout the course of infection.
Gating for ILC1, ILC2, and ILC3 are described in the Methods section and representative gating
is shown in Figure 4-1 (cNK and ILC1) and Figure 4-2 (ILC2 and ILC3). We defined ILC
subsets by their cytokine production, as our primary interest in these studies was in
understanding the balance of type 1, 2, and 17 cytokine production by ILC. Relative to WT mice,
RSV-infected Stat1™ mice exhibited a significant decrease in the total number of IFN-y* ctNK
cells at days 3 and 6 post-infection and a significant increase in the total number of IL-5" ILC2,
IL-13" ILC2, and IL-17A" ILC3 at days 6 and 9 post-infection (Figure 4-3 A-C). There were no
significant increases throughout the course of infection in IFN-y" non-NK ILC1 or IL-22" ILC3
with RSV infection compared to mock infection in either WT or Stat1” mice, except a very
modest but statistically significant increase in IL-22* ILC3 at day 9 post-infection in Statl” mice
(Figure 4-3 A and C). The IL-17A" ILC3 were exclusively NKp46, consistent with previous

reports of ILC3 in the lungs (data not shown).*"”’
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Figure 4-1. Gating strategies for cNK and ILCL1.
Data are representative of the gating strategies used throughout the paper to measure
cNK and non-NK ILC1. Samples shown were pre-gated for viable singlets with low
to intermediate FSC-A and SSC-A properties consistent with resting and activated

lymphocytes.
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Figure 4-3. ILC are dysregulated in Statl” mice.

WT and Statl” mice were infected with RSV or mock infected with vehicle and lungs were
harvested on days 0, 3, 6, and 9 post-infection for flow cytometry. The total number of functional
cytokine-producing (A) ILC1, (B) ILC2, and (C) ILC3 as determined by flow cytometric
analysis are shown. Data are pooled from 2 independent experiments comprising 5-7 mice per
time point per group and evaluated by two-way ANOVA. **p<0.01 and ***p<0.001 between
WT RSV and Statl” RSV.
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Local proliferation of ILC populations is thought to be an important driver of
inflammatory responses, including during RSV infection.®®%?*> To assess whether ILC were
replicating in situ, we measured the expression of the cell cycle associated protein Ki67 in IL-5"
or IL-13" ILC2 and IL-17A" ILC3. RSV-infected Statl” mice had increased expression of Ki67
in the IL-13" ILC2 and IL-17A" ILC3 compartments, but not the IL-5" ILC2 compartment,
compared to RSV-infected WT mice (Figure 4-4). These data suggest that local proliferation of
IL-13* ILC2 and IL-17A* ILC3 contribute to the increased numbers of these cells in Stat1” mice

during RSV infection.
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Figure 4-4. Statl” ILC2 and ILC3 proliferate robustly during RSV infection.

WT and Stat1” mice were infected with RSV or mock infected with vehicle and lungs were
harvested on day 6 post-infection for flow cytometry. The total number of Ki67" (A) IL-5
ILC2, (B) IL-13" ILC2, and (C) IL-17A" ILC3 is shown. Data are pooled from 2
independent experiments and evaluated by one-way ANOVA. *p<0.05 and ***p<0.001.
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Concurrent with the increases observed in cytokine-producing ILC2 and ILC3, we
identified significantly increased expression of the cytokines IL-5, IL-13, and IL-17A at day 6
post-infection in RSV-infected Statl” mice compared to WT mice (Figure 4-5 A). While
unlikely to be the exclusive source of these cytokines, the increased expression of IL-5, IL-13,
and IL-17A correlates with an increase in the number of cytokine-expressing ILC. We also
identified robust BAL eosinophilia and neutrophilia and airway mucus accumulation at day 6
post-infection in RSV-infected Statl” mice (Figure 4-5 B, D, and E). Importantly, Statl” mice
exhibited poor viral control, as evidenced by both increased viral titers and delayed viral
clearance compared to WT mice (Figure 4-5 C). These cytokine, BAL, and viral load data are
broadly consistent with prior reports of a dysregulated Th2/Th17-skewed immune response in
Stat1™ mice following RSV infection.?** %' Collectively, these data demonstrate a critical role
for STAT1 signaling in promoting IFN-y+ ILC1 and restraining IL-5" ILC2, IL-13" ILC2, and
IL-17A" ILC3 during RSV infection that largely parallels the ineffective, pathologic immune

response occurring in the lungs.
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Figure 4-5. Statl” mice displayed enhanced type 2 and type 17 immunity and poor viral
clearance during RSV infection.

WT and Statl”” mice were infected with RSV or mock infected with vehicle and lungs were
harvested on day 6 post-infection. (A) IL-5, IL-13, IL-17A, and IL-22 protein measured in the
whole lung homogenate. (B) Total number of eosinophils and neutrophils in the bronchoalveolar
lavage. (C) Viral load measured by plaque assay from lungs harvested on days 2, 4, 6, and 8
post-infection. (D) Representative airway sections stained with PAS and (E) quantification of
PAS staining for multiple mice. Data are pooled from 2 independent experiments (A-C). Data
were evaluated by one-way ANOVA (A, B) with the resultant comparisons shown or Student’s t-
test (C and E) comparing WT and Statl” mice on each day post-infection. **p<0.01 and
***p<0.001. M = mock-infected. R = RSV-infected.
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4.3.2. Cell-Intrinsic and Cell-Extrinsic Factors Contributed to ILC Dysregulation in Statl” Mice

To interrogate whether cell-extrinsic factors contribute to the skewed cytokine-producing
ILC response in Stat1” mice, we measured the number of WT and Stat1” ILC following RSV
infection in a mixed bone marrow chimera model. WT (BALB/cJ) or Statl” mice were lethally
irradiated and reconstituted via retroorbital injection with a 1:1 mixture of WT CD45.1"
(CByJ.SIL[B6]-Ptprc?/J) or Statl” CD45.2* whole bone marrow. Six weeks after reconstitution,
mice were inoculated with RSV and the total numbers of cytokine-producing WT and Stat1”
ILC were enumerated at day 6 post-infection (Figure 4-6). Mock-infected WT recipients had
significantly more WT IL-5" and IL-13" ILC2 than Stat1” IL-5" and IL-13" ILC2, suggesting a
potential basal advantage of WT ILC2 in the WT recipient background (Figure 4-6 A-C). Upon
infection, however, Statl” IL-5" and IL-13" ILC2 were significantly increased compared to WT
IL-5% and IL-13" ILC2, demonstrating a cell-intrinsic advantage of IL-5" and IL-13" Stat1™
ILC2 during viral infection (Figure 4-6 A-C).

In Stat1” recipient mice, both WT and Stat1” IL-5" and IL-13* ILC2 were found in
similar numbers with mock infection (Figure 4-6 A-C). Similar to WT recipient mice, Stat1™ IL-
5" and 1L-13" ILC2 were disproportionately activated upon RSV infection compared to WT IL-
5" and IL-13" ILC2, though notably to a lesser degree than in the WT recipient, suggesting
additional factors that may be present in the WT mouse that further potentiate cytokine-
producing ILC2 responses (Figure 4-6 A-C). Collectively, these data indicate that cell-intrinsic
differences are at least partially responsible for the enhanced responsiveness of Stat1™ ILC2

during RSV infection.
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We similarly evaluated the number of IL-17A" ILC3 in our mixed bone marrow chimera
model (Figure 4-6 A and D). In WT recipients, we found equal numbers of WT and Statl™ IL-
17A" ILC3 suggesting comparable fitness of these cells in the absence of a viral insult. Upon
RSV infection, we identified significantly more Statl” IL-17A* ILC3 than WT IL-17A" ILC3,
though the number of Stat1™” IL-17A* ILC3 was comparable between mock and RSV infection
in the WT recipient. In Stat1” recipients, Stat1” IL-17A" 1LC3 were found in higher frequencies
in both mock and RSV-infected mice, with particularly robust expansion following RSV
infection. In contrast, WT IL-17A" ILC3 did not expand following RSV infection in the Stat1™
recipients (Figure 4-6 A and D). These data suggest that Statl” IL-17A* ILC3 have a cell-
intrinsic advantage over WT cells and that this at least partially contributes to the dysregulation
of IL-17A" ILC3 during RSV infection. Moreover, these data suggest that an additional cell-
extrinsic factor(s) present in the Stat1” recipient may be required for dysregulation of the ILC3

population.
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Figure 4-6. ILC cell-intrinsic and cell-extrinsic factors contribute to the dysregulation of

Stat1” ILC.

Six week old BALB/c mice were lethally irradiated and transplanted with a 1:1 mixture of WT
Congenic (CD45.1) and Stat1™ (CD45.2) bone marrow. Mice were reconstituted for 6 weeks,
infected with RSV or mock infected with vehicle, and harvested six days post-infection. (A)
Representative flow plots with the percentages of the parent gates (IL-5" ILC2, IL-13" ILC2, or
IL-17A" ILC3) as indicated. Aggregated data for the total number of (B) IL-5" ILC2, (C) IL-13"
ILC2, and (D) IL-17A" ILC3. Data are pooled from 2 independent experiments and analyzed by
two-way ANOVA. *p<0.05, **p<0.01, and ***p<0.001.
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4.3.3. Expression of I1L-33 and 1L-23 is Increased During Viral Infection in Statl” Mice

Our bone marrow chimera experiments suggest that both cell-intrinsic and cell-extrinsic
factors may play a role in the dysregulation of cytokine-producing ILC during viral infection.
Prior reports suggest that ILC2 are intrinsically susceptible to inhibition to type I and Il
interferons, providing a likely explanation for the cell-intrinsic effect seen in our bone marrow
chimeric mice.**®%%°%%4 However, STAT1-dependent cell-extrinsic factors that regulate ILC
frequencies have not been described. The cytokine milieu is critical for the activation of ILC. We
hypothesized that pro-1LC stimulatory cytokines were differentially regulated in Statl” mice
compared to WT mice. We infected WT and Stat1” mice with RSV and measured the expression
of IL-12, IL-15, IL-18, IL-33, TSLP, IL-25, IL-1p, IL-23p19, and IL-12/I1L-23p40 in the whole
lung homogenate daily for 5 days beginning 12 hours post-infection. All cytokines were
measured by ELISA except IL-23, which was measured by quantitative PCR due to lack of
sensitive and specific protein-based reagents. Strikingly, there was a delayed but substantial
increase in 1L-33 protein and mMRNA in the whole lung homogenates, beginning at day 4.5 post-
infection and continuing through day 5.5 post-infection with a statistically significant nearly
tenfold increase in Stat1” mice compared to WT mice (Figure 4-7 D and E). IL-33 is stored as
preformed cytokine in the nucleus of cells. To assess whether this increased expression of IL-33
in the whole lung homogenate led to an increase in the extracellularly-available 1L-33, we
measured IL-33 concentrations in the BAL. We identified a significantly increased
concentration of IL-33 in the BAL of RSV-infected Statl” mice compared to RSV-infected WT
mice at day 5.5 post-infection, when peak levels of 1L-33 were observed in the whole lung

homogenate, indicating that 1L-33 was being released into the airways (Figure 4-7 F).
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Similar to IL-33, we observed a statistically significant tenfold increase in 1123p19
expression in Stat1” mice compared to WT mice, peaking at day 4.5 post-infection (Figure 4-7
J). IL-23 is a heterodimer formed between the 1L-23p19 subunit and the IL-12/IL-23p40 subunit.
IL-12/1L-23p40 was found in significantly lower levels throughout infection in Stat1” mice
compared to WT mice, though levels post-infection in Statl” mice were universally higher than
those at the time of infection suggesting an increased availability of the IL-12/IL-23p40 subunit
for complexing with IL-23p19 and forming an active cytokine (Figure 4-7 K). 1L-12, TSLP, and
IL-1p were marginally, but statistically significantly, higher in WT mice at days 3.5, 0.5, and 0.5,
respectively (Figure 4-7 A, G, and I). Expression of IL-15, IL-18, and IL-25 was absent or only
detected at very low levels (Figure 4-7 B, C, and H). Given the central role of IL-33 and IL-23 in
the activation of ILC2 and ILC3, respectively, these data suggest an ILC cell-extrinsic
mechanism for their dysregulation during viral infection in Statl” mice. Importantly, the
expression of 1L-33 and IL-23 coincided with the onset of ILC dysregulation in Statl” mice,

which occurred between days 3 and 6 post-infection (Figure 4-3 A-C).
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Figure 4-7. Pro-1LC2 and ILC3 stimulatory cytokines are increased in Statl” mice during
viral infection.

