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Abstract 

Group 2 innate lymphoid cells (ILC2s) primarily reside on mucosal surfaces and produce 

copious amounts of IL-5 and IL-13 upon activation by epithelium-derived cytokines, such as IL-

33, leading to inflammation characterized by eosinophilia. Elevated numbers of ILC2s are found 

in the peripheral blood of patients with allergic diseases including asthma, suggesting their 

involvement in the disease.  

Epidemiological studies have shown higher prevalence of asthma in women than men 

during reproductive age, but the mechanism is largely unknown. By using flow cytometric 

analyses, I found that post-pubertal female lung ILC2s are more responsive to IL-33 stimulation 

than male ILC2s. Gene expression analyses of purified ILC2s and measurement of epithelium-

derived cytokines in the lung demonstrated ILC2 intrinsic and lung environmental differences 

between naïve female and male lungs, suggesting a more activated state of female ILC2s 

compared to male ILC2s at steady state conditions. 

ILC2s have previously been shown to be tissue resident at steady state as well as during 

inflammation. However, recent reports have demonstrated migratory potential of ILC2s upon 

activation. Intranasal IL-33 administration into mice caused expansion of ILC2s not only in the 

lung but also in the blood and liver. Parabiosis experiments showed that ILC2s migrate out of the 

lung to the liver through circulation. Lung-derived ILC2s potently produced IL-5, IL-13 and IL-

6, inducing eosinophilia and mild fibrosis. In contrast, intranasal IL-33 pre-treatment attenuated 

concanavalin A-induced acute hepatitis and cirrhosis. 

Overall, these results highlight the complexity of ILC2 regulation and ILC2-mediated local 

and systemic immunity. These considerations need to be taken into account when investigating 

ILC2s in human diseases.  
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Lay Summary 

Group 2 innate lymphoid cells (ILC2s) are immune cells that reside in the lung. ILC2s are 

elevated in asthmatic patients’ blood, implicating their involvement in asthma. Previous studies 

have shown increased prevalence of asthma in women than men after puberty. To understand the 

differences between female and male ILC2s and the fate of lung ILC2s during inflammation, I 

investigated ILC2s in various organs after stimulation in the lung. In adult mice, female lung 

ILC2s responded more vigorously than male ILC2s, resulting in enhanced inflammation in 

female lungs. Upon stimulation, a small number of ILC2s left the lung, circulated through blood 

and moved to the liver, where they modulated other immune cells and promoted or protected 

from fibrosis in different settings. These findings demonstrate complex regulation of ILC2s as 

well as multiple layers of protection provided by lung-resident and migratory ILC2s, which 

should be taken into consideration when studying human diseases. 
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Chapter 1: Introduction 

1.1 Immune responses 

1.1.1 Overview 

We are constantly exposed to infectious agents and irritants, such as bacteria, viruses or 

allergens, in our daily life. To prevent their entry, host defense mechanisms are in place, which 

consist of two levels of protection: (i) anatomical and physiological barriers and (ii) immune 

system (1). Anatomical and physiological barriers including the skin and mucosal surfaces, pH 

regulation and antimicrobial enzymes present in body fluids block their entry or prevent their 

survival, but occasionally, the barriers are breached (1). To protect ourselves from damage 

caused by invading pathogens or irritants, our body is equipped with the immune system, which 

is composed of various types of specialized immune cells and effector molecules that work 

together to provide layers of protection. The overall goal of the immune system is to eliminate 

invading microorganisms and irritants to prevent adverse effects and potential harm, but also to 

repair tissue damage caused by the pathogens. However, excessive or insufficient activation of 

the immune system can be harmful and therefore, immune responses need to be properly 

regulated. To achieve proper and efficient immunity against pathogens, our immune system is 

divided into two levels that work closely together: innate and adaptive immunity. 

 

1.1.1.1 Innate immunity 

Innate immunity provides the first line of defense by initiating a fast and non-specific response 

towards invading pathogens. It developed early during evolution and it is found in all 

multicellular organisms (1). This type of immune response includes soluble molecules, enzymes 

and peptides that aim to destroy pathogens or facilitate their clearance and the complement 
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system that aids removal of pathogens by effector cells (1). Effector cells of the innate immunity 

consist of myeloid and lymphoid cells, which develop from different hematopoietic cell lineages. 

Myeloid cells include monocytic phagocytes (monocytes, macrophages), dendritic cells (DCs), 

which are professional antigen presenting cells (APCs) and granulocytes (eosinophils, 

neutrophils, basophils and mast cells), which contain cytoplasmic granules. The lymphoid 

compartment consists of natural killer T (NKT) cells, and innate lymphoid cells (ILCs), which 

are deficient in lineage (T, B and myeloid cell) markers and are categorized into cytotoxic 

natural killer (NK) cells, group 1, 2 and 3 “helper” ILCs (ILC1s, ILC2s, ILC3s) and lymphoid 

tissue inducer (LTi) cells (2). Innate immune cells lack antigen-specific receptors and their 

activation relies on recognition of soluble signals, such as alarmins that are released upon 

necrotic cell death, or molecular patterns, such as pathogen-associated molecular patterns 

(PAMPs), derived from invading pathogens, and damage-associated molecular patterns 

(DAMPs), derived from host cells (3). PAMPs and DAMPs are recognized by a variety of 

pattern recognition receptors (PRRs) expressed on immune cell surface (4). While innate 

immune cells keep the invading pathogens in check, they also propagate signals to activate 

adaptive immunity, which provides more robust and specialized protection in an antigen-specific 

manner. 

 

1.1.1.2 Adaptive immunity 

Adaptive immunity is evolutionarily recent, and it is seen in jawless fish (agnathans) and 

higher organisms (5). Adaptive immunity consists of T and B lymphocytes that have a large 

repertoire of antigen specific receptors generated by rearrangement of their receptor genes. T 

cells recognize a wide variety of antigens by T cell receptors (TCRs), while B cells use B cell 
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receptors (BCRs), membrane-bound immunoglobulins (Igs). Upon cross-linking of their 

receptors by cognate antigens, they undergo clonal expansion, providing a robust response to 

eliminate pathogens. Their antigen specificity relies on somatic diversification of the TCRs and 

BCRs by deoxyribonucleic acid (DNA) rearrangement of the genes encoding these receptors 

during their development (5). One of the most significant outcomes of the activation of adaptive 

immune system is the generation of immunological memory. Once activated by their cognate 

antigens, T and B cells are able to recall their previous encounter with these molecules and 

respond more quickly and efficiently upon secondary encounter.  

In addition to TCRs, T cells express co-receptors cluster of differentiation (CD) 4 and 

CD8, which classify them into CD4+ helper and CD8+ cytotoxic T cells, respectively (6). CD8+ T 

cells are activated upon antigen recognition in the context of the major histocompatibility 

complex (MHC) I molecule, while CD4+ T cells recognize antigens associated with the MHCII 

(6). Depending on the cytokine milieu present in the microenvironment during their activation, 

CD4+ T cells can be further differentiated into T helper type 1 (Th1), 2 (Th2), 17 (Th17) and 

regulatory T cells (Tregs). 

