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Abstract

Innate lymphoid cells (ILCs) are a rare population of innate immune cells that are part of
the first line of defense against pathogens. These cells arise from the same lymphoid lineage that
B cells, T cells, and NK cells belong to. Type 2 ILCs (ILC2s) are a subset of ILCs that reside in
the lungs, mucosal layers, and skin, and have roles in clearing helminth infections, triggering
allergic responses, and promoting lung tissue repair after Influenza infections. The function of
these cells mirrors those of Tu2 cells but lack the ability to recognize antigens. However, their
full developmental background is still unknown. It is currently understood that ILC2s develop in
the fetal liver and adult bone marrow from common lymphoid progenitors and differentiate into
several intermediates before being classified as ILC2 progenitors (ILC2p). ILC2ps express
interleukin-7 (IL-7) receptor with the aid of the transcription factor GATA3. Our lab has shown
that IL-7 is a critical growth factor for ILC2 development as mutations to the IL-7 receptor
showed a reduction in the ILC2 population and GATA-3 expression. Conversely, overexpression
of IL-7 resulted in the expansion of the ILC2 population and elevated GATA-3 expression. I
hypothesized that IL-7 transcriptionally regulates ILC2 maintenance and immune responses.
Using qRT-PCR and high-parameter flow cytometry, I examined ILC2 development dependence
on IL-7 and maternal IL-7 influence on offspring ILC2 populations. Through RNA sequencing, I
identified the differences in the transcriptional landscapes regulated by IL-7 and thymic stromal
lymphopoietin (TSLP) in lung ILC2s. This body of work will not only increase our
understanding of a rare but vital cell population, but also contribute novel targets in therapeutic

strategies for allergic asthma and viral infections.
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Lay Summary

Type 2 innate lymphoid cells (ILC2s) are rare immune cells found in the lungs, gut, and
skin and are vital to fighting parasitic worm infection and lung tissue repair after Influenza
infection. ILC2s may also cause unwanted effects such as stimulating inflammatory responses
during allergic reactions. The development of ILC2s is tied to the expression of DNA regulator
“GATA3” and receptor for an essential immune hormone “interleukin-7" (IL-7). I found that
when IL-7 signaling was blocked, the total number of ILC2s and their GATA3 expression

decreased in fetal and adult tissues. Fetal exposure to high doses of IL-7 was also found to

potentially influence ILC2 development. Lastly, I showed that lung ILC2s treated with IL-7 or its

related immune hormone “thymic stromal lymphopoietin” affected gene activity in these cells
distinctly from each other. These findings will aid in the development of novel treatments for

allergic asthma and airway viral infections.
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Chapter 1: Introduction

1.1 Innate lymphoid cells

ILCs were identified in 2008 and 2009 as a heterogenous cell population involved in
immune defense against infection and tissue repair!. These cells are derived from the lymphoid
lineage and can be considered the innate immune cell counterpart to adaptive CD4" T cells 2.
One difference between ILCs and CD4" T cells is that ILCs lack antigen recognition, thus solely
relies on environmental cues of cytokines and alarmins to respond?. This also means ILC
immune responses are more rapid and non-specific compared to adaptive T cell responses*. ILCs
were extensively studied in mouse models and humans, however, there is a lack of ILC research
on other mammals and non-mammals'. Based on extensive phylogenetic analysis of ILC
signature genes, it is thought that ILC-like cell populations exist in lampreys, bony fish,
amphibians, reptiles, and birds'->. Since ILC-like cells were identified in invertebrates and early
vertebrates, ILCs are hypothesized to be the evolutionary precursor to Tx cells due to their
shared characteristics and lack of antigen specificity in ILCs?.

ILCs are classified into three subsets: type 1 ILCs (ILC1), type 2 ILCs (ILC2), and type 3
ILCs (ILC3)®. Each subset has their own distinct functions and expression of transcription factors
and surface markers® 7. Consistent with the notion that ILCs are the innate counterpart to Ty
cells, they share important development transcription factors and respond to similar signals?.
Importantly, all ILCs lack immune cell lineage markers (CD3, CD19, CD56, CD68, CD205;
classified as Lin’)®.

The defining characteristics of ILCl1s are their production of IFN-y and inability to
release Tu2 and Tu17 cytokines, which makes these cells the innate counterpart of Tul cells®.

ILCls rely on Tbet as their key transcription factor for their development and function, and



express NK 1.1 and NKp46, similar to Tul and NK cells respectively® °. Although they express
NK cell markers, these cells are non-cytotoxic and respond to intracellular pathogens and
tumours through the detection of interleukin (IL)-12, -15, -18 to activate macrophages and
induce production of oxygen radicals®. ILC1s are tissue-resident cells primarily found in non-
lymphoid tissues such as small intestine mucosa, liver, salivary glands, and female reproductive
tract'?. Unlike other ILC subsets, adult tissue-resident ILC1s are maintained through self-renewal
rather than recruitment!®,

ILC2s were first identified in 2006 as “non-B, non-T” cells that release IL-13 in response
to IL-25 production® '!. Later, it was discovered that these cells can produce Tu2 specific
cytokines in response to IL-25, IL-33 and TSLP!2. During parasitic infections, ILC2s have been
shown to release IL-5, IL-6, and IL-9 to aid in infection clearance!!> 3. ILC2s also rely on
GATA3 and RORa transcription factors for their function and development, thus are the innate
counterpart to Tu2 cells'*!7. ILC2s may remain in adult bone marrow and become tissue-
residents or migrate into peripheral tissues such as the lungs where they can exacerbate allergic
lung inflammation or promote tissue repair and homeostasis following influenza infections!!- 13-
20, Lung ILC2s also express high neuropillin-1 (Nrp1) which is not seen in other mature ILC2
subsets?!. Transfers of non-lung ILC2s into the lung environment resulted in the manifestation of
Nrpl expression on these cells indicating its tissue-induced and tissue-specific expression. New
studies have shown that ILC2s may be involved in immune surveillance in tumour environments
and are important in controlling tumor metastasis??. It is debated whether ILC2s were seeded
during development and remained as tissue-residents or were activated and trafficked to sites

where they were needed?® 2%, These contradictory findings suggest there may be two ILC2

subpopulations?’.



The last subset are ILC3s that are defined by their ability to produce IL-17A IL-22, and
IFNy. Similar to Tul7 cells, ILC3s rely on RORyt for their development and function?® 27,
Characterization of ILC3s is much more complex because there are two subpopulations of
ILC3s: lymphoid tissue-inducing cells (LTi cells) and natural cytotoxicity receptor (NCR) +/-
ILC3s% 28, LTi cells are required for secondary lymphoid organ development such as the spleen
and lymph nodes during embryogenesis®. NCR+ and NCR- ILC3s differ in their production of
IL-22 and IL-17A; NCR+ ILC3s only produce IL-22 while NCR- ILC3s can produce both
cytokines® 2% 3%, NCR expression is associated with NKp46 expression and NK cell phenotype,
which makes ILC3s similar to ILC1s?%. ILC3s can be found at barrier tissues such as the skin,
lung, and gastrointestinal tract, and their production of IL-22 is important for generating
intestinal immune responses against pathogens?®. Due to the diverse nature of ILC3s, they are
thought to be tissue-resident sentinels and act as a communications hub for intestinal immunity?®,

Although ILCs are classified under 3 different subsets for universal nomenclature

purposes, it bears iterating that ILCs demonstrate plasticity between subsets?!-3?

. For example,
when treated in vitro with IL-1B and IL-12, ILC2s will convert into ILC1s and produce IFNy33.
Using ST2-GFP reporter mice that tags IL-33-stimulated ILC2s with GFP, in vivo conversion of
lung TLC2s to ILC1s has been shown during Influenza infection®*. The induction of RORyt
expression in ILC2s will convert these cells into IL-17 producing ILC3s under conditions of
papain-induced inflammation®. Similar changes also occur in ILC2s during Nippostrongylus
brasiliensis helminth infections®!. This plasticity observed in ILCs allows them to be highly
adaptable to all immune stimuli but can exhibit conflicting immune responses. Under certain

conditions, ILCs may exacerbate the pathology while in others, they aid in disease resolution,

making them a complex immune cell subset to characterize.



1.1.1 Innate lymphoid cell development and tissue establishment

ILC development occurs in the fetal liver and adult BM of both humans and mice?* 3637,
All ILCs begin as common lymphoid progenitors (CLPs) which can develop into B cells and T
cells*® 38, CLPs upregulate Notch and 1d2 to promote ILC development and block T and B cell
development® %0, At this stage, there is a heterogenous cell population of common helper innate
lymphoid precursors (CHILPs; also called common ILC progenitor) and NK cell precursors
(NKps)*: 4!, NKps have the capability to develop into NK cells through an independent
developmental pathway while CHILPs progress onto ILC development by upregulating
promyelocytic leukemia zinc finger (PLZF) and integrin ouuf}7 expression to become ILC
progenitors (ILCps)*®4!-42. PLZF is an excellent marker to use to study ILC development as its
expression is halted prior to the commitment of ILCps into specific lineages®® 2. IL-7 receptor is
also upregulated on all ILCps as it is required for their development*. During this stage of ILC
development, ILCps commit to their lineage through the expression of subset specific
transcription factors: Tbet for ILC1, GATAS3 for ILC2, and RORyt for ILC3*44, Once these
cells commit to their lineage, they become subset progenitors (ILC1p, ILC2p, and ILC3p) and
are ready to enter into the periphery from the fetal liver to complete maturation’”.

It was recently discovered that the adult BM ILC2 pool continuously expanded and
established themselves as tissue-resident cells within the first 6 months after birth?°. Using a
tamoxifen-induced fate-mapping model, it was observed that fate-mapped BM ILC2s were
steadily diluted by newly generated unlabelled cells over a period of 4 months after tamoxifen
removal. However, the examination of fate-mapped peripheral ILC2s in the lungs and small

intestine revealed that the majority of these ILC2s remained tagged indicating that peripheral



ILC2s are stable, long-lived cells and few ILC2s seeded from the bone marrow during adulthood
20

It is still unclear what drives ILCp commitment to one of the three ILC subsets and how
mature ILCs demonstrate subset plasticity. Current literature suggests there are complex
transcription factor networks between GATA3 and Runx3 that regulate this*. If GATA3 is
highly expressed, Runx3 expression is repressed to prevent expression of ILC1 and ILC3
transcription factors and Bcll 1b expression is reinforced to promote ILC2 selection®*46,
Conversely, if Runx3 is highly expressed, GATA3 expression is repressed to block the
expression of ILC2 transcription factors and promote ILC1 and ILC3 selection through increased
Rorc expression** 47,
1.1.2 Importance of ILC2s in immune responses

Although ILC2s are a rare innate immune cell subset that make up 0.4% to 1% of the
total live cells in the lungs*!"> %, they make a large contribution to immune responses to viral and
parasitic infections as well as airway allergens and asthma. ILC2s stimulate Tu2 immune
responses when activated, however, these responses may not always benefit the host or patient.
For instance, ILC2s are required for early innate responses to Influenza infection and tissue
repair post-infection (see section 1.1.2.1) but can cause substantial pro-inflammatory responses
in asthma patients upon encountering stimuli (see section 1.1.2.2).
1.1.2.1 ILC2s during Influenza infections

Influenza infections are conventionally known to induce Tul immune responses;
however, recent publications have shown that Tu2 immune responses are required for full

recovery!® 19430 Upon the infiltration of Influenza virus in the lungs, infected lung epithelial

cells rapidly release pro-inflammatory cytokines induced by NF-kB to enable recruitment of



innate immune cells such macrophages, NK cells, and dendritic cells. Recruited macrophages
will release IL-33 which activates resident lung ILC2s and induces their IL-5 and IL-13 release.
The release of these cytokines regulates eosinophil recruitment and mucous secretion”. It has
been shown that the release of IL-13 by ILC2s can induce airway hyperreactivity in asthmatic
patients during flu, a response independent of adaptive immunity!®. IL-5 and IL-13 release by
ILC2s has been shown to be regulated by IL-7 signaling as IL-7 signaling deficient mice have
diminished cytokine release upon acute Influenza infection®'. It has also been determined that
ILC2 responses to Influenza infection are independent of CD4+ T cells, despite both promoting
Tu2 immunity through the release of IL-5 and IL-13%.

In addition to releasing IL-5 and IL-13, ILC2s are also responsible for tissue repair and
homeostasis once infection has cleared. In mouse models, when ILC2s are depleted or I1L.-33
signaling is blocked during an Influenza infection, mice showed reduced lung function and
hampered airway tissue remodelling when the infection cleared!®. It was shown that lung ILC2
accumulation occurred after infection had cleared and that amphiregulin release by ILC2s was a
key promoter for lung tissue remodelling and rebuilding airway epithelial integrity'®. Genome-
wide transcriptional profiling showed lung ILC2s expressed genes related to wound healing,
immune defense responses, and cell proliferation!s.
1.1.2.2  ILC2s during respiratory allergic reactions and asthma

Eosinophilic inflammation, excessive mucous and IgE production, and presence of pro-
inflammatory cytokines IL-4, IL-5, IL-9, and IL-13 are all key characteristics of respiratory
allergic responses®® 3. Prior to the discovery of ILCs, it was thought that Tu2 cells and mast
cells were the main orchestrators of allergic reactions®*. ILC2s were later found to have

dominant roles in orchestrating these responses as well. Since ILC2s lack antigen receptors, their
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responses to allergens are solely based on the release of IL-25, IL-33, TSLP released by
surrounding epithelial cells” 2. When ILC2s become activated indirectly by allergens, similar to
Influenza infections, they release large amounts of IL-5 and IL-13 to drive pro-inflammatory
responses” 3%, ILC2-deficient mice (RORo-deficient model) have impaired Tu2 responses to
papain allergen due to deficiency of IL-13, which is needed to activate Tu2 T cells and recruit
dendritic cells®* 3¢, Adoptive transfer of ILC2s from WT to ILC2-deficient mice was sufficient to
restore this defect.

Asthma is a chronic, Ty2-skewed inflammatory disease of the lungs with a broad range of
triggers and severities®’. Since the discovery of ILC2s, it has been shown that asthmatic patients
have increased numbers of peripheral blood ILC2s and Tu2 cytokine levels®®. Inhaled steroids
are a common prescribed treatment for asthmatic patients as it suppresses the activation of
inflammatory cells and release of inflammatory cytokines and chemokines®. However, TSLP-
activated ILC2s are found to be resistant to corticosteroid (dexamethasone) treatment and were
elevated post-treatment in patients indicating they may be the cause of severe or refractory
asthma®® ¢!, Treatment with TSLP blockage or STATS signaling was shown to eliminate
corticosteroid resistance in ILC2s.

