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ABSTRACT

Atopic dermatitis (AD) and asthma are increasingly prevalent atopic diseases characterized by a
dysregulated type 2 immune response. It has been observed that children initially diagnosed with AD
often develop asthma in subsequent years, a progression termed 'Atopic March' (AM). Central to this
type 2 immune dysregulation are the Group 2 Innate Lymphoid Cells (ILC2s). These cells rapidly
react to allergens and environmental insults at barrier surfaces and subsequently release type 2
cytokines. This response was associated with enhanced type 2 inflammation in asthma and AD mouse
models. Recently, using mouse models of allergic lung inflammation studies revealed that ILC2s can
acquire immunological memory. In this research, we aimed to investigate the role of memory ILC2s in
connecting different type 2 immune allergic diseases including AD and asthma. We hypothesized that
memory ILC2s generated in the skin might play a pivotal role in the onset of asthma later in life. For
this, we employed mouse models simulating the conditions of the Atopic March. Specifically, we
induced an AD-like phenotype through MC903 skin ILC2 sensitization, followed by lung ILC2
stimulation to model asthma inflammation. Our results underscore the potential influence of ILC2s in
the AM, indicating a possible link between MC903 skin treatment and subsequent lung ILC2
activation. Specifically, using a T and B cell-deficient mouse model, and AD-like phenotype
potentially pointed to an enhanced ILC2 response. Notably, MC903 treated mice exhibited a
significant difference in ST2+ lung ILC2 populations. However, the exact mechanisms for the
observed heightened ILC2 response remained unclear. Furthermore, a 'memory' state was not detected
with this model. This study provides an initial step towards an atopic march mouse model, potentially

leading to novel therapeutic interventions for allergic diseases through continued research.

Keywords: Atopic March, Atopic Dermatitis, Allergic Asthma, Group 2 Innate Lymphoid
Cells, Immunological Memory
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RESUMO

A dermatite atépica (DA) e a asma s&o doengas com uma prevaléncia crescente, caracterizadas
por uma desregulacdo da resposta imunitaria do tipo 2. Foi observado que criangas inicialmente
diagnosticadas com DA frequentemente desenvolvem asma em anos subsequentes, uma progressao
intitulada ‘Marcha Atopica’ (MA). Centrais nesta desregulacdo imunitaria do tipo 2 sdo as Células
Linfoides Inatas Grupo 2 (ILC2s). Estas células respondem rapidamente a alergénios e insultos
ambientais em barreiras epiteliais e, subsequentemente, libertam citocinas do tipo 2. Esta resposta foi
associada a uma intensificacdo de inflamac&o do tipo 2 em modelos de asma e DA em murganhos.
Recentemente, com a utilizacdo de modelos de inflamac&o alérgica pulmonar em murganhos, estudos
revelaram que ILC2s podem adquirir memoria imunolégica. Neste estudo, procurdmos investigar o
papel destas ILC2s-memoria na conexdo entre diferentes doencas alérgicas imunitéarias tipo 2,
incluindo DA e asma. Hipotetizamos que ILC2s-memdria geradas na pele poderiam desempenhar um
papel crucial no aparecimento de asma subsequentemente. Com esse objetivo, utilizamos modelos de
murganho que simulam as condi¢bes da Marcha Atdpica. Especificamente, induzimos um fen6tipo
semelhante a DA através da sensibilizacdo de ILC2s da pele com MC903, seguido de estimulacdo de
ILC2s pulmonares para simular a inflamagdo da asma. Os nossos resultados destacam a potencial
influéncia das ILC2s na MA, indicando uma possivel conexdo entre o tratamento de pele com MC903
e a subsequente ativagdo de ILC2 pulmonar. Usando um modelo de murganho deficiente em células T
e B, o fendtipo semelhante ao DA apontou para um potencial aumento da resposta por I1LC2s.
Notavelmente, murganhos tratados com MC903 exibiram uma diferenca significativa nas populactes
de ILC2 pulmonares ST2+. No entanto, 0s mecanismos exatos para a resposta observada
permaneceram incertos. Ademais, um estado de 'memoria’ ndo foi detetado com este modelo. Este
estudo fornece um passo inicial na obtencdo de um modelo de MA em murganhos, que poderé levar a

intervencdes terapéuticas inovadoras para doencgas alérgicas.

Palavras-Chave: Marcha Atopica, Dermatite Atdpica, Asma Alérgica, Células Linfoides Inatas
Grupo 2, Meméria Imunoldgica
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1 | Introduction

1.1. The Immune System

1.1.1. Background

Throughout life humans are constantly exposed to pathogens and toxic or allergic substances that
may threat host viability. Thereby, it is essential that the host bears an adequate defense, capable of
preventing or eliminating potential threats, while maintaining normal tissue and organ function. In
fact, the human body is equipped with diverse specialized immune cells, effector molecules and
biochemical processes that work together to provide layers of protection in a complex system known

as the immune system.

Immune cells and other blood cellular components are produced during the embryonic
development and throughout adulthood through a process termed hematopoiesis (Fig. 1.1).> During
hematopoiesis in adults, the blood and immune cells are originated from a common precursor that
resides in the bone marrow (BM), the hematopoietic stem cell (HSC). HSCs are multipotent stem cells
that can self-replicate and differentiate into progenitors that gradually lose certain lineage
differentiation potential, including the common myeloid progenitors (CMPs) and the common
lymphoid progenitors (CLPs), which separate the myeloid and lymphoid lineages, respectively.? The
myeloid lineage includes granulocytes (neutrophils, eosinophils, basophils, and mast cells),
monocytes, macrophages, and dendritic cells (DCs). Moreover, the lymphoid lineage consists of T and
B lymphocytes, natural Killer (NK) cells, innate lymphoid cells (ILCs) and lymphoid tissue inducer
(LTi) cells.®4



o : 2 Bone marrow

Hematopoietic
stem cell

Common Common
J Myeloid Lymphoid |
—~ Progenitor Progenitor —
S S e S N s ey ey ey
y y a 7= =
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Lymphocyte  cell

Denderitic cell Macrophage

Fig. 1.1 — Hematopoietic Differentiation Scheme. Hematopoietic stem cells are multipotent stem cells that
differentiate into progenitors with reduced differentiation potential, including the common myeloid progenitors
(CMPs) and the common lymphoid progenitors (CLPs), which separate the myeloid and lymphoid lineages,
respectively. CMPs give rise to eosinophils, monocytes, basophils, neutrophils, and mast cells. CLPs generate
innate lymphocytes, lymphoid tissue inducer (LTi) cells, T cells, B cells, and NK cells. Created with
BioRender.com.

Both myeloid cells and lymphoid cells, along with other biochemical processes and molecules,
have specialized roles and function together to defend the host against foreign entities like microbes,
viruses, cancer cells, and toxins. To function effectively, the immune system must differentiate
between the body’s own cells and foreign entities, as well as distinguish between non-harmful and
harmful invaders. This ability to accurately identify and respond to potential threats is crucial for the
body to neutralize harmful substances or organisms without causing harm to its own tissues. To
accomplish this, the immune system is structured into lines of defense with complementary functions:
the innate immune system offers an immediate, non-specific response, while the adaptive immune
system provides a delayed, highly specific, and enduring response.>® However, while the immune
response is crucial for defending against invading pathogens, excessive and unregulated inflammatory

reactions can themselves become a pathogenic.



1.1.1.1. The Innate Immune System

The innate immune system serves as the body's initial line of defense, and it is accountable for
pre-programmed responses dictated by genes in the host's genetic lineage. It uses both mechanisms
that prevent an infection (constitutive) and mechanisms that act after an infection (inducible) to

maintain homeostasis.”

Constitutive innate mechanisms consist of nonhematopoietic components that prevent the entrance
or restrict the growth of pathogens.” It includes physical barriers that protect outer surfaces, such as the
skin; and mucous membranes that protect internal surfaces, such as the respiratory, gastrointestinal,
and genitourinary tracts. Additionally, it encompasses molecular processes that regulate the infection
or replication of microorganisms such as antimicrobial peptides, antibacterial enzymes, chemical
substances that regulate pH, or mucous.”® Constitutive mechanisms provide a level of protection that
can combat infections promptly, potentially reducing the need for inducible immune responses and the
downstream inflammatory response. Nevertheless, this mechanism does not have the capability to
enhance the response and it utilizes energy to stay functional. Therefore, the host's defense
mechanisms are primarily inducible when there is an infection, and thus requiring the identification of

the pathogen for activation.®

Inducible mechanisms consist of hematopoietic components — myeloid and lymphoid cells — that
identify shared, conserved molecular patterns found in a broad range of microbial pathogens, as well
as the metabolic consequences resulting from inflammation, leading to a fast inflammatory response.®
Myeloid cells include granulocytes, monocytes, macrophages, and DCs. Moreover, NK cells, ILCs
and LTi cells are categorized as innate lymphoid cells.>* Also involved in the inducible response is the
complement system, an array of plasma proteins that collaborate as a cascade and promote lysis of
infectious organisms, generation of proinflammatory mediators, opsonization of pathogens surface and

immune clearance.>1°

Cells from the innate immune system do not possess antigen-specific receptors, yet they can be
activated during an inflammatory reaction on account of pathogen recognition receptors (PRRs). PRRs
are a class of germ-line encoded receptors that recognize highly conserved features shared by multiple
pathogens known as pathogen-associated molecular patterns (PAMPSs). Examples of PAMPs include
bacterial cell wall components such as lipopolysaccharides (LPS) of Gram-negative bacteria and
lipoteichoic acid (LTA) of Gram-positive bacteria, f-glucans found in fungal cell walls and double-
stranded RNA (dsRNA) produced during viral infection.® Furthermore, PPRs recognize common
biological consequences of infection and inflammation derived from host cells in the form of damage-
associated molecular patterns (DAMPs). DAMPs are endogenous molecules that are upregulated and

released upon cell lysis and tissue damage such as endogenous alarmins, heat-shock proteins and uric



acid.*® Once PRRs are activated, they initiate intracellular biochemical cascades that lead to cellular
activation.® This promotes phagocytosis and the production and secretion of cytokines and
chemokines, inducing inflammation and other antiviral responses. NK cells have a cytolytic function
and are able to identify and directly kill infected target cells.'

The recognition molecules recognized by the innate immune system are typically found across a
wide range of pathogens, leading to a fast response after encounter with the pathogen and thus
constituting the initial host response. In its role as the initial defense barrier, the innate immune system
recognizes, signals, and fights potential invading infectious organisms in an antigen nonspecific way.
In response, these signals play a role in triggering the activation of the adaptive immune system which

will provide a more robust and specific response in an antigen-specific manner.

1.1.1.2. The Adaptive Immune System

The adaptive immune system is accountable for extremely specific responses to its target antigens.
This specificity is due to the presence of antigen-binding proteins expressed on the surface of adaptive
immune cells. Antigen-specific receptors are formed through the somatic recombination of gene
segments derived from the host's germline, generating a large antigen-binding diversity. Therefore, the
adaptive response has the ability to differentiate between ‘self” and ‘non-self” antigens, leading to the

creation of immunologic effector pathways that are specific to the pathogen.®

The primary effector cells of adaptive immune responses are the lymphocytes. There are two
major lymphocyte lineages: B cells and T cells.*? These cells develop from HSCs originated in the BM
and undergo maturation in the BM or in the thymus, respectively, where assembly of B cell antigen
receptors (BCR), including membrane-bound immunoglobulins (lgs), and T cell antigen receptors
(TCR) occurs. BCRs directly recognize intact antigens, including proteins, carbohydrates, and lipids.t®
Upon antigen-receptor recognition, B cells undergo a process of activation, proliferation, and
differentiation into plasma cells, which are responsible for generating substantial quantities of
antibodies to bind and neutralize antigens. TCRs recognize peptide fragments of antigen bound to the
major histocompatibility complex (MHC) class | (MHC-I) or class Il (MHC-11) molecules present on
the surface of other cells. MHC-I is expressed on all mammalian cells and displays peptides derived
from intracellular pathogen to T cells that express the co-receptor CD8.%* MHC-II is expressed on
antigen-presenting cells (APCs) including DCs, macrophages, and B cells and displays peptides from
extra-cellular sources to T cells that express the co-receptor CD4.2* Activated T cells undergo clonal
expansion generating effector T cells: CD8+ cytotoxic T cells, that directly Kill infected or cancerous

cells, and CD4+ helper T cells, that stimulate the response of other immune cells.®®> CD4+ T cells can



be further classified into several subsets, including T helper type 1 (Thl), 2 (Th2), 17 (Th17), and
regulatory T cells (Tregs), based on the different cytokines they produce and functions they serve
within the immune system. Similarly, CD8+ T cells can be classified into cytotoxic T cell type 1
(Tcl), 2 (Tc2) and 17 (Tcl7).16

A characteristic aspect of the adaptive response is its ability to generate enduring protection by
developing immunological memory. Activated immune cells from the adaptive system have the
capacity to remember their initial encounter with a particular pathogen and can launch a more robust

and faster secondary response, quickly eradicating the threat upon subsequent exposures.’