 

1.1.2 Types of immunity 

Our immune system is constantly challenged by a variety of microorganisms and irritants and 

therefore, it is armed with different types of immune responses tailored to efficiently remove 

pathogens and provide maximum protection for the hosts. Based on the activation stimuli, types 

of immune cells involved and their effector functions, the cell-mediated immune response is 

classified into three major types: type 1, type 2 and type 3 immunity (Figure 1.1). 
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Figure 1.1: Types of immunity  

A summary figure of the types of immunity. Type 1 immunity is elicited by intracellular pathogens and involves NK 

cells, ILC1s, CD8+ T cells and Th1 cells, which together produce IFNγ, TNFα, perforin and granzyme. Overall, this 

results in elimination of pathogens by cytotoxicity. Type 2 immunity provides protection from helminth and 

allergens via ILC2s and Th2 cells, which secrete IL-4, IL-5, IL-13, IL-9 and Areg. Type 2 responses result in 

helminth/allergen expulsion but also in repair of damaged tissue. Type 3 immunity is mediated by ILC3s and Th17 

cells, which secrete IL-17 and IL-22 to elicit killing of pathogens by antimicrobial peptides. IL-22 also promotes 

epithelial regeneration. Excessive amount of each type of immune response is associated with pathological 

conditions. Transcription factors expressed by each cell type is indicated at the centre of each cell. NK=natural 

killer, ILC=innate lymphoid cells, EOMES=Eomesodermin, GATA3=GATA binding protein 3, ROR=retinoic acid 

receptor-related orphan receptor, IFN=interferon, TNF=tumor necrosis factor, Areg=amphiregulin. 

 

1.1.2.1 Type 1 immunity 

Type 1 immunity provides protection against intracellular bacteria and viruses, and it is 

characterized by the presence of pro-inflammatory cytokines such as interferon (IFN) γ and 

tumor necrosis factor (TNF) α. This type of immunity is mainly orchestrated by cytotoxic cells 

such as NK cells and CD8+ T cells, and IFNγ-producing ILC1s and Th1 cells.  

Infection by intracellular microbes causes activation of NK cells and ILC1s. NK cells and 

ILC1s both highly express the transcription factor T-bet and require interleukin (IL) -15 for 

maintenance (7), while NK cells additionally express Eomesodermin (EOMES) (8). Although 
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they are phenotypically similar, expression of killer cell lectin like receptor G1 (KLRG1) and 

CD49b distinguishes NK cells from ILC1s, which express CD49a and CD200R (2,9). 

Both NK cells and ILC1s have a series of activating and inhibitory receptors to regulate 

their activities upon recognition of the ligands expressed on target cells (10). Additionally, they 

can also be activated by cytokines IL-15, IL-12 and IL-18 (10). Upon activation, they produce 

IFNγ (10), which together with IL-12 provided by activated APCs, create an environment that 

allow for activation of CD8+ T cells and CD4+ T cell differentiation towards Th1 (11), in the 

presence of antigens presented by APCs. Th1 cells and CD8+ T cells mirror ILC1s and NK cells, 

respectively, in that the former is defined by T-bet, while the latter express both T-bet and 

EOMES (12–14). NK cells and CD8+ T cells directly kill infected cells by their cytolytic 

activities mediated by granzyme and perforin, while ILC1s and Th1 cells release cytokines such 

as IFNγ and TNFα (15). These pro-inflammatory cytokines induce macrophage differentiation 

into M1 cells (16), which produce anti-proliferative nitric oxide and citrulline, further promoting 

killing of invading pathogens (17).  

Type 1 immune response is critical in providing protection from invasive pathogens such 

as viruses and bacteria. However, pro-inflammatory mediators secreted during type 1 immune 

responses can be destructive and detrimental to the host as exemplified by the development of 

pneumonia and respiratory failure during respiratory virus infections (18). Additionally, strong 

anti-viral immune responses mounted during hepatitis virus infections also result in 

inflammation and irreversible tissue damage (19). Dysregulated type 1 immunity can also result 

in disease conditions including some autoimmune diseases such as rheumatoid arthritis (RA) and 

multiple sclerosis (MS) (11). However, increasing numbers of reports indicate involvement of 
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IL-17 in these conditions, which suggest that they may also be mediated by type 3 immunity 

(20), which will be discussed in section 1.1.2.3. 

 

1.1.2.2 Type 2 immunity 

Type 2 immunity provides protection from parasitic infection and allergens. As parasites 

and allergens do not directly infect cells, type 2 immunity recognizes tissue damage caused by 

these seemingly unrelated antigens. Type 2 immune responses involve cytokines IL-4, IL-5, IL-

13 and IL-9, and is mediated by ILC2s, Th2 cells and granulocytes.  

Type 2 immunity is triggered upon release of alarmin cytokines such as IL-33, IL-25 and 

thymic stromal lymphopoietin (TSLP) from damaged epithelium (21). These cytokines potently 

activate ILC2s, which produce IL-5, IL-13, IL-9 and amphiregulin (Areg) (22–28), providing 

cues for CD4+ T cells to differentiate into Th2 cells upon antigen recognition.  

IL-4 is thought to be a critical cytokine for Th2 differentiation as it induces GATA binding 

protein 3 (GATA3) expression, which is essential for type 2 polarization (29). In contrast, we 

have previously shown, in an allergen-induced lung inflammation model, that IL-4 is 

dispensable, while ILC2-derived IL-13 is required for Th2 differentiation (30). Upon 

differentiation, GATA3 induces production of IL-4, IL-5 and IL-13 from Th2 cells, further 

amplifying the signals to activate downstream effector cells (31–33).  

IL-5 induces recruitment of eosinophils, which release their cytoplasmic granular contents 

including cytotoxic proteins (34). IL-13 stimulates goblet cells to produce mucus (35), which 

interferes with the ability of worm to establish contacts with the host (36) or facilitates clearance 

of aeroallergens (37). IL-4 and IL-13 are essential for B cell class switch to IgE type (38,39), 

which activates basophils and mast cells upon cross linking of the high affinity-receptor FcεRI 
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expressed on their cell surface (40). IL-9 provides additional survival and activation signals to 

mast cells (41,42). Basophils and mast cells, in turn, undergo degranulation to release cytokines, 

enzymes and lipid mediators that result in vascular permeability and smooth muscle constriction 

(21).  

The cytokines produced during activation of type 2 cells also cause macrophage 

polarization towards an M2 phenotype (43,44). M2 macrophages specialize in wound 

healing/growth promotion, which is mediated by arginine metabolism skewed to ornithine and 

polyamines production, promoting cell proliferation and tissue repair (17,45). ILC2-derived Areg 

also promotes tissue remodeling and wound healing (28). These responses orchestrated by 

various cell types together result in expulsion of parasites or allergens and repair of tissue 

damage.  

Type 2 immunity is critical for protection against parasites and its role in wound healing is 

essential to maintain barrier integrity. However, excessive type 2 immune response can also be 

pathogenic. For example, excessive tissue remodeling and extracellular matrix (ECM) deposition 

can lead to fibrosis (46), while repeated exposure to environmental allergens can result in 

allergic diseases including atopic dermatitis (AD) and asthma (11). 

 

1.1.2.3 Type 3 immunity 

A type 3 immune response is mounted upon invasion by extracellular bacteria and fungi. 

This type of protection is characterized by the presence of cytokines IL-17 and IL-22 and 

provided by ILC3s, Th17 cells and neutrophils.  

When phagocytes are stimulated by invading extracellular bacteria or fungi through their 

PRRs, they produce IL-1β and IL-23, which activate ILC3s (47). Although there are various 



8 

 

subsets among ILC3s, they are defined by their retinoic acid receptor-related orphan receptor 

(ROR) γt expression and they exert their functions by production of IL-17 and/or IL-22 (47).  