1.2 Interleukin-7 and family cytokines

IL-7 is a growth-promoting cytokine required for B cell, T cell, and ILC development. It
is produced by stromal cells in the BM and thymus under homeostatic conditions®2. IL-7 is a
member of the common y-chain cytokines which also includes IL-2, IL-4, IL-9, IL-15, and IL-
21. Defects in IL-7 or its receptor results in severe immunodeficiencies which has resulted in IL-
7 being one of the most extensively studied cytokines®®. Conversely, when IL-7 is elevated above

physiological levels, it can lead to the development of rheumatoid arthritis, psoriasis, and



inflammatory bowel disease®*. IL-7 is not only critical for the development of key immune cells
but is also important for thymic development (thymopoesis) and CD8 T cell priming during
Influenza infections® 6.
1.2.1 Interleukin-7 and thymic stromal lymphopoietin

The IL-7 receptor is a heterodimer consisting of IL-7Ra (CD127) and the common -
chain (yc; CD132)%. Upon the binding of IL-7 to its receptor, Jak1 and Jak3 are activated and
phosphorylated, which then recruits and phosphorylates STATS. Phosphorylated STATS will
translocate to the nucleus to regulate cell proliferation, homeostasis, and function. IL-7Ra can
also form a heterodimer with the TSLP receptor subunit (TSLPR) to allow for TSLP signaling.
TSLP is produced by epithelial cells in the intestines, lungs, and skin®’. In contrast to IL-7
signaling, the binding of TSLP to its receptor results in Jak1 and Jak2 activation to phosphorylate
STATS. Although the receptor for TSLP uses IL-7Ra, it’s signaling promotes the expression of
non-essential genes for hematopoietic processes and genes for pro-inflammatory responses®® .
1.2.2  Interleukin-7 in ILC development and function

Current literature suggests that IL-7 is indispensable for the development of ILCs and
that specifically, ILC2s are heavily dependent on IL-7 signaling** 43 7% 7!, The receptor for IL-7
appears on ILC2s during early development with transient expression, then remains highly
expressed throughout the lifespan of these cells** 7. There is evidence that IL-7 and Notch
signals are key regulators of ILC differentiation from T cell development. When CLPs
experience strong IL-7 and moderate Notch signaling in the fetal liver, ILC development is
favoured, whereas low IL-7 and high Notch signaling promotes T cell development** 72, Recent

findings from our lab identified that IL-7 signaling was required for GATA3 expression in ILC2s

during their development in adult BM>!. When IL-7R signaling was impaired, BM ILC2s and



their GATA3 expression was significantly reduced®'. Others have shown that deletion of IL-7
receptor resulted in the absence of ILC2s, suggesting IL-7 has roles in determining ILC2 fate in
ILCps* 70,

Current research on ILC2s and their requirement for IL-7 is heavily focused on
developmental relevance, however, there is evidence that supports a requirement for IL-7 in
ILC2 function. In a Trichinella spiralis infection study in Tbet-deficient mice, there was an
increased number of ILC2s responding to such infection and elevated IL-5 and IL-13
production’. It was also determined that these ILC2s had higher expression of IL-7Ra,
suggesting IL-7 regulates ILC2 function’. IL-7 is also important for proper lung ILC2 responses
to Influenza infections since a reduction in IL-5, IL-13, and amphiregulin was observed when IL-
7 signaling was impaired>!. Since amphiregulin is needed for tissue remodelling and homeostasis
post-infection, loss of IL-7 may result in poorer Influenza infection outcomes with greater lung
tissue damage.

1.2.3 Interleukin-7 treatments and therapies

Due to the effects that IL-7 has on immune cell development and establishment of
immune responses, it is an attractive candidate for immunotherapies and treatments. Early
clinical trials focused on using recombinant human IL-7 (thIL7) to improve vaccine efficacies.
Numerous studies found that rthIL7 treatment near time of vaccination expanded the pool of
antigen-specific effector and memory T cells and had long-lasting effects on the memory T
cell’”*78 TL-7 was also found to increase TCR repertoire diversity which may be beneficial for
aging individuals with progressive immune deficiencies’’. Other applications of IL-7 therapies
include HIV infections, idiopathic CD4 T cell lymphopenia, congenital immunodeficiency, and

post-hematopoietic stem cell transplantation’” 7. During early clinical trials of IL-7 therapy,



there were concerns over the potential of inducing lymphopenia and autoimmunity, but no
adverse side effects were observed in these trials’®. With the recent COVID-19 pandemic, it was
discovered that rhIL-7 administered to critically ill COVID-19 patients helped reverse the
pathologic hallmarks of COVID-19 without worsening inflammation or pulmonary injury®® 8!,
These findings are consistent with other studies that showed IL-7 restored lymphocyte numbers
and synergistically improved antiviral treatments. This is relevant to ILC2s and their contribution
to lung diseases since SARS-CoV?2 utilizes Nrpl, a marker of lung ILC2s, as one of its cellular
entry receptors®?.

Clinical trials were later expanded into examining rhIL7 efficacy in cancer

immunotherapies’® 83 84

. It was shown that chimeric antigen receptor (CAR) T cells treated with
IL-7 expanded more robustly compared to IL-4 treatment and mediated potent antitumour
immunity in mouse breast cancer models®> %, TL-7 treatment has also been shown in metastatic
melanoma and sarcoma patients to boost naive T cell populations but not regulatory T cells
(Tregs). This is a promising finding since Tregs contribute to tumour growth and abnormal
immune responses to tumours’’. Based on the benefits of combining vaccines with rhIL7 to
expand TCR repertoires, prostate cancer vaccine Provenge was combined with rthIL7 and

showed a doubling of prostate cancer-specific T cells that are likely to benefit patients’: 87,
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1.3 Hypothesis and aims

Given that IL-7 is crucial to the development and function of ILC2s, I hypothesized that
IL-7 transcriptionally regulates ILC2 maintenance and immune responses. [ aim to answer
the following questions in this study: What role does IL-7 play in ILC function and
maintenance? How does IL-7 promote ILC2 maintenance and function in peripheral tissues?
What are the downstream transcriptional effects of IL-7 and TSLP signaling in ILC2s? 1 first
examined IL-7 signaling regulation of developing ILC2s in fetal liver and adult BM through
analysis of GATA3 and key ILC2 surface markers. Next, I examined the long-term effects of IL-
7 on functional responses to influenza infections. Lastly, the effects of IL-7 and TSLP signaling
on mature lung ILC2s were examined through RNA sequencing of these cells following in vivo
stimulation with IL-7 or TSLP. This study gained insights on a rare but vital cell population, but
also contributed novel targets such as periostin and RELM-a. for therapeutic strategies to treat

immune-related diseases and infections.
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Chapter 2: Materials and Methods

2.1 Mouse strains, housing, and breeding
Mice were housed at the University of British Columbia (UBC) in the Center for Disease
Modelling (CDM), a specific-pathogen-free facility. Mouse strains used and a brief description

of them are listed in Table 2.1. Mice were housed till 6- to 8-weeks old before tissue isolation for

experiments.
Strain Brief description
C57BL/6] Control, wild-type mice. Jackson Laboratory
sourced.

IL-7 knock-out mouse in which IL-7 gene is
replaced with GFP (homozygous expression)
88, These mice were a gift from Dr. J. Mike
McCune (UCSF).

Knock-in hypomorph mouse with mutation
IL-7RaY*F (B6.129S7-117rm1imx/T) from tyrosine to phenylalanine at motif 449
on IL-7Ra; B6 background®.
Transgenic mouse with IL-7 inserted at Ep

promoter for high expression of IL-7; B6

Transgenic IL-7 (TgIL7) background®®°!. These mice were a gift from

Dr. Philip Leder (Harvard Medical School,
Boston, MA).

TSLPR knock-out mouse; B6 background®?.

These mice were a gift from Dr. James Thle

IL-7eGFP (IL-7-KO)

/-
TSLPR (St. Jude Children’s Research Hospital,
Memphis, TN).
Reporter mouse that incorporates an IRES-
PLZFGFPere EGFPcre fusion protein expressed from the

mouse PLZF/Zbtb16 promoter; B6
background?®¢.
PLZFS*Pere mouse crossed with IL-7Ra Y44%F
mice; B6 background.
Table 2.1 Different mouse strains used to study ILC2 development and function.

PL ZFGFPcre /IL-7ROLY449F
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2.1.1 Timed matings

8 to 10 adult female mice of the same strain were housed together in a cage for 10 days to
sync estrous cycles before separation, then paired with a male mouse between 4:00-5:00PM.
Sunflower seeds were added to timed mating cages to optimize conditions for mating. Plugs
were checked visually and with a metal probe before 8:00AM the next day to confirm successful
mating. If a plug is found on the female mouse, that day was scored embryonic day 0.5 (E0.5).
Plugged females were then singly housed and fed a high-fat diet. On E14.5, pregnancies were
confirmed through visual check (i.e., rounded belly, enlarged nipple patches).
2.1.1.1 Maternal-fetal IL-7 exposure timed matings

TgIL7 female mice were mated with male WT mice following the protocol described in
section 2.1.1. This breeding set-up differs from conventional TgIL7 breeding in that the female is
TgIL7 rather than the male to allow for the transfer of IL-7 to the fetuses through the placenta
but may result in poorer breeding outcomes as TgIL7 females have historically shown in our lab.
Fetal overexpression of IL-7 does not occur as the IL-7 transgene in this mouse model is
controlled by Ep heavy chain, which is only expressed in mature B and T cells®®°!. Tissues from
offspring mice were not collected until 6 to 8 weeks after birth. Each experimental mouse

condition and a brief description are provided in Table 2.2.
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Experimental mouse condition Brief description
C57BL/6J mice with no exposure to maternal-fetal IL-7

WT (mf-IL7); control for WT+mf-IL7 mice. On C57BL/6J
background.
WT offspring from female TgIL7 and male WT timed
WT + mf-IL7 matings; have been exposed to mf-IL7 during fetal
development.

TgIL7 mice with no exposure to mf-IL7; control for
TgIL7 TgIL7+mf-IL7 mice. Overexpression of IL-7 does not
occur until after birth.

TgIL7 offspring from female TgIL7 and male WT timed
TgIL7 + mf-IL7 matings; have been exposed to mf-IL7 during fetal
development and overexpress IL-7 after birth.

Table 2.2 Experimental mouse conditions of offspring mice in maternal-fetal IL-7 exposure

experiments.

2.2 Mouse tissue collection and single cell preparation

For all experiments, mice were anesthetized using 3% isoflurane carried through 1L/min
oxygen before euthanasia. For bone marrow, thymus, and spleen tissues, CO> was then delivered
at a flow rate of 12L/min before cervical dislocation to finalize euthanasia. For lungs and fetal
liver tissues, 5% isoflurane in 1L/min oxygen was used to anesthetize mice before cervical
dislocation to euthanize mice. Isopropanol was used to sterilize the animal before using scissors
and tweezers to excise desired tissue(s). All tissues were placed in individually labelled sterile
tubes with sterile ice-cold PBS on ice before cell isolation.
2.2.1 Bone marrow

To isolate bone marrow, all excess muscle is scraped off femurs and tibias using scissors
then the ends were cut off. Using a 27-gauge needle, 10mL ice-cold HBSS supplemented with
10% FBS or NCS was used to flush bone marrow from prepped femurs and tibias (10mL per

bone). Samples were then centrifuged at 400G for 5 minutes at 4°C. ACK lysis buffer was used
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to lyse red blood cells. Samples were resuspended in ice-cold HBSS supplemented with 10%
FBS or NCS before cell counting with trypan blue.
2.2.2 Lungs

To make single cell lung suspensions, lungs were minced with scissors followed with
enzymatic digestion with 180 units/mL Collagenase IV and 20pg/mL DNase I in SmL RPMI
medium. Samples were placed in a shaking incubator at 37°C for 45 minutes before filtering
through 70um cell strainers. Cells were collected in conical tubes then centrifuged at 400G for 5
minutes at 4°C before using ACK lysis buffer to lyse red blood cells. Samples were resuspended
in ice-cold HBSS supplemented with 10% FBS or NCS before cell counting with trypan blue.
2.2.3 Thymus, spleen, and fetal liver

To collect fetal liver, the uterus was first isolated then washed with 15mL sterile ice-cold
PBS before gently removing the fetuses. Each fetus was then decapitated before isolating for the
liver with tweezers.

To make single cell suspensions, tissue of interest was filtered through 70um cell
strainers with ice-cold HBSS supplemented with 10% FBS or NCS. Filtered samples were then
centrifuged at 400G for 5 minutes at 4°C. ACK lysis buffer was used to remove red blood cells.
Cells were resuspended in ice-cold HBSS supplemented with 10% FBS or NCS for cell counting
with trypan blue.

2.2.4 Immunomagnetic cell selection of ILC2s

EasySep™ Mouse Streptavidin RapidSpheres™ Isolation Kits and EasySep™ Mouse

ILC2 Enrichment Kits were purchased from StemCell Technologies (Vancouver, BC Canada) to

aid in the enrichment of ILC2s from various tissue sources. For isolation of BM ILC2s for qRT-
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PCR, EasySep™ Mouse ILC2 Enrichment Kit was used. For isolation of lung ILC2s post-
stimulation with IL-7 or TSLP, EasySep™ Mouse Streptavidin RapidSpheres™ Isolation Kit
was used after staining with biotin-labelled lineage antibodies to deplete Lineage+ cells (see
section 2.4.1 for full list of lineage antibodies used).
2.3 Cytokine stimulation of ILC2s
2.3.1 Invitro IL-7 stimulation of bone marrow ILC2s

After preparing BM single cell suspensions, 6x10° cells were seeded into 6-well plates in
2.5mL RPMI media. Cells were rested under serum starvation for 2 hours prior to stimulation.
IL-7 (Peprotech, catalog #217-17) was prepared in RPMI media supplemented with 10% FBS,
1% penicillin-streptomycin, and 50uM 2-mercaptoethanol at a concentration of 20ng/mL. To
stimulate the cells, 2.5mL of the prepared IL-7 was added to each well to create a final
concentration of 10ng/mL IL-7. Controls were given same volume of RPMI media supplemented
with 10% FBS, 1% penicillin-streptomycin, and 50uM 2-mercaptoethanol. Cells were incubated
for 16 hours before collection for antibody staining and analysis by flow cytometry. Samples
were collected at various timepoints over a 10-day period and supplemented with additional
media (0.5-1mL) if phenol red indicated high acidity at later timepoints.
2.3.2  Invivo intranasal IL-7 and TSLP stimulation of lung ILC2s

Recombinant mouse IL-7 (carrier-free) was purchased from Biolegend (catalog #577804)
and TSLP was purchased from R&D (catalog #555-TS/CF). IL-7 was diluted to 2pug in 30puL
sterile PBS before intranasal delivery. TSLP was first diluted to 10pug/mL with sterile PBS as a
stock solution then prepared to 500ng in 30uL sterile PBS. Mice were put under shallow

anesthesia with isoflurane before intranasal delivery of cytokines. Cytokine delivery was split
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into two-15uL doses, one dose per nostril to prevent suffocation. Sterile PBS was used in the
control mice. After intranasal cytokine delivery, mice were gently placed back in their cages and
monitored until they behaved normally. Mice were then monitored daily until day of tissue
collection. No pathologies were expected or occurred during these experiments.
2.4 Influenza infection

Influenza A/PR/8/34 (PR8) was purchased from Charles River Laboratories (Wilmington,
MA, USA). Mice were put under anesthesia with isoflurane before infection with 500
Hemagglutinin Units (HAU) of Influenza PRS8 in 12.5uL of sterile PBS. Control/uninfected mice
were given 12.5uL of sterile PBS alone. Infection lasted for 6 days before experimental
endpoint. Infected mice were monitored daily following guidelines set by Unviersity of British
Columbia ACC and Canadian Council on Animal Care.
2.5 Flow cytometry

All flow cytometry data presented in this thesis were acquired on Attune NxT Flow
Cytometer (Thermo Fisher Scientific; Waltham, MA) or CytoFlex Flow Cytometer (Beckman
Coulter, California) offered by ubcFLOW single cell flow analytics core (Vancouver BC,
Canada). Data were analyzed using FlowJo software (FlowJo LLC; Ashland, Oregon).
2.5.1 Cell staining

All cell staining steps were done at 4°C in the dark using HBSS supplemented with 10%
FBS or NCS. Mouse anti-2.4G2/Fc receptor (AbLab) was preincubated with cells at a 1:400
dilution prior to surface and intracellular staining steps to prevent non-specific antibody binding.