1.1.2. Types of Inmunity

The human body is threatened by different pathogens every day. The diversity of threats is
faced with a diversity of responses by the immune system, where different types of immune cells and
molecules may be activated depending on the nature of the threat to maximize the protective effect
against the variety of hazards. Thus, the human immune system is divided into different types of
innate and adaptive cell-mediated immunity, comprising type 1, type 2, and type 3 immunity (Fig.
1.2).18 These classifications are based on the type of immune cells and molecules that are activated in

response to a particular pathogen or allergen, and the functions they serve in the immune response.
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Fig. 1.2 — Types of Immunity. Type 1 immunity is composed of ILC1s, Thl, Tcl and NK cells which
together produce IFNy, TNFa, perforin and granzyme. This results in elimination of intracellular pathogens and
epithelial regeneration while pathological effects include autoimmunity or inflammation. Type 2 immunity is
composed of ILC2s, Th2 cells, and Tc2 cells, which produce IL-4, IL-5, IL-9, IL-13, and Areg. This leads to
helminth, allergen, or toxin expulsion, but may also lead to allergy or fibrosis. Type 3 immunity is composed of
ILC3s, Thl7 cells, and Tcl7 cells, producing IL-17 and/or 1L-22. This results in elimination of extracellular
pathogens and epithelial regeneration but may result in autoimmunity or inflammation. Created with
BioRender.com.

1.1.2.1. Type 1 Immunity

Type 1 immunity (Fig. 1.2) plays a crucial role in mounting an effective defense against
intracellular pathogens such as bacteria, protozoa, and viruses. This type of immunity is characterized
by an intense phagocytic activity and the secretion of the inflammatory signaling proteins interferon-
gamma (IFNy) and tumor necrosis factor-alpha (TNFa). Thus, type 1 immunity comprises specialized
cells that produce IFNy and TNFa including T-bet'Eomes  Thl cells and ILC1s, as well as T-
bet"Eomes* cytotoxic lymphocytes, explicitly Tc1 and NK cells.1618

Upon intracellular pathogenic persistence, activated APCs produce and release cytokines,
including interleukin 12 (IL-12) and 18 (IL-18). These cytokines induce the initial secretion of IFNy
and TNFa by ILCls and NK cells before an antigen-specific adaptive immune response occurs.'81°
IFNy can bind to about all nucleated cells and promote monocyte differentiation at sites of infection,

stimulate phagocytosis, induce MHC expression, enhancing antigen presentation, and control cellular



growth and apoptosis.?®>?2 The secretion of IFNy by innate cells along with the release of IL-12 by
activated APC and antigen presentation promotes Tcl and Th1l differentiation. Tcl and NK cells have
cytotoxic potential and directly eliminate infected cells by releasing perforin and granzymes. Thl
along with other IFNy- and TNFa-producing cells release these cytokines and further activate the
mononuclear phagocytic system thus contributing to the elimination of intracellular pathogens.®

This type of immunity can, nonetheless, have a pathogenic role in human diseases. Excessive
activation of type 1 immunity has the potential to result in autoimmune diseases like multiple sclerosis

and rheumatoid arthritis, along with other chronic inflammatory disorders.z

1.1.2.2. Type 2 Immunity

Type 2 immunity (Fig. 1.2) responds to helminth infections, allergens, and venom toxins. It is
characterized by increased numbers of granulocytes and GATA Binding Protein 3 (GATA3") effector
cells, mainly Th2, ILC2s and Tc2, along with the overproduction of immunoglobulin E (IgE) and
type-2 cytokines IL-4, IL-5, IL-9, and IL-13 and the growth factor amphiregulin (AREG).?*

Helminth infection or allergen/venom exposure on the skin or mucosal surfaces induces the
epithelial release of IL-25, IL-33 and thymic stromal lymphopoietin (TSLP).?® These alarmins directly
activate mast cells, granulocytes and ILC2s to produce IL-4, IL-5, IL-9, IL-13, and AREG.?®?" The
epithelium-derived response also activates DCs that, under the influence of IL-4 and IL-13, promote
Th2 and Tc2 differentiation and consequent production of IL-4, IL-5, and IL-13.28 IL-4 and IL-13 are
B cell differentiation factors with a role in Ig class switching to IgE, an antibody commonly associated
to allergic diseases.?® IL-13 promotes goblet cell hyperplasia, mucous hypersecretion and smooth
muscle hyperreactivity.® IL-4 is believed to play a role in Th2 and Tc2 differentiation and induction
of GATAZ3 expression, leading to type-2 cytokine production, although this process seems to be
mediated by I1L-13.3! IL-5 is responsible for promoting eosinophilia.®? The objective of these responses
is to expel pathogens or allergens and to encourage the differentiation and growth of epithelial cells,

which facilitates the repair of damaged tissue.

Nevertheless, an improper type 2 immune response may arise when this form of response is
triggered by continuous exposure to allergens. Consequently, the majority of human diseases
associated with type 2 immunity are typically allergic conditions, like atopic dermatitis (AD) or

asthma.'® Dysregulated type 2 inflammation can also lead to tissue fibrosis.*



1.1.2.3. Type 3 Immunity

Type 3 immunity (Fig. 1.2) is linked to defense against extracellular bacteria and fungi. This
immunity is distinguished by the generation of IL-17 and/or IL-22 by RORyt+ lymphocytes, primarily
Th17, Tcl7, and ILC3s.%6

Activation of this type of immunity by extracellular bacteria or fungi results in the production
and secretion of cytokines IL-1p and IL-23 by APCs triggering ILC3 activation, Th17 and Tcl7
differentiation, and consequent type 3 cytokine production. IL-17 and IL-22 have important functions
for protection and signal immune and non-immune cells. 1L-17 induces recruitment of neutrophils,
promotes the expression of anti-microbial peptides, directs tissue remodeling during inflammatory
responses and regulates tight junction formation in endothelial cells.®** Just like IL-17, IL-22
stimulates the secretion of anti-microbial peptides. IL-22 also plays a role in safeguarding tissues,
promoting cell survival, differentiation, restructuring, and in the production of pro-inflammatory

proteins.®

Nonetheless, an imbalance in type 3 inflammation can be linked to a variety of autoimmune
diseases, including rheumatoid arthritis, psoriasis, inflammatory bowel diseases, uveitis, among

others.16:3%

1.1.3. ILC2Zs

The traditional perception for type 2 immune responses was primarily accounted for by the
activation of adaptive immunity, mainly Th2 and B cells. However, while the activation of the
adaptive immune response is important for fighting infections and forming immunological memory, in
recent years, it has become clear that ILCs also have a significant function in both immunity and
inflammation. In fact, studies have shown that mice that are recombination activating gene (Rag)
deficient and, thus, T and B cell deficient, can still initiate an innate type 2 response.®-® Type 2 innate
lymphoid cells (ILC2s) are viewed as the innate equivalents of adaptive Th2 cells, since they exhibit

transcription factors and release effector cytokines similar to those of Th2 cells.®

ILC2s represent a subgroup in the ILC family, characterized by the elevated expression of the
transcription factors retinoic acid receptor-related orphan receptor o (RORa) and GATA3, which are
essential for their development.®*#° These cells do not yet have a single lineage-restricted marker;
hence, their identification is based on a combination of markers, which can vary depending on the

tissue from which they originate. ILC2s do not possess cell lineage markers that are typically



associated with T cells, B cells, dendritic cells (DCs), macrophages, and granulocytes, including
CD3g, CD4, CD8o, TCRB, TCRys, CD5, CD19, B220, NK1.1, Ter119, Gr-1, CD11b, CD11c and
FceR1a (Lin —).* Yet, they do express CD45, Thyl (CD90), CD127 (IL-7Ra), CD25 (IL-2Ra), Sca-
1, CD117 (c-Kit), ST2 (IL-33R), KLRG1, and IC0OS.?%42 Skin ILC2s uniquely express CD103 and IL-
18Ra, while the expression of I1L-33 receptor (ST2) and IL-25 receptor (IL-25R) differs based on the
specific organ.*®

ILC2s are tissue resident cells that have been located at barrier surfaces, including the lung,
intestine, and skin, as well as in the mesenteric lymph node (mLN), BM, spleen, liver, kidney, visceral
adipose tissue, and blood.***> These cells do not express antigen specific receptors, instead, their
expansion and activation is controlled by cytokines, neurotransmitters and lipid mediators in the local
environment of each tissue.**¢ Upon barrier disruption, epithelial and stromal cells release cytokines,
including IL-33, TSLP, and IL-25, which have been demonstrated to foster responses from Th2 cells
and also to be potent activators of ILC2s.24247 Similarly to Th2 cells, activated ILC2s generate type 2
cytokines such as IL-4, IL-5, IL-9, IL-13, and the growth factor AREG, leading to type 2
inflammation. This inflammation is marked by an increased presence of eosinophils and alternative
activation of macrophages, Th2 cell differentiation and IgE class switching.*® Activation of ILC2
occurs within a few hours following exposure to allergens. Thus, ILC2s serve as the initial source of
type 2 cytokines and play a crucial role in triggering the adaptive response that is mediated by Th2

cells.

1.1.3.1. Activation of ILC2

Alarmins, also known as DAMPs, are molecules typically found inside cells and are released
in response to tissue damage, environmental harm, physiological stress, or cell death (necrosis).*
ILC2s express receptors for alarmins such as IL-33, IL-25 and TSLP, and are potently activated by

them.*®

IL-33 is a cytokine actively released by necrotic epithelial cells, fibroblasts, and endothelial
cells of skin, gastrointestinal tract, and lungs.*>*° It signals through the heterodimeric receptor formed
by interleukin 1 receptor-like 1 receptor (ST2) and the IL-1 receptor accessory protein (IL-1RACP),
which is mainly expressed by immune cells, including ILC2s.424° IL-25 expression can be prompted in
an extent of immune cells or is constitutively expressed by epithelial cells in the intestine.*® IL-25
binds to its receptor IL-25R, composed of IL-17 receptor A (IL-17RA) and IL-17 receptor B (IL-
17RB), that is present on various non-immune and immune cells, including ILC2s.*? TSLP expression

is induced in epithelial cells in the lung and skin, whereas it is constitutively expressed in intestinal



epithelial cells.*** It signals through the receptor constituted of IL-7Ra and TSLPR, which is broadly

expressed within hematopoietic cell populations, including ILC2s.425t

Binding of IL-33 or IL-25 to its associated receptors leads to the activation of nuclear factor
(NF) kB and mitogen-activated protein kinase (MAPK).**5! This induces the phosphorylation of
GATAZ3, promoting GATA3 binding to the IL5 and IL13 promoters and ILC2 proliferation.*5!
Binding of TSLP to its associated receptor activates a signaling pathway involving Janus kinase (JAK)
1/2 and STAT5.43%1 STAT5 binds to the GATA3 gene and, together, they regulate ST2 expression,

enhancing IL-33 induced activation.5?