In parallel, naïve T cells undergo differentiation towards Th17 cells upon antigen 

recognition. T cell differentiation into IL-17+ type is complex, orchestrated by multiple 

cytokines, each playing important roles at different stages. IL-6 and transforming growth factor 

(TGF) β together upregulate expression of RORγt (48), which is the master regulator critical for 

Th17 differentiation (49). IL-6 induces IL-23R expression on Th17 cells through IL-21, 

sensitizing them towards IL-23 signaling (50). IL-23 signaling, in turn, sustains Th17 phenotype 

(51). Like ILC3s, Th17 cells also produce type 3 cytokines, IL-17 and IL-22 (50).  

The protective effect of type 3 immunity is exerted by IL-17, which is a key cytokine for 

recruitment of neutrophils by inducing production of neutrophil chemoattractants from stromal 

cells (52,53). Neutrophils discharge the contents of their granules, which contain antimicrobial 

molecules and enzymes such as lysozyme, defensin and myeloperoxidase, killing pathogens (54). 

Additionally, IL-22 is also important for antimicrobial defense (53) and promotes proliferation of 

epithelial cells (55), contributing to tissue regeneration. 

Dysregulated type 3 immunity is also detected in autoimmune diseases including RA, MS, 

and psoriasis (20). Traditionally, they were considered to be type 1 immune diseases due to the 

involvement of IFNγ, but the pathologic roles of IL-17 have been recognized with the discovery 

of Th17 cells. The immune profile of these diseases is much more complicated than initially 

thought, and significant contribution of both types of immunity is becoming evident (20). In 

addition to autoimmune diseases, excessive type 3 immunity also results in chronic inflammatory 

conditions as seen in inflammatory bowel disease and neutrophilic asthma (56). 
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1.2 ILC2 

1.2.1 Discovery and characterization 

The research on parasitic immunity and allergic inflammation had heavily focused on Th2 

cells and B cells, as they were believed to be the major sources of type 2 cytokines IL-4, IL-5 

and IL-13, and IgE, which are key mediators of type 2 immunity. Therefore, the innate sources 

of type 2 cytokines went unrecognized for a long time. However, the existence of innate type 2 

cells was brought to light together with the discovery of an epithelium-derived cytokine, IL-25. 

The presence of ILC2-like cells were first reported in recombination activating gene (Rag) knock 

out (KO) mice, which lack T and B cells, as non-T non-B cells that produce type 2 cytokines, IL-

4, IL-5 and IL-13, upon stimulation with IL-25 were observed (57–59). A few years later in 

2010, a series of articles were published, identifying populations of type 2 cytokine-producing 

cells devoid of lineage markers in mesenteric fat-associated lymphoid clusters (FALC) (22), 

mesenteric lymph node (mLN) and intestine (23), and multiple tissues including mLN, liver, 

lung and spleen (24), which were termed “natural helper cells”, “nuocytes” and “Ih2 cells”, 

respectively. They lacked markers commonly expressed by T, B, and myeloid cells, such as 

CD3ε, CD4, CD8α, TCRβ, TCRγδ, CD5, CD19, B220, NK1.1, Ter119, Gr-1, CD11b, CD11c 

and FcεR1α (Lin-) and potently produced IL-5 and IL-13 upon stimulation with IL-25 and/or IL-

33 or helminth infection. The past 10 years of efforts in studying mouse and human tissues have 

identified similar cells in various mucosal and non-mucosal tissues including the lung (28,60,61), 

skin (62–64), liver (65), adipose tissues (66–68), pancreas (69) and heart (70,71). In 2013, a 

group of researchers proposed unification of their nomenclature and these cells are now called 

group 2 innate lymphoid cells or ILC2s (72). 
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ILC2s in mouse tissues express CD45, a pan-leukocyte marker, IL-7Rα (CD127), CD90 

(Thy1), IL-2Rα (CD25) and inducible costimulator (ICOS) (22–24,26,28,61–63,65–69,71), 

while expression of IL-25R and T1/ST2 (IL-33R) varies depending on the tissues. T1/ST2 is 

expressed by lung (28,61), liver (65) and fat ILC2s (66–68), while its expression is low in small 

intestine (SI) ILC2s (73) and varies in the skin (62,73,74). IL-25R is highly expressed by SI 

ILC2s (75) and approximately 60% of liver ILC2s (unpublished data). Both IL-25R positive and 

low/negative ILC2s have been reported in the skin (64,74,75), while adipose tissue ILC2s do not 

express IL-25R (74). In the lung, while naïve ILC2s have low expression of IL-25R, its 

expression is induced by activation and remains high for a long time after activation (76). Skin 

ILC2s uniquely express CD103 (64), and more recently, Ricardo-Gonzalez et al. demonstrated 

tissue specific expression of IL-18R by skin ILC2s (74). The presence of a similar IL-18R+ 

subset has also been described in the lung, although it is likely a progenitor rather than mature 

ILC2 population (77). KLRG1 was identified as a reliable marker for SI ILC2s (78) and its 

expression was also detected in the skin (79) and adipose tissue ILC2s (66,68). However, in our 

hands, less than 50% of naïve lung and liver ILC2s express KLRG1 (unpublished data).  

ILC2s have also been identified in human tissues including the fetal and adult intestine 

(25,80), lung (25,28,80), blood (25,80), nasal tissue (25), liver (81,82), skin (62,63), cord blood 

(80), tonsil (80) and adipose tissue (67). Human ILC2s are phenotypically similar to mouse 

ILC2s, but chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2) and 

CD161 are specifically used for identification of human ILC2s in various tissues (25).  

The majority of ILC2s seed tissues early after birth (83–85) and remain largely tissue 

resident onward (86), thus adopting a tissue-specific phenotype depending on the environmental 

cues they receive in their resident organs (74,87). Therefore, identification of ILC2s has been 
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challenging due to a lack of universal markers for ILC2s and the use of a combination of surface 

markers is necessary. Moreover, some of the surface markers are downregulated or upregulated 

upon ILC2 activation, making it difficult to definitively identify these cells. However, the 

transcription factor GATA3 is highly and stably expressed by ILC2s in mouse and human 

(78,88), suggesting that it is a useful marker for ILC2 identification. The markers identified in 

ILC2s are summarized in Table 1.1.  

 Mouse Human 

 Lung Intestine Skin Liver Fat  

CD127 + + + + + + 

Thy1 + + + + + N/D 

CD25 + + + + + + 

ST2 + low +/low + + +/– 

IL25R low + +/low + low + 

ICOS + + + + + + 

CD103 – N/D + – N/D – 

C-kit + +/low low N/D + +/– 

Sca-1 + + var + + N/D 

IL-18R – – + – – + 

KLRG1 low + + low + + 

CRTH2*      + 

CD161*      + 

GATA3 + + + + + + 
Table 1.1: Summary of ILC2 phenotype in different tissues  

A comprehensive table showing common markers used to identify ILC2s. N/D=not determined. *human ILC2 

markers. Human markers are indicated as + if they have been identified in at least 1 organ. 

 

1.2.2 Development 

ILC development is finely regulated by a series of transcription factors that are expressed 

at various developmental stages. ILC2s are believed to develop from common lymphoid 

progenitors (CLPs), which are a progenitor population committed to lymphoid lineage (7,89,90). 