Table 2.3 is a comprehensive list of all antibodies used and the titrated working dilution.
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Titrated

antibody, PE

Antibody Company working
dilution
Anti-CD3g [2C11], biotin AbLab 1/200
Anti-B220 [RA-6B2], biotin AbLab 1/200
Anti-NK1.1 [PK136], biotin AbLab 1/200
@~ Anti-CD11b [M1/70], biotin AbLab 1/200
< Anti-CD11c [N418], biotin AbLab 1/200
= Anti-Gr-1 [RB6-8C5], biotin AbLab 1/200
B Anti-Terl 19 [Terl19], biotin AbLab 1/200
= Anti-CD11c [N418], biotin AbLab 1/200
£ Anti-CD45.1 [A20], biotin AbLab 1/200
~ Anti-TCR-B [H57-597], biotin Biolegend 1/200
Anti-TCR-yd [UC-13D5], biotin Biolegend 1/200
Anti-CD4 [RM4-5], biotin BD Biosciences 1/200
Streptavidin, Brilliant Violet 650 BD Biosciences 1/100
Anti-ST2 [DJS8], FITC MD Bioproducts 1/100
Anti-ST2 [RMST2-2], PE ThermoFisher Scientific 1/50
Anti-CD127 [eblos;% 199], PerCP-eFluor ThermoFisher Scientific 1/100
% Anti-Nrpl [3DS304M], PE-Cy7 ThermoFisher Scientific 1/200
= Anti-a4p7 [DATK32], PE ThermoFisher Scientific 1/100
E Anti-Sca-1 [D7], APC ThermoFisher Scientific 1/200
2 Anti-CD4 [GK1.5], APC ThermoFisher Scientific 1/200
< Anti-NK 1.1 [PK136], FITC Biolegend 1/100
e Anti-ICOS [C398.4A], PE/Dazzle 594 Biolegend 1/200
Anti-CD45 [30- F11], Pacific Blue Biolegend 1/400
Anti-NKp46 [29A1.4], Brilliant Violet 605 Biolegend 1/100
Anti-CD90.2 [30-H12], Alexa Fluor 700 Biolegend 1/400
Anti-CD8a, Alexia Fluor 488 AbLab 1/200
Anti-IL-13 [eBiol13A], PE/ PE-Cy7 ThermoFisher Scientific 1/200
@ Anti-IL-5 [TRFKS], APC Biolegend 1/200
2 Anti-GATA3 [TWAJ], PE/ eFlour 660 ThermoFisher Scientific 1/50
= Anti-Tbet [4B10], PE-Cy7 ThermoFischer Scientific 1/100
E Anti-RORyt [B2D], PE ThermoFisher Scientific 1/100
g Anti-phospho-STATS5 [pY694], Alexa BD Biosciences 1/50
= Fluor 647
= Rabbit anti-GATA3 [D13C9], primary Cell Signaling
g . 1/100
s monoclonal Technologies
~ | Donkey anti-Rabbit IgG (H+L), secondary |y picher Scientific 1/4000

Table 2.3 Flow cytometry antibodies used for experiments.
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Viability stain [catalog #L.34957 and #65-0865-14] (ThermoFisher Scientific) was used
according to manufacturer’s instructions. eBioscience Foxp3/Transcription Factor staining buffer
set was purchased from ThermoFisher Scientific for intracellular marker staining except for
phospho-STATS detection where cell fixation and permeabilization was done using 90%
methanol (diluted with PBS) at -20°C overnight.

2.5.2  Cell sorting for RNA sequencing analysis

Single lung cell suspensions were stained then enriched with immunomagnetic cell
selection kit before using BD Influx Cell Sort to sort for Lineage- CD45+ Thy1.2+ ST2+ Nrpl+
cells (see Table 2.3 for Lineage antibodies used). Cells were directly sorted into RNAlater
Stabilization Solution (ThermoFisher Scientific) for RNA isolation.

2.6 1IL-7 ELISA

Mouse IL-7 ELISA kits were purchased directly from Abcam (catalog #ab100714).
Supernatants from 10-day IL-7 stimulation assays of bone marrow cells were collected and
frozen at -80°C. Before running the protein assay, samples were thawed and diluted 1:2 with cell
culture media. TgIL7 spleen lysates were also collected and used as a positive control.
Manufacturer’s instructions were followed for the ELISA assay.

2.7 Lung ILC2 RNA sequencing

Tissues and cells for RNAseq were isolated following protocols as described in sections
222,224,and 2.4.2.

2.7.1 RNA extraction

RNeasy Micro Kit was purchased from Qiagen (catalog #74004) to process sorted lung
cells. Briefly, lung single cell suspensions were made as described in section 2.2.2 then sorted as

detailed in section 2.4.2. Sorted cells were then lysed with RLT lysis buffer included in RNeasy
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Micro Kit then frozen at -80°C for storage. Manufacturer’s instructions were followed for RNA
isolation from lysed cells.
2.7.2 RNA sequencing pipeline

RNA samples were analyzed on an Agilent Bioanalyzer RNA 6000 Nano chip for quality
assessment before using SMART-Seq v4 Ultra Low Input RNA kit (catalog #634888) to amplify
low-input RNAs. Samples were then sent to UBC Sequencing and Bioinformatics Consortium
for library preparation and sequencing. Extracted DNA was quantified using Qubit fluorometry.
Sequencing libraries were prepared using the Illumina DNA prep library preparation kit
(formerly known as Nextera DNA Flex), according to manufacturer’s instructions (Illumina, San
Diego, CA, USA). Libraries were pooled and loaded onto a single NextSeq Mid output flow cell,
generating paired-end 150 bp reads (260 million paired-end reads). Raw base call data (bcl) were
converted into FastQ format using the bcl2fastq conversion software from Illumina. RNA
sequencing analysis

RNAseq analysis was performed by Dr. Stephane Flibotte (UBC/Life Sciences Institute
Bioinformatics Facility, University of British Columbia, Vancouver, BC Canada). The multiple
pipelines for the analysis were taken from Vuilleumier et al.”. Briefly, sequencing reads were
first put through FASTP** to remove duplicate and low-quality reads then quality checked with
FASTQC?®> %, Adaptors were trimmed then reads were aligned against whole mouse genome
(NCBI mm10) using STAR®” and HISAT2%. Matrices of counts were created using STAR?’,
STAR-RSEM?’, kallisto!'%, salmon!?!, and HISAT2-Stringtie® 102193, DESeq2!%* and edgeR !>
107 was then used to calculate for differential expression of transcript reads. Scatterplots of read

counts were created in RStudio!®® with ggplot2!® using results calculated by kallisto and
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DESeq2. Heatmaps of z-scores were created in RStudio with pheatmap!!? using results
calculated by DESeq2.
2.8 Bone marrow ILC2 qRT-PCR

Tissues and cells for gqRT-PCR were isolated following protocol described in sections
2.2.1 and 2.2.4. Qiagen RNeasy Micro Kit (catalog #74004) was used to isolate RNA. All RNA
samples were stored at -80°C until needed. cDNA was generated using All-In-One 5X RT
MasterMix purchased from Applied Biological Materials (catalog #G592) and stored at -20°C.
PerfeCTa SYBR Green SuperMix purchased from QuantaBio (catalog #95054-500) was used for
qRT-PCR master mixes. Primer sequences for mouse Rora, Thx21, and 1/13 were collected from
PrimerBank and listed in Table 2.4!!-!13, Mouse Gata3 primer was purchased from Millipore

Sigma (KiCqStart Primer, gene ID 14462, REfSeq ID NM_008091; proprietary sequences).

Primer Direction Sequence (5°—>3°)
Forward GTGGAGACAAATCGTCAGGAAT
fora Reverse TGGTCCGATCAATCAAACAGTTC
Forward AGCAAGGACGGCGAATGTT
T2l Reverse GGGTGGACATATAAGCGGTTC
Forward CAGCCTCCCCGATACCAAAAT
3 Reverse GCGAAACAGTTGCTTTGTGTAG

Table 2.4 Mouse ILC2 qRT-PCR primer pair sequences.

2.9 Statistical analyses
Statistical analyses and graphical data representation were done using Graphpad Prism 9

(version 9.4.0, San Diego, CA, USA). Data presented in this thesis are presented as mean + SEM
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and analyzed by unpaired Student’s #-test or one-way ANOVA with Tukey’s post-test as
appropriate. Results giving a p-value of less than 0.05 were significant. Outliers were identified
and removed using the robust regression and outlier removal (ROUT) method with Q=1%

(maximum false discovery rate).
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Chapter 3: The importance of IL-7 receptor signaling and maternal-fetal IL-7

on ILC2 development and peripheral tissue establishment.

3.1 Introduction

During an Influenza infection in the lungs, innate immune cells are the first responders to
the infection site to control spread until adaptive immune cells arrive and establish a more
specific response!!'*. Type 2 innate lymphoid cells (ILC2s) are one population of innate immune
cells recruited that produce IL-5 and IL-13 in response to alarmins (IL-33, IL-25, TSLP)
produced by damaged epithelial cells, macrophages, and dendritic cells'® !>, One unique
characteristic of ILC2s is that they closely resemble Tu2 cells in their induction of similar type 2
immune responses, GATA3 expression and requirement for IL-7 for development and function'#
17 What differs between these cell types are their site of development and specificity of immune
responses generated. Developing ILC2s are found in the fetal liver (FL) and adult bone marrow
(BM). Unlike T cells, ILC2s develop fully in the FL and BM before migration to peripheral
tissues. Lastly, ILC2s do not detect antigens so the immune responses produced are generic,
unlike T cells which fine-tune their responses depending on the antigen they encounter.

Both developing and mature ILC2s heavily rely on IL-7 which conveys signals for
homeostasis and proliferation*?3-7%- 71 'TL-7 is produced by stromal cells in the BM and
epithelial cells in the periphery** 6116, For IL-7 signaling to occur, IL-7Ra. (CD127) and
common Y. chain pair together to form IL-7 receptor (IL-7R) to permit responsiveness to IL-7%°.
Upon the binding of IL-7 to its receptor, Jak1l and Jak3 are recruited to the receptor for

phosphorylation. This event then recruits STAT1, STAT3 and STATS to the receptor for their
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phosphorylation. Once STAT proteins become phosphorylated, they can enter the nucleus and
modulate transcription.

It is still undetermined how IL-7 regulates ILC2 development and establishment in
peripheral tissues. Previous research has shown that ILC2 progenitor (ILC2p) numbers are
significantly reduced in IL-7R-deficient mice in bone marrow and small intestine, however, early
progenitors were unaffected!> 7% 17, A recent publication from our lab showed that bone marrow
ILC2s and their GATA3 expression increases when IL-7 is supplemented®!. Conversely when
IL-7 signaling was disrupted, a loss of ILC2s and GATA3 expression was observed®!. Finally,
IL-7 signaling was also found to be critical for proper ILC2 immune responses to Influenza
infection’!.

Here, I propose IL-7 signaling regulates GATA3 expression which in turn controls ILC2
development and function. Using various IL-7 mutant mouse models, I showed that when IL-7
signaling was interrupted, a significant loss of ILC2s, Gata3 transcripts, and GATA3 protein
expression in adult BM was observed. Additionally, I observed that loss of IL-7 signaling only
affected ILC2s, leaving ILC1s and ILC3s untouched. Lastly, the role of maternal-fetal IL-7 was
found to have a minimal effect on ILC2 development and lung establishment in offspring mice.
Together, these data indicate that IL-7 is a specific regulator of ILC2 development and function
as well as their GATA3 expression.

3.2 IL-7RaY**F knock-in signaling mutation affects bone marrow ILC2 marker
transcripts and ILC2 numbers

IL-7 is critical for the development of ILC2s, where it has been shown that loss of IL-7
resulted in reduced ILC2 populations 7% !®, T hypothesized that IL-7 signaling regulates ILC2

development through the transcriptional regulation of ILC2 lineage factors. To assess whether
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transcriptional regulation has a role, RNA was isolated from ILC2-enriched bone marrow
samples from WT and IL-7RaY**F mice for qRT-PCR analysis of key ILC2 genes: Gata3, Rora,
and 7113. Thx21 (gene for Tbet) was also included to examine if key ILC1 gene expression was
also affected in IL-7RaY*F mice. IL-7RaY*F mice have a hypomorphic, homozygous knock-in
mutation at tyrosine (Y) residue 449 to phenylalanine (F) which impedes STATS signaling but
does not result in as severe impairments to ILC2 development as IL-7-KO mice, which permits
for the isolation of ILC2s for qRT-PCR analysis. The results showed that Gata3 and Rora
transcripts were downregulated in IL-7RaY##F ILC2s in comparison to WT (Figure 3.1). The
reduction in Rora can be attributed to it being a key regulator of GATAS3. 1//3 and Thx21

transcripts were also shown to be downregulated in IL7Ra. Y4 ILC2s (Figure 3.1).
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Figure 3.1 Key ILC2 marker transcripts are downregulated in IL-7RaY**f bone marrow
ILC2s.

Logio scale of normalized expression values for Gata3, Rora, 1113, and Thx21 in IL-7RaY#F

ILC2s compared to WT ILC2s. All genes were normalized to Gapdh reference gene. Graph

shows mean + SEM from 5-8 samples.
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Since canonical ILC2 marker transcripts were downregulated in IL7Ra.Y##F TLC2s, I next
examined whether these effects correlated with protein expression and cell numbers as detected

Y449F "and IL-7-KO mice were isolated and

by flow cytometry. Bone marrow from WT, IL-7Ra
stained for BM ILC2 surface and intracellular markers as indicated in Table 3.1. It was observed
that both IL-7Ra.Y4*F and IL-7-KO BM ILC2 numbers were significantly reduced compared to

WT (Figure 3.2). GATA3 expression was also significantly reduced in IL-7RoY*#F ILC2s which

was predicted by qRT-PCR analysis showing Gata3 transcripts were downregulated in these

cells. IL-7-KO mice have the fewest detectable BM ILC2s and GATA3 expression.
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Lineage

Surface markers

ILC2 transcription factor

CD3 —CD8+ and CD4+ T cells (T
cell co-receptor)

Thy1.2/CD90.2

GATA3

CD4 — T-helper cells, monocytes,
macrophages, dendritic cells

ST2 - IL-33 receptor

CD11b — monocytes,
granulocytes, macrophages, NK
cells

CD127IL-7Ra

B220 — B-cells, some T and NK
cells

CD45.2

NK1.1 — NK cells

Gr1 — granulocytes

Ter119 — red blood
cells/erythrocytes

TCRP - T cells

TCRYS - T cells (mainly yd T
cells)

Table 3.1 Flow cytometry staining panel for bone marrow ILC2s.
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Figure 3.2 Impaired IL-7 signaling reduces adult BM ILC2 population and their GATA3
expression.