WT and Stat1”" mice were infected with RSV or mock-infected and lungs were harvested for
cytokine measurements by ELISA or quantitative PCR. (A-C) Pro-ILC1 cytokines, (D-H) pro-
ILC2 cytokines, and (I-K) pro-1LC3 cytokines. Measurements were collected from whole lung
homogenates for all samples except (F) which was taken from the BAL. Data in (A-E) and (G-K)
are representative of 2 similar experiments with 3 mice per group per time point and analyzed by
two-way ANOVA. (F) Data analyzed by Student’s t test. *p<0.05, **p<0.01, and ***p<0.001.
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4.3.4. Disruption of 1L-33 and IL-23 Signaling Inhibits ILC2 and ILC3 Activation in Statl”

Mice

To determine the role of increased IL-33 expression during RSV infection in Stat1™
mice, we generated 11-337 Stat1”" double knockout mice. We infected WT, Stat1™, and 11-33™"
Stat1™ mice with RSV or vehicle and measured the number of ILC2. RSV-infected Stat1” mice
had significantly increased numbers of IL-5" and 1L-13" ILC2 compared to RSV-infected WT
mice (Figure 4-8 A). However, compared to RSV-infected Stat1” mice, 11-337 Statl”” mice had
significantly decreased total numbers of IL-5" and IL-13" ILC2 (Figure 4-8 A). These data
suggest that increased production of 1L-33 contributes to the enhanced activity of IL-5" and IL-
13" ILC2 in the Stat1” mice compared to WT mice during viral infection.

Similarly, we sought to determine the role of differential IL-23 expression during RSV
infection in Stat1” mice. To assess this, we measured the number of IL-17A* ILC3 in RSV-
infected Statl”” mice treated with an anti-1L-23p19 neutralizing antibody or an isotype control.
RSV-infected Stat1™ mice had significantly increased numbers of IL-17A* ILC3 compared to
RSV-infected WT mice (Figure 4-8 B). However, compared to isotype-treated Statl”” mice,
Stat1™ mice treated with an anti-1L-23p19 neutralizing antibody had significantly decreased total
numbers of IL-17A" ILC3 (Figure 4-8 B). RSV-infected anti-1L-23p19-treated Statl”” mice still
had a significantly increased number of IL-17A" ILC3 compared to WT RSV-infected mice,
consistent with our bone marrow chimera experiments that suggested both cell-intrinsic and cell-
extrinsic factors play a role in the dysregulation of IL-17A" ILC3 during RSV infection (Figure
4-6 A, D and Figure 4-8 B). These data suggest that increases in IL-23 expression contribute to

the enhanced activity of IL-17A* ILC3 in Statl™ compared to WT mice during viral infection.
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Figure 4-8. 1L-33 and IL-23 are cell-extrinsic regulators of ILC that are dysregulated in
Stat1” mice and promote enhanced ILC2 and ILC3 responsiveness.

(A) WT, Stat1™”, and 11-337 Stat1l” mice were infected with RSV or mock-infected and the total
number of IL-5" ILC2 and IL-13" ILC2 were enumerated by flow cytometry at day 6 post-
infection. (B) WT and Stat1” mice were infected with RSV or mock-infected and treated with
250 pg of an anti-1L-23p19 neutralizing antibody (o) or isotype control (I) on day 0 and day 3
post-infection. The total number of IL-17A" ILC3 was enumerated by flow cytometry at day 6
post-infection. Data are pooled from 2 independent experiments and evaluated by one-way
ANOVA. *p<0.05, **p<0.01, and ***p<0.001. n.s. = not significant. M = mock-infected. R =
RSV-infected.
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4.3.5. IL-17A" ILC3 Express Receptors for Type | and 11 Interferons and 1L-27

ILC2 express interferon receptors and respond directly to interferons.®**® We sought to
determine whether IL-17A" ILC3 also express interferon receptors. Initially, we evaluated for
the expression of type I, I, and 11 IFNs in the first 5.5 days of RSV infection (Figure 4-9 A-D).
We found that WT mice produced significantly more IFN-a, IFN-B, and IFN-A during the first
several days of RSV infection compared to Statl” mice. However, by day 5.5 post-infection,
IFN-A was detected in significantly higher levels in the lungs of Stat1” mice compared to WT
mice. No significant differences in IFN-y expression were observed throughout the first 5.5 days
of infection between WT and Stat1™ mice. We next assayed whether IL-17A" ILC3 expressed
receptors for these interferon species. Compared to isotype control staining, IL-17A" ILC3 had
detectable expression of IFN-aR, IFN-yR1, and the IL-27R (Figure 4-9 E). IL-27, like
interferons, signals through STAT1. Finally, we determined whether IFN treatment of IL-17A"
ILC3 ex vivo could induce phosphorylation of STAT1 (pSTATL1) to an activated state.
Compared to vehicle treatment, culturing bulk lung cells ex vivo with IFN-B for 1 hour
significantly induced pSTATL1 in IL-17A" ILC3 (Figure 4-9 F). Similar phosphorylation was not
observed with IFN-o treatment, and data were equivocal with high degrees of experiment to

experiment variability for IFN-y and IFN-A2 treatments (Figure 4-9 and data not shown).
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Figure 4-9. 1LC3 express receptors for type | and type 11 IFNs and IL-27.

WT and Statl”” mice were infected with RSV or mock-infected and lungs were harvested for
cytokine measurements by ELISA. Shown are the concentrations of (A) IFN-a, (B) IFN-B, (C)
IFN-y, and (D) IFN-A in the whole lung homogenate. (E) Expression of IFN-aR, IFN-yR1, and
IL-27R on IL-17A" ILC3. (F) Phosphorylated STAT1 expression by flow cytometry in IL-17A"
ILC3 treated for 1 hour ex vivo with IFN-a or IFN-. Data are representative to 2-3 independent
experiments (A-E) or combined from 3 independent experiments (F) and evaluated by two-way
ANOVA (A-D) or one-way ANOVA (F). *p<0.05 and ***p<0.001.
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4.4. Discussion

The appropriate orchestration of immune cells is vital for promoting productive immune
responses and restricting detrimental pathophysiology. Herein, we show that STAT1 is a broad
regulator of cytokine-producing ILC responses in the context of viral infection, promoting anti-
viral IFN-y* ILC1 and restricting IL-5" and 1L-13" ILC2 and IL-17A" ILC3. To this end, STAT1
represses cytokine-producing ILC2 and ILC3 via both cell-intrinsic and cell-extrinsic
mechanisms. Extrinsically, STAT1-deficiency led to a significant increase in the expression of
IL-33 and 1L-23 that correlated strongly with increases in IL-5" and IL-13" ILC2 and IL-17A"
ILC3 in these mice. Furthermore, the genetic deletion of 1L-33 or the neutralization of IL-23p19
in the context of STAT1-deficiency partially attenuated the dysregulated activation of cytokine-
producing ILC2 and ILC3, respectively. Collectively, these data demonstrate that cytokine-
producing ILC responses are coordinated by STAT1-dependent cell-intrinsic and cell-extrinsic
mechanisms in the context of viral infection.

Previous studies have started to elucidate the direct role of interferon signaling on ILC2
responses. Specifically, these studies have shown that type I and type Il interferons directly
repress ILC2 responses in vitro and in vivo in the context of viral infection or airway
inflammation.®*#%2°22%* Data from our bone marrow chimeric mouse experiments suggest cell-
intrinsic factors, such as the previously described direct inhibition of ILC2 by interferons®®#2%,
play a role in regulating ILC frequencies during viral infection. Consistent with this literature, we
identified that type I, 11, and I11 IFNs are expressed in the lungs throughout RSV infection and

that IL-17A" ILC3 express receptors for type | and 11 IFNs as well as IL-27, another activator of

STATL1. These data suggest that ILC3 may also be modulated directly by IFNs. Our chimeric

96



experiments further suggest that cell-extrinsic factors regulate ILC frequencies during viral
infection via a previously undefined STAT1-dependent mechanism. These data were particularly
strong for IL-17A" ILC3, and consistent with these data we observed an increase in 1123p19
during RSV infection in Statl” mice. While our bone marrow chimera experiments did not
specifically identify a cell-extrinsic effect for STAT1-deficiency in regulating ILC2, we
observed significantly enhanced production of 1L-33 in Statl” compared to WT mice during
RSV infection similar to 1123p19. Genetic deletion of 1133 in STAT1-deficient mice significantly
reduced the number of IL-5" and IL-13" ILC2 during RSV infection. It is not entirely clear why
a cell-extrinsic effect for cytokine-producing ILC2 was not observed in our bone marrow
chimeric mice despite a clear effect of I1L-33 in our other experiments. It is possible that changes
in the cell phenotype such as a downregulation of the 1L-33 receptor post-transplant altered their
capacity to respond, or that factors present in the WT recipient background in combination with
donor Stat1” ILC2 selectively potentiated these cells by a non-1L-33-dependent mechanism,
masking our ability to detect a cell-extrinsic difference by this method. Regardless, our results
using genetic deletion of 1133 in the context of STAT1-deficiency strongly suggest an important
role for STATL1 repression of 1L-33 in regulating cytokine-producing ILC2 responses.

Some other unexpected results were observed in our bone marrow chimera experiments.
Specifically, WT donor IL-5" ILC2 were observed at a high level in mock-infected WT recipient
mice. This may be due to an advantage compared to other ILC subsets in reseeding the tissue
following transplant. Additionally, Statl” IL-5" and IL-13" ILC2 were more frequent in WT
recipient mice compared to Statl” recipient mice during RSV infection, suggesting that
additional environmental factors present in WT mice may add to STAT1-deficiency in

promoting cytokine-producing ILC2. Finally, RSV-infection did not expand the number of WT
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IL-13" ILC2 as had been observed in our intact animals at day 6 post-infection shown in Figure
4-3. The comprehensive network of activators and inhibitors of ILC in these mixed bone
marrow chimeric mice will need to be further defined to better understand all of these data.
However, broadly, these data in conjunction with previously published studies extend our
understanding of the role of STAT1 signaling on the ILC response during viral infection.

A role for STAT1 in regulating 1L-33 had been suggested previously, but these
experiments were performed using ectopic expression of IL-33 and IFN-y in lung fibroblasts in
the context of intact or disrupted STAT1 signaling.?> Using an in vivo model of RSV infection,
we are the first to show that endogenous STAT1 signaling is sufficient to negatively repress IL-
33 expression and regulate immune cell numbers. Moreover, we found that STAT1 negatively
regulated IL-23, consistent with our previous work.?® Herein, we report for the first time that
this repression of IL-23 by endogenous STAT1 attenuates the IL-17A" ILC3 response to viral
infection.

We identified an increase in the proliferation marker Ki67 in IL-13" ILC2 and IL-17A"
ILC3, but not IL-5" ILC2. It is possible that proliferative burst occurs earlier in the IL-5" ILC2
compartment. Alternatively, cytokine-producing ILC2 and ILC3 may also arise from the
activation of existing quiescent ILC in the tissue, differentiation of new ILC in situ, recruitment
of ILC from other tissues, or the shifting of one ILC class to another. Additional investigative
approaches will be necessary to better understand how these cytokine-producing ILC2 and ILC3
are accumulating in the lungs of Statl” mice during RSV infection.

ILC subsets have been shown to participate in a variety of physiologic and
pathophysiologic processes. Accordingly, significant attention has been paid to the identification

of activators and inhibitors of ILC subsets that could be exploited therapeutically. For ILC2, such
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targets include lipid mediators PGlI; (inhibitory), PGD, (activating), and LTD, (activating) as
well as cytokines including IL-33 and TSLP. 3617379100215 Ratingic acid has been shown to
promote ILC3 in the gastrointestinal tract, and accordingly dietary modification of retinoic acid
derivatives including vitamin A may present a viable therapeutic target.”>® However, an effective
and non-pathologic immune response often requires the coordinated activation and inhibition of
multiple cell types. Targeting pathways that orchestrate this broader response may present a
high-yield, efficacious approach to treating disease and promoting health. Our data suggest that
STAT1 signaling represents such a pathway, promoting beneficial anti-viral ILC1 and repressing
pathologic ILC2 and ILC3 responses by multiple mechanisms in the context of viral infection.
Endogenous mutations in STAT1 signaling alter disease susceptibility in humans.
Chronic mucocutaneous candidiasis is a clinical syndrome characterized by recurrent infections
of mucus membranes and skin with Candida species. A majority of these patients have been
shown to have gain-of-function mutations in STAT1, which promote type 1 immune responses
and repress type 17 responses, predisposing individuals to infection with fungal diseases.?*” %%
Additionally, loss-of-function mutations in STAT1 have also been identified that confer
significant susceptibility to viral and mycobacterial infections.?®? Analysis of CD4" T helper
subsets in the context of either gain-of function STAT1 mutations show a strong concordance
between the STAT1 signaling and CD4" T helper activity, with increases in STAT1 signaling
promoting Th1 cells and restricting Th17 cells.”**?®° Our data suggest that ILC subsets are
similarly regulated by STATL in mice, and it is intriguing to consider the role of ILC in human
patients with mutations at the STAT1 locus, especially considering the prominence of ILC at

mucosal sites.
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Throughout, we focused our efforts on understanding the role of STAT1 signaling on
cytokine-producing ILC, defining ILC1, ILC2, and ILC3 subsets stringently based on their
capacity to produce canonical cytokines. While this allowed us to key in on the effects of
STAT1 signaling on the major functional outputs of ILC, we were limited using this approach in
our ability to understand the entirety of the ILC pool including both cytokine-producing and non-
cytokine producing ILC. We chose to focus on cytokine production, as we found that during
viral infection the expression of hallmark transcription factors, specifically GATA3, was not
always present in IL-5 and IL-13 producing ILC. We reason that these cells may be ILC2 that
have downregulated GATAS as a negative feedback mechanism or possibly ex-ILC1/ILC3 that
have shifted their cytokine production to a type 2 program but do not yet express detectable
levels of GATA3 (data not shown). Similarly, it is unclear if the changes in cytokine-producing
ILC are due to changing total numbers of ILC subsets, increases in the percentage of those
subsets expressing cytokines, or other changes in the phenotypes of these cells. Such analyses
are beyond the scope of this work, as our primary focus was on the production of type 1, 2, and
17 cytokines from ILC during viral infection.