In contrast, we have previously reported that an upstream progenitor population, termed CD127+ 

lymphoid-primed multipotent progenitor (LMPP), is the major producer of ILC2s, particularly 
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during the neonatal period when CLPs are barely detected (91). Similarly, various progenitors of 

ILCs have been described in adult BM, but the exact developmental relationship between them is 

unclear. A progenitor population that expresses the transcription factors nuclear factor, 

interleukin 3 regulated (NFIL3), thymocyte selection-associated high mobility group box protein 

(TOX), and α4β7 integrin (ITG), termed α lymphoid progenitor (α-LP) have potential to give rise 

to T cells and all ILCs, including NK cells (92,93). A similar population termed early innate 

lymphoid progenitor (EILP), which highly expresses the transcription factor T cell factor (TCF) 

1 has also been described (94). EILPs, similar to α-LPs, do not efficiently generate adaptive T 

and B cells, but give rise to all ILCs including NK cells (94). A common helper ILC progenitor, 

or CHILP, which is dependent on inhibitor of DNA binding 2 (ID2), is likely a further 

downstream progenitor as CHILPs lack potential to efficiently generate NK cells but give rise to 

helper ILCs and LTi cells (7,94). CHILPs contain two populations with respect to the expression 

of the transcription factor promyelocytic leukemia zinc finger protein (PLZF). PLZF+ 

population, termed ILC precursor (ILCP), is a more restricted ILC progenitor, which can 

generate all helper ILC subsets, but not NK or LTi cells (89). This population is also identified 

by the expression of programmed cell death protein 1 (PD-1), an immune checkpoint molecule, 

although PD-1 is not required for ILC development (95,96). It was recently shown, however, that 

both ID2+ and PLZF+ progenitors retain NK cell potential, suggesting that CHILPs and ILCPs 

may not be as committed to helper ILC lineage as they were considered to be (97). 

The transcription factors GATA3 (78,98) and RORα (60,99) are considered to be important 

for ILCP lineage commitment to type 2 ILCs as they are required for the development of ILC2s. 

However, GATA3 was later found to be required for development of all IL-7Rα+ ILCs 

(100,101), while RORα also seems to be expressed in some other ILC populations (77,78). More 
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recently, B-cell leukemia 11b (BCL11b) was identified as a specific marker of ILC2 fate 

determination as it is required for the development of ILC2 precursor (ILC2P) (Lin- CD127+ 

Sca1+ CD25+ α4β7+) in the bone marrow (BM) after ILCP stage and maintained in mature ILC2s 

in the periphery (95,101–104).  

While transcription factors regulate fate decisions during lymphopoiesis, ILC2 

development also depends on cytokine signaling. ILC2s are absent in Il2rg-/- (22) and Il7-/- mice 

(22), while their number is significantly reduced in Il7ra-/- mice (99,105), indicating the 

requirement of signaling provided by these cytokines and cytokine receptors. More recently, it 

was also reported that ILC2 development was impaired in mice deficient in an adhesion 

molecule, intercellular adhesion molecule (ICAM) -1 (106), suggesting that ILC2-poiesis may 

also require cell-cell contact. 

 

1.2.3 Activation 

ILC2s play central roles in initiation of type 2 immunity. While they are crucial for providing 

protection from helminth infections, excessive activation of ILC2s can be pathogenic as seen in 

allergic diseases and fibrosis. Therefore, proper regulation of ILC2s is critical in order to achieve 

benefits without having disease consequences. As ILC2s lack antigen-specific receptors, ILC2s 

integrate extrinsic and intrinsic signals provided by small molecules such as cytokines, lipid 

mediators and hormones and cell-cell interactions (Figure 1.2).  
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Figure 1.2: ILC2 regulatory network and effector functions  

A figure showing positive and negative regulators and effector functions of ILC2s. Activators and inhibitors are 

labeled outside of the cell, while signaling receptors are indicated inside of the cell. LT=leukotriene, 

CysLTR=cysteinyl leukotriene receptor, PG=prostaglandin, CRTH2=chemoattractant receptor-homologous 

molecule expressed on Th2 cells, NMU=neuromedin U, CGRP=calcitonin gene-related peptide, 

CLR/RAMP=calcitonin receptor-like receptor/receptor activity-modifying protein 1, VIP=vasoactive intestinal 
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peptide, IL-1RAcP=interleukin 1 receptor accessory protein, TSLP=thymic stromal lymphopoietin, γc=common γ 

chain, TL1A=tumor necrosis factor-like cytokine 1A, DR3=death receptor 3, GITR=glucocorticoid-induced tumor 

necrosis factor receptor, ICOS=inducible costimulator, IP=prostacyclin receptor, LXA4=lipoxin A4, ALX/FPR2=A 

lipoxin and formyl peptide receptor 2, β2AR=β2 adrenergic receptor, α7nAchR=α7 nicotinic acetylcholine receptor, 

KLRG1=killer cell lectin like receptor G1, PD=programmed cell death protein 1, IFN=interferon, AR=androgen 

receptor. 

 

1.2.3.1 IL-33 

IL-33 is an IL-1 family of cytokine together with IL-1α, IL-1β and IL-18 (107). IL-33 is 

constitutively expressed in the nuclei of endothelial cells (108–110), epithelial cells, fibroblastic 

reticular cells (109,111) and adventitial stromal cells (112). IL-33 lacks a sequence necessary for 

secretion and trafficking through endoplasmic reticulum and Golgi (113), and therefore is 

released upon cellular injury or during necrosis (109,111,114,115). Similar to IL-1α, IL-33 has a 

nuclear localization sequence, which allows it to interact with chromatin, preventing unnecessary 

release of this cytokine (107,116). IL-33 in its full length precursor form is already biologically 

active, and it is inactivated upon cleavage by caspase-1 (117). Interestingly, cleavage of full 

length IL-33 by inflammatory proteases, such as neutrophil cathepsin G and elastase, or mast cell 

chymase and tryptase, results in generation of a mature form of IL-33 protein, which has a 10-30 

fold higher activity compared to the full length IL-33 (115,118).  

IL-33 binds to a receptor consisting of T1/ST2 and IL-1 receptor accessory protein (IL-

1RAcP) (119), which induces intracellular signaling through an adaptor protein myeloid 

differentiation primary response 88 (MyD88), interleukin-1 receptor-associated kinase (IRAK) 

1/4, tumor necrosis factor receptor-associated factor 6 (TRAF6), nuclear factor (NF) κB and 

mitogen-activated protein kinases (MAPK) (120). This results in phosphorylation of GATA3, 

promoting its binding to Il5 and Il13 promoter and regulating proliferation of ILC2s (121).  
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We have previously demonstrated that ILC2 activation induced by papain, a protease 

allergen known to cause airway inflammation, is significantly reduced in Il33-/- mice, indicating 

that IL-33 is necessary for ILC2 activation (30). While intranasal (i.n.) IL-33 administration into 

mice potently activates ILC2s in vivo (76), we and others have also found that IL-33 is not 

sufficient to stimulate ILC2s in vitro as activation of ILC2s by IL-33 requires a secondary signal 

provided by co-stimulatory cytokines (25,26).  

 

1.2.3.2 IL-25 

IL-25, also known as IL-17E, belongs to the IL-17 family of cytokines that consist of IL-

17A-F (122). IL-25 is constitutively expressed in tuft cells, chemosensory cells in the lining of 

the intestinal epithelium (123), but it is also expressed in immune cells, including Th2 cells (57), 

alveolar macrophages (124), mast cells (125), basophils and eosinophils (126) upon stimulation. 