WT, IL-7Ra.Y*¥F and IL-7-KO adult BM ILC2s were stained for surface ILC2 markers and
GATA3 for flow cytometry analysis. A) GATA3+ ILC2s in each representative flow cytometry
plot is gated on the following criteria: single, live, CD45+, lineage-, ICOS+, CD127+, and
GATA3+. GATAS3 fluorescence minus one (FMO) was included as a gating control. B) Total
number of BM ILC2s (ILC2ps) in each mouse strain indicated. C) Total number of BM
GATA3+ ILC2s in each mouse strain indicated. D) GATA3 MFI of ILC2ps in each mouse strain

indicated. Multiple Student’s #-test and one-way ANOV A was performed for this data.
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3.2.1 ILCls and ILC3s are unaffected by the IL-7Ra Y4’ knock-in signaling mutation
With the findings that impaired IL-7 signaling reduced adult BM ILC2 populations, I

examined whether the signaling defect in IL-7Ra.Y44%F

mice was specific to ILC2s or broadly
affected all ILC subsets since IL-7 is required in early ILC development. BM cells were isolated
from WT, IL-7Ra.Y**°F and TSLPR”" mice and stained for ILC1, ILC2, and ILC3 surface and
intracellular markers as indicated in Table 3.2. TSLPR”- BM served as a negative control since
TSLP has minimal effects on ILC development #>%. As shown in Figure 3.3A, there was a slight
reduction in the Tbet+ ILC1 population in IL-7Ra.Y**°F BM. However, absolute cell numbers and
Tbet MFI showed there was no difference between all three genotypes (Figure 3.3B). It should
be noted that earlier qRT-PCR analysis of the Tbet transcript, 7bx21, showed it was
downregulated in IL-7RaY*F ILC2s. Similarly, ILC3s showed no difference in absolute cell
numbers and RORyt expression among the samples (Figure 3.3C, E). The population of RORyt+
cells was relatively large compared to ILCls and ILC2s but likely due to the omission of CD4
and CD3 in the lineage cocktail used to identify ILCs. A portion of these RORyt+ cells are likely
Tul7 CD4+ cells as they also share the same transcription factor as ILC3s for development!!?. It
is plausible that there may also be ILC3 subpopulations that are less dependent on IL-7 masking
rarer ILC3 subpopulations that are affected by the knock-in mutation. Among all ILC subsets,
only ILC2s were affected by the IL-7Ra.Y**F signaling defect, with absolute cell numbers
significantly reduced compared to the other two genotypes (Figure 3.3C, D). These results show

that the IL-7Ra knock-in mutation only affects ILC2, demonstrating their dependence on IL-7

for development and function.
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Ter119 — red blood cells/erythrocytes

TCRP - T cells

TCRYS - T cells (mainly yd T cells)

Lineage Surface markers ILC transcription factor
CD11b — monocytes, granulocytes, CD45.2 Thet — ILC1 marker
macrophages, NK cells
CD1e - dendrific cells, monocytss, Thy1.2/CD90.2 GATA3 - ILC2 marker
macrophages, neutrophils, and B cells
B220 — B-cells, some T and NK cells NK1.1 RORyt — ILC3 marker
Gr1 — granulocytes NKp46

Table 3.2 Flow cytometry staining panel for ILC1, ILC2, and ILC3 populations.
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Figure 3.3 The IL-7 signalling defect in IL-7RaY**F mice only affects ILC2 numbers.

Bone marrow cells were isolated from IL-7Ra.Y*44F, and TSLPR”- mice for cell surface and

intracellular marker analysis by flow cytometry (n=5 for WT, one outlier is excluded, n=4 for IL-
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7Ra.Y#F and TSLPR™). A) ILC1s are identified as single, live, CD45+, lineage-, NK 1.1+,
NKp46+, and Tbet+ in representative flow plots. B) ILC2s are identified as single, live, CD45+,
lineage-, NK1.1-, NKp46-, and GATA3+, while ILC3s are identified as single, live, CD45+,
lineage-, NK1.1-, NKp46-, and RORyt+ in representative flow plots. C) Total number of Tbet-
expressing cells and Tbet MFIs are calculated from the data obtained by flow cytometry analysis.
D) Total number of GATA3-expressing cells and GATA3 MFIs are calculated from the data
obtained by flow cytometry analysis. E) Total number of RORyt-expressing cells and RORyt
MFTIs are calculated from the data obtained by flow cytometry analysis. Multiple Student’s #-tests

and one-way ANOV As were performed for all this data.
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3.3 IL-7RaY**F knock-in effects are independent of IL-7 receptor recycling

I established that IL-7RoY#*F mice have impaired BM ILC2 development but it is
unclear whether this observation is due to the inability of ILC2s to engulf the receptor and
recycle it back to the cell surface, or solely due to incomplete or insufficient signaling cascade
from the knock-in mutation®. To answer the former question, a 10-day in vitro IL-7 stimulation
assay was done with WT and IL-7RaY** BM cells.

At each specified time point, cells were stained for ILC2 surface and intracellular
markers as indicated in Table 3.1 for flow cytometry. In the stimulated WT condition, CD127
expression in ILC2s decreased after IL-7 was added to the media when compared to
unstimulated condition (Figure 3.4A). GATA3 expression in unstimulated and IL-7 stimulated
WT ILC2s began to increase at day 2 and peaked by day 4 (Figure 3.4B). I observed a
downregulation of mutated CD127 in stimulated IL-7Ra.Y#*°F ILC2s similar to WT ILC2s,
however, these cells failed to respond to IL-7 stimulation throughout the time course as detected
through GATA3 expression (Figure 3.4C, D). It should be noted that unstimulated cells also
expressed GATA3in increasing levels as time progressed (Figure 3.4B, D). To determine
whether there might be endogenous IL-7 that may be skewing the results, an IL-7 ELISA was
done. Media conditions and TgIL7 spleen lysates were included as controls for the assay. From
the IL-7 ELISA results, no endogenous IL-7 was detected indicated the absence of IL-7 released
by the cultured cells (Figure 3.4E). This suggests it is likely that there are other stimulating
cytokines and factors stimulating ILC2s, or enabling ILC2 differentiation, inducing GATA3
independently of IL-7. Combining the results in this section, the Y449F knock-in mutation in IL-

7Ra mice does not alter CD127 receptor internalization.
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Figure 3.4 CD127 receptor recycling in IL-7Ra.Y*4°Y bone marrow ILC2s is similar to WT
during a 10-day IL-7 stimulation.

BM cells were cultured with or without IL-7 then GATA-3 was measured at 4 hours, 1, 2, 4, and
10 days post-stimulation (n=3). (A) Summarized CD127 MFI plots of IL-7 stimulated WT BM
ILC2s over 10-day time-course stimulation with IL-7. (B) Summarized GATA3 MFI plots of IL-
7 stimulated WT BM ILC2s over 10-day time-course stimulation with IL-7. (C) Summarized
CD127 MFI plots of IL-7 stimulated IL-7RaY** BM ILC2s over 10-day time-course
stimulation with IL-7. (D) Summarized GATA3 MFI plots of IL-7 stimulated IL-7Ra.Y**f BM
ILC2s over 10-day time-course stimulation with IL-7. (E) Endogenous IL-7 concentrations in
unstimulated supernatants measured by an IL-7 ELISA assay. Supernantant samples were diluted
1:2 prior to analysis to ensure read-out values were within the detection range of the kit (8.23—
6000 pg/mL IL-7). The IL-7 stimulated samples decrease in IL-7 concentrations over the 4-day

time-course as expected but there is no increase in IL-7 in the unstimulated conditions.
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3.4 Impaired IL-7 signaling may impede fetal liver ILC2 development
Having observed a reduction in adult BM ILC2s in impaired IL-7 signaling mouse
models, I asked whether this phenomenon also presents itself in fetal liver (FL) ILC2s. This is

important because Schneider et al.?’

reported that FL ILC2s have a large contribution to
peripheral ILC2 pools during adulthood unlike adult BM ILC2s. I hypothesized that IL-7
signaling was required for development of all ILC2s regardless of development site.

Due to the rarity of ILC2s, we utilized the PLZFSF"* mouse model which tags

developing ILCs with GFP to assist in flow cytometry analysis. PLZFS*¢" mice were mated

with IL-7Ra.Y*F mice to produce homozygous PLZFOPere/[L-7Ra Y44 mice, an IL-7Ra loss of

function model that tags PLZF+ ILCs with GFP. Both PLZFSFPer® and PLZFCPere/[L-7R o Y44%F

timed mating pairs were set up, pregnancies were confirmed on E14.5, then FLs were isolated on

E15.5 for flow cytometry analysis. As shown in the flow cytometry plots in Figure 3.5A, there
was a noticeable loss of PLZF-GFP+ ILC2s from PLZFCPe¢/[L-7Ra.Y4*F FLs when compared
to PLZF. However, the reduction in ILC2 numbers was not significant (Figure 3.5B). It should
be noted that PLZF-GFP expression is unchanged between PLZFStPere and PLZFSFFere/IL-

TRaY*F cells (Figure 3.5C).
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Figure 3.5 Fetal liver ILC2s appear to be reduced in PLZFCPr¢/[L-7RaY*4F mice.
PLZFCtPere and PLZFCFPere/IL-TRaY44F fetal liver ILC2s from E15.5 were stained for flow
cytometry analysis. A) PLZF-GFP+ ILC2s in each representative flow cytometry plot is gated on
the following criteria: single, live, CD45+, lineage-, Thyl+, a4p7+, and PLZF-GFP+. B) Total
number of PLZF-GFP+ BM ILC2s. C) PLZF-GFP MFI calculated from flow cytometry data. C)

PLZF-GFP MFI. Student ¢-tests were performed for this data.

38



Lineage

Surface markers

ILC2 transcription
factor

CD3 —CD8+ and CD4+ T cells (T cell
co-receptor)

CD45.2

GATA3

CD19 — B cells and dendritic cells

CD127/IL-7Ra

CD11c — dendritic cells, monocytes,
macrophages, neutrophils, and B cells

o4p7/LPAM/integrin-
B7 — migration receptor
for ILCps

B220 — B-cells, some T and NK cells

NK1.1 — NK cells

Ter119 — red blood cells/erythrocytes

Table 3.3 Flow cytometry staining panel for fetal liver ILC2s.
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Figure 3.6 E16.5 fetal liver ILC2s isolated from TgIL7 mothers appear to have higher cell
counts and GATA3 expression compared to WT cells.

A) Fetal livers were isolated from E16.5 fetuses for cell surface and intracellular marker analysis
by flow cytometry. Cells in each representative flow cytometry plot is gated on the following
criteria: single, live, CD45+, lineage-, a4p7+, ICOS+, CD127+, and GATA3+. B) Total number
of GATA3 expressing ILC2s (left) and GATA3 MFI (right) of ILC2s identified in flow
cytometry plots. C) CD8+ cell staining of Lin+ maternal splenocytes as positive control. Cells in
each representative flow cytometry plot is gated on the following criteria: live, CD45+, lineage+,

CD8+. D) Total number of CD8-expressing cells calculated from the flow cytometry data.
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3.5 Maternal-fetal IL-7 effects on fetal liver ILC2 development

After observing that IL-7 signaling disruptions may have effects on FL ILC2
development in IL-7R knock-in mice, we wanted to examine whether high concentrations of IL-
7 in a gain of function model would affect developing ILC2s in the opposite manner. Due to the
difficulty of delivering IL-7 directly to the fetuses, timed mating pairs of TgIL7 female mice
with WT male mice were set up instead (refer to Section 2.1.1.1). This model would answer two
questions: (1) does maternal-fetal IL7 exchange occur? and (2) if this exchange occurs, what
impact does it have on FL ILC2 development? Regarding the first question, since it has been
documented that IL-7 has a crucial role at the maternal-fetal interface of the placenta in humans
and results in adverse pro-inflammatory responses at the interface when IL-7 levels are elevated,
I postulated the same may occur in mouse models'2’.

Fetal livers were collected on E16.5 for flow cytometry analysis and stained for markers
listed in Table 3.3. On two separate occasions, only 1 WT and 2 TgIL7 females became pregnant
after the timed mating set-up, hence, statistical analysis could not be performed on the following
data. I observed that FL ILC2 cell numbers and GATA3 expression from TgIL7 mothers trend
higher than that from WT mothers (Figure 3.6A, B). GATA3 expression in FL ILC2s with fetal
IL-7 exposure appeared to be higher compared to WT (Figure 3.6B). Maternal splenocytes were
analyzed for CD8+ T cells to confirm each mother’s genotype (Figure 3.6C, D). TgIL7 mothers
had elevated CD8 T cells compared to WT which is consistent with the genotype. Due to
persistent breeding issues in the animal facility, none of the subsequent timed matings resulted in
more than one female becoming pregnant so these experiments could not be repeated for

statistical analyses.
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Figure 3.7 Fetal exposure to high concentrations of maternal IL-7 shows trends towards
elevated offspring adult bone marrow ILC2 development.

Bone marrow cells were isolated from 7-week-old, litter-matched WT, WT+mfIL7, TgIL7,
TgIL7+mfIL7 mice for ILC2 cell surface markers and GATA3 analysis by flow cytometry. (A)
Representative flow plots of bone marrow ILC2s isolated from different strains/conditions. Cells
are identified as single, live, CD45+, lineage-, Thy1.2+, ICOS+, Scal+, CD127+, and GATA3+.
(B) GATA3 MFT histogram of bone marrow ILC2s obtained by flow cytometry. (C) Total
number of bone marrow ILC2s and GATA3 MFIs calculated the data obtained by flow

cytometry. Multiple Student’s #-test and one-way ANOV A was performed for this data.
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3.6 Maternal-fetal IL-7 effects on adult offspring bone marrow ILC2s

With the findings that fetal liver ILC2 development appeared to have been positively
impacted by high concentrations of IL-7 in TgIL7 fetal livers, I wanted to assess if this early life
exposure to high concentrations of IL-7 had effects that carry into adulthood. In humans, “trained
immunity” is a topic of growing interest which proposes that the maternal immune system and
responses during pregnancy dictates fetal hematopoietic stem cell development and adult
immune function'?!. T posited that maternal-fetal IL-7 exposure had lifelong effects on ILC2
development in the BM.

Offspring from TgIL7 females were matured into adulthood before BM isolation for
ILC2 analysis by flow cytometry. Cells were stained for markers listed in Table 3.1. Comparing
WT with maternal-fetal IL-7 (mf-IL7) exposure to WT controls, there is a pronounced GATA3+
ILC2 population that developed but their GATA3 expression is unchanged compared to WT
controls (Figure 3.7A, C). Similarly, BM from TgIL7 with mf-IL7 exposure also have a distinct
population of GATA3+ ILC2s that is not observed in the respective control (Figure 3.7A). The
appearance of this distinct GATA3+ ILC2 population in mice with mf-IL7 exposure suggests
high concentrations of IL-7 during fetal development may have life-long effects.

Besides analyzing BM ILC2s, CD4 and CDS8 T cells from the thymus were also analyzed
in these mice since these cells are dependent on IL-7 for their development!?2. Moreover, in vivo
IL-7 treatment in mice has been shown to enhance CD4 and CD8 populations!??. Should there be
a long-term effect of mf-IL7 exposure, I wanted to assess whether post-natal thymic CD4 and
CDS8 T cells would also be enriched in addition to BM ILC2s. Strikingly there were no
discernable differences in CD4 or CD8 T cell numbers in thymi isolated from mice with mf-IL7

exposure (Figure 3.8A, B). However, phospho-STATS5 was abrogated in the CD8 T cell
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population. Comparing WT control to TgIL7 control, it appears that phospho-STATS is lower in
TgIL7 than WT (Figure 3.8C, D). When comparing either control to their respective mf-IL7
exposed thymic cells, there was no signal for phospho-STATS indicating an impairment to

steady-state STATS signaling in mf-IL7 exposed CD8 T cells.
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Figure 3.8 Maternal-fetal IL-7 exposure does not impact adult thymic CD4 and CD8 T
cells.