Our data demonstrate that STAT1 is a chief regulator of cytokine-producing ILC1, ILC2,
and I1LC3 during viral infection. STAT1 promoted IFN-y* ILC1 and acted to repress IL-5" and
IL-13" ILC2 and IL-17A" ILC3 via multiple mechanisms, both cell-intrinsic and cell-extrinsic.
These data delineate a critical role of STAT1 in broadly orchestrating a productive cytokine-

producing ILC response to viral infection.
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CHAPTER 5

IL-33 PROMOTES THE EGRESS OF ILC2 FROM THE BONE MARROW

5.1. Introduction

While Chapters 3 and 4 focused on the responsiveness of ILC to viral infections within
the lungs, we sought to better understand and earlier step ILC biology—the events that lead to
bone marrow egress of ILC2. In order for the mucosal seeding of ILC2, which positions these
cells to respond to stimuli such as allergens or viruses, they must first exit developmental niches.
In this chapter, we aim to understand the role of IL-33 in egress of ILC2 from the bone marrow.

Innate lymphocytes (ILC) are mucosal effector cells that derive from the common
lymphoid progenitor (CLP). They are embedded at environmental interfaces, where they can
respond rapidly and directly in an antigen-independent manner to a wide array of insults. Subsets
of ILC—group 1, 2, and 3—mirror the adaptive CD4" T helper lymphocyte lineages Thi, Th2,
and Th17 cells, respectively, in regard to their transcriptional governance and cytokine
production. Group 2 ILC (ILC2) require GATA3 and produce abundant quantities of IL-5, 1L-13,
and/or I1L-9, and under certain circumstances I1L-4, similar to CD4" Th2 cells. Known activators
of ILC2 include IL-33, IL-25, thymic stromal lymphopoietin (TSLP), TNF-family member
TL1A, and lipid mediators such as prostaglandin D, and leukotriene D4. ILC2 have been
implicated directly in the pathogenesis of inflammatory diseases including asthma, atopic
dermatitis, chronic rhinosinusitis, viral infection, and helminth infection in both animal models

and humans. Conversely, ILC2 have also been shown to be regulators of tissue homeostasis,
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including in epithelial repair and healthy adipose tissue maintenance(reviewed in Morita et al.,
2016).

Our understanding of ILC2 egress from the bone marrow and trafficking to peripheral
tissues is highly limited. Ccr9”” mice have reduced numbers of ILC2 in the intestinal lamina
propria and adoptively transferred ILC2 progenitors from Ccr9” mice migrated more poorly
than WT ILC2 progenitors to the gastrointestinal tract®. Additionally, f integrins and CRTH2
promote the migration of circulating ILC2 into the lungs during allergic airway inflammation
and helminth infection, respectively'®*?*. Critical signals that regulate ILC2 homing receptor
profiles, bone marrow egress, and trafficking remain poorly defined.

Maintenance of ILC2 populations in mucosal tissues is thought to occur by multiple
mechanisms. Intrinsically, ILC2 are long lived in the tissue®®. Under steady state conditions, data
suggest ILC2 are replenished from ILC2 or ILC2 lineage progenitor cells that are in situ within
these peripheral tissues®?. However, in the context of protracted type 2 inflammation such as
during Nippostrongylus Brasiliensis infection, ILC2 are in part reseeded hematogenously likely
from sources such as the bone marrow®?. Moreover, myeloablation and reconstitution with donor
bone marrow leads to a significant accumulation of donor ILC2 in classically ILC2-rich sites
including the colon and skin in humans®“. Collectively, these data implicate both peripheral and
central mechanisms in the maintenance of ILC2 frequencies in tissue, particularly in the context
of disrupted homeostasis.

Development of ILC2 in the bone marrow has been the subject of intense interest.
Thematically, our understanding of ILC2 development has focused largely on critical
transcriptional regulators such as Bcl11lb and ETS1(Walker et al., 2015; Yu et al., 2015; Zook et

al., 2016; and reviewed in Zook and Kee, 2016). However, the role of extracellular signals in
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ILC2 development remains more poorly defined. Mice deficient in the 117r or 112r have markedly
reduced numbers of ILC2, suggesting a critical role for these cytokines in ILC2 development
and/or homeostasis® . An in vitro system for the differentiation of CLP to ILC2 requires IL-7,
Notch ligand, and 1L-33%“2, |L-33 is a hallmark activator of ILC2 in peripheral tissues and the
most mature ILC2 lineage cell in the bone marrow, referred to as the ILC2 progenitor (ILC2P),
expresses the 1L-33 receptor ST2**%, However, a role for IL-33 in vivo in ILC2 lineage
development or bone marrow egress remains unknown.

We sought to understand the role of 1L-33, a quintessential peripheral activator of ILC2,
in bone marrow ILC2 lineage development and egress. 11337 and St2”" mice had significantly
increased numbers of ILC2P in the bone marrow and reduced numbers of ILC2 in peripheral
tissues compared to WT mice. ILC2P that developed in the absence of IL-33 signaling were
comparable to WT ILC2P in their capacity to proliferate and produce IL-5 and I1L-13. However,
lack of IL-33 signaling precipitated critical changes in the chemokine receptor profile of ILC2P.
Notably, ILC2P in St2”" mice expressed higher levels of Cxcr4, a receptor that promotes
retention of B cells and granulocytes in the bone marrow, which stimulated the retention of
ILC2P in the bone marrow. Finally, sub-lethal radiation exposure in parabiotic mice established
a key role for hematogenous trafficking of ILC2 in the setting of disrupted tissue homeostasis.

Collectively, these data implicate IL-33 as a key driver of bone marrow ILC2 lineage cell egress.

5.2. Methods
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5.2.1. Mice

Female 8-12 week old 1133-/-, St2-/-, and Tslpr-/- on a BALB/c genetic background were
used throughout this manuscript, unless otherwise indicated, and were generated as previously
described®1%81%%:2% \Where indicated, WT C57BL/6 and 1133-/- mice on a C57BL/6 background
were used”®’. WT BALB/c, congenic CD45.1" BALB/c (CByJ.SJL(B6)-Ptprc?/J), and WT
C57BL/6 mice were obtained from the Jackson Laboratory. Heterzygous CD45.1" CD45.2"
BALB/c mice were generated from crossing BALB/c mice with CByJ.SJL(B6)-Ptprc®/J mice.
All animals were used in compliance with the revised 1996 “Guide for the care and use of
laboratory animals” prepared by the Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources, National Research Council. All animal experiments
were approved by the Vanderbilt Institutional Animal Care and Use Committee. Animals were
housed under specific pathogen-free conditions. Animals were anesthetized with

ketamine/xylazine and euthanized with pentobarbital overdose.

5.2.2. Flow cytometry

Bone marrow was isolated by flushing the tibia and femur with cold RPMI media. For
mesenteric lymph nodes, tissue was grated through a 70 pum strainer into cold RPMI media. The
external portions of the left and right ears were collected for evaluation of skin ILC2. For the
disruption of the lungs and skin, tissue was mechanically minced and digested with 1 mg/mL
collagenase (Cat. # C5138, Sigma-Aldrich) and 0.02 mg/mL DNase | (Cat. # D4527, Sigma-

Aldrich) in RPMI with 5% FBS for 55 minutes at 37°C as previously described?”. EDTA was
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added to quench the enzymatic reaction and the tissue was filtered through a 70 pm strainer.
RBC lysis was performed and all samples subsequently counted to assess total numbers of cells
within each tissue. Three to five million cells were stained for flow cytometry in FACS buffer
(PBS + 3% FBS). Cells were initially blocked with a 1:25 dilution of anti-CD16/CD32 blocking
reagent (Cat. # 553142, BD Biosciences), and subsequently stained for combinations of the
surface markers listed in Table 5-1. Viability dye (DAPI or PI) was added immediately prior to
flow cytometric analysis. Samples were measured on a BD LSR 1l and analyzed with FlowJo
Version X. Doublets were removed based on FSC/SSC properties and dead cells were excluded
in all analyses as PI" or DAPI”. ILC2 and ILC2P were defined as CD45" Lin" IL-25R* CD25"
CD127" where “Lin” represents a lineage cocktail containing antibodies against CD3, CD5,
CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and Ter-119. ILC2 and ILC2P defined by this
gating strategy co-expressed validated phenotypic markers found on ILC2 in a variety of tissues
in wild type mice including CD90, ST2, and ICQOS, though ST2 expression was not observed in
the skin (Figure 5-1). In some experiments, cells were stained for donor source using anti-
CD45.1 or anti-CD45.2 (Table 4-1). LMPP were defined as Lin° CD25 CD127 Flt3" c-Kit"
Sca-1". CLP were defined as Lin CD25 CD127" FIt3" ¢c-Kit" Sca-1'°. CHILP were defined as
Lin” CD25" CD127" Flt3" a4B7". ILCP were defined as Lin" CD25  CD127" FIt3" c-Kit" a4f7"

PD-1".
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Figure 5-1. 1LC2P surface phenotyping.
The expression of CD90, ST2, and ICOS on ILC2 in the bone marrow, lungs,
skin, and mLN. Data are representative of 2-3 similar experiments.
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Table 5-1. Flow Cytometry and FACS Antibodies.

Epitope Clone Manufacturer Fluorophore Dilution
Lineage Cocktail ~ 130-092-613 Miltenyi Biotin 1:25
CD3 17A2 eBioscience Biotin 1:200
CD45 30-F11 Tonbo rF710 1:400
CD45 30-F11 BD Biosciences PerCP-Cy5.5 1:800
CD45.1 A20 BioLegend BV510 1:100
CD45.2 104 BioLegend BVv421 1:100
CD25 PC61 BioLegend APC 1:200
CD25 PC61 BioLegend PE 1:200
CD25 PC61 BioLegend BV421 1:200
CD25 PC61 eBioscience AF488 1:200
CD127 SB/199 eBioscience PE-Cy7 1:200
IL-25R MUNC33 eBioscience PE 1:200
IL-25R MUNC33 eBioscience eFluor660 1:50
CXCR4 2B11 eBioscience PE 1:100
c-Kit ACK?2 eBioscience AF700 1:100
PD-1 J43 eBioscience FITC 1:100
FIt3 A2F10 eBioscience PE-Cy5 1:400
o7 DATKS2 eBioscience APC 1:100
Sca-1 D7 eBioscience PE 1:200
CD90 30-H12 eBioscience FITC 1:400
ST2 RMST2-2 eBioscience PerCP-eF710 1:100
ICOS C398.4A eBioscience APC 1:100
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5.2.3. Invitro ILC2P culture

Bone marrow was prepared as described above. Following RBC lysis, samples were
enriched for lineage negative cells by magnetic separation. Enriched cell fractions were prepared
for FACS and ILC2P were sorted into RPMI media with 10% FBS, 2mM L-Glutamine, 1ImM
sodium pyruvate, 10 mM HEPES, and 100 units/mL of penicillin and streptomycin. In some
assays, ILC2P were stained prior to culture with the dilution-based proliferation dye CellTrace
Violet per the manufacturer instructions (Cat. # C34557, Life Technologies). ILC2P were plated
at 2500 cells per well in 96-well round bottom plates. ILC2P were cultured with IL-2 (10 ng/mL,
Cat. # 212-12, PeproTech) alone or in combination with IL-33 (0.1 ng/mL-10 ng/mL, Cat. # 210-

33, PeproTech) for 1-5 days.

5.2.4. Protein Measurements

Cell culture supernatants from in vitro ILC2P cultures were collected for the
measurement IL-5 and I1L-13 by ELISA (Cat. # DY405 and DY 413, R&D Systems) per

manufacturer instructions.