ILC2s in some organs including the mLN, spleen and liver greatly expand upon intraperitoneal 

(i.p.) IL-25 treatment (23,24). In the SI, IL-25 deficiency causes significant reduction in the 

frequency of ILC2s in steady state and after worm infection, suggesting an important role in 

ILC2 maintenance (123). Although IL-25 induces a mild increase in ILC2s in the lung upon in 

vivo administration via i.n. route, it is not as potent as IL-33 in activating naïve ILC2s because 

expression of IL-25R is low in lung ILC2s (76,127,128). However, we have previously shown 

that when ILC2s acquire memory-like properties after primary stimulation by allergens or IL-33, 

they become responsive to IL-25 in vivo (76). Interestingly, KO studies showed that in BALB/c 

mice, IL-25, together with IL-33, is the predominant cytokine in activating skin ILC2s (63). 

However, like IL-33, optimal stimulation of ILC2s with IL-25 in vitro requires a secondary 

cytokine (22,63).  
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More recently, Huang et al. described a population of ILC2-like cells that are induced in 

the lung, liver, mLN and spleen after i.p. injections of IL-25 (129). These cells, termed 

inflammatory ILC2s (iILC2s), are KLRG1+ ST2lo and upon activation, migrate from the intestine 

to peripheral tissues through lymphatics in an sphingosine-1-phosphate (S1P) dependent manner 

(129,130). IL-25 is the major cytokine in activating this subset of ILC2s as they do not respond 

to IL-33 and they are largely absent in IL-25R deficient mice upon i.p. IL-25 treatment (129).  

Although IL-25 signaling is not extensively studied in ILC2s, it has been shown that IL-25 

binds to a receptor consisting of IL-17RA and IL-17RB, which, similar to IL-33, activates NFκB 

and MAPK signaling pathway through an adaptor protein Act 1 and TRAF6 (122). This 

signaling results in phosphorylation of GATA3 in ILC2s (121), inducing production of type 2 

cytokines. 

 

1.2.3.3 TSLP 

TSLP is an IL-2 family of cytokine and the signaling is initiated upon its binding to the 

receptor comprised of IL-7Rα and TSLPR (131). The signaling induces phosphorylation of 

signal transducer and activator of transcription (STAT) 5 through Janus kinase (JAK) 1/2, which 

are associated with IL-7Rα and TSLPR, respectively (132). STAT5 activates GATA3, which, in 

turn, activates ILC2s (133). In the lung, TSLP alone does not induce activation of ILC2s, while a 

small amount of TSLP synergistically stimulates ILC2s together with IL-33 (26,134). It has also 

been shown to be the only epithelial cytokine that promotes survival of human ILC2s in culture 

when given alone, and greatly enhances viability of ILC2s when given together with other 

cytokines (135). Interestingly, studies with IL-33 or IL-33R KO, IL-25R KO and TSLPR KO 

mice showed that it is the predominant cytokine in activating C57BL/6 mouse skin ILC2s 
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(62,63). However, a follow-up report showed that skin ILC2 proliferation required IL-4 

produced by basophils, which are stimulated by TSLP, and thus, the effect of TSLP may be 

indirect (79).  

TSLP is expressed by epithelial cells in the lung, such as alveolar type II cells, intestinal 

epithelial cells, and inflamed tonsils (134,136–138). TSLP is highly detectable in keratinocytes 

of AD patients, while it is undetectable in normal skin, indicating its involvement in the 

development of allergic inflammation in the skin (136).  

 

1.2.3.4 Co-stimulatory cytokines 

Many of the co-stimulatory cytokines including IL-2, IL-9, IL-7 and IL-4 belong to the 

common gamma chain (γc) family of cytokines. These cytokines signal through receptors 

comprised of the shared γc, also known as IL-2Rγ (CD132) and a cytokine specific receptor 

component. 

IL-2, a cytokine primarily produced by activated CD4+ T cells (139), binds to IL-2 receptor 

complex, which consists of three subunits, IL-2Rα (CD25), IL-2Rβ (CD122) and γc. ILC2s 

consistently express CD25 (22,26,61–64,66,67) and low levels of CD122 (66,105) and therefore, 

IL-2 stimulation enhances survival and proliferation of ILC2s (140). IL-2 by itself only causes 

slow proliferation of ILC2s, but together with IL-33 and IL-25, it can greatly enhance ILC2 in 

vitro survival and cytokine production (140).  

IL-9R is expressed on ILC2s at the transcript (24,78) and protein (27) levels. This receptor 

forms a receptor complex with γc (141). Wilhelm et al. demonstrated that in vitro and in vivo 

stimulation of ILC2s with IL-9 enhances ILC2 production of IL-5 and IL-13 (27). Interestingly, 

ILC2s themselves transiently produce IL-9 early during papain-induced airway inflammation, 
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suggesting an autocrine feedback mechanism (27). This is further supported by reduced IL-5 

and/or IL-13 production in IL-9 deficient mice during chitin stimulation and Nippostrongylus 

brasiliensis (N. brasiliensis) infection (134), and decreased ILC2 numbers as well as type 2 

cytokine production in IL-9R deficient mice during N. brasiliensis infection (142).  

IL-7 is primarily produced by radioresistant non-hematopoietic cells (143) including BM 

and thymic stromal cells (144,145) and thymic epithelial cells (145) and play critical roles in the 

development of lymphocytes (146). However, it can also be induced in peripheral tissues 

including the lung (epithelial cells) (147), skin (keratinocytes) (148), intestine (epithelial cells) 

(149) and liver (hepatocytes) (150), where ILC2s reside. IL-7 receptor is formed by γc and IL-

7Rα, which is also shared with the TSLP receptor complex. Although IL-7 by itself does not 

support proliferation or activation of ILC2s (22,23,140), it induces slow proliferation of ILC2s 

together with IL-25 and potent expansion and activation of ILC2s with IL-33 in vitro 

(23,26,134,140).  

IL-4 signals through the IL-4 receptor consisting of γc and IL-4Rα, which is also shared by 

the IL-13 receptor complex (151). Kim et al. demonstrated that IL-4 derived from basophils is 

critical for skin ILC2 proliferation (79), while Motomura et al. used papain-induced airway 

inflammation model to demonstrate that basophil-derived IL-4 is required for expansion of 

ILC2s and induction of eosinophilia (152). ILC2s constitutively express IL-4Rα and short-term 

culture of lung ILC2s with IL-4 alone induces production of small amount of IL-13, but very 

little IL-5. Interestingly, neither IL-33 nor IL-2 enhances IL-4-induced IL-13 production, while 

IL-33 and IL-4 synergistically stimulate IL-5 production (152), implying differential regulation 

of these two cytokines by IL-4. In humans, IL-4 is critical to induce maximum proliferation and 

activation of ILC2s isolated from peripheral blood (PB) upon stimulation by IL-33 (153). 
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More recently, human PB ILC2s (80), mouse skin (74) and some lung (74,77) ILC2s have 

been reported to express IL-18Rα, which forms IL-18 receptor complex together with IL-18Rβ 

(154). IL-18 is not as potent as IL-33, as only small amounts of type 2 cytokines are produced by 

mouse ILC2s in vitro (74) or in vivo (77) upon IL-18 stimulation. However, IL-18-mediated 

ILC2 activation play important roles in a mouse model of AD, as IL-18 deficient mice have 

reduced inflammation (74). Human ILC2s, on the other hand, respond to IL-18 + IL-7 

stimulation by potently producing cytokines (80), suggesting more essential involvement of this 

cytokine in human ILC2 biology. Of note, activation of ILC2s by IL-18 is independent of 

epithelial cytokine signaling, as ILC2s from TLSPR, IL-33R and IL-25 triple KO mice still 

respond to IL-18 stimulation in a similar way as wild type (WT) mice (74).  