The responsiveness of ILC2s to cytokine stimulation differs based on their location within
tissues. Within the lung, ILC2s exhibit elevated levels of ST2 expression and TSLPR but low levels of
IL-25R, and thus ILC2s are potently activated upon intranasal (i.n.) administration of IL-33 but not
with IL-25.%% In vitro experiments showed that IL-33 is essential but not sufficient for ILC2 activation.
In fact, in vitro activation of ILC2s requires IL-33 plus one more cytokine that acts as enhancer of
activation, such as TSLP, IL-25, IL-2 or IL-7.% On the contrary, intestine ILC2s display high levels of
IL-25R expression and relatively low levels of ST2.1" Therefore, IL-25 seems to have an important
function in provoking ILC2-mediated inflammation in the gastrointestinal tract, in contrast to its role
in the lung. Furthermore, ILC2s in mLN, spleen and liver expand upon intraperitoneal (i.p.)
administration of 1L-25.54% In the skin, ILC2s activation was proven to be independent of IL-33 or IL-
25 and dependent on TSLP.% Ultimately, IL-33 appears to play a crucial role in the activation of lung
ILC2s, while IL-25 and TSLP seem to hold greater significance in the activation of ILC2s within the

gut and the skin, respectively.

1.1.3.2. Function of ILC2s

Following activation, ILC2s undergo an expansion phase when they become highly
proliferative and secrete high quantities of type 2 cytokines IL-5 and IL-13, but also IL-4, IL-9, and
the growth factor AREG (Fig. 1.3).* IL-5 plays a role in the differentiation, activation, and survival of
eosinophils, resulting in eosinophilia.’” AREG also contributes to the activation and survival of
eosinophils and other immune cells, plus, has an important function in tissue repair and regeneration.%®
IL-13 induces mucous hyperproduction, airway hyperreactivity, and smooth muscle contraction.?® It
also contributes to tissue repair and fibrosis.?® Furthermore, in conjunction with IL-4, IL-13 provides
signals for the differentiation of macrophages into alternatively activated macrophages and fosters
antibody class switching to IgE.?% Although IL-4 is thought to play a role in the differentiation and

activation of Th2 cells, IL-13 seems to mediate this process.®! IL-9 contributes to the survival and
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proliferation of mast cells and airway remodeling by inducing goblet cell hyperplasia.®® Furthermore,
autocrine 1L-9 signaling on ILC2s is important for their expansion and production of type 2

cytokines.

Helminth Allereen Mucus formation and
- goblet cell hyperplasia
S R /““'\ /\1 /"“‘z\‘
vV ¥V ¥
| L
l S DC )
IL-33 \
Tissue IL-25
Repair TSLP
l Activated » TR
G Be ‘/ |Mast
Areg /@ \"\\ — L9 O Cell
\ y ) —
&
IL-5 / ‘ ILC2 \
p
A
L4 -
Eosinophilia
=
L )
> ,
\{ g IL-4 = . ) 4
o N A iLs — (Y — (=1
ches ~ (D IL-13
Switching = Th2 Naive
: ¢ =Y 12 CD4+
A TCell
B Cell

Fig. 1.3 — Type 2 immune response orchestrated by ILC2s. Epithelial damage induced by helminth
infection or allergen exposure result in epithelial secretion of alarmins, including IL-25, IL-33, and TSLP. These
alarmins potently activate ILC2s, resulting in the production of the type 2 cytokines IL-4, IL-5, IL-9, IL-13, and
the growth factor Areg. Areg is involved in tissue repair. IL-5 promotes eosinophilia. IL-4 and IL-13 promote
IgE class switching and support the differentiation of naive CD4+ T cells into effector Th2 cells. IL-13 also
induces mucous hyperproduction, airway hyperreactivity and smooth muscle contraction. IL-9 contributes to the
survival and proliferation of mast cells and airway remodeling by inducing goblet cell hyperplasia. The
epithelium-derived response also activates DCs that, in the presence of IL-4 and IL-13, promote Th2
differentiation and consequent production of IL-4, IL-5, and IL-13. Created with BioRender.com.

As mentioned before, ILC2s serve as the primary origin of type 2 cytokines, playing a crucial
role in initiating type 2 inflammatory responses. This response is known to be controlled by induced
regulatory T cells (iTregs) in the lungs, which also reduce both dendritic and T cell responses in
murine asthmatic models. In Rag2-deficient mice, which lack mature B and T cells, the adoptive
transfer of iTregs reduced both AHR and eosinophilia, thus suppressing ILC2-dependent inflammation
in vivo.®? After the expansion phase in the lung, ILC2s either presumably die, remain in the lung as
memory-like ILC2s (discussed in more detail later), or become exhausted, indicating their incapacity
to incite type 2 immune responses upon recurrent exposure to allergens.>*%%4 Exhausted ILC2s

produce IL-10 and are formed in the mouse lung during persistent inflammation or in response to IL-
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2.5384 Exhausted ILC2s were induced both in the lung and in the small intestine in in vitro

experiments.

1.1.3.3. Pathogenicity of ILC2s

Whereas there is a crucial role for Th2 in allergic inflammations, the pathogenicity of 1LC2s
has been described in allergic diseases, including asthma and AD.3%°6656¢ Their pathogenic roles in
airway inflammation have been shown with the use of asthma mouse models.*85357-70 |n these models,
ILC2s have been found to accumulate in lungs, bronchoalveolar lavage fluid (BALF), and mediastinal
lymph nodes, leading to an exacerbation of type 2 inflammatory responses and increased production of
type 2 cytokines, specifically IL-5 and IL-13. This phenomenon has been observed in mice infected
with influenza virus or challenged with various allergens such as Alternaria alternata, house dust
mites (HDM), papain, and ovalbumin (OVA). Additionally, i.n. administration of cytokines such as
IL-25 and IL-33 has also resulted in the accumulation of ILC2s in the lungs. Another study showed
that, while both these cytokines induced proliferation of and cytokine expression by ILC2s, 1L-33 was
shown to be a more potent inducer of ILC2 activation than IL-25."* These models have yielded
valuable insights into the development of asthma-related pathologies. Notably, the increase of ILC2
population in these models was associated with airway eosinophilia, characterized by the infiltration of
eosinophils into the airways. Moreover, the activation of ILC2s was also linked to airway
hyperreactivity, epithelial cell hyperplasia and enhanced secretion of mucous. Furthermore, activation
of ILC2s and consequent enhanced type 2 inflammation was shown to be independent of B and T
cells. Other studies observed similar levels of airway inflammation, eosinophil recruitment, and
cytokine production upon i.n. administration of papain, 1L-25, or IL-33 in Rag1/Rag2-deficient mice,
which lack mature B and T cells, when compared with wild-type (WT) mice.3% The same treatment
did not induce asthma-like pathologies in mice lacking B, T cell and 1LC2s.33%° However, adoptive
transfer of ILC2s into these mice reconstituted asthma-like pathologies, including eosinophilia and
mucous secretion.® Overall, these findings highlight the crucial function of ILC2s in mediating type 2
immune responses and the subsequent development of asthma-related pathologies. Since ILC2s are
also present in human lungs and have been found elevated in the peripheral blood (PB) and BALF of

asthmatic patients, it implicates that they may play a critical role in human lung diseases. %727

ILC2s have also been shown to have a pathogenic role in allergic skin inflammation as the
frequency of these cells is also increased in the skin of patients with AD.%®% This evidence is
supported by experimental data from mouse models of AD. These models were obtained with topical

application of the vitamin D3 analog calcipotriol (MC903), which induced an AD-like skin
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inflammation phenotype characterized by eczema, elevated serum IgE, skin thickening, dilated blood
vessels and dermal inflammatory infiltration of mononuclear leukocytes and granulocytes.%
Additionally, increased frequencies of CD25* ST2" ILC2s were observed in the skin and draining
lymph nodes (dLNs) of these mice. Moreover, the frequency of IL-5 and IL-13 producing ILCs
isolated from dLNs was elevated, implicating their activation in the context of AD-like inflammation.
Experiments in which adaptive lymphocyte-deficient Rag-deficient mice displayed inflammation,
while ILC2 deletion mitigated the dermatitis phenotype, have demonstrated the crucial role of ILC2s
in MC903-induced dermatitis.>® Similarly, subcutaneous HDM challenge results in ILC2 accumulation

in human subjects, demonstrating their role in allergic responses. %

1.1.3.4. Memory ILC2s

Immunological memory has long been regarded a hallmark of adaptive immunity and is
described by the ability of the immune system to recall previous exposure to pathogens and mount a
faster more robust response upon re-encountering the same pathogens.*” This classical definition has
focused only on T and B cells of the adaptive immunity. Nonetheless, latest findings revealed the
capability of innate immune cells to have immunological-like properties, namely NK cells, monocytes,
macrophages and ILC2s.537883 This type of antigen non-specific immune memory has been termed

‘trained immunity’ .8

Dr. ltziar Martinez-Gonzalez has previously shown that ILC2s are able to acquire
immunological memory-like proprieties in the lung.®® In this study, i.n. administration of allergens,
such as papain or Alternaria oryzae, or alarmins, such as IL-33, triggered ILC2 expansion and
activation in the lung along with the production of cytokines IL-5 and 1L-13. The expansion phase
continued for a few days and was subsequently succeeded by a contraction phase during which the
numbers of ILC2s decreased, the production of cytokines ceased, and the lung eosinophil numbers
declined, suggesting the resolution of inflammation. However, lung ILC2 frequency remained higher
when compared to naive lung ILC2s for a long time. Additionally, it was demonstrated that certain
previously activated ILC2s persisted for an extended duration, signifying their transition into long-
lived cells, a trait commonly associated with memory cells. Upon re-challenge with an unrelated
stimulus, these mice showed a heightened airway inflammation with augmented numbers of
eosinophils in the lung and higher mucous accumulation in the airways when compared to naive mice
that received the same challenge. This study showed that previously activated ILC2s were able to
produce elevated levels of IL-5 and IL-13 in contrast with naive ILC2s, leading to an exacerbated

inflammatory response, which is also distinctive of immunological memory.
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The antigen non-specific immune memory of ILC2s might mediate allergic diseases triggered by
unrelated allergens, which may describe the mechanism behind reactivity towards multiple allergens
seen in allergic patients. However, it is unknown whether ILC2 memory is generated in any other
tissues or in humans and whether memory ILC2s can migrate to other tissues to elicit enhanced

inflammation in non-resident organs.

1.1.3.5. Migratory ILC2s

ILC2s are derived from HSCs, which initially give rise to CLPs and, through a series of
differentiation stages, eventually lead to common ILC precursors (ILCPs). ILCs arise from fetal ILCPs
in distinct waves of differentiation throughout embryogenesis.®® Putative ILCPs are present in the fetal
liver and BM, providing a potential source for these cells.® ILC precursors have also been detected
before birth in peripheral tissues, such as the small intestine, mesentery, and lungs, where they
undergo further differentiation and maturation in situ. -8 These findings suggest that that the initial
differentiation of ILC2s takes place in the fetal liver and BM, while their ultimate maturation occurs in
peripheral tissues. Once in peripheral tissues, ILC2s receive environmental cues specific to the
residing organ and adapt to tissue specific phenotypes.®® Schneider et al. found that the adult tissue
ILC2 pool consists of both prenatal and postnatal origins.® They observed that the postnatally derived
ILC2s were generated de novo within the first few weeks of life and persisted into adulthood, with
minor contribution from subsequent adult BM hematopoiesis in the majority of the organs. Hence, he
fetal and neonatal periods are pivotal moments in the formation of tissue ILC2 pools. Parabiosis
studies where mice were surgically joined to share their bloodstreams have unequivocally
demonstrated that ILC2 are tissue resident cells, with minimal trafficking through the blood and
between tissues. %% Instead, ILC2s establish long-term residence within tissues, both during
homeostasis and under inflammatory circumstances. Ultimately, ILC2s predominantly develop during
the fetal and neonatal phases and persist as long-lived tissue-resident cells. Thus, the preservation of
tissue ILC2s during adulthood and under homeostatic conditions is achieved through their localized
expansion, which is not reliant on replenishment by circulating ILC2Ps or ILC2s. It is plausible that
each tissue possesses its distinct ILC2P populations that play a role in upholding the ILC2 pool during

normal conditions and ILC2 generation during inflammatory responses.