5.2.5. BrdU Assay

Mice were treated in vivo with 1 mg of BrdU intraperitoneally for five consecutive days.
Bone marrow was harvested 24 hours following the final treatment and cells were prepared for

flow cytometric analysis per manufacturer instructions (Cat. # 552598, BD Biosciences). Briefly,
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cells were stained with a fixable live/dead viability dye (Cat. #13-0868, Tonbo Biosciences)
followed by anti-CD16/CD32 blockade and antibodies against ILC2P cell surface markers
(Table S1). Cells were fixed and permeabilized, and the DNA was treated with DNase | for 1
hour at 37°C to expose BrdU epitopes. Cells were subsequently stained with an anti-BrdU
antibody and measured by flow cytometry to assess the total number of BrdU™ ILC2P in the bone

marrow.

5.2.6. Bone marrow chimeras

Six- to 10-week old heterozygous CD45.1" CD45.2" WT BALB/c recipients were
lethally irradiated (9 Gy) and transplanted with a 1:1 mixture of whole bone marrow from age
matched 6- to 10- week old WT congenic (CD45.1%) mice and $t2”" mice (CD45.2") via retro-
orbital injection while anesthetized with ketamine/xylazine. Mice were provided with oral
antibiotics for 2 weeks following transplant and maintained in sterile housing. Bone marrow
grafts were allowed to reconstitute for 6 weeks. Mice were subsequently harvested for bone
marrow, lungs, skin, and mLN to assess donor frequencies by flow cytometry. Residual cells

remaining from the recipient mice (CD45.1" CD45.2") were excluded.

5.2.7. mRNA Quantification

ILC2P from WT and St2” mice were enriched for lineage negative cells by magnetic
separation and purified by FACS as described above. Cells were sorted into cold PBS and

centrifuged at 10,000 x g for 5 minutes to remove the supernatant. mMRNA was collected from the
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pelleted ILC2P using the RNeasy Micro Kit (Cat. # 74004, QIAGEN) with on-column DNase
treatment. cONA was prepared using the SuperScript IV reverse transcriptase system (Cat. #
18091050, Invitrogen). Because of low cell input (fewer than 20,000 sorted ILC2P per sample),
we performed a pre-amplification for our target genes as per manufacturer instructions (Cat. #
4384267, Applied Biosystems). A conventional quantitative PCR using FAM-MGB TagMan
primers listed in Table 5-2 was performed on an Applied Biosystems QuantStudiol2k Flex Real-
Time PCR machine and data were analyzed using Applied Biosystems QuantStudio 12k Flex
Software v1.2.2. Six candidate housekeeping genes were evaluated for stable expression in
ILC2P as previously described?®®, and target genes were normalized to the geometric mean Ct
values of a pool of three of these stably expressed reference genes—Rpl13a, Ywhaz, and Hprt.

Differential expression was assessed by using the AACt protocol.
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Table 5-2. Quantitative PCR Primers.

Gene Name

Assay ID

Manufacturer

Ccr3
Ccr4
Ccer7
Ccr8
Ccr9
Ccri0
Cxcr4
Cxcr6
Cx3crl
Ccll
Ptgdr2 (Crth2)
Slprl
Hprt
Rpl13a
Ywhaz

MmO00515543 sl
Mm01963217_ul
Mm99999130 sl
Mm99999115 s1
Mm02528165 sl
Mm01292449 m1l
Mm01996749 sl
Mm02620517_s1
Mm02620111 sl
MmO00441236_m1
Mm00438315 sl
Mm02619656_s1
Mm00446968 m1
Mm01612986 gH
Mm03950126 sl

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
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5.2.8. Invivo AMD3100 and IL-33 treatments

For CXCRA4 blockade, mice were treated with intraperitoneal injections of 10 mg/kg
AMD3100 (Cat. # A5602, Sigma-Aldrich) or vehicle PBS every six hours for a total of three
consecutive doses. Mice were sacrificed four hours after the final dose of AMD3100. For IL-33
treatments, mice were anesthetized with ketamine/xylazine and treated with 1 pg of recombinant
murine 1L-33 (Cat. # 210-33, PeproTech) or vehicle (0.1% BSA in PBS) via retro-orbital

injection. Mice were sacrificed 24 hours after IL-33 injection.

5.2.9. Invivo Alternaria alternata extract challenge

WT mice were anesthetized with ketamine/xylazine and challenged intranasally with
either 5 pg of Alternaria alternata extract dissolved in 100 ul of PBS or 100 ul of PBS (vehicle)
every 24 hours for four consecutive days. Mice were euthanized 24 hours after the final dose of

Alternaria extract and serum, lungs, and bone marrow were collected for analysis.

5.2.10. Parabiosis

WT Congenic CD45.1" BALB/c mice were sub-lethally irradiated (4 Gy) and parabiosed
to WT CD45.2" BALB/c mice. Mice were anesthetized with ketamine/xylazine and partially
shaved to expose the surgical site. Surgical sites were sterilized with alcohol and betadine, and
lateral incisions were made in the skin between the knee joint and the elbow joint. Sutures were

placed connecting the knee and elbow joints of the two mice for anchoring. Skin was aligned
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between the two mice and sutured from one mouse to the other to close the incision site.
Buprenorphine was administered for analgesia for the first 48 hours post-surgery. Wet food, dry
food, and water was provided on the floor of the cage. As needed, mice were supplemented with

physiologic saline to prevent dehydration.

5.2.11. Statistics

Statistical analyses were performed using GraphPad Prism version 5. Unpaired t-test or
one-way ANOVA with Bonferroni post-test were used to determine statistical significance, as
appropriate. When measured values were below the limit of detection, samples were assigned a

value at half of the limit of detection to allow for statistical comparisons.

5.3. Results

5.3.1. Deficiency in IL-33 Signaling Promotes Accumulation of ILC2P in the Bone Marrow

IL-33 signaling via its receptor ST2 is a central pathway for the activation of ILC2
effector functions in peripheral tissues. Moreover, IL-33 has been used in vitro to stimulate the
differentiation of ILC2 from CLP*®*“2. We hypothesized that IL-33 promotes the development of
ILC2 in vivo. Accordingly, we assayed for the number of ILC2P in the bone marrow of naive
BALB/c WT, 133", and St2” mice. ILC2P and peripheral ILC2 were defined as viable cells that
were CD45" Lin™ IL-25R* CD25" CD127" (Figure 5-2 A). WT, 1133"", and St2”" mice had similar

numbers of bone marrow cells (Figure 5-2 B), but unexpectedly, we identified a significant
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increase in the frequency and total number of ILC2P in 1133 and St2” mice compared to WT
mice (Figure 5-2 C-D). A similar increase in the total number of bone marrow ILC2P was
observed in 1133” mice on a C57BL/6 background, indicating that this phenotype was
independent of host genetic background (Figure 5-2 E). We next characterized the number of
ILC2 in peripheral tissues. We focused on ILC2-rich tissues in disparate parts of the body,
specifically the lung, skin, and mesenteric lymph nodes (mLN). Opposite our result in the bone
marrow, we found a significant decrease in the frequency and total number of ILC2 in the lungs,
skin, and mLN of 133" and St2” mice compared to WT mice (Figure 5-3). These data suggested
that I1L-33 might affect ILC2P egress from the bone marrow.

In addition to I1L-33, TSLP is a potent activator of ILC2. However, these two cytokines
signal via distinct cellular pathways. IL-33 binds to ST2 to induce MyD88 activation and NF-xB
translocation to the nucleus, whereas TSLP binds to a heterodimer of the TSLPR and IL-7Ra and
activates STAT5. We assessed whether the effects on ILC2P/ILC2 frequency and bone marrow
egress were unique to 1L-33 signaling, or were part of a broader network of ILC2-activating
cytokines that functioned redundantly. We measured the number of ILC2P in the bone marrow
and ILC2 in the lungs of WT and Tslpr” mice. In contrast to mice lacking 1L-33 signaling, the
loss of TSLPR signaling reduced the frequency and total number of ILC2P in the bone marrow
marrow (Figure 5-4 A-D) and ILC2 in the lungs (Figure 5-4 E-H) compared to WT mice. These
data indicate that 1L-33 acts distinctly from other ILC2-activating cytokines in regulating bone
marrow ILC2P frequency and that TSLP may instead play an important role in ILC2

development.
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Figure 5-2. Deficiency in IL-33 signaling lead to an accumulation of ILC2P in the bone
marrow.

Adult naive WT BALB/c, 11337, and St2”" mice were sacrificed and bone marrow from one
tibia and femur was prepared for flow cytometric analysis. (A) Gating strategy and
representative gating of WT, 11337, and St2” ILC2P. ILC2P were defined as viable CD45"
FSC-A"° SSC-A" Lin™ IL-25R* CD25" CD127" cells. (B) The total number of viable bone
marrow cells, (C) ILC2P frequency among live bone marrow cells, and (D) the total number
of ILC2P in the bone marrow. (E) The total number of ILC2P in the bone marrow of WT
C57BL/6 and 1133" mice on a C57BL/6 background. Data are combined from 2 (E) or 3 (A-
D) independent experiments and displayed as the mean + SEM. **p < 0.01 and ***p < 0.001
by one-way ANOVA with Bonferroni post-test (A-D) or unpaired t-test (E); n.s. = not
significant.
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Figure 5-3. Deficiency in IL-33 signaling decreased the number of ILC2 in peripheral
tissues.

Adult naive WT, 1133", and/or St2”" mice were sacrificed and lungs, skin, and mesenteric
lymph nodes were collected. (A) Representative gating of lung ILC2. (B) The total number of
viable lung cells, (C) ILC2 frequency among live lung cells, and (D) the total number of ILC2
in the lungs. (E) Representative gating of skin ILC2. (F) The total number of viable skin cells,
(G) ILC2 frequency among live skin cells, and (H) the total number of ILC2 in the skin. (I)
Representative gating of mLN ILC2. (J) The total number of viable mLN cells, (K) ILC2
frequency among live mLN cells, and (L) the total number of ILC2 in the mLN normalized to
the total number of mLN collected. Data are combined from 2 independent experiments and
displayed as the mean £ SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA
with Bonferroni post-test (B-D) or unpaired t-test (F-H, J-L); n.s. = not significant.
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Figure 5-4. Deficiency in TSLP signaling reduced the number of ILC2P/ILC2 in the bone
marrow and peripheral tissues.

Adult naive WT and Tslpr” mice were sacrificed and the lungs and bone marrow were prepared
for flow cytometric analysis. (A) Representative ILC2P gating in the bone marrow, (B) The total
number of viable bone marrow cells, (C) ILC2P frequency among live bone marrow cells, and
(D) the total number of ILC2P in the bone marrow. (E) Representative gating of lung ILC2. (F)
The total number of viable lung cells, (G) ILC2 frequency among live lung cells, and (H) the
total number of ILC2 in the lungs. Data are combined from 3 independent experiments and
displayed as the mean + SEM. **p < 0.01 and ***p < 0.001 by unpaired t-test.
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5.3.2. IL-33 Deficiency Does Not Appreciably Alter the Hallmark Functional Capacities of

ILC2

We considered whether the increase in ILC2P frequency might be a compensatory effect
for reduced proliferative potential or cytokine producing capacity of these cells in the 11337 and
st2”" mice. Accordingly, we compared these functional capacities in ILC2P from mice with or
without intact 1L-33 signaling. ILC2P from the bone marrow of WT and 1133” mice were
enriched by magnetic selection for lineage negative cells and purified by FACS. Sorted ILC2P
were cultured in supplemented RPMI with IL-2 alone or IL-2 in combination with IL-33. IL-2
alone sustains ILC2P cultures but does not induce proliferation or cytokine production.
Conversely, IL-33 is a potent stimulus for ILC2P, rapidly induce proliferation and production of
IL-5 and 1L-13"°. ILC2P from 1133" mice have developed in the absence of 1L-33, but readily
express ST2 and are poised to respond to 1L-33. Thus, we were able to consider the
developmental role of 1L-33 on the proliferative capacity and cytokine expression of ILC2P.

Prior to culture, we stained ILC2P with CellTrace Violet to measure proliferation.
Following 5 days of in vitro culture, we harvested ILC2P for flow cytometric analysis of
CellTrace Violet dye dilution (Figure 5-5 A). For both WT and 11337 ILC2P, IL-2 alone did not
induce proliferation. IL-2 and IL-33 in combination induced robust proliferation as measured by
serial dye dilution in both WT and 11337 ILC2P. Importantly, no difference was observed in the
proliferation between WT and 11337 ILC2P in response to IL-33. Similarly, the proliferation
index measuring the average number of divisions a starting cell undergoes based on CellTrace
Violet dye dilution was identical between WT and 1133”7 ILC2P (Figure 5-5 B). Finally, we

counted the number of cells in each well following 5 days of culture (Figure 5-5 C). IL-33 in
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combination with I1L-2 induced a significant increase in the total number of WT and 1133”7 ILC2P
compared to IL-2 alone. However, no difference was observed in the number of ILC2P between
IL-33-stimulated WT and 1133" cultures.