TNF superfamily (TNFSF) of cytokines, which includes TNF-like ligand 1A (TL1A or 

TNFSF15) and glucocorticoid-induced tumor necrosis factor receptor ligand (GITRL or 

TNFSF18) also act as co-stimulators for ILC2s. This family of cytokines regulates cell 

proliferation, differentiation, survival, and apoptosis (155). TL1A is produced by activated 

myeloid cells, epithelial cells and endothelial cells (156). It signals through death receptor 3 

(DR3), which is expressed by human PB and mouse mLN, lung, intestine and BM ILC2s 

(157,158). TL1A alone stimulates mouse and human ILC2s in vitro, but its effect is enhanced in 

the presence of IL-25, IL-33 or IL-7 (157,158). In contrast, its role on ILC2 activation in vivo is 

controversial. While Yu et al. reported positive regulatory effects of TL1A by i.p. injections of 

TL1A and its requirement for mounting proper immunity against N. brasiliensis infection using 

Dr3-/- mice, Meylan et al. did not observe any effects (157,158). Interestingly, both groups 

showed reduced ILC2-mediated type 2 inflammation in Dr3-/- compared to WT mice during 

papain-induced airway inflammation, suggesting tissue-specific requirement of TL1A. The effect 
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of TL1A on ILC2s was independent of IL-25 or IL-33 as similar activation of ILC2s occurred in 

Il17rb-/- and ST2-/- mice compared to WT mice upon i.p. TL1A treatment (157). 

GITRL, also known as TNFSF18, is another TNFSF cytokine which is induced in some 

myeloid cells, T and B cells and endothelial cells during inflammation (159). The receptor of 

GITRL, GITR, is expressed on human and mouse ILC2s (160–162). Engagement of GITR by 

GITR agonist potently induces type 2 cytokine production from activated, but not naïve adipose 

tissue ILC2s in vitro (161). Studies with GITR deficient mice and blockade of GITR signaling 

demonstrated ILC2 activating role of this cytokine during lung inflammation (160). Furthermore, 

in the context of metabolic syndrome, GITR agonist treatment results in ILC2 expansion and 

activation in mice fed high fat diet, improving glucose homeostasis and preventing obesity (161).  

 

1.2.3.5 Lipid mediators 

Eicosanoids such as leukotrienes (LTs) and prostaglandins (PGs) are lipid signaling 

molecules derived from arachidonic acids. These immune-regulatory lipid mediators are potently 

produced by innate immune cells including mast cells and basophils, and signal through G 

protein-coupled receptors (GPCRs) (163,164). Various LTs and PGs activate or suppress mouse 

and human ILC2s. Here, ILC2 activating eicosanoids will be discussed, while inhibitory 

molecules will be introduced later in section 1.2.4.2.  

I.n. administration of Alternaria alternata (A. alternata) into mouse induces expression of 

cysteine containing LTs, or cysteinyl (Cys) LTs (LTC4, LTD4 and LTE4), in bronchoalveolar 

lavage fluid (BALF) (165), while helminth infection causes production of CysLTs from tuft cells 

in the SI (166). ILC2s highly express the LT receptors Cystltr1 and Ltb4r1, and LTB4, LTC4, 

LTD4, and LTE4 directly activate ILC2s in vitro (166–168), whereas i.n. administration of 
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LTC4 or LTD4 enhances A. alternata or IL-33 induced airway inflammation, respectively 

(165,168). 

LTC4 is the most robust stimulator of ILC2 activation, followed by LTD4, while LTB4 

and LTE4 are less potent (166,167). LTC4 and D4 signaling depends on the receptor CysLTR1, 

while LTB4R1 is necessary for optimal LTB4 signaling (165,167,168). Deficiency of individual 

LT signaling only causes mild reduction in ILC2 numbers and activation in vivo, suggesting that 

various LTs contribute together in ILC2 activation (167). Interestingly, deficiencies in IL-33 or 

LT signaling show similar impairment of type 2 inflammation in vivo, demonstrating their non-

redundancy, most likely due to differences in their signaling pathways (167). While both IL-33 

and LTD4 induce similar levels of IL-5 and IL-13 production from ILC2s purified from A. 

alternata treated lungs, only LTD4, but not IL-33, induces IL-4 production from ILC2s (165), 

further supporting distinct signaling pathways of ILC2 activation by these molecules. The 

kinetics of ILC2 activation by LTC4 and IL-33 also differs, where LTC4 potently stimulates 

ILC2 cytokine production at an early stage of activation, whereas IL-33 becomes more potent at 

later time points (167).  

Human ILC2s also express LT receptor CysLTR1 and it is significantly upregulated in AD 

patients (169). LTC4, LTD4 and LTE4 do not only enhance ILC2 cytokine production, but also 

induce migration of ILC2s towards their gradient. LTE4 is the most potent LT in inducing 

migration of human ILC2s and this effect is highly enhanced by PGD2, but not by epithelium-

derived cytokines such as IL-33, IL-25 or TSLP (169).   

PGD2 is mainly produced by mast cells (170) and known to be abundantly present in 

asthmatic patients’ airways (171). It signals through D prostanoid receptor (DP) 1 and DP2, also 

known as CRTH2 (171), which is expressed on human ILC2s (25). Mouse lung ILC2s have low 
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expression of Gpr44, which encodes CRTH2, and accordingly, PGD2 alone or in combination 

with epithelial cytokines do not cause activation or chemotaxis in vitro (172). However, ILC2s in 

the periphery express Gpr44 and PGD2 induces their chemotaxis (172). Moreover, PGD2 

receptor deficiency (Gpr44-/-) results in impaired ILC2 recruitment to the lung during helminth 

infection (172), suggesting its potential ILC2 regulatory activity.  

In humans, PGD2 alone potently promotes ILC2 chemotaxis and stimulates type 2 

cytokine production from PB and skin ILC2s in vitro (173,174). PB ILC2s of atopic patients 

have increased migratory ability towards PGD2 compared to ILC2s from healthy donors (175). 

PGD2 treatment induces upregulation of IL-33R and IL-25R, but downregulation of CRTH2 

(173), suggesting a key role of PGD2 in human ILC2 regulation.  

 

1.2.3.6 Neurotransmitters 

Lymphoid organs and mucosal tissues are highly innervated and consequently, immune 

system is systemically and locally regulated by central and peripheral nervous systems (176). 

ILC2 research in recent years has revealed that ILC2s are not an exception. ILC2 activating 

neurotransmitters are introduced here and inhibitory neurotransmitters will be discussed in 

section 1.2.4.3. 