Notwithstanding, various studies have provided evidence supporting the recruitment of 1LC2s
during inflammatory situations. Gasteiger et al. proven the tissue residence of ILC2s under both
steady-state and acute inflammatory conditions through parabiotic studies, however, they also

observed donor-derived ILC2 infiltration during chronic inflammatory conditions.® These findings
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indicated the potential mobilization of ILC2s from hematopoietic sources during chronic inflammatory
circumstances. Other studies suggested that ILC2s and ILC2Ps migrate from the bone marrow and fill
empty niches in disrupted tissues upon recruitment mediated by cytokines.>*%¥% Human studies also
support the idea of recruitment of ILC2Ps from the bone marrow that can generate tissue-resident
ILC2s during both steady-state conditions and inflammation.®°" In severe combined
immunodeficiency (SCID) patients who underwent hematopoietic stem cell transplantation (HSCT),
ILC2 reconstitution occurred, indicating the recruitment and repopulation of ILC2s in tissues.®’
Additionally, circulating ILCPs have been observed in human PB, further suggesting their potential to
give rise to tissue resident ILCs.%® In the context of asthma, research has revealed that in humans,
ILC2s accumulate in the BALF following allergen exposure, while the numbers of circulating ILC2s
decreases. This supports the notion of ILC2 recruitment from the circulation into the lungs during
episodes of inflammation.® Overall, the available data suggest that ILC2s can be generated de novo
and recruited from the BM to tissues during inflammation and tissue disruption. It is plausible that the
recruitment and local expansion of ILC2s are not mutually exclusive processes but can happen

sequentially or concurrently, contingent on the precise inflammatory circumstances.

While ILC2s might be recruited from hematogenous sources to sites of infection in response to
inflammatory signals, it is also possible that activated ILC2s migrate between tissues during infection.
Huang et al. revealed that IL-25 induced inflammatory ILC2s (ilLC2s) in the small intestine to
proliferate and migrate through the lymphatics and blood circulation into peripheral tissues, including
the lung, through a mechanism dependent on sphingosine-1-phosphate (S1P).® The same authors
proposed that ilLC2s are circulating cells that respond to IL-25 during the initial stages of
inflammation and, eventually, they transition into ST2+ conventional ILC2s within the tissues.*® Thus
it is conceivable that ilLC2s are transient progenitors of ILC2s that migrate, eventually contributing to
immunity. In another study, Ricardo-Gonzalez et al. found that activation of local ILC2s by tissue-
specific alarmins induces ILC2 proliferation, lymph node migration, and blood dissemination, thus
systemically distributing type 2 responses.!® Circulatory I1LC2s exhibited 2 distinct phenotypes
derived from distinct tissues during the course of infection. These findings suggest that ILC2s, located
in different organs, have the capability to enter the bloodstream upon activation and extend local
immune responses to systemic type 2 immunity. Recently, Mathd et al. reported the increase of ILC2
numbers in the lung, PB, and liver upon i.n. IL-33 treatment in mice.*®* Utilizing a parabiosis model,
they demonstrated that the augmentation of ILC2s in the lung resulted from the proliferation of
resident ILC2s in the lung, whereas in the liver, it was attributed to the S1P-dependent migration of
activated ILC2s from the lung. ILC2s originating from the lung induced fibrotic inflammation in the
liver and displayed protective effects in a model of acute hepatitis induced by concanavalin A. This
study suggests that ILC2s emigrate from the lung and foster type 2 inflammation in the liver and

reduce type 1 inflammation. Thus, ILC2s seem to mediate inflammation in two different organs.
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As mentioned above, under both steady-state and acute inflammatory conditions, ILC2s are
broadly recognized as cells residing in tissues; however, upon activation these cells appear to possess
the ability to move through circulation and migrate between various tissues, and possibly turn local
inflammation into systemic type 2 inflammation. This opens the possibility of migratory I1LC2s
feasibly connecting various type 2 immune diseases. Nonetheless, the mechanisms governing the
migration of ILC2s between tissues, the diversity between tissue resident and migratory ILC2s, and

their roles in connecting various human diseases are not entirely comprehended.

1.2. Atopy

Atopy is defined as an individual’s predisposition to become sensitized and overproduce IgE
antibodies in response to substances normally considered harmless in the environment.1°? Usually, IgE
is present in the serum in low concentrations, and it may increase as a protective reaction to combat
parasitic infections. Nevertheless, individuals with atopic conditions exhibit an unusually heightened
capability to generate IgE antibodies in response to common irritants, environmental factors, or
allergens which trigger immune system activation upon ingestion, inhalation, or absorption through
the skin.’® Clinically, atopy in patients is termed as an IgE-antibody high-response where IgE
sensitization is verified by IgE antibodies in the serum or by a positive skin prick test.’%* This test is a
diagnostic procedure where small amounts of potential allergens are applied to the skin using a small
needle, leading to localized allergic reactions in sensitive individuals, thereby helping identify specific
allergies. Atopic patients have an increased risk to develop one or more atopic disorders that can exist
simultaneously or at different points in time within the same individual. The most common
manifestations of atopy include allergic asthma, AD, food allergies and allergic rhinitis.1%°

Nowadays, the term ‘allergy’ is commonly used as a synonym for IgE-mediated atopic diseases.
However, it has been noted that serum IgE levels can stay within the normal range even in cases of
mild, moderate, and occasionally, severe atopic diseases.’® Thus, atopic diseases can be categorized
into two distinct phenotypes: the extrinsic, allergic (atopic) variant, which arises in the context of
sensitization to environmental allergens and is characterized by elevated serum IgE levels and positive
skin prick test results; and the intrinsic, nonallergic (nonatopic) variant, characterized by the absence
of detectable sensitization, low serum IgE levels, and negative skin prick test results.!®® A variety of
risk factors have been identified for atopic diseases, including genetic factors, allergic sensitization,
maternal smoke, respiratory virus infection, obesity, and many others.2® Allergic diseases impose a
substantial burden to the healthcare system as their prevalence is increasing in recent decades and now

affecting 20% of the population worldwide.’
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1.2.1. Asthma

Asthma is a non-communicable, chronic inflammatory disease of the airways, characterized by
increased mucous production and airway obstruction, airway hyper-reactivity and bronchospasm
leading to intermittent outbreaks of breathlessness, wheezing, and coughing.'® Airway obstruction can
occur as a result of mucous production or due to airway remodeling, possibly causing permanent lung
function impairment.®®° Bronchospasm is an outcome of persistent airway inflammation
accompanied by the leakage of plasma and the influx of inflammatory cells that produce cysteinyl
leukotrienes, causing smooth muscle contraction.’®!! Airway hyper-reactivity is a prominent
characteristic of asthma, as it characterizes the inclination of the airways in patients to narrow
excessively in response to stimuli that would typically have minimal or no effect on healthy
individuals.1® This disorder has a higher incidence in children, but it can affect people of all ages, and
it presents an elevated asthma-related healthcare use and mortality rates in adults.?*? In 2019 it was
estimated that around 300 million people have asthma worldwide, and that it is likely to increase in the
near future.!’®* The cause of the disease can be attributed to many risk factors including exposure to
tobacco smoke, allergens, air pollution, obesity, viral infections, and many others.*4 However, asthma

susceptibility seems to also have genetic and sex hormonal contributions.1!>116

Presently, asthma is viewed as a heterogeneous condition comprising various clinical presentations
(phenotypes) and distinct underlying pathophysiological mechanisms (endotypes). Generally, asthma
can be divided into 3 phenotypes: the extrinsic/allergic (atopic) asthma, the intrinsic/nonallergic
asthma (non-atopic), and the mixed form.1%1'7 Allergic asthma is the most prevalent phenotype of
asthma. It develops mostly during childhood, through contact with common allergens such as pollen,
animal dander, house dust, certain foods or drugs, and many others.!® This atopic state is identifiable
through elevated total and allergen-specific IgE levels in the serum, as well as positive skin prick test
results, which confirm sensitization to common allergens in affected individuals.2%*8 It is also often
associated with other allergic disorders and inherited allergic predisposition. Intrinsic asthma occurs in
10-20% of asthmatic individuals and has a later onset, affecting mostly adults, and a more severe
clinical course.’3118 Additionally, this phenotype exhibits a noticeable predominance among
females.® This type of asthma is prompted by non-allergic stimuli, like environmental pollution,
smoke or fumes exposure, exercise, or respiratory infections.'® Unlike allergic asthma, patients with
the intrinsic form synthetize low levels of total IgE, lack IgE specific to seasonal and common

allergens and have negative skin prick tests,103119

Asthma classification based on endotypes focuses on cellular and molecular mechanisms behind
the development of the disease.'®® Allergic asthma has a Th2-mediated background, marked by the

existence of eosinophilic airway inflammation. In contrast, a subset of non-allergic asthma patients
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exhibits a non-Th2 inflammation, characterized by neutrophilic or paucigranulocytic airway
inflammation.!?* Thus, Th2-mediated asthma is type 2 immunity-driven whereas non-Th2-mediated is

non-type 2 immunity-driven,10%120

1.2.2. Atopic Dermatitis

Atopic dermatitis is a non-communicable, chronic inflammatory disease of the skin, characterized
by a skin disruption known as atopic eczema, which causes persistent pruritus, serous drainage, blister
formation, erythema, and scaling, often associated with physiological stress (sleeping disorders or
depression).1?212 However, the clinical manifestation can vary significantly, contingent upon the
patient's age and the severity of the disease. The prevalence of AD is estimated to be 15-20% in
children and 1-3% in adults, and the incidence is expected to increase in the next decades.'?*
Nowadays, AD is one of the most common chronic skin diseases and affects up to a fifth of the
population worldwide.'?> Common triggers encompass a range of environmental stimuli, such as heat,
perspiration, anxiety, and infections.'?® AD pathogenesis is complex and multifactorial, and its cause
can be attributed to many risk factors including filaggrin protein deficiency, climate, air pollution,

obesity, among others.'?3

Similarly to asthma, AD can be classified according to two phenotypes — extrinsic, allergic
(atopic) AD and intrinsic, non-allergic (non-atopic) AD. Most patients with AD have the extrinsic
form, representing 70-80% of the cases.!?® These patients exhibit elevated levels of total serum IgE
and allergen specific IgE, along with positive reactions to skin prick tests for common allergens.?
This disease occurs mainly during childhood in atopic families and is often linked to other atopic
diseases. Intrinsic AD represents the minority of AD cases, occurring in 10% of the patients.'?
Clinically, it is observed that this condition is not linked to sensitization to food or airborne allergens.
Patients typically have normal total and allergen-specific serum IgE levels and exhibit negative
reactions to skin prick tests for common allergens. Nonetheless, these patients may present with
similar skin lesions as individuals with elevated serum IgE levels.'®® This phenotype typically
manifests at a later stage, but family history and disease duration appear to be comparable to those
with extrinsic AD.'?" Furthermore, multiple studies have noted a higher prevalence of female patients
among those with nonallergic AD. This observation could be attributed to the influence of sex

hormones, which can affect mucosal allergic reactivity.!2812°

The distinct molecular mechanisms that distinguish disease subtypes of AD, previously defined as

endotypes, are poorly described. However, studies hypothesized a dynamic connection between both
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forms of AD, suggesting that intrinsic AD could be viewed as a transitional state leading to extrinsic
AD.130

1.2.3. Atopic March

Atopic diseases are multifactorial disorders as they might be caused by several contributing factors
such as genetic susceptibility, perinatal exposure, or environmental factors. Although some patients
are affected by only one atopic disorder, others can develop several through life. This progression of
atopic manifestations has been termed ‘atopic march’ (AM).! AM usually begins with AD
occurrences in patients during childhood which provides the sensitization required for the incidence of
other atopic diseases later in life, including food allergies, allergic asthma, or allergic rhinitis.**
Studies have shown that AM does not always follow this pattern of progression, as some patients may
first develop asthma and later develop AD.!* Also, it has been shown that it may occur at any age, not
just during childhood.*® Nonetheless, there are clinical observations describing AM as the atopic
diseases progression starting with an AD diagnosis to subsequent allergies as well as the correlation
between these atopic manifestations.?*** In fact, over recent years, AD has been considered a threat
to public health as 70% of individuals with severe AD progress into asthma later in life compared to
approximately 8% of the general population.’®” The presence of AD is also linked to heightened
asthma severity and a greater likelihood of asthma persisting into adulthood.'*° The atopic march
describes the sequential progression of atopic diseases, which are interconnected through shared
genetic and environmental triggers. This progression involves allergen-specific responses mediated by
Th2 cells and ILC2s, characterized by a type 2 effector phase. This phase may encompass specific IgE
production, activation of granulocytes, and other innate responses such as increased mucus production
and tissue swelling. Crucially, the diagnose of one allergic condition amplifies the chance of

developing additional ones, contributing to the cumulative nature of the atopic march.