We also collected supernatants from these ILC2P cultures to assess the cytokine
expressing capacity of WT and 11337 ILC2P. IL-2 alone did not induce IL-5 or I1L-13 production
from either WT or 11337 ILC2P. Stimulation with IL-2 and IL-33 in combination significantly
induced IL-5 and IL-13 expression in both strains of ILC2P. A very slight (<10%) but
reproducible difference in IL-5 expression was detected, with WT ILC2P producing marginally
higher quantities of IL-5 than 133" ILC2P (Figure 5-5 D). No significant difference was
observed in the expression of 1L-13 between WT and 11337 ILC2P (Figure 5-5 E). Collectively,
these data specify that ILC2P that develop in the absence of IL-33 signaling are functionally

similar to WT ILC2P in their capacity to proliferate and express IL-5 and IL-13.
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Figure 5-5. 1L-33-deficient ILC2P were comparably functional to WT ILC2P.

ILC2P from the bone marrow of WT and 11337 mice were enriched by magnetic separation and
purified by FACS. Sorted ILC2P were stained with the dilution-based proliferation dye
CellTrace Violet and cultured in supplemented RPMI media in the presence of IL-2 (10 ng/mL)
+ IL-33 (0.1-10 ng/mL) for 5 days. (A) Representative CellTrace Violet dilution peaks. (B)
Proliferation index quantifying the average number of proliferations events undergone by each
ILC2P derived from CellTrace Violet staining. (C) Cell counts of ILC2P post-stimulation. (D)
IL-5 and (E) IL-13 concentrations in the supernatants as measured by ELISA. Data are
representative of 3 similar experiments and displayed as the mean + SEM. *p < 0.05 and ***p <
0.001 by one-way ANOVA with Bonferroni post-test (C-E) or unpaired t-test (B); n.s. = not

significant.
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5.3.3. Lack of IL-33 Signaling Does Not Alter the Rate of De Novo ILC2P Generation in the

Bone Marrow

We also considered whether the difference in ILC2P numbers in the bone marrow of
mice competent for or lacking IL-33 signaling could be explained by a different rate of
generation of these cells from precursors. First, we looked at the abundance of upstream
progenitor cells, specifically lymphoid-primed multipotent progenitors (LMPP), common
lymphoid progenitors (CLP), common helper innate lymphoid progenitors (CHILP), and innate
lymphoid cell progenitors (ILCP), in the bone marrow of WT and St2”" mice (gating strategy
shown in Figure 5-6). LMPP and CLP can differentiate into T, B, NK, and all ILC with varying
efficiencies®®, and CHILP and ILCP are restricted to ILC1, ILC2, and ILC3 as well as lymphoid
tissue inducer (LTi) cells or ILC1, ILC2, and ILC3 only, respectively****. We did not observe
any significant differences in the total number of LMPP, CLP, CHILP, or ILCP populations
between WT and St2”" mice (Figure 5-7 A-D). Therefore, the first divergence in cell frequency in
the ILC2 developmental lineage that we observed occurred at the mature ILC2P stage.

To directly assess the rate of ILC2P lymphopoiesis, we injected WT and St2”~ mice daily
with BrdU for 5 days and harvested their bone marrow 24 hours following the final injection to
evaluate for BrdU incorporation in ILC2P (Figure 5-7 E). BrdU incorporation is a property of
lymphopoiesis and marks de novo generated cells in the bone marrow allowing us to assess the
rate of ILC2P development. A small fraction of BrdU™ ILC2P was measured in both WT and St2°
" mice. However, no significant difference in the number of BrdU* ILC2P was observed (Figure
5-7 E). These data collectively suggest that ILC2P are being generated from precursors at a

similar rate in the presence or absence of I1L-33 signaling, indicating that variation in the rate of
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ILC2P development was an unlikely explanation for the difference in ILC2P numbers in WT,

11337, and St2”" mice.
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Figure 5-6. Gating strategy for LMPP, CLP, CHILP, and ILCP in the bone marrow.
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Figure 5-7. Lymphopoiesis of ILC2P in vivo did not require 1L-33.

Adult naive WT and St2”" mice were sacrificed and bone marrow from one tibia and
femur was prepared for flow cytometric analysis. The total number of progenitors in the
ILC2 lineage were quantifed: (A) LMPP defined as Lin” CD25 CD127 Flt3* c-Kit"
Sca-1", (B) CLP defined as Lin" CD25  CD127" Flt3" c-Kit® Sca-1"°, (C) CHILP
defined as Lin" CD25" CD127" FIt3’ a4[37h', and (D) ILCP defined as Lin CD25
CD127" FIt3 c-Kit" 0a4p7" PD-1". WT and St2”" mice were treated daily with 1 mg of
BrdU intraperitoneally and harvested 24 hours after the final dose. (E) The experimental
design and total number of BrdU™ ILC2P in the bone marrow. Data are combined from
2 independent experiments and displayed as the mean £ SEM; n.s. = not significant by
unpaired t-test.
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5.3.4. ILC2P/ILC2 Frequencies in St2” mice are Established by an ILC2P/ILC2 Cell-Intrinsic

Mechanism

Given that ILC2P in 1133" mice were functionally similar to WT ILC2P and that a lack of
IL-33 signal did not alter de novo generation of ILC2P, we hypothesized that ILC2P
accumulated in the bone marrow of mice lacking IL-33 signaling due to an impedance in ILC2P
bone marrow egress. To explore this hypothesis, we first determined if the frequencies of
ILC2P/ILC2 were established by an ILC2P/ILC2 cell-intrinsic or cell-extrinsic mechanism. To
test this, we used a mixed bone marrow chimera model (Figure 5-7 A). Whole bone marrow
from congenic WT (CD45.1%) and st2” (CD45.2%) mice was mixed in a 1:1 ratio. Ten million
total cells from this mixture were transplanted into lethally irradiated WT (CD45.1" CD45.2")
mice and allowed to reconstitute for 6 weeks. In the bone marrow, St2”" (CD45.2") ILC2P were
observed at a significantly higher frequency than WT (CD45.1%) ILC2P, consistent with our
observation in germline knockout mice (Figure 5-7 B). In the lungs, skin, and mLN, WT
(CD45.1") ILC2 were observed at a higher frequency than St2”7" (CD45.2") ILC2, also consistent
with our observation in germline knockout mice (Figure 5-7 C-E). Accordingly, these data
indicate that the frequencies of ILC2P and ILC2 are established by an ST2-dependent cell-

intrinsic mechanism.
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Figure 5-8. Tissue frequencies of ILC2/ILC2P were established by a cell-intrinsic, ST2-
dependent mechanism.

Six-week old heterozygous CD45.1" CD45.2" WT mice were lethally irradiated and
reconstituted with 10 million cells of a 1:1 mixture of CD45.1" WT and CD45.2" St2”" total bone
marrow cells. (A) Experimental design. (B) ILC2P representative gating and pooled analyses of
WT and St2”"-derived ILC2P displayed as frequencies of donor-derived 1LC2P. ILC2
representative gating and pooled analyses of WT and St2”-derived 1LC2 displayed as
frequencies of donor-derived ILC2 in the (C) lungs, (D) skin, and (E) and mLN. Data are
combined from 2 (D-E) or 3 (B-C) independent experiments and displayed as the mean + SEM.
*p < 0.05 and ***p < 0.001 by unpaired t-test; n.s. = not significant.
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5.3.5. St2”" ILC2P Differentially Express Multiple Chemokine Receptors

Given that our data indicated an ILC2P cell-intrinsic mechanism for altered ILC2P
frequency in mice lacking IL-33 signaling, and that the ability of ILC2P to egress from the bone
marrow in mice lacking IL-33 may be compromised, we considered whether 1L-33 modified the
chemokine receptor profile on ILC2P. To assess this, lineage negative cells were enriched from
the bone marrow of WT and St2” mice by magnetic separation and ILC2P were purified by
FACS. Chemokine receptor expression was assessed in these sorted ILC2P by qPCR. We
interrogated the expression levels of chemokine receptors and chemokine-associated proteins
known to be expressed by ILC2 or CD4" Th2 cells. Compared to WT ILC2P, St2”" ILC2P had
significantly increased expression of Cx3crl, Ccr7, Ccr9, Cxcr4, and Ptgdr2 and significantly
decreased expression of Ccll (Figure 5-9 A). Collectively, these data implicate 1L-33 signaling
during ILC2P development in the bone marrow as a critical regulator of the chemokine receptor

profile on these cells.

5.3.6. IL-33 is a Direct Negative Regulator of CXCR4 on ILC2P In Vitro

Among the chemokine receptors that were differentially regulated, we focused on
CXCR4. CXCR4 signaling via its ligand SDF-1 (CXCL12) promotes retention of developing B
cells, granulocytes, and leukocyte progenitor cells in the bone marrow?’. Loss of CXCR4
signaling, either by downregulation of the receptor or reduction in ligand, allows for efficient
egress of B cells, granuloyctes, and leukocyte progenitor cells from the bone marrow. Given that

we observed increased expression of Cxcr4 in St27" ILC2P, we hypothesized that augmented
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CXCR4 signaling was contributing to poor egress and retention of ILC2P in S$t2” mice compared
to WT mice. In evaluating this hypothesis, we first sought to understand whether IL-33 could
directly regulate the expression of CXCR4 on ILC2P. We isolated ILC2P by magnetic
enrichment for lineage negative cells and FACS purification. We cultured these ILC2P for 24
hours in IL-2 alone or with IL-33 at 0.1, 1, or 10 ng/mL. After 24 hours, we assessed the
expression of CXCR4 by flow cytometry. CXCR4 expression was readily detectable on these
cells compared to isotype staining (Figure 5-9 B). Compared to IL-2 alone, IL-2 in combination
with 1L-33 downregulated the expression of CXCR4 in an IL-33 dose-dependent manner as
measured by MFI (Figure 5-9 B-C). These data are consistent with our chemokine receptor
analysis, and demonstrate that IL-33 can directly and negatively regulate the expression of

CXCRA4.

5.3.7. Blockade of CXCR4 Reduces Bone Marrow ILC2P Frequency in St2” mice

Given the known role of CXCR4 in bone marrow retention of other leukocyte lineages
and the ability of IL-33 to negatively regulate the expression of CXCR4, we sought to determine
whether increased CXCR4 signaling was required for the disproportionate retention of ILC2P in
the bone marrow of mice lacking 1L-33 signaling. To test this, we treated WT and St2”" mice
with consecutive doses of AMD3100, a potent, selective CXCR4 antagonist that blocks the
function of CXCRA4. Following our final AMD3100 treatment, we assessed the number of ILC2P
in the bone marrow (Figure 5-9 D). Compared to WT mice, vehicle treated St2” mice had
significantly increased numbers of ILC2P consistent with our initial observation. AMD3100

treatment in St2”" mice, however, significantly reduced the total number of ILC2P as compared
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to vehicle treated St2”" mice (Figure 5-9 D). These data strongly suggest that the augmented
expression of Cxcr4 in St2”" mice above WT levels was involved in retention of ILC2P in the

bone marrow, and that blockade of this chemokine receptor allowed for egress of ILC2P.
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Figure 5-9. CXCR4 on ILC2P promoted their bone marrow retention and was negatively
regulated by IL-33 signaling.
(A) ILC2P were magnetically enriched and FACS purified from WT and St27~ mice for
quantitative RT-PCR of chemokine receptors and signals. Data were normalized to a pooled set
of three housekeeping genes and differential expression was assessed by the AACt method. Data
are shown as the expression level in St2”~ ILC2P compared to WT ILC2P and displayed as a log,
fold change. (B) Magnetically enriched and FACS purified ILC2P from WT mice were treated
for 24 hours in vitro with IL-2 in combination with varying doses of IL-33 and assessed for
CXCR4 expression. (C) Quantification of B. (D) WT and St2”" mice were treated with three
doses of AMD3100 (10 mg/kg) or PBS vehicle given every 6 hours and bone marrow was
collected for flow cytometric analysis 4 hours after the final AMD3100 dose. Data are combined
from 3 independent experiments (A, D) or are representative of 3 similar experiments (B-C) and
displayed as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA
with Bonferroni post-test (C and D) or unpaired t-test (A); n.s. = not significant and N.D. = not
detected.
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5.3.8. Intravenously-Delivered IL-33 Drives the Egress of ILC2P from the Bone Marrow

Numerous human diseases including asthma and atopic dermatitis have been associated

with increased I1L-33 in the plasma as well as increases in circulating ILC2%"™

. We hypothesized
that serum 1L-33 may precipitate egress of ILC2 from the bone marrow, providing disease
relevance to this mechanism. To assess the direct effect of 1L-33 on bone marrow ILC2P egress,
we intravenously injected recombinant murine IL-33 (rIL-33) or vehicle into mice and assessed
the number of ILC2P in the bone marrow 24 hours later. Compared to vehicle treatment,
intravenous delivery of 1L-33 significantly and robustly reduced the frequency and total number
of ILC2P in the bone marrow (Figure 5-10 A, C, and D). There was also a modest decrease in the
total number of bone marrow cells, suggesting that exogenous IL-33 may be promoting egress of

other cells types (Figure 5-10 B). These data indicate that 1L-33 is a potent inducer of ILC2P

egress from the bone marrow.
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Figure 5-10. Direct intravenous administration of 1L-33 promoted ILC2P egress from the
bone marrow.