In 2017, three papers were published in Nature around the same time, reporting regulation 

of ILC2s by neuromedin U (NMU) (177–179). NMU is a neuropeptide that regulates many 

different processes including muscle contraction, blood pressure and blood flow regulation, but it 

is also a known immune modulator (180). Mouse and human ILC2s express one of the NMU 

receptors, NMUR1, while NMUR2 expression is undetectable (177–179). NMU is expressed by 

cholinergic neurons, where ILC2s closely localize (177,179). While NMU induces only mild 
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upregulation of Il5 and Il13 in cultured lung ILC2s, co-treatment with IL-25 potentiates 

expression of these cytokines (178). Co-administration of NMU and IL-25 in vivo results in lung 

inflammation characterized by eosinophilia and airway hyperreactivity, while its effect is less 

potent in combination with IL-33 (178). In contrast, intestinal ILC2s respond potently to in vitro 

stimulation with NMU, which stimulates proliferation of ILC2s in an NMUR1 dependent 

manner (177,179). NMU also activates ILC2s and promotes efficient worm expulsion early 

during helminth infection (177,179). Treatment of neuron organoid cultures with IL-33 or N. 

brasiliensis secretory products induces Nmu expression, and i.n. administration of the culture 

supernatant causes ILC2 activation (179). This suggests an elegant neuron-immune crosstalk, 

where neuron cells efficiently sense and respond to alarmins or PAMPs by producing NMU, 

which in turn stimulates ILC2s to mount proper immune responses against allergens or 

helminths.  

Calcitonin gene-related peptide (CGRP) is a neurotransmitter produced by pulmonary 

neuroendocrine cells (PNECs), which comprise airway epithelium (181). CGRP signals through 

a receptor complex consisting of a GPCR known as calcitonin receptor-like receptor (CLR) and 

receptor activity modifying protein (RAMP) 1 (182). ILC2s localize in the vicinity of PNECs 

and in vitro stimulation with CGRP synergistically activates ILC2s in the presence of IL-33 or 

IL-25 and IL-7 (183). In line with this, deficiency in CGRP signaling impairs eosinophilia and 

type 2 inflammation in the lung, which can be restored by administration of CGRP together with 

γ-aminobutyric acid (GABA), another product of PNECs (183).  

Although only limited studies exist, vasoactive intestinal peptide (VIP), a neuropeptide 

widely expressed in the nervous system, also positively regulates ILC2s (184,185). VIP 

preferentially signals through VPAC1 and VPAC2, which are GPCRs, and regulates hormone 
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release, metabolism, immune responses and circadian rhythms (186). VIP is elevated in BALF of 

mice treated with ovalbumin (OVA), indicating that VIP may be released during inflammation 

(185). Both lung and intestinal ILC2s express VPAC1 and VPAC2, and VIP or VPAC2 agonist 

potently induces IL-5 production in the presence of IL-7 in vitro (184). VPAC2 blockade inhibits 

activation, but not expansion of ILC2s in vivo, while VPAC1 antagonist does not have any 

effect, suggesting that VPAC2 is likely the main receptor (185).  

 

1.2.3.7 Other molecules 

C3a, which is released upon activation of the complement pathway during inflammation, is 

elevated in BALF of house dust mite (HDM) treated mice. C3a does not only stimulate 

activation of ILC2s in vitro and enhance airway inflammation in vivo, but its signaling through 

the receptor C3aR is required for optimal airway inflammation. Interestingly, ILC2s produce C3a 

upon IL-33 stimulation, suggesting that C3a may regulate ILC2s in an autocrine manner (187).  

 

1.2.3.8 Cell-cell interactions 

ICOS is one of the markers used to identify ILC2s. ICOS deficiency or disruption of 

ICOS-ICOS ligand (ICOSL) interaction impairs ILC2-mediated airway inflammation by 

inhibiting ILC2 expansion and activation, in a cell-contact dependent manner (162,188). ICOS 

most likely provides survival signals through regulation of IL-2 signaling and apoptosis (188). 

ILC2s also express ICOSL and interact with each other to promote survival (188).  

Human PB ILC2s express NKp30 and its engagement with its ligand B7-H6 induces IL-13 

production in a cell-contact dependent manner (189). NKp30 is highly expressed by ILC2s in 

acute promyelocytic leukemia (APL) patients and B7-H6 is highly expressed by primary APL 
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blasts and APL cell lines (190). Stimulation of ILC2s with APL cell lines induces ILC2 

production of IL-13, which in turn, activates myeloid-derived suppressor cells (MDSCs), 

generating immunosuppressive microenvironment (190). NKp30-mediated stimulation may also 

play roles in atopic diseases, as B7-H6 expression is higher and more widely expressed in AD 

patients’ skin compared to healthy skin (189), but it requires further investigation. 

 

1.2.4 Inhibition 

ILC2s are very potent producers of type 2 cytokines and consequently dysregulated activation 

can result in pathogenic conditions. Thus, negative regulation of ILC2s is critical (Figure 1.2). 

 

1.2.4.1 Cytokines 

Type I IFNs include IFNα and β, which signal through the shared receptors IFNαR1 and 

IFNαR2 (191). ILC2s express IFNαRs and in vitro stimulation of mouse ILC2s with IFNα or 

IFNβ inhibits their activation in an IFNαR1-dependent manner (140,192,193). Similarly, in vivo 

treatment of mice with IL-33 + IFNα or β inhibits ILC2 activation, type 2 inflammation and 

airway hyperresponsiveness (AHR) through increasing apoptosis and inhibiting proliferation 

(192,193). Human ILC2s are similarly inhibited by IFNα (193). 

A type II IFN, IFNγ, which signals through receptors consisting of IFNγR1 and IFNγR2, 

also inhibits ILC2s. ILC2s express IFNγR1 and IFNγ stimulation prevents IL-33-induced 

activation of ILC2s in vitro in an IFNγR1-dependent manner (140,192,194–196). In vivo co-

administration of IL-33 or A. alternata and IFNγ also potently inhibits lung ILC2 proliferation 

and activation (140,192,195). The suppressive effects of IFNγ on ILC2s are not model or tissue 

specific, as similar inhibitory effects have been shown in lung ILC2s during N. brasiliensis 



27 

 

infection and FALC ILC2s (140). Endogenous IFNγ similarly inhibits ILC2s as demonstrated by 

reduction of adipose tissue ILC2s in YFP-enhanced transcript for IFNγ (Yeti) heterozygous 

mice, which constitutively express IFNγ (195). Moreover, lung ILC2s are also suppressed during 

co-infection with N. brasiliensis and intracellular bacteria Listeria monocytogenes, the latter of 

which induces production of IFNγ from CD8+ T cells (195). Interestingly, IFNγ suppresses 

ILC2s when it is pre-existent prior to ILC2 activation (194), or administered after ILC2s have 

been activated (140).   

IL-27 is an IL-12 family of cytokine, which signals through IL-27Rα (also known as 

WSX1) and gp130 (197). IL-27R is expressed by BM and lung ILC2s, and in vitro culture of 

ILC2s in the presence of IL-27 inhibits IL-33-induced proliferation and activation of ILC2s 

(140,192,198). ILC2-mediated type 2 inflammation in mouse models of airway inflammation 

and parasite infection is also suppressed by IL-27 (140,198). IL-27-mediated inhibition of ILC2s 

is not likely tissue specific, as FALC ILC2s are also suppressed by this cytokine (140).  