1.3. Thesis objective

The primary objective of this thesis is to comprehensively investigate the potential role of
memory-like ILC2s in the context of the Atopic March, a phenomenon that links various forms of
atopic diseases. While Th2 cell responses have traditionally been associated to this progression, recent
research highlights the significance of ILC2s as initiators of type 2 inflammation during allergic

reactions. ILC2s have been shown to contribute to type 2 inflammation in atopic diseases, to have a
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role in mouse models of AD and asthma and to have an antigen non-specific immune memory. The
antigen non-specific immune memory of ILC2s might mediate allergic diseases triggered by unrelated
allergens, which may describe the mechanism behind reactivity towards multiple allergens seen in
allergic patients. However, it is unknown whether ILC2 memory is generated in any other tissues or in
humans and whether memory ILC2s can migrate to other tissues to elicit enhanced inflammation in
non-resident organs. Considering the implication of ILC2s in allergic diseases, the role of ILC2s in
mouse models of AD and asthma, and their ability to recall previous activation in an antigen non-
specific manner, it is conceivable that memory ILC2s may play a crucial role in AM by linking type 2
inflammation in the skin and lung. Our central hypothesis posits that memory-like ILC2s generated in
the skin might contribute to the development of asthma later in life.

To study this hypothesis, we employed mouse models simulating the conditions of the AM.
Specifically, we induced an AD-like phenotype by sensitizing skin ILC2s and later stimulated lung
ILC2s to model an asthma-like inflammation. This multi-step approach allowed us to track the
progression from AD to asthma and investigate the role of memory ILC2s in mediating the AM.
Through this comprehensive investigation, we aimed to advance our understanding of the AM
underlying mechanisms and open doors for the development of innovative therapeutic strategies for
allergic diseases.
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2 | Materials & Methods

2.1.Materials
2.1.1. Mice

C57BL/6J (B6) female mice were purchased from Charles Rivers Laboratories (Wilmington, MA,
USA). C57BL/6N (B6) and C57BL/6NRj-Rag2™c""/Rj (Rag2’) female mice were purchased from
Janvier Labs (Le Genest, Pays de la Loire, France). Animals were used at 6 to 10 weeks of age. Mice
were kept under specific pathogen-free conditions at Comparative Medicine Biomedicum (KM-B), a
barrier D animal facility in Karolinska Institutet in Stockholm, Sweden. All animal experimental
procedures were performed according to approved guidelines by the Ethical Committee on Animal

Experiments (Djurforsoksetiskndmnd), Sweden.

To reduce the distress and suffering of the mice, they were anesthetized using isoflurane inhalation
during intranasal injections and topical applications. They were observed until full recovery from
anesthesia in a separate enclosure. The well-being of the mice was evaluated daily throughout the
treatments by observing their behavior, appearance, hydration levels, breathing, and any evident signs
of pain. Additionally, their weight was monitored daily during topical treatments and one week after
the last treatment. At the time of harvest, euthanasia was performed by carbon dioxide asphyxiation

followed by cervical dislocation.

2.1.2. Antibodies, Reagents and Flow Cytometry

Fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD3¢ (145-2C11), NK1.1 (PK136),
CD16/CD32 (2.4G2), TCRp (H57-597), TCRyd (GL3), CD8a (53-6.7), CD19 (1D3), CD11c (HL3),
Grl (RB6-8C5), CD11b (M1/70), Terl19 (TER-119), Alexa Fluor (AF) 700-conjugated anti-mouse
CD45 (30-F11), Brilliant Violet (BV) 711-conjugated anti-mouse CD4 (GK1.5), Ly6G (1A8), BV786-
conjugated anti-mouse CD3e (145-2C11), BV605-conjugated anti-mouse IL-33R (ST2, U29-93),
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BV510-conjugated anti-mouse CD11b (M1/70), CD103 (M290), BV421-conjugated anti-mouse
CD278 (ICOS, 7E.17G9), Allophycocyanin (APC)-conjugated anti-mouse 1L-5 (TRFKS5), APC-Cy7-
conjugated anti-mouse CD90.2 (Thy-1.2, 53-2.1), Phycoerythrin (PE)-conjugated anti-mouse CD11c
(HL3), PECy7-conjugated anti-mouse CD127 (SB/199), PECy5-conjugated anti-mouse CD3¢ (17A2)
and PE-CF594-conjugated anti-mouse CD3e (145-2C11) were purchased from BD Biosciences
(Franklin Lakes, NJ, EUA). BV570-conjugated anti-mouse CD45 (30-F11), FITC-conjugated anti-
mouse FceR1a (MAR-1) and PerCP-conjugated anti-mouse CD90.2 (Thy-1.2, 53-2.1) were purchased
from BiolLegend (San Diego, CA, EUA). PE-conjugated anti-mouse IL-13 (eBiol3A) and PerCP-
eFluor 710-conjugated anti-mouse CD170 (SiglecF, 1IRNM44N) were purchased from Thermo Fisher
Scientific (Waltham, MA, EUA).

eFluor 780 fixable viability dye (eF780) and fixable viability stain 620 (FVS620) were
purchased from eBioscience (San Diego, CA, EUA) and BD Biosciences, respectively. Recombinant
mouse 1L-33, IL-2 and TSLP were purchased from R&D Systems (Minneapolis, MN, EUA).
Recombinant mouse IL-25 was purchased from BioLegend. Calcipotriol (MC903) and ionomycin
were purchased from R&D Systems. Phorbol 12-myristate 13-acetate (PMA) was purchased from
Sigma-Aldrich (St. Louis, MO, EUA). Brefeldin A was purchased from eBioscience. GolgiStop
(monensin) was purchased from BD Biosciences. Paraformaldehyde (PFA) was purchased from Santa
Cruz Biotechnology (Dallas, Texas, EUA).

BD LSR Il SORP (BD Biosciences) and Cytek Aurora (Cytek Biosciences, Fremont, CA,
USA) were used for flow cytometric analysis and BD FACSAria Fusion (BD Biosciences) was used

for cell sorting. Flowjo version 10.0.7r2 was used for data analyses.

2.2.Methods

2.2.1. In Vivo Stimulation

Mice were anesthetized by isoflurane inhalation and i.n. injections were given. Mice
received i.n. administrations of 0.1 pg IL-33 (R&D Systems) in 30 pL sterile phosphate-buffered
saline (PBS) or 0.25 ug 1L-33 in 30 uL sterile PBS. For MC903 treatments, mice were topically

22



treated daily on both ears with 1 nmol of MC903 (calcipotriol, R&D Systems) in 20 pL of ethanol

(vehicle) per ear for either 3 or 6 consecutive days, depending on the experiment.*

2.2.2. Primary Leukocyte Preparation

Single cell suspensions were prepared from the lung following a modified version of the
protocol previously described by Romera-Hernandez et al.**! Lungs were harvested from mice,
sectioned into small fragments, and subjected to enzymatic digestion in 5 mL of Dulbecco’s Modified
Eagle’s Medium (DMEM, Thermo Fisher Scientific). Two digestion mixtures were used, depending
on the experiment. The first consisted of DMEM supplemented with 10% fetal bovine serum (FBS),
142.5 U/mL collagenase type IV (Thermo Fisher Scientific), and 111 U/mL DNase | from bovine
pancreas (Sigma-Aldrich). The second consisted of DMEM supplemented with 2% FBS, 71.25 U/mL
collagenase type IV, and 55.5 U/mL DNase | from bovine pancreas. The digestion was carried out at
37°C for 25 minutes, with continuous agitation at 200 rpm. For experiments where the second
digestion mixture was used, the enzymatic reaction was terminated with 5 mL DMEM containing 10%
FBS. Digested tissues were mechanically dissociated by mashing through 70 um strainers. The
strainers were subsequently washed with 5 mL of DMEM containing 10% FBS and cells were pelleted
by centrifugation (4°C, 5 min, 400 xg). Leukocytes were isolated by Percoll density (36%)
centrifugation (20°C, 10 min, 650 xg, without acceleration or brake). Red blood cells (RBCs) were
lysed using 3 mL lysis buffer and washed with 5 mL PBS containing 2% FBS (centrifuged at 4°C, 5
min, 400 xg).

For single cell suspension of skin cells, both ears were collected from mice. Ear tissues were
cut in small pieces and digested in 2 mL PBS containing 2% FBS, 1 ug/mL DNase | and 0.25 mg/mL
Liberase TL (Roche, Basel, Switzerland). The digestion was carried out at 37°C for 45 minutes, with
continuous agitation at 200 rpm. Digested tissues were mashed through 70 um strainers, which were
washed with 8 mL DMEM containing 10% FBS. Cells were collected by centrifugation (4 °C, 5 min,
400 xg). Leukocytes were isolated by Percoll density (36%) centrifugation (20°C, 10 min, 650 xg,

without acceleration or brake).

For single cell suspension of spleen cells, samples were mashed through 70 um in 5 mL PBS
containing 2% FBS. Strainers were washed with 5 mL of the same buffer and cells were pelleted by
centrifugation (4°C, 5 min, 400 xg). RBCs were lysed using 3 mL lysis buffer and washed with 5 mL
PBS containing 2% FBS (centrifuged at 4°C, 5 min, 400 xg).

L1t is important to acknowledge that the author of this thesis did not participate in the direct treatment of mice in
line with international standards, due to not possessing the FELASA-accredited lab animal certification.
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2.2.3. Cell Surface Staining

Isolated leukocytes were incubated in 2.4G2 monoclonal antibody (produced in-house) to
block Fc receptors and viable cells were counted using a hemocytometer prior to cell surface staining
with fluorochrome-conjugated antibodies for flow cytometry analysis. To identify ILC2s and
eosinophils, cells were stained with viability dye FVS620 or eF780. For FVS620 staining, samples
were centrifuged (4°C, 5 min, 400 xg) prior to staining with 100 pl FVS620 stain for 10 minutes at
room temperature (RT) in the dark. Afterward, samples were washed twice with plain PBS, stained
with 50 pl surface marker master mix (MM) for 30 minutes at 4°C, and washed with 1 mL PBS
containing 2% FBS (4°C, 5 min, 400 xg). For stains with eF780, this dye was included in the MM.
Samples were stained with MM for 30 minutes at 4°C and washed with 1 mL PBS containing 2% FBS
(4°C, 5 min, 400 xg). To identify lung ILC2s, the MM included FITC-conjugated lineage marker
mAbs (CD3g, FceR1a, NK1.1, CD16/32, TCRp, CD8, CD19, TCRyd, CDl1¢, Grl, CDI11b, Terl19),
BV570- or AF700-conjugated CD45, BV711-conjugated CD4, BV786-, PE-Cy5- or PECF594-
conjugated CD3g-, APC-Cy7- or PerCP-conjugated CD90.2, PE-Cy7-conjugated CD127 and BV605-
conjugated ST2. To identify skin ILC2s, the MM included FITC-conjugated lineage marker mAbs
(CD3¢, FceR1a, NK1.1, CD16, TCRp, CDS8, CD19, TCRyd, CDl11c, Grl, CD11b, Ter119), AF700-
conjugated CD45, BV711-conjugated CD4, PECF594-conjugated CD3¢g, PerCP-conjugated CD90.2,
BV421-conjugated CD278 and BV510-conjugated CD103. To identify eosinophils, the MM included
BV570-conjugated CD45, BV711-conjugated Ly6G, BV510-conjugated CD11b, PerCP-eFluor 710-
conjugated SiglecF and PE-conjugated CD11c. Stained and washed samples were fixed with 100 pl
PFA for 30 minutes at 4°C, washed with 1 ml PBS and resuspended in 100 pl PBS + 2% FBS.