Adult naive WT mice were treated intravenously with recombinant murine IL-33 (rIL-33) or
vehicle (0.1% BSA in PBS) and harvested 24 hours later for flow cytometric analysis. (A)
Representative gating for bone marrow ILC2P, (B) the total number of viable bone marrow cells,
(C) ILC2P frequency among live bone marrow cells, and (D) the total number of ILC2P in the
bone marrow. Data are combined from 2 independent experiments and displayed as the mean +
SEM. *p < 0.05 and ***p < 0.001 by unpaired t-test.
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5.3.9. Allergic Airway Inflammation Drives the Egress of ILC2P from the Bone Marrow

We next determined the extent of ILC2P bone marrow egress in the context of disease.
Alternaria alternata is a fungal species that is associated with significant asthma morbidity in
humans and drives allergic airway inflammation in mice’ %2 e challenged mice
intranasally with Alternaria extract or vehicle for four consecutive days and harvested the mice
24 hours later (Figure 5-11 A). We identified a significant accumulation of ILC2 and their
associated cytokine products IL-5 and IL-13 in the lungs of Alternaria extract-challenged mice
compared to vehicle-challenge mice (Figure 5-12), consistent with prior reports’*’*'%?, Intranasal
challenge with Alternaria extract significantly altered the cellular composition of the bone
marrow, with a strong trend for a decrease in total bone marrow cell number driven largely by a
statistically significantly decrease in the number of total lymphocytes (Figure 5-11 B-D). Among
these lymphocytes, there was a statistically significant decline in the frequency and total number
of ILC2P in the bone marrow of mice challenged with Alternaria extract compared to vehicle
(Figure 5-11 B, E, and F). Concurrently, intranasal Alternaria extract challenge stimulated an
increase in serum IL-33 concentrations compared to vehicle (Figure 5-11 G). Collectively, these
data demonstrated that allergic airway inflammation promotes egress of ILC2P from the bone

marrow and that this may be driven by increase serum concentrations of IL-33.
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Figure 5-11. Allergic airway inflammation induced by the fungal aeroallergen Alternaria
alternata promoted increased serum IL-33 and ILC2P egress from the bone marrow.

(A) Adult naive WT mice were treated for four consecutive days with intranasal injections of
Alternaria alternata extract or PBS vehicle and harvested 24 hours after the final treatment. (B)
Representative gating for ILC2P in the bone marrow. (C) The total number of viable bone
marrow cells and (D) the total number of bone marrow lymphocytes. (E) ILC2P frequency
among live bone marrow cells and (F) the total number of ILC2P in the bone marrow. (G) The
concentration of IL-33 in the serum as measured by ELISA. Data are combined from 3
independent experiments (C-G) or representative of 3 independent experiments (B) and
displayed as the mean + SEM. *p < 0.05 and ***p < 0.001 by unpaired t-test. Dashed line
indicates the limit of detection of the assay.

132



4 N 1.0 kK 250 - .
s = * <
9 2 . 3 081 oo 200 o%
o X 31 ° O -.: o o®
= & 2 g, 2 150+ =+
) g °® - x é
O 24 ° — <
=2 ud .. . = . 0e® S ®
[} < - = 0.4 4 o g 100 A Y
£ 3] e pe -é— = .
- —
] o 0.2 50 ﬁ
© :é = .
5 o-— 0.0 meqprm— 0 +—r ()]
c PBS Alternaria PBS Alternaria PBS Alternaria c
g it
=4
i
E 200 e - F 800 - n
CD127 —» ° _ .
~ 1504 6004 N
E ™ E
) =
& 100 £ 400 ®eq
v a E
] Y '
= 50 - o = 200 "
® .,
U [ ]
lewe i
PBS Alternaria PBS Alternaria

Figure 5-12. Allergic airway inflammation induced by the fungal aeroallergen Alternaria
alternata.

Adult naive WT mice were treated for four consecutive days with intranasal injections of
Alternaria alternata extract or PBS vehicle and harvested 24 hours after the final treatment. (A)
Representative gating for ILC2 in the lungs. (B) The total number of viable lung cells, (C) ILC2
frequency among live lung cells, and (D) the total number of ILC2 in the lungs. Whole lung
homogenate concentrations of (E) IL-5 and (F) IL-13. Data are combined from 3 independent
experiments (B-F) or representative of 3 independent experiments (A) and displayed as the mean
+ SEM. ***p < 0.001 by unpaired t-test.
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5.3.10. Hematogenous Reseeding of Peripheral Tissues by ILC2 Occurs in the Context of

Disrupted Tissue Homeostasis

ILC2 are primarily maintained in naive, adult mice by local in situ mechanisms.
Parabiosis experiments in adult, naive mice spanning 1 month or 4 months have shown that in
several peripheral tissues, infiltrating ILC2 represent fewer than 5% of the total ILC2
population®’. However, data in both humans and mice hint that disrupted homeostasis may
induce some degree of hematogenous reseeding by 1LC2%%%2%* \\e sought to determine
whether disruption of tissue homeostasis could induce migration and hematogenous reseeding of
tissues by ILC2. We reasoned that mobilization of ILC2 by signals such as IL-33 may increase
the pool of hematogenously available ILC2 for reseeding. To evaluate tissue reseeding, we
employed a parabiosis system in which a congenic WT CD45.1" mouse (recipient) received a
sub-lethal dose of gamma radiation to disrupt homeostasis (Figure 5-13 A). This radiation-
conditioned mouse was surgically connected to a naive WT CD45.2" mouse (donor) and allowed
to reconstitute for 4 weeks. After 4 weeks, we evaluated the frequency of donor ILC2 in the
lungs, skin, and mLN of the irradiated recipient mouse. We readily detected donor ILC2 cells
within the lungs, skin, and mLN of the radiation-conditioned recipient mice, with average donor
frequencies of 27%, 22%, and 35%, respectively (Figure 5-13 B-E). These frequencies were well
above those observed in prior reports of parabiosis experiments in naive mice, where fewer than
5% of the cells were from the opposing mouse®. These data suggest that hematogenous
reseeding of tissues by ILC2 can be a participatory mechanism under circumstances when tissue

homeostasis has been disrupted.
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Figure 5-13. ILC2 reseeded peripheral tissues by hematogenous spread in the
context of disrupted homeostasis.

Congenic CD45.1" WT mice (recipient) were sublethally irradiated and parabiosed to
CD45.2" WT mice (donor) and allowed to equilibrate for 4 weeks. (A) Experimental
design. The frequency of donor CD45.2" ILC2 was measured in the (B) lungs, (C)
skin, and (D) mLN of recipient mice. (E) Average ILC2 donor frequencies from 3-4
parabiosis pairs per tissue. Data are representative of 2 independent experiments (B-
D) or combined from 2 independent experiments (E) and displayed as the mean +
SEM.
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5.4. Discussion

In this study, we evaluated the effect of IL-33 on development and egress of ILC2P from
the bone marrow. Compared to WT controls, mice lacking IL-33 signaling had a significant
accumulation of ILC2P in the bone marrow. Our data suggest this effect on ILC2P is primarily
due to defective egress rather than aberrant development. Using bone marrow chimeric mice, we
identified that IL-33 signaling intrinsic to the ILC2P was required to establish bone marrow
frequencies. We found that St2”" ILC2P displayed altered expression of multiple chemokine
receptors, including the bone marrow retentive receptor Cxcr4, which was upregulated compared
to WT ILC2P. 1L-33 negatively regulated the expression of ILCP2P CXCR4 in vitro and
disruption of CXCR4 signaling reduced the number of ILC2P in the bone marrow of St2”" mice.
Furthermore, increasing serum IL-33 concentrations via direct intravenous injection robustly
mobilized ILC2P to egress from the bone marrow. Parabiosis in the context of radiation-induced
disruption of homeostasis demonstrated the potential relevance of circulating ILC2. Collectively,
these data establish a key role for IL-33 in promoting the egress of ILC2P from the bone marrow.

Several prior reports have identified modest reductions in the number of ILC2 in
peripheral tissues of naive or vehicle treated mice in the absence of 1L-33 signaling®™ #1922,
We had initially hypothesized that this may be due to a developmental impedance, as IL-33
promotes ILC2 differentiation from CLP in vitro®®*. Surprisingly, IL-33 appeared dispensable
for the development of ILC2 that are able to proliferate and produce IL-5 and IL-13. It is
possible that ILC2 functions beyond proliferative potential and IL-5/IL-13 producing capacity
may be affected by development in an IL-33-deficient environment, but further characterization

of developing ILC2 will be necessary to assess this.

136



Rather than affecting development, our data point to a vital role for 1L-33 in promoting
efficient egress of ILC2P from the bone marrow. We identified that ILC2P-expressed CXCR4 is
mechanistically involved in retaining ILC2P in the bone marrow in the absence of 1L-33
signaling. Blockade of CXCR4 reduced the number of St27" ILC2P in the bone marrow, though
not entirely back to WT levels. Additional IL-33-dependent pathways likely collaborate with
CXCR4 to promote retention or egress of ILC2P. In neutrophils and hematopoietic stem cells,
CXCR4 works in conjunction with integrin VLA-4 to mediate retention in the bone
marrow?’*#™_ It is intriguing to consider VLA-4/VCAM-1 as a potential collaborator, but further
work will be needed to establish a role for integrins in ILC2 bone marrow retention. WHIM
syndrome is a rare autosomal dominant disorder in which mutations in CXCR4 lead to
hyperactive or prolonged signaling through this receptor?’®. Patients with WHIM syndrome
present with recurrent infections, hypogammaglobulinemia, and retention of neutrophils in the
bone marrow. WHIM syndrome may represent a clinical scenario in which we can better
understand the role of CXCRA4 signaling in human ILC2 biology.

Increased plasma concentrations of 1L-33 have been observed in numerous human

277-279 280 281

diseases including asthma , atopic dermatitis®™, allergic rhinitis=", inflammatory bowel

282,283 284,285

disease?®? rheumatoid arthritis , and psoriasis®®®, among others. In many of these
diseases, ILC2 are thought to participate in driving inflammation. Our data in mice demonstrate
the intravenous delivery of IL-33 mobilizes ILC2 to egress from the bone marrow. It is
interesting to consider whether a similar effect exists in humans, and whether anti-I1L-33
therapeutics currently in development may reduce inflammation by not only blocking local tissue
effects but also reducing the recruitment of new ILC2. Beyond disease, I1L-33 is a central

perinatal signal that leads to the initial seeding and accumulation of ILC2 in peripheral
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tissues®” ., Within the first few weeks of life, IL-33 expression peaks within the tissue and this
correlates with an enrichment of tissue-embedded ILC2. It remains unclear whether this initial
burst of IL-33 expression after birth extends to the serum or bone marrow, and if so, whether a
similar 1L-33-dependent ILC2 egress mechanism augments this perinatal tissue seeding.

IL-33 regulated the expression of multiple chemokine receptors in ILC2P. Specifically,
IL-33 decreased the expression of Cx3crl, Ccr7, Ccr9, Cxcr4, and Ptgdr2 and increased the
expression of Ccl1. Notably, CCR9 is a gut-trophic signaling pathway?’®, and IL-33 may be
skewing ILC2 migration towards sites outside of the gastrointestinal tract. Within the
gastrointestinal tract, tuft cell-derived IL-25 is thought to be a key regulator of ILC2-
responsiveness’"2. Tuft cells are not major sources of IL-33, and any trafficking bias induced by
IL-33 may function to guide cells to areas of higher IL-33 content. Further work will be needed
to understand whether IL-33 affects the preferential accumulation of ILC2 within one tissue over
another. Additionally, Ccll and its receptor Ccr8 were previously identified to be expressed at
high levels by small intestinal ILC2, suggesting a possible autocrine feed-forward loop™>?. We
identified that IL-33 signaling increased the expression of Ccl1, though no differences in
expression were observed in Ccr8 expression between WT and St2” mice. The CCL1/CCRS axis
promotes the migration of CD4" Th2 cells towards sites of allergic inflammation?”. Our data
may fit a hypothetical model whereby IL-33 promotes mobilization of ILC2 to egress from the
bone marrow and simultaneously upregulates the CCL1/CCR8 chemotactic system that guides
newly egressed ILC2 towards sites of type 2 inflammation. Additional investigation will be
required to assess the functional significance of 1L-33 regulation of Ccll in bone marrow ILC2P.