A) Representative flow cytometry plots and quantification of CD4 and CD8 T cells from 7-
week-old, litter-matched mice with mf-IL7 exposure. B) Total number of CD8 and CD4 T cells
from 7-week-old, litter-matched mice with mf-IL7 exposure. C) Representative flow cytometry
plots of phospho-STATS in CD8 T cells from 7-week-old, litter-matched mice with mf-I1L7
exposure. D) Total number of CD8 T cells expressing phospho-STATS and phospho-STATS
expression calculated from MFI. Multiple Student’s #-test and one-way ANOVA was performed

for this data.
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3.7 Maternal-fetal IL-7 effects on lung ILC2 establishment and immune response

After observing an increase in BM ILC2s in adult offspring that were exposed to high
concentrations of IL-7 during fetal development, I next examined if there were functional effects
on ILC2s in the lungs. It had been shown that lung ILC2s were needed for proper tissue repair
and homeostasis following Influenza challenge'®. T hypothesized that mf-IL7 exposure would
affect lung ILC2 responses during Influenza infection.

Lung ILC2s from mice with mf-IL7 exposure were first analyzed during resting
conditions to assess whether there were effects on ILC2 establishment in the lungs. Lung tissues
were isolated from adult mice then prepared for flow cytometry analysis following the staining
panel in Table 3.4. As shown in Figure 3.9A and B, there were no detectable changes in ILC2
numbers between mice with mf-IL7 exposure and their respective control. Additionally, I did not
observe a distinct GATA3+ ILC2 population that was observed in BM samples from mice with
mf-IL7 exposure (Figure 3.7A, 3.9A). When comparing GATA3 expression in lung ILC2s with

mf-IL7 exposure, there were no observable differences between the conditions (Figure 3.9C).
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Lineage

Surface markers

ILCZ transcription factor

CD3 —CD8+ and CD4+ T cells (T cell co-
receptor)

Thy1.2/CD90.2

GATA3

CD4 — T-helper cells, monocytes,
macrophages, dendritic cells

ST2

CD11b — monocytes, granulocytes,
macrophages, NK cells

CD45

B220 — B-cells, some T and NK cells

CD127/IL-7Ra

NK1.1 — NK cells

Nrpl

Gr1 — granulocytes

Ter119 — red blood cells/erythrocytes

TCRP - T cells

TCRyd - T cells (mainly y3 T cells)

Table 3.4 Flow cytometry staining panel for naive lung ILC2s and in vivo stimulated

ILC2s.
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Figure 3.9 Fetal exposure to high doses of maternal IL-7 does not impact offspring adult
lung ILC2 maintenance.

Lungs were isolated from 6- to 8-week-old WT, WT+mf-IL7, TgIL7, TgIL7+mf-IL7 mice for
ILC2 cell surface markers and GATA3 analysis by flow cytometry. A) Representative flow plots
of lung ILC2s isolated from different strains/conditions. Cells are identified as single, live,
CD45+, lineage-, Thy1.2+, ICOS+, Scal+, CD127+, and GATA3+. B) Total number of lung
ILC2s and their GATA3 MFI calculated from flow cytometry data. Multiple Student’s #-test and

one-way ANOVA was performed for this data.
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Next, mice with mf-IL7 exposure were infected with 500 HAU of Influenza PRS for 6
days prior to ILC2 quantification. The 6-day timepoint was selected based on published data
showing highest IL-13 response 6 days post-infection!®. Due to poor breeding, TgIL7 mice could
not be included in this experiment as a control for TgIL7 with mf-IL7 exposure. Lung ILC2s
were stained for the markers listed in Table 3.5 for flow cytometry. Similar to results in naive
lung ILC2s, there were no observable differences between control mice and mf-IL7 exposed
mice (Figure 3.10A, B, C). However, there was a significant elevation of ILC2 numbers and their
GATA3 expression when TgIL7+ mf-IL7 samples were compared to the WT control (Figure
3.10B, C). Lung ILC2s from infected mice were also stimulated with phorbol myristate acetate
(PMA) and ionomycin for 4 hours to induce IL-5 and IL-13 production. There were no
observable differences in IL-5 and IL-13 production between WT and WT+ mf-IL7 (Figure
3.10D, E). Conversely, TgIL7+mf-IL7 lung ILC2s produce significantly more IL-5 and IL-13 in

comparison to WT and WT+mf-IL7 cells.
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Lineage Surface markers ILC2 transcription factor
. + + -
CD3 —CD8+ and CD4+ T cells (T cell co Thy1.2/CD90.2 GATA3
receptor)
CD4 — T-helper cell‘s,. monocytes, 1COS
macrophages, dendritic cells
CD11b — monocytes, granulocytes, Sca-1

macrophages, NK cells

B220 — B-cells, some T and NK cells

CD127/IL-7TRa

NK1.1 — NK cells

CDA45

Gr1 — granulocytes

Ter119 — red blood cells/erythrocytes

TCRP - T cells

TCRy3 - T cells (mainly y3 T cells)

Table 3.5 Flow cytometry staining panel for Influenza infected lung ILC2s.
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Figure 3.10 Lung ILC2 response to PR8 Influenza challenge is unaffected by fetal exposure
to high doses of maternal IL-7.

9-week-old mice were infected with 500 HAU PRS8 Influenza for 6 days before analyzing lung
ILC2s for their key cell markers and IL-5 and IL-13 expression by flow cytometry. (A)
Representative flow plots of lung ILC2s isolated from different strains/conditions. Cells are
identified as single, live, CD45+, lineage-, Thyl.2+, I[COS+, Scal+, CD127+, and GATA3+. (B,
C) Total number of lung ILC2s and their GATA3 MFI are calculated from flow cytometry data.
(D) Representative flow plots of lung ILC2 IL-5 and IL-13 expression in different
strains/conditions. Cells are identified as single, live, CD45+, lineage-, and Thy1.2+ before
analyzing IL-5 and IL-13. (E) Total number of IL-5 and IL-13 lung ILC2s are calculated from
flow cytometry data. Multiple Student’s #-test and one-way ANOVA was performed for this

data.
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3.8 Summary and Discussion
3.8.1 Summary

In this chapter, I showed that IL-7 signaling was critical for FL and BM ILC2
development using different IL-7 signaling mouse models. Through qRT-PCR, it was observed
there was a reduction in Gata3, Rora, 1113, and Thx21 mRNA expression in IL-7RaY**F adult
BM ILC2s. When IL-7 signaling was impaired, either through knock-in mutation in IL-7RaY44F
mice or complete knock-out in IL-7-KO mice, there was a significant reduction in BM ILC2s
and their GATA3 expression. This was also observed in IL-7Ra.Y#*°F timed mating experiments
where fetal livers show reduced ILC2 numbers. In adult BM ILC2s, it was established that IL-
TR0 Y4F impaired signaling defects were independent of IL-7 receptor recycling as CD127
surface detection by flow cytometry after IL-7 stimulation was similar to WT ILC2s.

Additionally, I demonstrated for the first time in a mouse model that there is evidence
indicative of maternal-fetal exchange of IL-7 and these effects can be observed in the fetal liver
and offspring adult bone marrow environment with trends of elevated ILC2 numbers. I also
found that thymic CD8 and CD4 numbers in mice with mf-IL7 exposure were unchanged
compared to controls, but CD8 phospho-STATS signals were absent in both WT and TgIL7 mice
when compared to their respective controls. Lastly, lung ILC2 numbers and their functional
responses to Influenza challenge were not impacted by mf-IL7 exposure.
3.8.2 Discussion

To determine whether transcriptional regulation by IL-7 governs ILC2 development, I did
a qRT-PCR analysis of key ILC2 genes including Gata3, Rora, and 1/13 in WT and IL-7RaY4#F

BM ILC2s then assessed ILC2 numbers and their GATA3 expression. Both methods of analysis
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showed reduced expression of Gata3 mRNA and GATA3 transcription factor expression. IL-7-
KO mice showed the greatest reduction in ILC2 numbers and GATA3 expression. Combining
these results, I conclude that ILC2 development and their GATA3 expression requires intact IL-7
signaling. The severity of impaired IL-7 signaling on BM ILC2 development correlates to the
severity of the IL-7 signaling loss-of-function mouse models used. The fewest ILC2s were
detected in IL-7-KO mice which was due to them lacking IL-7 entirely, unlike IL-7RaY*44%F
which still expresses IL-7 but experiences weaker IL-7 signaling as STATS is not
phosphorylated. I also showed that mutated IL-7RaY**F receptors on ILC2s respond to IL-7
stimulation identically to WT receptor with comparable downregulation. This further supports
the idea that defects in ILC2 development in these models are due to weakened signaling and
downstream transcriptional regulation.

Since IL-7 is required by all ILC subsets during their earliest development stages, I

examined whether impaired IL-7 signaling in IL-7Ra.Y44%F

mice broadly affects all ILC subsets
or is exclusive to ILC2 development. The findings showed that BM ILC1s and ILC3s were
unaffected by the impaired IL-7 signaling which can be attributed to these cells relying on other
cytokines and growth factors to receive the same development and maintenance signals as
ILC2s*. Tbet and RORyt expression was also unaffected. As there were no observable effects on
BM ILCls and ILC3s, I conclude that IL-7Ro.Y#4F mice are a reliable model to study the effects
of impaired IL-7 signaling on ILC2 development. It would be worth analyzing all ILC subsets in

these mice during fetal development and peripheral tissue function to see if IL-7 signaling effects

are seen there.
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After evaluating the importance of IL-7 for BM ILC2 development, I examined its
importance for FL ILC2 development. Two different models were used to evaluate this: (1) loss-
of-function with IL-7Ra.Y#F timed matings, (2) gain-of-function with TgIL7 timed matings.
Starting with the loss-of-function model, FL IL-7RaY*F ILC2s numbers were reduced but were
not statistically significant in difference. These results somewhat mirror what was observed in
adult BM which suggests that IL-7 signaling influences ILC2 development during adulthood and
possibly, in early life, since there was a reduction in ILC2 numbers when IL-7 signaling was

Y449F cells.

disrupted. Additionally, PLZF expression was unchanged between WT and IL-7Ra
This indicates that PLZF is a reliable marker for [ILC2s when used in conjunction with other
ILC2p markers such as Thyl, CD45, ICOS and a4f7 as it is expressed independent of IL-7
signaling.

In the gain-of-function model using TgIL7 mice, I showed that maternal-fetal I1L-7
exposure can influence FL ILC2 development as there was an increase in cell numbers that was
not observed in the WT FLs. A potential concern for immunopathology at the maternal-fetal
interface causing premature termination as described in humans by Vilsmaier ef al. (2021) did
not manifest in these experiments. A slight increase in GATA3 expression was also observed but
due to lack of biological replicates, no statistical inferences could be made. Once mouse facility
breeding issues are resolved, repeating TgIL7 timed mating experiments with enough biological
replicates would be needed to validate the current findings.

I further extended the maternal-fetal IL-7 experiments by examining whether adult BM
ILC2s from mice that had mf-IL-7 exposure experienced similar effects as FL ILC2s. WT and

TgIL7 mice with mf-IL7 exposure developed a distinct GATA3+ ILC2 population that is not

seen in their respective controls; however, this change was not statistically significant.
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Additionally, their GATA3 expression did not change from the respective controls. Although the
results were not statistically significant, replicate experiments showed the development of the
distinct GATA3+ population which suggests mf-IL7 exposure may have lifelong effects on BM
ILC2 development. When analyzing CD4 and CD8 T cells in the thymus of these mice, no
observable changes in cell numbers were observed. It was also observed that phospho-STATS is
reduced in mice with maternal-fetal IL-7 exposure. However, there was a strong phospho-
STATS signal in WT and TgIL7 control cells although these cells were rested and not stimulated.
This indicates that there was a non-IL-7 activator of STATS may be present in the samples
during tissue collection and cell preparation. Combining these findings, it is likely that either (1)
maternal-fetal IL-7 exposure does not occur, (2) maternal-fetal IL-7 exposure does not have
lifelong effects and are temporary in the fetal environment, or (3) maternal-fetal IL-7 exposure
effects are limited to ILC2s. To determine which is occurring, IL-7 concentrations at the
maternal-fetal interface and fetal environment should be measured using IL-7 ELISA to
determine if IL-7 crosses the placenta. If the results show IL-7 crosses the placenta, then these
experiments should be repeated in the adult offspring with an acid wash and full rest of thymic T
cells to eliminate the effects of non-specific cytokine stimulation of phospho-STATS.
Alternatively, fluorescently tagged recombinant IL-7!23 could be delivered intravenously to the
mother before assessing whether the tagged IL-7 appears in the fetal tissues a few days after
injection. Should the new findings show BM ILC2s and thymic CD4/CDS8 T cells impacted by

maternal-fetal IL-7 exposure, it would complement the IL-7Ra/Y44%F

results showing that when
IL-7 signaling is lost, ILC2 development is impaired while when IL-7 is supplemented, ILC2

development is enriched.
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Both resting and Influenza-infected lung ILC2s showed no differences when mf-IL7
exposure occurred during fetal development indicating maternal IL-7 does not have long term
effects in offspring ILC2 functional responses. However, it was observed that TgIL7+mf-IL7
ILC2 population was expanded and was more responsive during Influenza challenge when
compared to WT cells. Since there are no differences between WT and WT+mf-IL7 immune
responses, it can be assumed that overexpression of IL-7 gives an advantage to lung ILC2s in
TgIL7 mice, not mf-IL7 effects. To confirm this, a repeat experiment including TgIL7 mice as a
control would be necessary. It would also be interesting to analyze whether mf-IL7 exposure has
effects on tissue homeostasis post-Influenza infection. Maternal-fetal IL-7 effects on lung ILC2
immune responses during papain-induced allergic reactions should also be assessed as it initiates
a known Tw2 response in ILC2s.