2.2.4. Intracellular Staining

Isolated leukocytes were incubated at 37°C for 3 hours in 500 pL Roswell Park Memorial
Institute (RPMI) 1640 media (Thermo Fisher Scientific) containing 10% FBS, 100 U/mL
penicillin/streptomycin (P/S, Thermo Fisher Scientific), 50 uM 2-mercaptoethanol (2-ME, Sigma-
Aldrich), Brefeldin A, GolgiStop, 30 ng/mL PMA and 500 nM ionomycin. Samples were blocked,
centrifuged (4°C, 5 min, 400 xg) and surface stained as mentioned before. Intracellular staining for IL-
5 and IL-13 was performed after the incubation and surface staining using the Cytofix/Cytoperm
Fixation/Permeabilization Solution kit (BD Biosciences). Samples were fixed/permed in 250 pl BD
Cytofix/Cytoperm for 12 minutes at 4°C, washed with 2 ml 1x BD wash buffer (centrifuged at 4°C, 5
min, 400 xg) and stained with 100 ul intracellular antibody cocktail (I/C MM) containing APC-
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conjugated IL-5 and PE-conjugated IL-13 for 45 minutes at RT in the dark. Afterwards, samples were
washed with 2 ml 1x BD wash buffer (centrifuged at 4°C, 5 min, 400 xg) and resuspended in 100 pl 1x
BD wash buffer.

2.2.5. Immune Cell Identification

Samples were first gated on live cells using fixable viability dye eF780 or FVVS620, depending
on the experiment. Lung ILC2s were identified as CD45* Lin (CD3g, FceR1la, NK1.1, CD16/32,
TCRB, CD8, CD19, TCRyS, CD1lc, Grl, CD11b, Terl119)" Thyl* ST2* cells (Fig. 2.1A) based on
surface markers. Skin ILC2s were identified as CD45" Lin (FceR1a, NK1.1, CD16/32, CD8, CD19,
TCRyd, CDl11¢, Grl, CD11b, Terl119)” Thyl* CD127* CD103" ICOS" cells based on surface markers.
Eosinophils were identified as CD45" Ly6G™ SiglecF* CD11c (Fig. 2.1B) based on surface markers.
The gating strategies used to identify lung ILC2s, and eosinophils are shown in Figure 2.1.
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Fig. 2.1 — Gating strategies. (A) Gating strategy used to identify lung activated ST2* ILC2s. Viable, CD45+,
SSC-AMY FSC-ANY, singlet, CD3g~ CD4-, Lin-, Thy*, ST2* cells were gated in adult female lung following
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surface and intracellular staining. (B) Gating strategy used to identify eosinophils. Viable, CD45+, singlet,
Ly6G~, CD11c SiglecF* cells were gated in adult female lung following surface staining. Samples were first
gated on live cells using eFluor 780 fixable viability dye or fixable viability dye 620. Lin cocktail contains
CD3g, FceRla, NKI1.1, CD16, TCRB, CD8, CD19, TCRy3, CD11c, Grl, CD11b and Ter119. Cell debris and
cell doublets were excluded from the analysis based on scatter signals.

2.2.6. In Vitro Stimulation

ILC2s were FACS-sorted from lung and skin after cell surface staining. Cells were cultured in
200 uL RPMI-1640 media supplemented with 10% FBS, 100 U/mL P/S, and 50 uM 2-ME. The
culture medium was further supplemented with cytokines, either IL-33 (5 ng/mL), IL-25 (5 ng/mL)
and TSLP (5 ng/mL), or IL-33 (5 ng/mL) and IL-2 (5 ng/mL). The culture was maintained at 37°C

with 5% CO,. Culture supernatants were collected at 48, 96, and 144 hours post-culture.

2.2.7. Quantification of CytoKkines

In vitro culture supernatants were analyzed for IL-5 and IL-13 using R&D Systems DuoSet

enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer’s protocol.

2.2.8. Statistics

GraphPad Prism version 8.0.1 was used for data analysis. Unpaired two-tailed t test, one-way
ANOVA (analysis of variance) with Bonferroni correction, or two-way ANOVA with Bonferroni
correction was used to determine statistical significance, with a P value <0.05 being significant, as
indicated in each figure. Data in graphs represent the mean + SEM (standard error of the mean).
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s, not significantly different (P>0.05).
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3 | Results & Discussion

3.1. Reducing Enzyme Concentration During
Digestion Step Maintained Efficiency in
Primary Leukocyte Preparation

In order to obtain a single cell suspension from lung with highest viability, minimal cellular
debris or aggregates, and preserved cell surface antigens, a modified enzymatic digestion procedure
was developed. Specifically, adjustments to the amounts of collagenase IV and DNase | in the
enzymatic digestion step were made, based on the original protocol for primary leukocyte preparation
described by Romera-Hernandez et al **1. To evaluate the effects of these modifications, we conducted
a comparative analysis on the total numbers of ILC2s and eosinophils, as well as on cell viability in
the lungs of B6 WT mice treated with topical MC903 for 5 consecutive days. B6 WT mice treated
with EtOH for 5 consecutive days were used as controls. Two conditions were examined: one where
the usual concentration of enzymes (142.5 U/mL collagenase type 1V and 111 U/mL DNase I) was
used and the other where half the usual concentration of enzymes (71.25 U/mL collagenase type IV
and 55.5 U/mL DNase I) was used. The results of these analyses are presented in Figure 3.1.
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Fig. 3.1 — Reducing the enzyme quantity by half in the digestion step does not impact cell numbers
or viability. WT mice were topically treated with MC903 for 5 consecutive days. After the last treatment, lung
ILC2 numbers (gated as CD45* Lin~ Thyl* ST2* cells) (A), lung eosinophil numbers (gated as CD45" Ly6G~

SiglecF* CD11c cells) (B) and lung cell viability (C) were analyzed by flow cytometry. Bars in the graphs are
color coded for each condition as shown. Data represented are mean + SEM. n = 2.
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The results of this study demonstrate that there is not a statistically significant difference in the
numbers of ST2* ILC2s (Fig. 3.1A) and eosinophils (Fig. 3.1B) in the lungs of MC903-treated mice or
EtOH-treated mice in both conditions tested. This suggests that the lower enzyme concentration in the
digestion step was still effective in dissociating the tissue and releasing the cells, not compromising
the efficiency of isolating ILC2s and eosinophils from the tissue. Furthermore, when examining cell
viability, the data show no statistically significant difference in the total viable cell percentage in both
EtOH and MC903 treated mice (Fig. 3.1C). The lack of significant difference in cell viability between
the two conditions suggests that the lower enzyme concentration used in the digestion step was still
effective in maintaining cell viability, similar to the condition with usual enzyme concentration. This
implies that the lower concentration is sufficient for dissociating the tissue without compromising the

viability of the cells.

Overall, the outcomes of this study reveal that utilizing half the standard enzyme concentration
for tissue digestion led to comparable outcomes in terms of ST2* ILC2 and eosinophil numbers, along
with cell viability in the lungs of MC903-treated mice and EtOH-treated mice. Considering these
findings, it is prudent to consider the practical implications. Adopting a reduced enzyme concentration
for the digestion procedure not only has no negative effects on efficiency but also is cost-effective, as
it saves enzyme costs still obtaining valid results. Thus, this modified enzymatic digestion procedure
with reduced enzyme concentration in tissue processing protocol was adopted for the following

studies.

3.2. MC903 3-Day Treatment did not Fully
Activated Lung ILC2s in the Presence of T
And B Cells

ILC2s have been shown to have a pathogenic role in both allergic airway and skin
inflammation. 3966566 However, it is still unknown whether ILC2s have a role in the AM — the
progression of an initial allergic disorder, like AD, to a secondary allergic disorder, such as asthma. To
study the potential involvement of ILC2s in AM connecting these two diseases, we investigated
whether WT mice with an AD-like phenotype were more prone to developing type 2 inflammation in
the lungs when compared to control mice without the phenotype. To replicate the progression of the
AM, this approach involved a two-step process. Initially, an AD-like phenotype was generated in mice
by the topical application of the vitamin D3 analog calcipotriol (MC903) which was previously

reported to induce an AD-like skin inflammatory response associated with type 2 cytokine production
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which mimics human AD.'*? Subsequently, a lung inflammation was induced in these mice with i.n.
administration of I1L-33, allowing to simulate the transition to secondary allergic disorders like asthma
in the context of the AM. IL-33 was previously reported to directly stimulate ILC2s in vivo which,
when activated, lead to the production of type 2 cytokines and later promoting IgE class switch, a
common pathway of allergic lung inflammation in response to a broad range of allergens.®
Preliminary data from our laboratory suggested that skin ILC2 frequency reaches a peak on the third
day of MC903 treatment, followed by a subsequent decline thereafter (data not published).
Consequently, a three-day treatment regimen was adopted based on the hypothesis that it would
effectively enhance the activation and function of ILC2s without interference from Treg cells, which
are known to suppress immune responses in a later stage of inflammation. Furthermore, mice
undergoing a short-term MC903 treatment are unlikely to experience significant weight loss, ensuring
that the overall well-being of the animals is maintained. Thus, B6 WT mice were topically treated with
MC903 for 3 consecutive days (Fig. 3.2A), resulting in increased ear thickness by day 3 (Fig. 3.2B)
without overall health impairment or weight loss with ethical implications (Fig. 3.2C). B6 WT mice
topically treated with EtOH for 3 consecutive days were used as controls. However, after a subsequent
challenge with i.n. 1L-33 administration, it was not observed elevated ILC2 or eosinophil numbers in
the lungs of MC903-treated WT mice in comparison to the EtOH-vehicle-treated mice at the time
point investigated (Fig. 3.3A, B). The percentage of lung ILC2s double positive for intracellular 1L-5
and IL-13 was also measured (Fig. 3.3C). Nonetheless, the results did not indicate a higher ILC2

activation in the lungs of MC903-treated WT mice when compared to the control group.

Based on the hypothesis that ILC2s might have a role in the AM, we additionally wanted to
understand if AM can occur independently of T cells. To investigate this, Rag2”’ mice were used,
which are characterized by lacking the Rag2 gene, crucial for the development of functional B and T
cells. Thus, these mice produce no mature T cells or B cells. The same treatment regimen was
employed, where Rag2”" mice were topically treated with MC903 for 3 consecutive days (Fig. 3.4A),
resulting in increased ear thickness by day 3 (Fig. 3.4B) without overall health impairment or weight
loss with ethical implications (Fig. 3.4C). Rag2” mice topically treated with EtOH for 3 consecutive
days were used as controls. Interestingly, after a subsequent challenge with intranasal 1L-33
administration a trend for a higher ILC2 number in MC903-treated Rag2”" mice lungs was observed in
comparison to vehicle-treated mice at the time-point investigated (Fig. 3.3A). Similarly, a greater
tendency for lung eosinophilia in MC903 treated Rag2” mice was observed (Fig. 3.3B). The
percentage of lung ILC2s double positive for IL-5 and IL-13 was also measured (Fig. 3.3C). The
results did not indicate significant differences in ILC2 activation between the two treatment groups in
Rag2”" mice. However, we did see a trend for greater activation in MC903-treated mice in comparison

to vehicle-treated.
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Fig. 3.2 — Treatment scheme and mice monitoring. WT mice were topically treated with EtOH or MC903
for 3 consecutive days and intranasally challenged with 0.25 pg IL-33 2 weeks after the last treatment. Samples
were analyzed 72H after the challenge. (A) In vivo treatment scheme. Ear thickness (B) and weight (C) were
measured during the course of the treatment. Dots in the graphs are color coded for each condition as shown.
Data represented are mean + SEM. n = 4. Two-Way ANOVA was used to assess statistical significance in
comparison to day 0, with a P value <0.05 being significant. *P <0.05, ****P <(0.0001.
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Fig. 3.3 — 3-day MC903 treatment is not optimal for ILC2 activation in WT mice. WT and Rag2” mice
were topically treated with EtOH or MC903 for 3 consecutive days and challenged intranasally with 0.25 pg IL-
33 2 weeks after the last treatment. Samples were analyzed 72H after the challenge. Lung ILC2 numbers (gated
as CD45* Lin~ Thyl* ST2* cells) (A), lung eosinophil numbers (gated as CD45* Ly6G~ SiglecF* CD11c™ cells)
(B) and percentages of intracellular 1L-5* and IL-13* lung ILC2s (C) were analyzed by flow cytometry. Bars in
the graphs are color coded for each condition as shown. Data represented are mean £ SEM. n = 4.