Given the effect of 1L-33 on regulating chemokine receptor expression in bone marrow

ILC2P, it is plausible the 1L-33 may also shape the chemokine receptor profiles of peripheral
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ILC2. Beyond retention of cells in the bone marrow, CXCR4 is involved in a number of
biological processes including the trafficking of lymphocytes into secondary lymphoid organs®™.
ILC2 readily cycle between tissues and adjacent lymph nodes *° and also interface with the
adaptive immune system?®">4112117.118.12L.287.288 \nhether peripherally expressed IL-33 affects
ILC2 trafficking between tissues and secondary lymphoid organs in a CXCR4-dependent manner
remains unknown. IL-33 may also work in combination with other signals to exert tissue-specific
effects on ILC2 chemokine receptor expression, and additional characterization will be needed
on a tissue-by-tissue basis.

Herein, our data provide evidence that IL-33 promotes the egress of ILC2P from the bone
marrow. Mice lacking IL-33 signaling had a significant accumulation of ILC2P in the bone
marrow, mechanistically driven in part by an overexpression of Cxcr4. Intravenously-delivered
IL-33 rapidly and significantly mobilized ILC2P to egress from the bone marrow, providing
potential human disease relevance. These data broadly expand our understanding of 1L-33

biology and ILC2 migration.
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CHAPTER 6

SUMMARY AND CONCLUSION

6.1. Synopsis of Findings

ILC2 are potent effector cells of the innate immune response that rapidly respond to
allergic and allergic-type stimuli and mediate pathophysiologic changes in tissues such as the
lung. Our data in Chapter 3 support a significant role for ILC2 and TSLP in mediating early
mucus production and airway hyperactivity in a mouse model of severe RSV infection. ILC2
responses precede T cells in this model, demonstrating a critical role for innate cells in inducing
classical T-cell-associated pathologies during RSV infection. The cytokine TSLP was necessary
for this induction of ILC2, differentiating the activation of ILC2 in this model of RSV compared
to models of rhinovirus and influenza infection, which depend on IL-33 and/or IL-25.

In Chapter 4, we demonstrate that the ILC response to RSV infection as a whole is
broadly regulated by a major anti-viral pathway—interferon signaling to activate STAT1.
STAT1 signaling attenuated ILC2 and ILC3 responses and supported the activation of classical
NK cells. This balance of ILC was broadly consistent with minimizing pathophysiologic
changes in the airways and maximizing viral clearance, though the relative contribution of ILC
was not assessed. This STAT1-mediated restriction of ILC2 and ILC3 was mediated by both
cell-intrinsic and cell-extrinsic pathways. Specifically in regard to cell-extrinsic pathways, we
found that STAT1 repressed the production of IL-33 and IL-23, potent activators of ILC2 and

ILC3, respectively.
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Finally, in Chapter 5 we demonstrate that ILC2 exit the bone marrow for putative
hematogenous trafficking to sites of allergic inflammation via 1L-33 signaling. IL-33 is
dispensable for ILC2 development but instead promotes the efficient egress of ILC2 from the
bone marrow by downregulating CXCR4 on ILC2. Similar results were obtained in the context
of allergic airway inflammation, where we observed a significant increase in the serum
concentration of IL-33 that correlated with a loss of ILC2 from the bone marrow. Parabiosis
studies extend our current understanding of ILC2 trafficking, demonstrating significant potential
for the hematogenous spread of ILC2 in the context of disrupted tissue homeostasis. These

findings are summarized in Figure 6-1.
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Figure 6-1. Graphical Summary of Dissertation Results

In Aim 1, we found that RSV infection induce the release of IL-33 and TSLP. In
particular, TSLP activated ILC2 to express IL-13, which led to airway mucus
accumulation and airway hyperreactivity (AHR). In Aim 2, we found that
interferon:STAT1 signaling restrained ILC2 and ILC3 responses to RSV by repressing
IL-23 and IL-33 as well as acting via a direct ILC cell-intrinsic effect. Finally, in Aim 3
we found that 1L-33 promotes the efficient egress of ILC2 progenitor cells from the
bone marrow for hematogenous spread by downregulating CXCR4 on ILC2 progenitors
in the bone marrow.
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6.2. Limitations in the Investigation of ILC

6.2.1. Identification and Visualization of ILC

Challenges remain in defining ILC and visualizing them in tissue. Specifically,
identification strategies for ILC2 remain varied with only moderate consistency. Among
consensus markers, ILC2 are lineage negative defined as negative for T, B, NK cell, granulocyte,
macrophage, mast cell, basophil, and erythroid markers. ILC2 are also unanimously considered
positive for CD90 and CD127, though not all investigators gate ILC2 using both markers
(including our research group, where to date we have only used CD90 sparingly). ILC2 are
governed by the transcription factor GATAS3, and so GATAS staining has been used to
selectively mark ILC2 but requires either reporter mice or fixation and intracellular staining.
Several surface markers have been employed by different investigators to mark ILC2 including
ST2, IL-25R, ICOS, and KLRG1. However, reports suggest these markers may be variably
expressed in different ILC2 fractions (natural ILC2 versus inflammatory ILC2), across different
tissues, under inflammatory conditions, and in ILC2 from males versus females.”**?*° Indeed,
we demonstrate heterogeneity in the expression level of ST2 across tissues in Chapter 5, and
have also found (in experiments not shown in this dissertation) variations in KLRG1 expression
in lung ILC2 as defined by GATAS, IL-5, or IL-13 expression. CD25 has also been used to
mark ILC including ILC2, but its expression levels are significantly lower in ILC2 in certain
tissues in quiescent ILC2 compared to activated ILC2.

Given the heterogeneity in strategies used to identify ILC2, the ability to extrapolate

results from one system to another is limited. More rigorous characterization of ILC2 in
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different tissues, as well as the developmental relationship between ILC2 in disparate parts of the
body, may help clarify identification strategies for ILC2 that can be applied more broadly and
with higher sensitivity and specificity for ILC2. Initial studies to this effect have been performed

focusing on ILC1 and ILC3 subsets™?

, and future “-omics” investigations will likely help to
clarify this issue.

Similarly, very limited in situ analysis of ILC2 has been performed because the
identification strategies for ILC2 largely exceed the capacity to image them with traditional
microscopy. In naive mice, IL-5 production has been shown to be restricted to ILC2 in certain
tissues and some investigations have used IL-5-positivity to identify ILC2 at baseline.?
However, such analyses may be significantly confounded in inflammatory situations. Others
have focused on CD3 negative cells that expresses an ILC-specific marker such as GATAS or
ST2, but these markers are not necessarily unique to ILC2.?® Most interestingly, one group
stained for a panel of lineage markers similar to flow cytometry and computationally subtracted
this staining to reveal lineage negative cells that they further characterized by CD127 and
GATAB3 staining.**® While robust, this approach required significant computational expertise.

Major advances in our understanding of other cell types have come from visualizing them
within the tissue. While modern flow cytometry (and more recently, mass cytometry) allows us
to analyze the phenotype of cells in great detail, it provides no evidence about the spatial
arrangement of these cells in tissue. For instance, in our studies, do ILC2P cluster in the bone
marrow around niches rich in CXCL12, the ligand for CXCR4? Or, do ILC2 in the lungs expand
in specific regions that might reveal new mechanistic insight into ILC2 activation? Further work
will be required to enhance our in situ characterization of ILC2 to complement the evidence

gained from flow cytometric evaluations like those performed in this dissertation.
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6.2.2. Modeling the Role of ILC2 in Allergic Disease

Beyond identification of ILC2, the models used to mimic human allergic disease and to
assess the necessity and sufficiency of ILC2 in these contexts have limitations. For instance,
models of airway inflammation used to induce ILC2 generally involve the instillation of a high
dose of allergen straight into the airways over the period of a few days to skew towards innate
cell activation. Alternatively, classical allergen challenge models using adjuvants such as alum
in combination with an antigen such as ovalbumin induce strong CD4" Th2 cell responses
without many of the characteristic innate cell activation features. Both models require
significant doses and relatively short exposure times. However, individuals with allergic airway
disease are often exposed to environmental antigens in lower doses but across a substantially
longer time period. The employment of more chronic allergen models may help to elucidate
what the balance of innate and adaptive immune contributions are in a more human-like allergen
challenge system.

Limitations also exist in the mouse model of RSV infection. The use of neonatal mice
may serve as a better mimic for human disease, as infants are the most likely to suffer from
severe infection.”®> However, it is important to note that mouse and human development in utero
and ex utero differs substantially, and establishing comparable ages between mice and humans is
not without challenges. Moreover, the composition of the T cell compartment of adult mice
housed in specific pathogen free cages is strikingly similar to human infants.?*> Therefore, while
age may be an important consideration, further work will be necessary to characterize the ideal

age for RSV infection in mice to mimic human infections in infants. An approach we have taken
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over the last several years to improve upon the mouse RSV infection model is to employ the use
of clinical isolates of RSV, including in Chapter 3 and 4 of this work. These are clinical isolates
that have known human pathogenicity, and generally mimic the immune response observed
during severe RSV infection in humans better than classical laboratory strains such as A2 or
Long. The development of mouse-adapted RSV similar to mouse adapted influenza (PR8) may
also offer advantages.

Finally, several approaches have been employed to evaluate the role of ILC2 in disease.
Rag”™ mice lack T cells and Rag™yc” mice lack both T cells and ILC2, allowing for the use of
adoptive transfer and depletion studies to assess for the ILC2-specific contribution to disease.
However, more recent evidence highlighting critical crosstalk between ILC2 and adaptive cells
suggest this model may have limitations.>* ILC2 depend upon the transcription factor RORa,
and mice with a spontaneous mutation “stagger” (Rora®¥*%) have a profound loss of ILC2 but not
other ILC.*® These mice do not live into adulthood, however, because of neurologic
abnormalities requiring adoptive transfers or conditional deletions of RORa to be used.>* While
specific to ILC2 within the ILC lineage, RORa. is expressed by CD4" Th17 cells and RORa-
deficiency reduces Th17 cell differentiation and IL-17 production.?®® Finally, ILC2 are depleted
in ICOS-T mice that express a transgenic loxP-flanked diphtheria toxin receptor (DTR) in the
endogenous ICOS locus and a CD4-Cre recombinase, allowing for the selective removal the
DTR from CD4" T cells. The remaining ICOS" cells, notably ILC2, express the DTR and
diphtheria toxin exposure depletes ILC2 by approximately 90%.%* The ICOS-T mouse
represents quality model for depletion, but not total elimination, of ILC2 though is limited by its
conditional nature and may not represent an ideal model for studying ILC2 development across a

longer arc of time or in utero. Similar to above, the identification of unique markers of ILC2 that
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differentiate them from T cells will position the field to better develop models that selectively
deplete ILC2 without substantial alterations in other cell types, allowing for better analysis of

ILC2 function in an otherwise intact immune system.

6.3. Implications and Future Directions

6.3.1. Targeting ILC2 in Allergic Disease

The development of new therapeutics to better treat allergic diseases including asthma is
of paramount importance. Current asthma therapies include inhaled corticosteroids, anti-IgE and
anti-IL-5 monoclonal antibodies, leukotriene inhibitors, and f2-agonists, among others. While
these approaches have significantly decreased the burden of allergic disease, there remain
concerns about adverse events, cost, and effectiveness in all patients. Approximately 5-8% of
individuals have severe refractory asthma that fails to respond to current therapies.”®* Given the
volume of evidence in recent years supporting a role for 1L-25, IL-33, and TSLP in augmenting
type 2 immune responses, these cytokines have emerged as high-priority targets for
pharmacologic intervention. To date, the most advanced investigational new drug (IND) is
AMG-157, an anti-TSLP neutralizing antibody. In a phase Il trial, patients were randomized to
placebo or AMG-157 and receive doses on days 1, 29, and 57 of the study. Experimental
allergen challenges were completed on days 41-43 and 83-85 of the protocol, and demonstrated
that patients receiving AMG-157 had a smaller reduction in FEVV1 compared to placebo
treatment during the early and late phase allergen response.®® Several IND are in the pipeline or

in preclinical development targeting IL-33 binding to ST2. One IND, AMG-282, is an anti-ST2
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antibody and is currently in phase I clinical trials for mild allergic asthma and CRS
(NCT01928368 and NCT02170337). A second IND, ANBO20, is being evaluated in phase Il
trials for the treatment of peanut allergy (NCT02920021).