My findings in this chapter indicate that IL-7 is a critical regulator of ILC2 development
and their GATA3 expression since when IL-7 signaling is disrupted, I observed a significant
reduction in ILC2s, their Gata3 transcript levels, and their GATA3 expression. Although all ILC
populations depend on IL-7 for early development, I clearly showed that the signaling defect in
IL-7RaY*F mice specifically impairs ILC2 development in adult BM. Maternal-fetal IL-7
exposure appears to impact adult ILC2 development, but more studies need to be conducted to

show significant effects.
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Chapter 4: Transcriptomic analysis of IL-7 and TSLP signaling in lung ILC2s

4.1 Introduction

Type 2 innate lymphoid cells (ILC2s) are a rare but crucial immune cell subset with
important roles in releasing IL-5 and IL-13 during viral infections, and amphiregulin to promote
tissue repair?. For ILC2s to perform these functions and maintain their population, interleukin-7
(IL-7) must be present in the environment to provide homeostasis and proliferation signals'?*. TL-
7 is also required by T cells and B cells for their development®® 116, Because of the importance of
IL-7 to immune cell development and function, when IL-7 expression is significantly elevated or
depleted, it leads to severe immunopathologies. When IL-7 levels are elevated in humans, it can
result in the development of inflammatory conditions such as atherosclerosis, psoriasis,
rheumatoid arthritis, multiple sclerosis, and inflammatory bowel disease®*. Conversely, IL-7 or
IL-7R deficiencies results in severely impaired immune cell development and poor immune
responses to infections®®. Congenital IL-7 deficiencies result in severe combined
immunodeficiency (SCID), which can be fatal if bone marrow transplants are not done during
early life stages!?> 126,

For ILC2s to be responsive to IL-7, these cells must express the receptor for IL-7
consisting of IL-7Ra (CD127) and common Y. chain. Upon IL-7 ligand engagement with its
receptor, Jak1/3 become activated which results in the recruitment of STAT1/3/5 proteins for
phosphorylation.!'®. Phosphorylated STAT proteins will enter the nucleus and modulate cellular
transcription. Thymic stromal lymphopoietin (TSLP) is a cytokine similar to IL-7 in which it too
uses IL-7Ra, however, is paired with TSLPR instead of the common 7. chain®”- %8, Once TSLP
binds this heterodimeric receptor, it triggers Jakl and Jak2 activation, which then recruits

STATS for its activation and entry into the nucleus.
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Although IL-7 and TSLP share IL-7Ra in their receptors, these cytokines have strong
opposing effects in ILC2s. IL-7 is conventionally thought to promote ILC2 proliferation,
homeostasis, and function!?4. In contrast, TSLP is an activating alarmin that results in pro-
inflammatory immune responses!?*. In the lungs, ILC2s encounter both IL-7 and TSLP since
airway epithelial cells can produce either cytokine depending on the context** 124 127 TSLP is
most associated as being a master regulator of allergic inflammation and eliciting the

development of autoimmunity!?* 128

. In the clinical setting, elevated TSLP levels are usually
found patients with atopic dermatitis, allergic asthma, or inflammatory bowel disease. Since

TSLP is associated with these pro-inflammatory diseases, it is often underappreciated for its

crucial role in stimulating protective immune responses to parasitic helminth infections in the

gut129-13 1

Since ILC2s require IL-7Ra to be responsive to IL-7 or TSLP, IL-7Ra (CD127) is one of
the many markers used to identify lung ILC2s. Several markers are used to identify lung ILC2s
because only 0.4-1% of the total live lung cells in a mouse are ILC2s and they share markers
with larger immune cell populations such as T cells which may mask the presence of ILC2s*! 132,
The most common markers used in combination to identify ILC2s in mice are Lineage- (see
Table 2.1 for full list), CD45+, ST2+, Thyl.2+, CD127+, and ICOS+!2 133, Recently, there was a
breakthrough finding that showed neuropillin-1 (Nrpl) as a robust, tissue-specific marker of lung
ILC2s and has yet to be identified to be expressed on other immune cell populations in a tissue-
dependent manner. Due to these findings, Nrpl has become an invaluable marker for studying
this rare population of immune cells within the lungs.

While IL-7 and TSLP share a common receptor subunit, these cytokines induce distinctly

different immune responses as outlined above. I hypothesized that IL-7 and TSLP would induce
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different transcriptional landscape changes in lung ILC2s. I predicted that IL-7 stimulation
would result in the upregulation of immune regulation genes such as Gata3 and Rora.
Conversely, TSLP stimulation would upregulate pro-inflammatory genes such as //5 and 7//3. 1
also predicted that there would be some overlap of genes expressed in both IL-7- and TSLP-
stimulated lung ILC2s since both cytokines signal through IL-7Ro and STATS. To delineate the
transcriptional changes that occurred when lung ILC2s were stimulated with either IL-7 or
TSLP, unbiased RNA sequencing (RNAseq) was performed.
4.2 Optimizing ILC2 surface markers for cell sorting

Nrpl was shown to be a tissue-specific marker of lung ILC2s as identified through
RNAseq data mining and adoptive transfer experiments, making it a prime candidate marker for
isolating lung ILC2s?!. However, it was unclear whether Nrpl expression was dependent on IL-7
signaling, given the potential importance of this surface protein in ILC2 development and
function. To assess whether impaired IL-7 signaling affected Nrp1 expression, lung cells were
isolated from adult WT and IL-7RaY**F mice then stained for ILC2 markers to perform flow
cytometry analysis as detailed in Table 3.4. The results showed that Nrp1 expression did not
change when IL-7 signaling was impaired (Figure 4.1). Although there was a reduction in total
ILC2s gated using Nrp1 as a criterion of identification, the qualitative cell distribution and Nrpl
expression on a per cell basis was comparable between WT and IL-7RaY**F cells (Figure 4.1A—
C). In contrast, GATA3 expression within Nrp1+ lung ILC2s were still reduced in IL-7Ra.Y44F
cells (Figure 4.1D-F). These results indicate that Nrp1 expression is independent of IL-7
signaling and can be used to identify lung ILC2s in various IL-7 signalling genetic models

available.
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Figure 4.1 Nrp1 expression in lung ILC2s is independent of IL-7 signaling.

Lungs were isolated from 7- to 9-week-old mice then stained for ILC2 surface and intracellular
markers for flow cytometry analysis. (A) Representative flow plots of Nrpl expression in lung
ILC2s. ILC2s were identified as single, live, CD45+, lineage-, Thy1.2+, and Nrp1+ . (B) Total
number of Nrp1+ lung ILC2s calculated from flow cytometry data. (C) Nrpl MFI expression on
lung ILC2s calculated from flow cytometry data. (D) Representative flow plots of Nrpl+
GATA3+ lung ILC2s. ILC2s were identified as single, live, CD45+, lineage-, Thy1.2+, ST2+,
Nrpl+ and GATA3+. (D) Total number of GATA3+ lung ILC2s are calculated from flow
cytometry data. (D) GATA3 MFI expression on lung ILC2s are calculated from flow cytometry
data. Multiple Student’s #-tests and one-way ANOVA were performed for this data (repeated in

triplicate).
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4.3 Transcriptional profiling of in vivo IL-7- and TSLP-stimulated lung ILC2s

To determine the transcriptional landscape that is regulated by IL-7 versus TSLP, a 4-day
in vivo stimulation with either 2pg IL-7 or 500ng TSLP was done with adult WT mice. The
cytokines were delivered intranasally to each mouse. Treated lungs were isolated then stained
with antibodies for flow cytometric cell sorting as indicated in Table 4.1. The 4-day time-point
was selected based on the results of a 4-day in vivo intranasal IL-7 stimulation time-course
assessment of GATA3 expression in lung ILC2s (see Appendix). At 4-days post-stimulation, I
observed the greatest number of GATA3+ ILC2s which would maximize the number of sorted
cells. With earlier results showing that lung ILC2 Nrpl expression was independent of I1L-7
signaling, Nrp1 was one of the markers used to sort for lung ILC2s. In vivo cytokine stimulation
experiments were performed with 4 to 5 mice per treatment condition (control/unstimulated, IL-7
stimulated, or TSLP stimulated) and pooled prior to cell sorting and RNAseq preparation. This
was done thrice in total for experimental repeats. Cells for this analysis were sorted for Lineage-
CD45+ Thy1.2+ ST2+ and Nrp1+ expression. Total number of sorted cells ranged from 4,000 to

11,000 depending on experiment and treatment condition.
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Lineage Surface markers
CD3 —CD8+ and CD4+ T cells (T cell co-receptor) CD45.2
CD4 — T-helper cells, monocytes, macrophages, dendritic cells Thy1.2/CD90.2
CD11b — monocytes, granulocytes, macrophages, NK cells ST2
B220 — B-cells, some T and NK cells Nrpl

NK1.1 — NK cells

Gr1 — granulocytes

Ter119 — red blood cells/erythrocytes

TCRP - T cells

TCRYS - T cells (mainly yd T cells)

Table 4.1 Flow cytometry staining panel for sorting lung ILC2s for RNA isolation.
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Samples were sequenced following the method described in Section 2.6. Briefly, RNA
sample quality was assessed using Bioanalyzer Nano chip before library preparation and
sequencing on Illumina NextSeq platform. Output datasets were put through 10 different
pipelines for read alignment, gene annotations and differential gene expression. The results
showed that reads from all 9 samples were evenly distributed from 5’ to 3* end after alignment,
with no indication of degraded RNA in the input material (Figure 4.2A). In Figure 4.2B, kallisto
sample correlation values are displayed as a matrix and the results indicated that there was poor
correlation between samples TSLP 1, TSLP 2, and Control 2 with the remaining samples. A
total of 10,162 genes were shown to be expressed in all treatment conditions and 146, 192, and
410 genes to be exclusively expressed in control, IL-7-stimulated, and TSLP-stimulated lung
ILC2s respectively (Figure 4.2C). The RNAseq dataset obtained in this study was then compared
to a comprehensive published RNAseq dataset of mouse BM, fat, gut, lung, and skin ILC2s!34 133
to determine how closely the lung ILC2s isolated in this thesis were to those in published data
(Figure 4.2D). PCA comparison showed that the stimulated lung ILC2 dataset I acquired clusters
closely with published fat and lung ILC2 data and are distinct from gut and skin ILC2s (Figure

4.2D).

64



A) B) Color Key
1.0 I
0 NS
7N _ iﬁfﬁ?ﬁ
/ / N \\ 085 095 1
/// Y Value
0.8 N\ |HEControl_1
\\ |EControl_2 =5 _— —
1 \ | |EControl_3 “q
% 0.6 / \ IE[ER IL7_1
a_, 1\ D IL7_2 I Control_1
2 \| [OIL7_38 TSLP_3
8 04 ‘ WTSLP_ II Control_3
W TSLP_2 -
0.2 O TSLP_3 L7.3
’ IL7_2
I . Control_2
0.0/ TSLP_1
0 20 40 60 80 100 sLp2
Gene body percentile (5’ -> 3’) N oo o oo
oo 3N NBT AL BN
aat= 2253 <%=
= rF 3 8 F 8
C) D) o5
[ ]
Control L7
0- s
° Ricardo-Gonzalez
et al. (2018) data
[ ]
BM
-25- . o Fat
ol o Gut
O ® Lung
o Skin
-50- Thesis data
o Control
O ° IL-7
o TSLP
-75- 0=
° o
] (]
TSLP <
-100- —
-150 -100 -50 0
PC1

Figure 4.2 IL-7- and TSLP-stimulated lung ILC2s RNAseq dataset has good read coverage
and clustered closely to published lung and fat ILC2 RNAseq datasets.

A) Read coverage across all transcripts based on mapping of sequencing reads to mouse
reference genome (NCBI mm10). B) Sample correlation matrix using values calculated by
kallisto. C) Total number of genes expressed in each treatment condition and total number of
commonly expressed genes between conditions. D) PCA comparison of published mouse ILC2
RNAseq dataset!* 13° to RNAseq dataset from this thesis. Published mouse ILC2 RNAseq

dataset can be obtained from Gene Expression Omnibus (Series ID: GSE117568).
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Although there was poor correlation with 3 samples, differential gene expression analysis
was still performed. A total of 16 genes were identified to be differentially expressed in these
samples, but most are not relevant to immune cells (Figure 4.3). These 16 genes were identified
as Cd163l1, Fbnl, Thcd, Postn, Pdgfra, ZkscanS8, Msrl, Rassf7, Prg4, Usp35, Smpd3b, Pou5f2,
Fecna, C3arl, Spc25, and Myo5a (Table 4.2). Postn and C3arl were previously associated with
asthma and allergic airway inflammation!3% 137, A notable observation is that TSLP-stimulated
samples were transcriptionally distinct from control and IL-7-stimulated samples (Figure 4.3A).
When normalized read counts are presented in a scatterplot, some genes were identified as
differentially expressed due to one sample group showing less than 5 read counts (Figure 4.3B).
Key genes used to identify ILC2s were selected from published papers (see Table 4.3)?!> 134 then
assessed in the RNAseq dataset collected. None of the ILC2-relevant genes were differentially
expressed after IL-7 or TSLP stimulation by edgeR or DESeq2 pipelines (Figure 4.4A). The read

counts for these genes are reliable as none were reported to be below 5 (Figure 4.4B).

66



A)

B)

count

100-

100-

1000~

100-

[ T T T TSN condition

I —

~ ~ — I = E
[ | [ S S S
- » © [N ho G
Spc25 Fcna Pdgfra
[ ]

3 o ¢
[ ] i 100-
° 100- @
[ ]
10- 10-
1- 1- ¢

[ ] [ J [ _J ® o

Prg4 Fbn1 Myo5a
[ ] [ ] ‘
° 100 -
® 100 - @ ‘ [ )
: [} [} 10 ( ] [
i ) b
S 10
[
1- ’ 1-

' 4 e o °
Msr1 Postn Usp35

) 1000 - [ ] [ ]

100-
° ® °
‘ ° 100- ° [ )
° 10-
10- ‘
[
1- 1-
‘ o @ [ ] ® o
Cd163I1 Smpdi3b Rassf7
[ ] [ ] [ ]
100- 100- o @
® o ° o ®
10- ® 10-
1- 1-
® & o e o o .. @
Group

Cd163I1

Fbn1

Tbed

Postn

Pdgfra

Zkscan8

Msr1

Rassf7

Prg4

Usp3s

SmpdI3b

Pousf2

Fena

Cazart

Spc25

Myo5a

1000 -

300 -

100 -

30-

100 -

100 -

condition
2 Control
L7
1 TSLP
0

I_1

Tbed
[ ]
[ ]
‘0 (]
Caart
®
[ J
[ ]
®
Zkscan8
®
[ ]
[ ]
Pousf2
[ ]
® o

Group
@ Control
® L7
©® TSLP

67



Figure 4.3 TSLP-stimulated lung ILC2s have a distinct transcriptional landscape
compared to control or IL-7-stimulated lung ILC2s.