30



A) 0 1 2 18 21
Y Y Y Y’ Y Time
(Days)
4 >
7 >

Challenge Harvest
EtOH/MC903 in. IL-33

-0~ Rag FtOH
B) 20 v R CMC‘)U% C) 110 @ Rag FIOH
© Rag : @ Rag MC903

-
W
1

Ear thickness (%)
> n
A 1
—
Body Weight (%)

9 ]
S04 @ @
10 t%

£ 90

T
4
-5 Time (Days) - ('| 1l :: JI

-10- Time (Days)

h
1

Fig. 3.4 — Treatment scheme and mice monitoring. Rag2” mice were topically treated with EtOH or
MC903 for 3 consecutive days and intranasally challenged with 0.25 pg IL-33 2 weeks after the last treatment.
Samples were analyzed 72H after the challenge. (A) In vivo treatment scheme. Ear thickness (B) and weight (C)
were measured during the course of the treatment. Dots in the graphs are color coded for each condition as
shown. Data represented are mean + SEM. n = 4. Two-Way ANOVA was used to assess statistical significance
to day O, with a P value <0.05 being significant. ***P <0.001.

Martinez Gonzalez et al. characterized memory-like ILC2s in the lung of mice, where ILC2s
that have previously been activated responded more strongly to a secondary challenge compared to
naive 1ILC2s.5% However, it is unknown whether memory ILC2s can be generated in other tissues. Our
results suggest that, in the absence of T or B cells, mice with an AD-like phenotype prior to the lung
inflammation had a trend for a greater ILC2 response in the lung. Thus, the AD-like phenotype might
be prompting the generation of memory-like ILC2s leading, upon challenge, to an exacerbated ILC2
activation and enhanced type 2 inflammation in the lung. This observation could be corroborated by
the increased eosinophilia, which is an indication for type 2 airway inflammation. The development of
lung eosinophilia can be attributed to IL-33-induced ILC2 activation and consequent IL-5 production.
In fact, we did see a trend for higher lung ILC2 activation in Rag KO mice with an AD-like
phenotype. However, although it was observed a trend for a greater ILC2 response in mice with an
AD-like phenotype in the absence of adaptive immunity, it was not reported an ILC2 response in WT
mice with an AD-like phenotype. The absence of significant differences or trends in ILC2s and
eosinophil numbers in the lung of WT mice following the IL-33 challenge suggests that the
sensitization process may not have been sufficiently established, meaning that the initial activation
required to generate memory-like ILC2s did not occur. Thus, it was necessary to improve the
stimulation to fully activate ILC2s in the presence of T and B cells. To investigate this, we next tested
a longer MC903 treatment duration in order to achieve more pronounced effects and generation of
memory ILC2s in WT mice. Additionally, in order to understand if the trend for enhanced ILC2

response in the absence of adaptive immunity was attributed only to previously sensitized ILC2s, it
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was also tested the dosage of IL-33. Research suggests that ILC2s, once sensitized, can exhibit
heightened responses to minimal stimuli, a characteristic of immunological memory. ' By adjusting
the IL-33 dosage, the goal was to distinguish the nuances of ILC2 reactions and comprehensively
assess the implications of prior sensitizations, especially the potential memory-like responses to

diminished stimuli.

3.3. Increased ILC2 Response to IL-33 Appears
to Originate from Naive ILC2s

To determine the optimal duration of the topical MC903 treatment we compared the effects of
a 3-day treatment with a longer 5-day treatment. Further, we assessed the optimal dose of IL-33 that
only activated sensitized 1LC2s, without eliciting a response from naive ILC2s. Thus, B6 WT mice
were topically treated with MC903 for 3 or 5 consecutive days (Fig. 3.5A), resulting in the
development of an AD-like phenotype without overall health impairment or weight loss with ethical
implications (Fig. 3.5B). B6 WT mice topically treated with EtOH for 3 or 5 consecutive days were
used as controls. After, mice were challenged with 0.25 ug or 0.1 pg 1L-33 on day 18 (Fig. 3.5A). We
previously observed that lung ILC2s in WT mice treated with MC903 for 3 days did not exhibit a
response to 0.25 pg of IL-33 (Fig. 3.3A, C). As a result, the effects of a lower dose, 0.1 pg, were not
assessed under the same conditions. Concordantly, we observed that mice treated with MC903 for 3
consecutive days and then challenged with 0.25 pg of 1L-33 did not have an increase in ILC2 or
eosinophil numbers (Fig 3.6A, B). Additionally, the percentage of activated ILC2s was not
significantly elevated in these mice, similar to previous results (Fig 3.3C, 3.6C). Mice subjected to a
5-day MC903 treatment showed elevated ILC2 and eosinophil numbers upon challenge when
compared to those treated for 3 days (Fig. 3.6A, B). Moreover, the percentage of activated ILC2s in
the lungs was increased in the 5-day treatment group in comparison to the 3-day treatment group (Fig.
3.6C). However, a similar increase was observed in the control group, indicating that the observed
augmentation was not exclusively attributable to the MC903 treatment. When mice with a 5-day
MC903 treatment were subsequently exposed to a challenge with 0.25 ug of 1L-33, they exhibited a
higher ILC2 response in comparison to mice challenged with the lower dose of 0.1 pg IL-33. This
enhanced response was evident through higher counts of ILC2s and eosinophils in the lungs (Fig.
3,6A, B), alongside a heightened level of ILC2 activation (Fig. 3.6C).

Overall, a higher tendency for ILC2 expansion or activation in MC903-treated WT mice was
not observed when contrasted to vehicle-treated controls. This assessment reflects that extending the

MC903 treatment to a 5-day regimen did not yield more pronounced effects on the generation of
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memory-like ILC2s in these mice. Further, it is noteworthy that a 0.25 pg dose of IL-33 induced a
greater lung ILC2 activation when compared to the 0.1 pg dose of 1L-33. Since we did not observe any
difference in ILC2 response between controls and MC903-treated mice, nor a heightened responses to
minimal IL-33 stimuli, it is possible that the responsive population to the IL-33 challenge was
constitute of naive ILC2s instead of previously sensitized ILC2s. Memory cells, distinct from naive
cells, are known for two characteristics: they react more intensely to lower doses of stimuli and they
respond faster upon re-exposure to a familiar antigen.*” Given that we might be allowing naive ILC2s
ample time to respond to IL-33, the next logical step would be to adjust the timing of lung tissue
collection. By identifying an optimal time point where only the sensitized ILC2s have had the chance
to respond, we can better distinguish between the responses of naive and memory-like ILC2
populations. For this, we tested different time points for the lung tissue harvesting after the IL-33
challenge.
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Fig. 3.5 — Treatment scheme and mice monitoring. WT mice were topically treated with MC903 for 3 or 5
consecutive days and intranasally challenged with 0.25 ug or 0.1 pg 1L-33 2 weeks after the last treatment.
Samples were analyzed 72H after the challenge. (A) In vivo treatment scheme. Weights (B) were measured
during the course of the treatment. Dots in the graphs are color coded for each condition as shown. Data
represented are mean £ SEM. n = 3 —6.
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Fig. 3.6 — Higher IL-33 dose induces greater lung ILC2 activation in WT mice. WT mice were
topically treated with MC903 for 3 or 5 consecutive days and challenged intranasally with 0.1 or 0.25 ug I1L-33 2
weeks after the last treatment. Samples were analyzed 72H after challenge. Lung ILC2 numbers (gated as CD45*
Lin~ Thyl* ST2* cells) (A), lung eosinophil numbers (gated as CD45* Ly6G~ SiglecF* CD11c™ cells) (B) and
percentages of intracellular IL-5* and IL-13* lung ILC2s (C) were analyzed by flow cytometry. Bars in the
graphs are color coded for each condition as shown. Data represented are mean + SEM. n = 3.
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3.4. Harvesting at 48-Hour Time Point Appears
Beneficial to Prevent Naive ILC2 Response

Immunological memory is characterized by a cell's ability to generate a stronger and faster
secondary response that quickly eliminates a threat upon subsequent exposures.!” In line with this
principle, we hypothesized that naive cells might not exhibit a discernible response to a single dose of
IL-33 within a short timeframe. We wanted to understand whether the ILC2 response observed
following a single dose of IL-33 originated from naive ILC2s or previously sensitized ILC2s. For this,
we tested different time points for lung tissue collection following intranasal administration of I1L-33,
specifically comparing the outcomes at 48-hour and 72-hour. Thus, B6 WT mice were treated with a
single dose of i.n. IL-33 injection or PBS, for controls, and subsequent analyses were performed at
48H and 72H time points (Fig. 3.7A). We did not observe statistically significant differences in ILC2
numbers in the lungs of mice examined at 48 hours and 72 hours when compared to the control group
(Fig. 3.7B). While there was a noticeable increase in the number of ILC2s at the 72-hour time point in
contrast to 48 hours, the difference was not statistically significant either. It is important to note the
presence of an outlier in the 72-hour time point data as well, which likely contributed to the observed
divergence. Further, we understand that ILC2 numbers in both time points are similar to the control
group. Additionally, we assessed the percentage of ILC2s expressing both IL-5 and IL-13 (Fig. 3.7C).
We found that in both time points, there was a statistically significant activation of ILC2s when

compared to the control group, with no discernible distinction between the two time points.

IL-33 is known to induce the activation and proliferation of ILC2s, leading to the release of
various inflammatory mediators.%®"> By examining mice at 48 hours and 72 hours after an IL-33
challenge, it was understood that there was a slight expansion and mild activation of naive ILC2s
devoid of prior sensitization. Nonetheless, naive ILC2s did not significantly respond to the challenge
in both conditions. At 72-hour time point, there was a slight inclination toward greater expansion
compared to the 48-hour point, although this differential lacked statistical significance and was likely
due to the outlier. Overall, these results showed us that at a 48-hour time point, naive ILC2s are
consistently not responding, with similar numbers as the control group, and without outliers. Thus, this
time point for harvesting seems beneficial to avoid naive ILC2 response in further experiments. To
attenuate the influence of naive ILC2 response, we made the decision to proceed with experiments
targeting the 48-hour time point for harvesting. This time frame elicited a comparatively subdued

reaction among this naive ILC2s.
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Fig. 3.7 — Naive ILC2s do not expand but mildly activate with a single dose of IL-33. WT mice were
challenged intranasally once with 0.25 pg IL-33. Samples were analyzed 48H or 72H after challenge. (A) In vivo
treatment scheme. Lung ILC2 numbers (gated as CD45" Lin~ Thyl* ST2* cells) (B) and percentages of
intracellular IL-5* and IL-13" lung ILC2s (C) were analyzed by flow cytometry. Bars in the graphs are color
coded for each condition as shown. Data represented are mean £ SEM. n = 4. One-Way ANOVA was used to
assess statistical significance, with a P value <0.05 being significant. *P<0.05.