As IL-25, 1L-33, and TSLP therapeutics proceed through development, it is worth noting
several considerations for their use that can be gleaned from preclinical data. First, there appear
to be distinct requirements for 1L-25, IL-33, or TSLP in activating ILC2 with different
respiratory viruses in mice. Rhinovirus-induced activation of ILC2 requires either IL-25 or IL-
33, whereas ILC2 are primarily activated by IL-33 in the context of influenza.****#"1% |n
Chapter 3, we demonstrate that RSV activates ILC2 via TSLP. A report published around the
same time as our work demonstrated that IL-33 may also play a role in RSV-induced ILC2
activation.'® We found that 1L-33-deficiency did not decrease the number of ILC2, though
reduced IL-13 protein was found in the lungs suggesting IL-33 may toggle cytokine production
rather than ILC2 number. The heterogeneity in cytokine-stimuli identified in these studies for
different viruses suggest that, while all of the cytokines have ILC2-enhancing capacity, the most
effective therapeutic intervention may vary by virus species. Our work provides critical insights
into expanding the potential targets in the context of viral infection, being the first evidence for a
TSLP-signaling requirement in ILC2 activation during viral infection. Given the potential
clinical delays in viral identification in patients presenting to the hospital, an alternative approach
may be combinatorial targeting of IL-25, IL-33, and TSLP. In mice, disruption of all three
cytokines during the initiation and maintenance of house dust mite-induced asthma reduced
airway eosinophilia, IL-4, IL-5, and IL-13 cytokine production, and luminal mucus staining to a

greater degree than disruption of any individual cytokine alone.*”
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Interestingly, the cytokine-expressing spectrum of ILC2 may depend upon whether they
are stimulated with I1L-25, 1L-33, or TSLP. In our RSV model (Chapter 3), activation of ILC2
with TSLP induced IL-13" ILC2 but not IL-5" ILC2. This is in contrast to treatment of mice
with Alternaria alternata, which produced higher levels of IL-5" ILC2 compared to I1L-13" ILC2
and is highly dependent upon IL-33 signaling.”**% This skewing towards IL-5 or IL-13 may be
related to I1L-33 or TSLP-dependent signaling, respectively. In vitro evidence with human ILC2
suggest that stimulation with various combinations of I1L-25, IL-33, and TSLP alter the surface
expression of CD127, CRTH2, IL-25R, TSLPR, and ST2 as well as the expression of IL-13 and
GM-CSF depending upon which combination of 1L-25, IL-33, and TSLP are present in the
media.'”” These data provide further evidence that matching the appropriate therapeutic to a

given disease will be critical in maximizing effectiveness.

6.3.2. Coordination of ILC Responses

While substantial and important effort has been invested in understanding individual
activators and inhibitors of specific ILC subsets, an appropriate immune response to a given
insult is likely to require the simultaneous activation and inhibition of different ILC subsets. In
Chapter 4, we identified STAT1 signaling as a convergent pathway that regulates the balance of
ILC1, ILC2, and ILC3 in a manner consistent with anti-viral immunity. This is particularly
relevant as asthma is a heterogeneous disease, often with significant type 2 inflammation but also
with features of type 1 and type 17 immunity.?**?%” The capacity to appropriately regulate all
three classes of ILC concurrently represents an ideal pharmacologic goal. To date, such targets

remain elusive. We provide evidence that STAT1 may represent such a target, at least in the
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context of viral infection. Evidence suggests that toggling STATL1 to a more activated state, as
might be the case with a pharmacologic intervention, may improve anti-viral immunity. In mice,
a constitutively hyper-responsive version of STAT1 improved antiviral function.”® The
identification of additional pathways in different disease states that regulate the appropriate

balance of ILC may prove particularly useful therapeutically.

6.3.3. Establishment and Maintenance of the Type 2 Immunologic Niche

The events that orchestrate initial seeding of tissues with ILC2 and their subsequent
maintenance throughout life are incompletely understood. Several recent reports have implicated
an early burst of IL-33 expression in the lungs of post-natal mice with the accumulation of ILC2
by 1-2 weeks after birth.#° Mice lacking I1L-33 or ST2 have reduced accumulation of ILC2 by
postnatal days 7, 10, and 14 compared to wild type mice. This ILC2 infiltration recruits
eosinophils and M2 macrophages. Moreover, the number of ILC2 in a two week old mouse is
comparable to adult mice, demonstrating that initial seeding of tissues with ILC2 is largely
completed very early in life.%" %

Questions remain about the source of ILC2 and the factors that guide ILC2 to various
tissues. While ILC progenitors including ILC2P are readily found within the bone marrow, it
remains to be proven that this is the only source or the primary source. Though the bone marrow
is a likely contributor, ILC progenitors can also be found in the fetal gut and neonatal spleen,
suggesting sources of ILC may be varied.*** Little is known about the chemotaxis of 1LC2

under any circumstances. CCR9 promotes the accumulation of ILC2 in the small intestine at

baseline.*%® However, the majority of evidence for ILC2 trafficking comes from studies in
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inflammatory models. In models of helminth infection or allergic inflammation, PGD; and 3,
integrins guide 1LC2 to the lungs.’®'®* PGD, has been shown to induce chemotaxis of human
ILC2 in vitro as well.”® Our data in Chapter 5 focus primarily on the events of bone marrow
ILC2 egress induced by IL-33, with presumed implications for hematogenous trafficking. Given
the enhanced IL-33 signaling tension in the postnatal period, it is possible that an IL-33-mediated
egress mechanism is involved in the early ILC2 seeding events. IL-33 has been found to be
weakly chemotactic itself and may recruit ILC2 to the lungs where 1L-33 is highly expressed in
the postnatal period, though other pathways such as CCR9 and those yet to be described likely
play a role in the guidance of ILC2 to tissues.®*"

The tissue maintenance of ILC2 populations in adult mice, during homeostatic and
inflammatory conditions, is an area of active investigation. Specifically, conflicting data exist
about whether ILC2 are exclusively tissue-derived or can be reconstituted from hematogenous
sources.?*921%0191 5yr data in Chapter 5 provide evidence to support a role for hematogenous
trafficking in the context of disrupted tissue homeostasis. Parabiosis studies have been the
predominant approach to studying trafficking of ILC. In adult, naive mice, ILC including ILC2
did not migrate to the opposing parabiont in any appreciable capacity across 1 or 4 months of
parabiosis.?® Similar results were obtained in parabiosis pairs with a diphtheria toxin-induced
depletion of Foxp3™ regulator T cells (Tregs), which results in systemic lymphoproliferation and
fatal autoimmunity.” However, in a model of Nippostrongylus brasiliensis (N.b.) infection,
which induces a strong, smoldering type 2 immune response in the lungs and intestine, moderate
infiltration of hematogenously derived ILC2 was observed at day 15 post-infection with
approximately 10% of the ILC2 from the donor mouse suggesting a total infiltrating fraction of

20%. Importantly, N.b. infection activates a substantial ILC2 response but not ILC1 or ILC3,
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and neither ILC1 nor ILC3 were found to traffic to the lungs or intestine in the context of N.b.
infection.” In a separate parabiosis study, mice were given 1L-33 intranasally on day 34 and 36
post-parabiosis, and the number of host and donor ILC2 were assessed on day 39 post-parabiosis.
In this model, fewer than 5% of the ILC2 were donor-derived.®®

Several important differences may explain the divergent results from these studies. The
length of the inflammatory stimulus appears to play a critical role in whether ILC migrate.
During N.b infection, migration was observed at day 15 post-infection but not day 7 post-
infection. The studies evaluating ILC migration during Treg depletion and IL-33 intranasal
exposure were harvested 9 and 5 days post-exposure, respectively, and may not be capturing this
delayed, substantial migration observed during N.b. infection. Additionally, the quality of the
inflammation may play a role. N.b. infection induces a strong type 2 immune response, and it is
only ILC2 but ILC1 and ILC3 that traffic in this context. Though IL-33 intranasally is also a
type 2 polarizing stimulus, only two doses were given, which may not have been substantial or
protracted enough of an inflammatory insult to induce tissue reseeding of new ILC2. Similarly,
the inflammation associated with Treg depletion is broad and not type 2-specific, which may
have attenuated the effect on ILC2 recruitment.

The Kaede transgenic mouse model has provided further evidence for ILC trafficking in
adult mice by allowing investigators to selectively photoconvert a fluorescent protein in one area
of the mouse and monitor for their trafficking to other tissues. Specifically, ILC2 and ILC3 were
shown to migrate from the intestinal tissue to surrounding lymph nodes in significant
quantities.®® Multiple studies in humans support a role for ILC trafficking in the context of
disrupted tissue homeostasis. In patients with severe combined immunodeficiency (SCID) who

received hematopoietic stem cell transplants, tissue reconstitution of ILC with donor cells only
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occurred in the context of pre-transplant myeloablation.?®* In addition, in patients with aspirin-
exacerbated respiratory disease (AERD), ILC2 rapidly accumulated in the inflamed nasal
mucosa after COX-1 inhibitor exposure and this correlated with a decrease in circulating ILC2 in
the blood.**” These data in humans support a role for hematogenous trafficking of ILC2 to sites
of tissue disruption, either by radiation exposure or hypersensitivity reaction. In this dissertation,
we demonstrate that substantial ILC2 recruitment through the blood occurs in the context of low-
dose exposure to gamma radiation in multiple peripheral tissues. Our data support a role for
ILC2 trafficking through the blood in replenishing peripheral ILC2 populations in adult mice,
specifically in the context of disrupted tissue homeostasis.

A generally type 2 immune skewed environment exists in the lungs in the postnatal
period, though the overall goals of this are not entirely understood. As described above, ILC2
may in part precipitate this with the recruitment of eosinophils and the polarization of
macrophages towards an M2 phenotype. IL-33 coordinates with ILC2-derived IL-13 to activate
dendritic cells, restrain dendritic cell IL-12 production, and increase the expression of dendritic
cell OX40L, positioning these cells to skew CD4* T cell differentiation towards Th2 cells.®’ It is
hypothesized that type 1 immune responses are suppressed in the lungs of infants to restrict
damaging inflammation, and that enhanced type 2 responses may be a natural consequence.
However, the pathways described here are driven by a well-regulated bolus of IL-33 production
in neonates, suggesting a more actively intentional skewing towards type 2 immunity. This may
be primarily in support of tissue development, as pro-growth signals such as amphiregulin are a
staple of type 2 immune cells including 1LC2.%82%93% || -33-activated ILC2 appear to be a major
initiator in neonates that coordinates the establishment of a type 2 niche within mucosal tissues

that may persist throughout life and predispose to asthma.

153



6.3.4. Functional Significance of ILC

ILC share numerous functional similarities with adaptive CD4" T cells, provoking the
guestion—what is the functional significance of ILC, or are they simply redundant to CD4" T
cells? Insights in the global transcriptional control were recently published comparing ILC
subsets with their CD4* T helper counterparts.*®* Broadly, the chromatin landscape of quiescent
ILC is in an open arrangement at key cytokine producing loci and regulatory regions. This is
broadly consistent with the rapid responsiveness of ILC. Moreover, this chromatin signature
most closely aligns with differentiated T helper rather than naive T helper cells. Hence,
quiescent ILC appear to look like differentiated T cells, though it seems underwhelming to
consider the only functional difference between ILC and T cells to be their capacity to respond
quickly (though in theory that may be true). Some differences, however, were observed in
transcriptomic analyses between ILC and T cells in categories such as cell surface markers,
metabolic enzymes, chemokine receptors, and secreted factors, though further analysis will be
required to understand the functional significance of these differences.*%

A provocative report analyzing human patients following hematopoietic stem cell (HSC)
transplant suggest that ILC may be entirely redundant.?®* Patients who received HSC transplant
without prior myeloablation reconstituted their T and B cell compartments but not ILC. Over the
arc of years to decades, these patients showed no major susceptibility to warts, human papilloma
virus, ENT infection, diarrhea, or respiratory disease compared to patients who received HSC
transplant following myeloablation and whose ILC compartments were partially restored. These

data suggest ILC may be dispensable in adults, at best redundant and at worst unimportant
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entirely. The bulk of literature outlined in the introduction would suggest it is unlikely that ILC
are unimportant, but whether their functions can be compensated for in adults remains
unresolved. This study represents an elegant approach to unraveling this mystery, though some
limitations exist. This study focused primarily on children and adults, though ILC as discussed
above may be most important in infancy. Moreover, ILC have been implicated in adipose tissue
homeostasis, but extensive metabolic parameters were not considered as part of this
analysis.”*?”® In summary, the overwhelming evidence in animal models and the correlative
data in humans suggest that ILC likely have a functional role, though further work will be

necessary to understand whether which functions are unique and which are redundant.

6.4. Closing

The work outlined in this dissertation lends credence to the importance of ILC2 during
respiratory viral infection, and the pathways including TSLP and STATL that regulate those
responses. Furthermore, this dissertation provides evidence that 1L-33 promotes bone marrow
egress of ILC2 lineage cells that may perpetuate ILC2-driven inflammation in the periphery.
Overall, these data provide important advancements in our understanding of ILC biology and

suggest potential meaningful strategies for therapeutic intervention in allergic disease.
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