A) Heatmap displaying z-scores of key ILC2 genes in control, IL-7-stimulated, and TSLP-
stimulated lung ILC2 samples. DESeq?2 pipeline did not find these genes to be differentially
expressed. B) Scatterplot of normalized read counts for key ILC2 genes in control, IL-7-

stimulated, and TSLP-stimulated samples as calculated by DESeq?2.
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Gene Brief description
Spe2s One of four subunits for Ndc80 complex; important in kinetochore-microtubule
Pe interaction and spindle checkpoint activity!'**.
. Ficolin A; enables carbohydrate derivative binding activity upstream of
cna complement activation'°,
Surface tyrosine kinase receptor for platelet derived growth factor receptor
Pdgfra 140
alpha'*’.
Thed Tubulin-specific chaperone D; needed for beta-tubulin folding intermediates!4!.
Proteoglycan 4; large proteoglycan made by chondrocytes in cartilage to
Prg4 . 1
lubricate joints'*-.
Fbnl Fibrillin-1; these proteins complex together to make microfibrils and provide
" structure to nerves, muscles, and eye lenses; carrier for TGFB!4,
Myo5a | Myosin Va,; transports molecules intracellularly and are important for neurons'#.
Ciarl Complement C3a receptor 1; anaphylatoxin released by complement system; C3a
ar is required for ILC2 allergic inflammation'®’,
Mr] Macrophage scavenger receptor 1; associated with macrophage-associated
7 atherosclerosis, Alzheimer’s disease, and host immune defense!4>-147.
P Periostin; extracellular matrix proteins important for tissue development and
osin regeneration; overexpression results in T2-high asthma!36: 148,
Ubiquitin Specific Peptidase 351; required for the removal of ubiquitin from
Usp35 . . . 149
proteins; reduced expression found in tumours'*.
Zinc finger protein 192; predicted to be involved in transcriptional regulation
Zkscan8 . . . 150, 151
through interactions with RNApolIl'~>® 2"
Scavenger receptor family member expressed on T cells 1; receptor for cysteine-
Cdile3ll | . 152
rich superfamily >~
Sphingomyelin Phosphodiesterase Acid Like 3B; required for phosphoric dieter
SmpdI3b . 153
hydrolase activity'>-.
7 Ras Association Domain Family Member 7; predicted to be involved in apoptosis
assf7 and regulation of cytoskeleton organization!4!- 154,
Pousf2 POU Domain Class 5 Transcription Factor 2; predicted to enable DNA binding
ou

transcription activity!>°,

Table 4.2 Annotations of differentially expressed genes found in control, IL-7-stimulated,

and TSLP-stimulated lung ILC2s.
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Gene Brief description
17 IL-7 receptor a chain; pairs with common y. chain to form IL-7 receptor. Permits for IL-
7 signaling and supports the development and survival of lymphocytes.!!¢
IL-13 cytokine; induces airway hyperresponsiveness, goblet cell metaplasia, and
13 glycoprotein hypersecretion which contributes to airway obstruction'>.
Colony-stimulating factor 2, or GM-CSF; released by BM ILC2s to aid hematopoietic
Csf2 iy 156
recovery after BM injury°.
Amphiregulin; a member of the EGF family of growth factors that regulates tissue
Areg remodelling and repair after acute epithelial injury and asthma by ILC2s!3.
Thymus cell antigen 1; controls of inflammatory cell recruitment and expressed by
Thyl 157
ILCs™".
B cell leukemia/lymphoma 11B; acts directly upstream of transcription factor Gfil to
Belllb maintain mature ILC2 genetic and functional phenotype!>®.
Bone morphogenetic protein 7; released by ILC2s to promote adipocyte differentiation
Bmp7 . . 159
and lipid accumulation'~”.
Neuropillin-1; transmembrane glycoprotein that acts as a co-receptor for extracellular
Nrpl ligands (Sema3, TGFpB, VEGF) and expressed on lung ILC2s?!.
C-X-C chemokine receptor 6; expressed on all ILCs and deficiencies result in reduced
Cxer6 ILCI and ILC2 numbers and function!'®’.
115 | IL-5; produced by ILC2s for eosinophil recruitment and pro-inflammatory responses!6!.
Protein tyrosine phosphatase receptor type C, or CD45; transmembrane protein found on
Pipre 1 an nucleated hematopoietic cells and precursors’ 162,
Gata binding protein 3; required for ILC2 survival, proliferation, and immune responses;
Gata3 promotes expression of IL-7Ra on ILCs and T cells!".
ETS1 transcription factor; regulates /d2 transcription in NK cells and promotes fitness of
Eisl ILC progenitors. Critical regulator of ILC2 expansion and cytokine production!6?,
IL-9 receptor; functional IL-9 receptor complex permits responsiveness to IL-9 which is
10r important for ILC2 responses to lung infections and tissue repair!®.
TNF receptor superfamily member 8, or CD30; important role in the induction of Tu2
Infrsf8 cell-mediated allergic asthma and expressed on ILC2s!63- 166,
IL-4; produced by ILC2s to promote Th2 cell differentiation during helminth
1 infection'®’. Can also block regulatory T cell function and promote food allergy!'®%.
Il1rl1 | ST2, IL-33 receptor; promotes ILC2 inflammatory responses after injury!% 170,
Il4ra | IL-4 receptor o; permits for IL-4 signaling and important for eosinophil recruitment!’!.
Rora RAR-related orphan receptor a; critical checkpoint for T cell and ILC2 lineage

bifurcation!”2.

Table 4.3 Annotations of key genes associated with ILC2s for their development,

homeostasis, and immune responses.
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Figure 4.4 Key ILC2 genes were not found to be differentially expressed in IL-7- or TSLP-
stimulated lung ILC2s.

A) Heatmap displaying z-scores of differentially expressed genes found in control, IL-7-
stimulated, and TSLP-stimulated lung ILC2 samples. B) Scatterplot of normalized read counts

for key ILC2 genes in control, IL-7-stimulated, and TSLP-stimulated samples.
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Due to low correlation between TSLP 1, TSLP 2, and Control 2 with the remaining
samples, with read counts skewing differential gene expression analysis, Control 1, Control 3,
IL7 1, and IL7 3 sequencing reads were put through the 10 different pipelines again to avoid
skewing of results. Differential gene expression analysis showed a more defined output, and
some immune-relevant genes were identified (Figure 4.5A). A total of 13 genes were identified
as differentially expressed: Zfp445, Mmrnl, Fst, Rdh10, Farp2, Col4a5, Gucyla3, Ltbr, Pcolce?,
Cxcll2, Fancm, Retnla, and Gzmb (Table 4.4). There still appears to be skewing of differential
gene expression from normalized read counts below 5, but Retnla, Gzmb, and Rdh10 appeared to
have reliable counts (Figure 4.5B). However, no ILC2-specific genes were differentially

expressed in this re-analysis (Figure 4.6).
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Figure 4.5 Intranasal IL-7-stimulated lung ILC2s downregulate Refnla and Gzmb
transcripts in comparison to control lung ILC2s.

A) Heatmap displaying z-scores of differentially expressed genes in control and IL-7-stimulated
lung ILC2 samples, calculated by DESeq2. B) Scatterplot of normalized read counts for genes
identified as differentially expressed in control and IL-7-stimulated lung ILC2s, calculated by

DESeq2.
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Gene

Brief description

RELMa protein; involved in pulmonary vascular remodeling and negatively

Retnla regulates T2 immunity during helminth infections to limit fibrosis!”>.
Guanylate cyclase 1 soluble subunit alpha 1; catalyzes GTP to 3°5’-cyclic GMP
Gucyla3 174
and pyrophosphate' .
Follastatin; single-chain gonadal protein that inhibits follicle-stimulating
Fst i 175
hormone release and myostatin' .
Mmnl Multimerin 1; homopolymeric protein that platelet and endothelial proteins bind
to and enhances platelet adhesion to collagen!’s,
Zfp4d5 Zinc finger protein 445; enabled chromatin binding activity and double stranded
p methylated DNA binding activity'>% 77,
Granzyme B; produced by in NK cells and cytotoxic T cells to induce targeted
Gzmb > 178
cell apoptosis' ’®.
Col4a5 | Subunit of type IV collagen'””.
Peolce? Procollagen C-endopeptidase Enhancer 2; enabled collagen binding activity.
cole predicted to have positive regulation of peptidase activity!'®’,
Fanconi anemia complementation Group M; DNA-dependent ATPase component
Fancm . . . Tity 181
of Fanconi anemia core complex, important for male fertility °'.
Libr Lymphotoxin Beta Receptor; member of TNF receptor superfamily, ligand
includes lymphotoxin alpha/beta and TNF superfamily 14!,
C-X-C motif chemokine ligan 12; antimicrobial factor, potent chemoattractiant
Cxcll2 183
for lymphocytes and monocytes'®.
Farp? FERM/Pleckstrin Domain Protein 2/RhoGEF; enabled guanyl-nucleotide
p exchange factor activity, important for neuronal development and morphology!84.
RAW10 Retinol Dehydrogenase 10; converts all-trans-retinol to all-trans-retinal, needed

for embryonic retinoid acid synthesis'®’.

Table 4.4 Annotations of differentially expressed genes found in control and IL-7-

stimulated lung ILC2s.
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Figure 4.6 Key ILC2 genes were not differentially expressed in IL-7-stimulated lung ILC2s
when compared to unstimulated controls.

A) Heatmap displaying z-scores of key ILC2 genes in control and IL-7-stimulated lung ILC2
samples, calculated by DESeq2. B) Scatterplot of normalized read counts for key ILC2 genes in

control and IL-7-stimulated, calculated by DESeq?2.
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4.4 Summary and Discussion
4.4.1 Summary
In this chapter, I showed that Nrp1 expression in lung ILC2s was independent of IL-7

Y4499F mice. T also

signaling as Nrp1 surface expression was not altered between WT and IL-7Ra
showed that IL-7-stimulated and TSLP-stimulated lung ILC2s were transcriptionally distinct
from each other but common ILC2 markers such as Gata3 and Rora were apparently not
differentially expressed.
4.4.2 Discussion

In the RN Aseq transcriptional profiling of IL-7- and TSLP-stimulated lung ILC2s, the
RNAseq results were relatively poor as determined by low sample correlation between most
TSLP-stimulated samples to control and IL-7-stimulated samples. Additionally, many of the
differentially expressed genes had low normalized read counts (<5 read counts). The RNAseq
results may have also been affected by the lack of positive controls to indicate optimal
stimulation conditions. The expected internal control transcripts such as Gata3, Rora, and
Bcll1b were not determined to be differentially expressed after IL-7 stimulation suggesting poor
stimulation. However, PCA comparison showed close clustering of this RNAseq dataset to
published lung and fat ILC2 RNAseq datasets which indicated a relatively pure lung ILC2
population was isolated for the analysis. Due to these reasons, the RNAseq results were
interpreted cautiously with the exclusion criteria as follows: (1) the gene identified should be
expressed in at least two samples, (2) the normalized read counts must be at least 5. Overall, the
results showed that IL-7 and TSLP stimulation in lung ILC2s induced distinct transcriptional
landscapes. This may due to TSLP being an alarmin that promotes pro-inflammatory responses

and IL-7 promoting hematopoietic processes®® ¢’.
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136, 186, and

Postn is the gene for periostin, a protein associated with asthma pathogenesis
was found to be increased in expression in TSLP-stimulated ILC2s. A small number of published
articles have shown a link between periostin and lung ILC2s in promoting pulmonary fibrosis
and periostin modulating IL-13 and IL-5 release by innate immune cells!” 188, Periostin has also
been shown to be a surrogate biomarker for the development of chronic obstructive pulmonary
disease (COPD), a disease that ILC2s are also associated with!*®, The other gene that was
differentially expressed in this RNAseq dataset was C3ar/ which was downregulated in TSLP-
stimulated lung ILC2s. This gene encodes for complement C3a receptor, which is needed for the
induction and regulation of Tu2 -mediated inflammatory responses to viruses, allergens, and
fungi'?’. It has been shown that ILC2 recruitment during IL-33 or allergen stimulation were C3a-
dependent, which permitted stronger ILC and T cell interactions'?’. Additionally, it was
discovered that C3a induced IL-13 and GM-CSF production in ILC2s while inhibiting IL-10
production!?’. Combining these findings that TSLP-stimulated lung ILC2s upregulated Postn and
downregulated C3arl, it appeared to be contradictory since both genes are associated with
inflammatory responses. However, IL-33 and TSLP induce distinct phenotypic profiles in human
ILC2s'% so the upregulation of Postn and downregulation of C3arl could be a unique feature to
TSLP stimulation in mouse lung ILC2s. Other genes found to be differentially expressed and
matched the exclusion criteria described earlier (Thcd, Fnbl, MyoSa, Rassf7) are associated with
cell cycle regulation and motility, suggesting that IL-7- and TSLP-stimulated ILC2s may become
more active and proliferative in response to cytokine stimulation.

Additional transcript and protein analysis would be required to determine the exact
immune phenotypes of IL-7- and TSLP-stimulated lung ILC2s. For instance, measuring Postn

transcripts in IL-7- and TSLP-stimulated lung ILC2s using qRT-PCR would provide a more
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concise measurement for mRNA expression changes. If Postn transcripts were found to be
elevated in qRT-PCR analysis, further measuring periostin protein expression in TSLP-
stimulated ILC2s using flow cytometry or ELISA would determine whether increased gene
expression translates to increased protein expression.

Since I found that most TSLP-stimulated samples were poorly correlated to control and
IL-7-stimulated samples, re-analysis of control and IL-7-stimulated samples alone was
performed to assess what transcriptional changes occur with IL-7 stimulation. A more defined
gene expression profile was observed after these adjustments were made and a handful of
immune relevant genes were identified including Retnla and Gzmb. Following a thorough
literature review, only Retnla was found to be relevant to ILC2 and lung biology. Retnla was first
identified as FIZZ1 and encodes for secreted protein resistin-like molecule alpha (RELMa.),
which suppresses Tu2 cytokine immune responses in the lungs, particularly during helminth
infections!”3 190 11 'More recent research has shown that IL-10-producing lung ILC2s
downregulate their expression of pro-inflammatory genes and have high Retnla expression,
giving them an anti-inflammatory phenotype!®2. In my dataset, IL-7-stimulated lung ILC2s
downregulated Retnla expression in comparison to control samples suggesting that IL-7
stimulation may stimulate T2 skewing in ILC2s. The other relevant gene found to be
differentially expressed in IL-7-stimulated lung ILC2s was Gzmb, the gene for Granzyme B
(GzmB). GzmB is a potent protease secreted by NK cells and cytotoxic T cells to induce
apoptosis of target cells, which includes tumours and virus-infected cells!’®. This was an
interesting finding because ILC2s are known to release IL-4, IL-5, IL-13, and amphiregulin upon
their activation to promote immune cell recruitment and tissue repair® >*. While no studies to

date have shown ILC2s as a source of GzmB, there are studies that have shown mouse liver
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ILC1s expressing Granzyme A'®® and human gut ILC1s expressing GzmB!?*, 1t is possible that
lung ILC2s may express GzmB. Due to the limitations of this RNAseq dataset, further validation
of Retnla and Gzmb transcript expression by qRT-PCR is required. Protein expression should
also be measured using flow cytometry or ELISA assay.

With the flow cytometry and qRT-PCR data from Chapter 3 showing a link between IL-7
signaling and GATA3 expression in ILC2s, I predicted that Gata3 would also be differentially
expressed in the RNAseq datasets. However, the transcriptional profiling did not show
differential expression of Gata3 or other ILC2-related genes between the treatments. Factors that
may have resulted in these negative results include treatment duration, cytokine dosages, and
dosage frequency. It is possible that the day 4 timepoint was too early or too late to detect
changes in ILC2-related transcripts, so performing a 10-day time-course analysis of IL-7- and
TSLP-stimulated lung ILC2s with positive controls would aid in narrowing the appropriate
stimulation duration. This could be done using qRT-PCR to measure transcripts of genes
identified in Table 4.3 as a more cost-effective method. Regarding dosage and dosage frequency,
I did a single dose of 2pug IL-7 or 500ng TSLP per mouse for this RNAseq analysis. The dose for
IL-7 was selected based on previous protocols in our lab; 10ug IL-7 is used for intraperitoneal
(IP) injections and 1pug IL-7 for intranasal phospho-STATS activation. I presumed 2ug IL-7
would be sufficient to induce a potent response intranasally since it was twice of what was
previously used for intranasal delivery and a fraction of what is needed for IP delivery, which
requires a higher dose to account for diffusion in tissues and metabolism by tissue enzymes!®.
As for TSLP dosage, I followed the protocol described in Headley ef al. (2009)!°® and Han et al.
(2013)"7 which both used a single dose of 500ng TSLP intranasally to induce immune cell

recruitment. To improve the immune responses generated by lung ILC2s after IL-7 or TSLP
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stimulation, different dosages of IL-7 (2ug, 4ug, 8ug, and 12pg) and TSLP (500ng, 1ug, Sug,
10ug, and 20pg) should be tested as well as the frequency of doses (one dose every day, one
dose every second day).