3.5. M(C903 Treatment Seems to Modulate Lung
Immune Environment, Potentially
Attributed to Extrinsic Factors

The mechanism of ILC2 activation has been investigated in an atopic dermatitis model with
topical application of MC903 to mouse skin.*® In line with our findings, we aimed to discern potential
changes in the ILC2 population in the lung upon MC903 skin treatment. For this, B6 WT mice were
topically treated with MC903 for 5 consecutive days (Fig. 3.8A), without overall health impairment or
weight loss with ethical implications (Fig. 3.8B). B6 WT mice topically treated with EtOH were used
as controls. On the fifth day of treatment, mice were euthanized one hour after the treatment, and the
lungs were harvested and analyzed. Interestingly, we observed a statistically significant difference in
ST2* ILC2s numbers in the lungs of M903 treated mice when compared to EtOH treated mice (Fig.
3.8C). Modulating the immune response in the skin through MC903 treatment could be indirectly
impacting the lung’s immune environment, potentially influencing the development or progression of
allergic diseases. In fact, this increase might indicate a potential link between the skin treatment with
MC903 and the development of lung-associated allergic reactions, supporting the concept of atopic
march. Overall, these findings indicate that there is an increased activation and responsiveness of
ILC2s in the lung of topically MC903 treated mice. However, the underlying mechanisms responsible
for this enhanced responsiveness remained unclear. We next aimed to understand whether the
increased responsiveness observed was due to a cell intrinsic memory-like phenotype or if it is driven

by environmental factors.
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Fig. 3.8 — MC903 Skin Treatment in WT Mice Increased ILC2 Numbers in The Lung. WT mice were
topically treated with MC903 for 5 consecutive days. Samples were analyzed 1H after the last treatment. (A) In
vivo treatment scheme. Weights (B) were measured during the course of the treatment. Lung ILC2 numbers
(gated as CD45* Lin~ Thyl* ST2* cells) (C) were analyzed by flow cytometry. Dots and bars in the graphs are
color coded for each condition as shown. Data represented are mean + SEM. n = 4. Unpaired two-tailed t-test
was used to assess statistical significance, with a P value <0.05 being significant. ***P < 0.001.

We aimed to investigate whether the increased responsiveness of previously sensitized ILC2s
is primarily driven by environmental factors or intrinsic changes within the ILC2 population. By
removing ILC2s from the lung microenvironment and comparing their responsiveness to stimuli with
those isolated from EtOH treated mice, we intended to dissect the contributions of the
microenvironment and ILC2 intrinsic properties. Furthermore, we aimed to explore the distribution of
memory ILC2s between the skin and lung to gain insights into the location of heightened memory
responses. For this, B6 WT mice were topically treated with MC903 for 5 consecutive days (Fig.
3.9A), resulting in increased ear thickness by day 3 without overall health impairment or weight loss
with ethical implications (Fig. 3.9B). Two weeks after the last treatment, lung and skin ILC2s were
sorted and cultured under a 5 ng/mL dose of I1L-33, IL-25 and TSLP, or a combination of IL-2 together
with IL-33, combinations known to stimulate ILC2s, for 48, 96 and 144 hours (Fig. 3.9A).%
Supernatant was harvested at these time points and the media was refreshed with the same dose of
cytokines. ILC2s from the ears of MC903-treated mice exhibited an enhanced response to the cytokine
stimulation, as evidenced by up to a fivefold increase in IL-5 and IL-13 production compared to ILC2s
from EtOH treated ears (Figure 3.10A, 3.10B). Thus, MC903-experienced skin ILC2s are inherently
more responsive than naive ILC2s to the same concentrations of cytokines. In contrast, naive lung
ILC2s demonstrated a superior response to the same concentration of stimulating cytokines compared
to lung ILC2s from MC903-treated mice (Fig. 3.10C, 3.10D). This observation suggests that the
heightened responsiveness of lung ILC2s observed in prior studies could be attributed to extrinsic
factors in the lung microenvironment, including cytokines that act as alarmins, inflammatory signals
or cellular interactions. Alternatively, it is conceivable that the diminished response of MC903-treated
lung ILC2s might be a manifestation of immune cell exhaustion due to persistent stimulation with
cytokines. Immune cell exhaustion is characterized by the progressive loss of a cell's ability to
function optimally, which in this context might mean a lower ability to produce cytokines upon

stimulation.®®%4 Importantly, our data also suggest that these lung ILC2s may not be in a ‘memory’
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state two weeks into our investigation. To corroborate this hypothesis and better understand the
dynamics of memory state formation and potential exhaustion in ILC2s, it would be beneficial to
extend our investigation over a longer 1-month period between skin treatment and the challenge.
Furthermore, our findings also highlight the importance of carefully modulating the level of ILC2
cytokine stimulation in our experiments. Over-stimulation of these cells could contribute to an
exhaustion state. Therefore, finding the optimal balance of stimulation is crucial in accurately
understanding the functional dynamics of ILC2s and to avoid artificially inducing a state of cellular
exhaustion. For this, it would be interesting to analyze ILC2s in the same conditions but only

stimulating with cytokines once, when cells are cultured.
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Fig. 3.9 — Treatment scheme and mice monitoring. WT mice were topically treated with MC903 for 5
consecutive days. Skin and lung ILC2s were sorted and put into culture and supernatant was harvested 48, 96
and 144 hours later. (A) In vivo treatment scheme. Weights (B) were measured during the course of the
treatment. Dots in the graphs are color coded for each condition as shown. Data represented are mean £ SEM. n
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Fig. 3.10 - Differential Responsiveness of skin and lung ILC2s. WT mice were topically treated with
MC930 for 5 consecutive days. Skin (A, B) and lung (C, D) ILC2s (gated as CD45" Lin~ Thyl* ST2* cells) were
sorted 2 weeks later. Sorted ILC2s were cultured for 48, 96 and 144 hours with IL-25 (5 ng/mL), IL-33 (5
ng/mL) and TSLP (5 ng/mL) (810 cells) or IL-2 (5 ng/mL) and IL-33 (5 ng/mL) (500 cells), and the amounts of
IL-5 and IL-13 in the culture supernatants were determined by ELISA. Dots in the graphs are color coded for
each condition as shown.
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4 | Conclusion & Future Perspectives

The global rise of atopic disorders, especially AD and asthma, is adding a significant burden
to our healthcare systems. A notable percentage of individuals with atopic diseases experiences a
progression known as the Atopic March, where one atopic condition evolves into another over time.
This progression of atopic disorders has been studied over the last years. Imbalanced type 2 immune
responses are correlated with the diagnose of atopic disorders characterized by epithelial
inflammation, such as AD and asthma; or fibrosis. Type 2 immunity is the body's adaptive response,
triggered by innate immunity, to helminths, toxic venoms, or allergens. At the forefront of this type 2
allergic inflammatory responses are Group 2 Innate Lymphoid Cells. ILC2s are tissue resident cells
that have been found at barrier surfaces, including the lung, intestine, and skin. They are considered
the innate counterparts of adaptive Th2 cells as they express transcription factors and effector
cytokines that mirror Th2 cells. Upon barrier disruption, epithelial and stromal cells release cytokines,
including 1L-33, TSLP, and IL-25, which potently activate ILC2s. Activated ILC2s produce type 2
cytokines, including IL-4, IL-5, IL-9, IL-13, and the growth factor AREG, resulting in type 2
inflammation characterized by eosinophilia, alternative activation of macrophages, Th2 cell
differentiation and IgE class switching. The pathogenicity of ILC2s has been described in allergic
diseases, including asthma and AD. In asthma and AD mouse models, ILC2s have been found to
accumulate in lungs or skin, leading to an exacerbation of type 2 inflammatory responses and
increased secretion of type 2 cytokines, specifically IL-5 and IL-13. Recently, studies discovered that
ILC2s can acquire immunological memory in a mouse model of allergic lung inflammation. Thus, this
work aimed to investigate the potential role of memory ILC2s in connecting different type 2 immune
allergic diseases including AD and asthma. We hypothesized that memory ILC2s generated in the skin
during AD might play a pivotal role in the onset of asthma later in life. In this study we employed
mouse models simulating the conditions of the Atopic March. Specifically, we induced an AD-like
phenotype in mice by the topical application of the vitamin D3 analog calcipotriol (MC903).
Subsequently, we induced lung inflammation in these mice with intranasal administration of 1L-33,
allowing us to simulate the transition to secondary allergic disorders, like asthma, in the context of the
AM.

We were able to quantify and identify ILC2s, eosinophils and assess cell viability in our
samples through methodologies such as tissue processing, single-cell isolation, and flow cytometry.

All these techniques were optimized and tested during the work in order to obtain the most accurate
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results. We were able to identify ILC2 populations in both skin and lung samples. Our study suggested
the potential link between MC903 skin treatment and lung ILC2 immune responses, lending support
on the AM concept. Using a mouse model that lacked T or B cells, we observed an AD-like phenotype
that seemed to increase ILC2 numbers and activation in the lung. This raised the possibility that the
AD-like phenotype could prime the lung for exacerbated type 2 inflammation. However, our findings
from the WT model showed that the sensitization process might not have been sufficiently established,
potentially indicating the absence of the initial activation essential for the generation of memory-like
ILC2. Extending our study by increasing the MC903 treatment duration, we aimed to observe
heightened memory responses in the lung. However, our expectations were met with results that did
not exhibit a clear MC903-related ILC2 response. To specifically target sensitized ILC2 responses, we
analyzed and adjusted the I1L-33 treatment dosage and harvest time-point based on the knowledge that
memory cells tend to react more rapidly and to lower stimuli than naive cells. Interestingly, after an
MC903 skin treatment and analyzing the lung, we found a significant difference in ST2" ILC2s
activation in the lungs of MC903-treated mice compared to their EtOH treated counterparts. This
underlined that skin immune responses, when modulated via MC903 treatment, could indirectly
influence the lung's immune environment, possibly impacting allergic diseases progression and
reinforcing the hypothesis of the atopic march. Although there was an observable trend of heightened
activation and responsiveness of ILC2s in MC903-treated mice's lungs, the mechanisms underlaying
this responsiveness remained elusive. Our subsequent investigation into whether this increased activity
was a result of an intrinsic memory-like phenotype or environmentally driven showed a leaning
towards the latter. Extrinsic factors within the lung microenvironment, including cytokines,
inflammatory signals, or cellular interactions, might play a significant role. Conversely, the subdued
response observed in MC903-treated lung ILC2s could be symptomatic of immune cell exhaustion,

especially considering the continuous cytokine stimulation.

In conclusion, our study presents preliminary findings suggesting that skin treatment with
MC903 could be modulating lung ILC2 responses. Still, a definitive 'memory' state remained
undetected two weeks post-treatment. The role of memory-like ILC2s in the AM necessitates further
exploration, underscoring the need for more extended investigations. Subsequent studies should
consider extending the period between skin treatment and i.n. challenge to a longer one-month period,
potentially fostering memory cell generation. Further, inducing a more chronic skin inflammation with
extended MC903 treatment could lead to an increased susceptibility to atopic reactions in order to see
further allergen responses in the lung. It would also be interesting to try the i.n. challenge with a
different allergen such as papain or IL-25 and compare the different results. Moreover, reassessing this
optimized atopic march mouse model in Rag KO mice and comparing with previous results from this
study could offer insightful results. Examining the model with the use of ILC2 KO mice will be

pivotal to discerning the ILC2 dependence in this AM mouse model. Additionally, isolating the factors
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influencing ILC2 responsiveness, whether they are intrinsic or extrinsic, will require analyzing ILC2s
under conditions where cytokine stimulation is limited during cell culture, thereby averting potential
exhaustion states. Finally, if the migration of ILC2s was inhibited it could be helpful to understand if
ILC2s resident in tissue are sufficient to drive AM inflammation. This comprehensive understanding

will aid in more effective therapeutic strategies and interventions for atopic disorders in the future.
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