It may also be possible that having low-input RNA resulted in key ILC2 genes not
identified in differential gene expression analysis due to low read coverage and shallow
sequencing depth. Read counts for 19 selected ILC2 genes were assessed, and the results showed
reliable high read counts for these genes (=500 read counts), thus increasing sequencing depth
would not be of any benefit to the analysis. If this experiment was repeated, it would be crucial
to increase the amount of input RNA to alleviate the challenges of library preparation, increase
read coverage and reduce noise in the output read files. Nrp1 should be kept as a surface marker
used for cell sorting for RNAseq since I showed that Nrpl expression on lung ILC2s was
independent of IL-7 signaling when comparing WT and IL-7RaY*#F lung ILC2s.

To summarize, I showed that IL-7 stimulation of lung ILC2s induced a distinct
transcriptional landscape in comparison to TSLP stimulation of the same cell population.
However, common ILC2 genes were not found to be differentially expressed after IL-7 or TSLP
stimulation due to the limitations of the RNAseq dataset generated. I proposed performing
extended treatment duration, cytokine dosage, and frequency of dosage analyses to improve the

outcomes of a repeat RN Aseq analysis.
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Chapter 5: Conclusion

5.1 Summary of main findings

The goals of this thesis were to examine how IL-7 regulates ILC2 development in fetal
liver and adult bone marrow, and its role in regulating lung ILC2 responses to Influenza
infection. Current literature suggests that IL-7 is needed for the development and function of all
ILC subsets, however, the data in this thesis shows it is vital for ILC2s.

In Chapter 3, I showed evidence that BM ILC2s are dependent on IL-7 signaling for their
development and when IL-7 signaling is disrupted, there was a reduction in Gata3 transcripts
and a loss of ILC2 numbers and their GATA3 expression. I further established that impaired IL-7
signaling only impacts ILC2s as ILC1s and ILC3s were unaffected by this disruption in both cell
numbers and respective transcription factor expression. Interestingly, the results of the 10-day
IL-7 stimulation of bone marrow ILC2s showed that IL-7Ra/CD127 on IL-7RaY*#F ILC2s were
able to properly respond to IL-7 stimulation through its downregulation on the surface. This
finding indicated that disruptions to ILC2 development and GATA3 expression in IL-7RaY#4%F
mice were most likely due to impaired downstream signaling effects and not the impaired
dynamics of the receptor. These findings mirror those reported in Sheikh et al. (2022)! and
further examined IL-7 dynamics in IL-7RaY#4%F TLC2s.

Maternal-fetal IL-7 exposure effects on ILC2 development and function were also
examined in Chapter 3. Fetal livers from TgIL7 mice demonstrated a trend of increased ILC2s
and GATA3 expression compared to WT samples. Additionally, in adult WT and TgIL7
offspring that had mf-IL-7 exposure, a distinct GATA3+ ILC2 population developed in the bone

marrow that was not observed in the respective controls. To examine the potential long-term
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effects of mf-IL-7 exposure, adult offspring that had mf-IL-7 exposure were challenged with a 6-
day Influenza infection. No differences were observed between control WT and WT+mf-1L-7
mice. However, there was a significant increase in ILC2 numbers and IL-5 and IL-13 production
in TgIL7+mf-IL7 mice when compared to WT control. Since there were no differences between
WT and WT+mf-IL-7 during Influenza challenge, the effects observed in TgIL7+mf-IL-7 mice
were likely due to overexpression of IL-7 and not mf-IL-7.

Finally, I examined the transcriptional landscape that is regulated by IL-7 and TSLP in
lung ILC2s in Chapter 4. To aid in cell sorting for RNAseq, Nrp1 was assessed for its integrity as
a lung ILC2 marker in IL-7RoY**F mice. Nrp1 expression was found to be independent of TL-7
signaling in lung ILC2s and was used as an added marker for cell sorting for RNAseq. Although
RNAseq results were relatively poor due to low input RNA, the data suggests that IL-7 and
TSLP stimulation of lung ILC2s results in 2 distinct transcriptional profiles. With TSLP
stimulation, Postn, a gene associated with inflammatory responses in asthma, was upregulated in
comparison to control and IL-7-stimulated samples. Conversely, IL-7 stimulation results in the
downregulation of Retnla, an anti-inflammatory gene. While both IL-7 and TSLP receptors share
IL-7Rao subunit, the preliminary dataset generated here suggests that the transcriptional
responses produced can elicit expression of genes that are functionally distinct from each other.
5.2 Implications for human health

My findings provide strong evidence that IL-7 is required for the development of ILC2s
in adult bone marrow and fetal liver tissues. IL-7 was also shown to influence ILC2 responses to
Influenza infection in the lungs of TgIL7+mf-IL7 mice. Since IL-7 plays a key role in immune

cell development, and recent research showed the involvement of ILC2s in severe immune-
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driven diseases such as asthma and inflammatory bowel disease>* %8, these findings are highly
relevant to developing new therapeutic strategies to control these diseases.

I identified two genes relevant to human health, Postn and Retnla, independently
regulated by IL-7 and TSLP in lung ILC2s. Postn is the gene for periostin and its transcript
levels were found to be significantly elevated in TSLP-stimulated lung ILC2s suggesting a pro-
inflammatory phenotype. Periostin protein and Postn transcripts are elevated in asthma and
COPD patients and is used as a novel biomarker for these conditions. Lung ILC2s are involved
in these two diseases, so targeting Postn using a gene suppressor or sequestering periostin to
prevent receptor binding may alleviate pro-inflammatory symptoms and improve current
treatments. Currently, there is a clinical trial for lebrikizumab in asthma patients, where this
monoclonal antibody blocks IL-13 signaling to inhibit periostin expression'*”. Retnla was the
other gene found to be differentially expressed in the transcriptional analyses. This gene is
known to stimulate anti-inflammatory responses by innate immune cells. Stimulators for Retnla
or administration of RELM-a. (protein encoded by Retnla) to the lungs could be beneficial in
controlling inflammation during asthma exacerbation or airway allergic reaction. There is also
potential for combining Postn inhibitors with Retnla stimulators to drive a strong anti-
inflammatory response during flare-ups and limit tissue damage.

In addition to targeting the downstream target of TSLP, directly targeting of TSLP in the
lungs can help prevent or reduce the severity of symptoms in asthmatic and airway allergy-prone
patients. Tezepelumab is a first-in-class human monoclonal antibody against TSLP and has been
shown to be effective in controlling severe asthma and airway allergen-induced asthma?®%- 20!,
TSLP blockade was also found to be effective in COPD patients?’2. In a murine model of asthma,

it was found that a combined blockade of IL-33, IL-25 and TSLP was the most effective in
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inhibiting inflammation, Tu2 cytokine expression, airways fibrosis and IgE production when
compared to single blockage treatments?®®. Depending on the patient and severity of asthma,
TSLP blockades can be combined with other pro-inflammatory inhibitors for a personalized
treatment.

The effect of maternal IL-7 on offspring ILC2 development was also examined and the
data showed a distinct GATA3+ ILC2 population that developed. I then tested whether maternal-
fetal IL-7 exposure had long term effects. When adult mice with maternal-fetal IL-7 exposure
were infected with Influenza, there was no evidence of long-term effects as determined by lung
ILC2 numbers and IL-5 and IL-13 production. It may be possible that maternal-fetal IL-7
exposure affects lung tissue repair post-Influenza infection, so ILC2 amphiregulin production
and lung tissue histology should be tested. Although I did not observe changes in thymic CD8
and CD4 T cells, long term exposure to high doses of [L-7 may lead to lymphopenia-induced
proliferation (LIP) and result in the development of severe inflammation diseases?**. It has been
shown that an abundance of IL-7 in IL-7R”~ and IL-7Ra.Y*F mice supports LIP of T cells

205

transferred from WT mice="". With clinical research showing links between high IL-7 levels and

inflammatory diseases such as multiple sclerosis, rheumatoid arthritis, and type 1 diabetes??6-20%,
early life exposure to excessive IL-7 levels may accelerate the manifestation of disease
symptoms or increase the severity of disease through inducing the development of Tu2-driven
cells. In the event an allograft transplant is required during early life, residual maternal IL-7 may
result in rapid allograft rejection and lead to further complications®®.

Although long-term genetic or therapeutic exposure to excess IL-7 can lead to immune-

driven diseases, short-term uses of IL-7 may be beneficial and a promising option for treatments.

For example, IL-7 treatments were found to improve the recovery of hospitalized, severe
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COVID-19 patients by boosting lymphocyte counts®®. The administration of IL-7 may also be
used to boost NKG2D+ ILC2 numbers within the lungs, which were found to be protective in
severe COVID-19 patients by releasing anti-inflammatory cytokines?'?. Additionally, new
research showed that using modified non-propagative vaccinia virus Ankara to deliver IL-7
allowed for more potent delivery of IL-7. This approach was better able to stimulate innate and
adaptive immune responses and provided a broader mechanism of action compared to
intravenous IL-7%'!. ILC2s have been reported to respond to vaccinia virus Ankara with greater
IL-13 release in the lungs?!2. It is speculated that when vaccinia virus Ankara is combined with
Influenza vaccines, it will strengthen ILC2 interactions with DCs leading to improved vaccine
efficacy?!2.

In addition to the relevance to human health, the findings presented in this thesis further
bolsters the current understanding that ILC2 development is dependent on IL-7, and that ILC1
and ILC3 populations are less reliant on IL-7 for development signals. Additionally, the work on
maternal-fetal IL-7 exposure emphasizes the need for research to examine how ILC2
development and responses may be affected by cytokines and factors transferred from mother to
offspring. The majority of research on maternal immunity influencing offspring immunity
focuses on passive transfer of antibodies through the placenta and breastmilk, or genetic aspects
such as inherited genes or epigenetics. Expanding research to cytokines and factors transferred to
offspring from the mother could provide more insight on how variations in immune responses
between individuals occur. For example, while it is known there are genetic predispositions to
developing asthma, does exposure to elevated levels of alarmins during fetal development
influence the development and severity of asthma? Research studying the pathogenesis of asthma

has become more complex over the past decades and has identified the microbiome as an
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important environmental factor to the development of asthma?! 214, Maternal-fetal exchange of
cytokines should be another environmental factor to be considered in this disease model.
5.3 Future Directions
5.3.1 Transcriptional effects of IL-7 signaling on fetal liver ILC2s

Fetal liver ILC2 populations from TgIL7 mothers appeared to be expanded compared to
WT FL ILC2s. It has been shown that majority of mature ILC2s in peripheral tissues are seeded
in early life and originate from the fetal liver, with minimal seeding from the adult BM%’. It
would be crucial to examine the transcriptional landscape in FL ILC2s under IL-7 loss of
function and gain of function models, then compare to adult BM ILC2s to see if any differences
exist between early life and adult ILC2 development. This data could explain why mature ILC2s
are mostly from fetal origins and why they are a long-living immune cell population.
5.3.2 Genetic imprinting from maternal IL-7 on offspring bone marrow ILC2s

As an extension to RNAseq analysis of fetal liver ILC2s in loss of function and gain of
function models, transcriptional analysis of adult BM ILC2s with mf-IL-7 exposure should be
performed. This may address why a unique GATA3+ ILC2 population forms in both WT and
TgIL7 mice with mf-IL-7 exposure but not their respective controls. Epigenetic analysis by
chromatin immunoprecipitation sequencing (ChIP-Seq) can also be done to examine whether
genetic imprinting occurs in these cells.
5.3.3 Postn and Retnla transcripts and protein expression in lung ILC2s

In the RNAseq analysis of IL-7- and TSLP-stimulated lung ILC2s, Postn and Retnla were
identified to be differentially expressed under these two conditions and have relevance to ILC2s.
Performing qRT-PCR analysis of these two transcripts would be crucial to validate the RNAseq

findings as well as quantify mRNA transcript copies?!'>. It would also be important to quantify
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periostin (Postn gene) and RELM-a (Retnla gene) protein expression to determine whether IL-7
or TSLP stimulation affects both transcription and protein expression. If any changes are
observed for Postn/periostin or Retnla/RELM-a, measuring IL-5 and IL-13 production in treated
lung ILC2s would provide further support for a pro-inflammatory or anti-inflammatory
phenotype.
5.3.4 Transgenic IL-7 ILC2 immune responses to Influenza infections and airway
irritants

With the observation that TgIL7+mf-IL-7 mice have elevated IL-5 and IL-13 release in
response to Influenza challenge and no differences were observed in WT and WT+mf-1L-7 mice,
I proposed that the effects observed in TgIL7+mf-IL-7 mice are solely caused by overexpression
of IL-7. This should be further examined by thorough analysis of TgIL7 and TgIL7+mf-1L-7
mice during a 6-day Influenza challenge. TgIL7 lung ILC2 immune responses should also be
assessed under stimulation with airway irritants such as house dust mite or papain since these
stimulants invoke Tu2 responses in ILC2s.
5.3.5 IL-7 signaling during gut ILC2 immune responses

Lung ILC2 responses to Influenza infection were examined in this thesis, however, ILC2s
are also crucial in maintaining gut homeostasis and regulating immune responses to gut helminth
infections® 7. It would be interesting to assess the role of IL-7 in ILC2s during intestinal helminth
infections and colitis models to examine whether the importance of IL-7 in lung ILC2s! is
tissue-specific or applies broadly to all tissue-resident ILC2s.
5.3.6 Signaling pathway analyses in IL-7RaY*F ILC2s

It was determined that IL-7RoY##F subunit becomes internalized and recycled to the

surface like WT IL-7Ra following in vitro ILC2 stimulation with IL-7, which indicates that it is
90



not the engulfment of the receptor that caused the defects in ILC2 development observed.
Determining where the signaling impairment in these mice resides is critical to understanding
this model. It is known that motif Y449 on IL-7Ra is critical for the recruitment of STATS upon
IL-7 binding and that T cell development and function are dependent on STATS recruitment®”-
216, Due to the similarities between ILC2s and T cells, thorough IL-7 signaling pathway analysis
could implicate which pathways in the IL-7 signaling cascade contributes the most to ILC2
biology. It would also be interesting to examine whether impaired IL-7 signaling in IL-7Ra.Y44%F
ILC2s affects GATA3 activation. This could be done by analyzing GATA3 phosphorylation by
p38 and Akt12!7-218,
5.4 Conclusions

The data presented in this thesis has elements that support the hypothesis that IL-7
transcriptionally regulates ILC2 maintenance and immune responses. When IL-7 signaling was
disrupted through a knock-in mutation on IL-7Ra., a loss in Gata3 transcripts and GATA3
expression in bone marrow and fetal liver ILC2s was observed. Conversely, when IL-7 is in
abundance, there was an increase in ILC2 numbers and GATA3 expression. Transcriptional
profiling of lung ILC2s after IL-7 or TSLP stimulation showed that although these two cytokines
share a common receptor subunit, these cytokines invoke distinct transcriptional landscapes

within the same cell population.
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Appendix: 4-day in vivo intranasal IL-7 stimulation of lung ILC2s
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4-day in vivo intranasal IL-7 stimulation of lung ILC2s. WT mice were given a single 2ug IL-
7 intranasally before lungs were collected on indicated timepoint. A) Representative flow
cytometry plots showing GATA3 expression in IL-7 stimulated lung ILC2s at 2- and 3-days
post-stimulation. B) Total number of GATA3+ lung ILC2s after 2- and 3-day IL-7 stimulation.
C) Representative flow cytometry plots showing GATA3 expression in IL-7 stimulated lung
ILC2s at 3- and 4-days post-stimulation. D) Total number of GATA3+ lung ILC2s after 3- and
4-day IL-7 stimulation. These experiments were done in duplicate and Multiple Student’s z-test

and one-way ANOVA was performed for each set of data.
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