IL-10 belongs to the IL-10 family of cytokines and signals through the tetrameric receptor 

consisting of two IL-10Rα and IL-10Rβ chains (199,200). IL-10R is expressed on naïve and 

activated mouse ILC2s and human ILC2s (140,201,202), but the effect of IL-10 on ILC2s is 

controversial. While IL-10 mildly suppresses IL-33 stimulated ILC2 activation in vitro, it does 

not inhibit ILC2s stimulated with IL-2 or IL-2 + IL-25 (201,203). In contrast, Molofsky et al. 

and Moro et al. reported that IL-10 has no suppressive effects on lung or FALC ILC2s, 

respectively (140,195). In humans, however, IL-10-mediated inhibition of ILC2s seems more 

potent, as stimulation of human PB ILC2s with IL-33 + TSLP + IL-10 strongly inhibits ILC2 

cytokine production and activation-induced morphological changes (202).  
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1.2.4.2 Lipid mediators  

Both mouse and human ILC2s are consistently inhibited by PGE2 in vitro and IL-33 driven 

airway inflammation in mouse is suppressed in vivo (204,205). PGE2 signals through GPCRs, 

EP1, EP2, EP3 or EP4 (206). While mouse ILC2s express Ptger1 and Ptger4 encoding EP1 and 

EP4 (204), respectively, human ILC2s express PTGER2 and PTGER4 encoding EP2 and EP4 

(205). By using receptor antagonists and agonists, it was found that both EP2 and EP4 contribute 

to inhibition of human ILC2s (205), while EP4 is the primary receptor in mouse, which was also 

confirmed by exacerbated A. alternata-induced airway inflammation in EP4 deficient mice 

(204). The inhibitory effects of PGE2 is likely exerted by downregulation of GATA3 (human 

and mouse), ST2 (mouse) and CD25 (human) and subsequent inhibition of proliferation 

(204,205). 

ILC2s express prostacyclin receptor (IP), a PGI2 receptor, and treatment with PGI2 analog 

inhibits IL-33-mediated activation of mouse and human ILC2s in vitro (207). PGI2 signaling 

also has similar inhibitory effects in vivo in an airway inflammation model (207). However, IP 

deficient mouse lungs have elevated numbers of NK cells, which more potently secrete IFNγ 

compared to WT mice (208). Since ILC2s are inhibited by IFNγ as described above 

(140,192,194–196), it is possible that the inhibitory effects of PGI2 may partially be mediated by 

NK cell-derived IFNγ (208). 

Lastly, although the number of studies is limited, ILC2s also express ALX/FPR2, which 

are GPCRs for lipoxin (LX) A4 (174). LXA4, which is elevated in asthmatic patients, has been 

shown to suppress IL-13 production from human ILC2s in the presence of other activating 

signals provided by IL-25, IL-33, IL-2 and PGD2 (174). 
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1.2.4.3 Neurotransmitters 

Catecholamines such as epinephrine, norepinephrine and dopamine are neurotransmitters 

released by the sympathetic nervous system (209). Norepinephrine signals through adrenergic 

receptors and they are known to mediate brain and immune cell cross-talk (209). ILC2s express 

β2 adrenergic receptor (β2AR), which is one of the adrenergic receptors that mediate 

norepinephrine signaling, and colocalize with adrenergic neurons in the SI (210). β2AR 

deficiency results in exacerbated type 2 inflammation in the SI and lung in various infection and 

disease models, while treatment with β2AR agonist inhibits type 2 inflammation and ILC2 

expansion (210). β2AR signaling exerts its inhibitory effects by negatively regulating ILC2 

proliferation, rather than enhancing apoptosis (210). Suppressive effects of norepinephrine on 

ILC2s have also been suggested in adipose tissue (211).  

Acetylcholine, which also inhibits ILC2s, is a neurotransmitter released by the 

parasympathetic nervous system (212). Acetylcholine signals through muscarinic acetylcholine 

receptors (mAChRs), which are GPCRs, and nicotinic acetylcholine receptors (nAChRs), which 

are cationic channels (213). ILC2s express a subtype of nAChRs, α7nAChR, which is 

upregulated upon in vitro IL-33 treatment and in vivo i.n. IL-33 or IL-25 injections (212). 

α7nAChR agonist treatment attenuates proliferation and activation of ILC2s and GATA3 

expression, leading to reduced eosinophilia and AHR during lung inflammation (212).  

 

1.2.4.4 Androgen  

Both ILC2 progenitors in the BM and mature ILC2s in the lung express androgen receptors. 

Testosterone has been shown to negatively regulate ILC2 maturation, proliferation and function 

(214–216). This topic will be explored further in Chapter 3. 
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1.2.4.5 Cell-cell interactions  

KLRG1, an inhibitory receptor expressed on NK cells and effector CD8+ T cells, is known 

to interact with cadherins (217–219). Increased expression of KLRG1 is found on skin ILC2s 

isolated from AD patients (63). In vitro stimulation of human skin ILC2s with one of its ligands, 

E-cadherin, causes reduction in expression of GATA3, type 2 cytokines and AREG as well as 

ILC2 proliferation, suggesting negative regulation through this receptor (63).  

An immune checkpoint protein PD-1 is expressed by T and B cells and APCs, and exerts 

inhibitory effects upon binding to its ligand PD-L1 or PD-L2 (220). PD-1 is expressed by a 

KLRG1+ subset of ILC2s, and consequently PD-1 deficient mice have increased numbers of 

KLRG1+ lung ILC2s (221). PD-1expression is induced upon treatment with IL-33 + IL-2 + IL-7 

and it negatively regulates proliferative capacity of KLRG1+ ILC2s through STAT5. Moreover, 

PD-1 signaling inhibits ILC2s during parasite infections and airway inflammation. PD-1 also 

plays similar suppressive roles in human ILC2s (221).  

While ICOS-ICOSL interaction provides pro-survival signals to ILC2s (188), Tregs, which 

also express ICOS, exert their suppressive effects on ILC2s through this interaction. The 

suppressive effect is dependent on ICOSL expression on ILC2s and cell-contact between Tregs 

and ILC2s (203). 

 

1.2.5 Function 

Upon activation, ILC2s produce copious amounts of type 2 cytokines, IL-5 and IL-13, but 

they also release IL-9 and Areg (Figure 1.2). IL-5 induces eosinophil differentiation, maturation 

and recruitment into inflamed tissues (34), while IL-13 stimulates goblet cell hyperplasia and 

mucus hyperproduction (222,223). Together with IL-4, IL-13 also provides cues for 



31 

 

macrophages to polarize towards an M2 type (43,44,224). We have previously described that 

ILC2-derived IL-13 also facilitates polarization of helper T cells towards Th2 pathway through 

indirectly acting on DCs (30). ILC2s’ high capacity to produce these cytokines is highlighted by 

their involvement in various immune-mediated processes, such as parasite expulsion (22), tissue 

repair (28) and adipose tissue homeostasis (67,68), but also in pathogenesis of diseases including 

asthma (225), AD (62), chronic rhinosinusitis (CRS) (25) and liver fibrosis (65). 

ILC2s were initially described in the gastrointestinal (GI) tract and FALC, demonstrating 

their roles in intestinal immunity (22–24). In the GI tract, ILC2s are readily activated upon N. 

brasiliensis infection and represent the major source of IL-13 (22–24). ILC2-derived IL-13 

stimulates goblet cells to produce resistin-like molecule (RELM) β and mucus, which prevent 

establishment of their interactions with the host (36,226,227), resulting in efficient expulsion of 

the worms (23). Moreover, ILC2s upregulate the expression of PD-L1 and directly facilitate Th2 

polarization through PD-1 during N. brasiliensis infection, further enhancing anti-helminth type 

2 immune response (228). ILC2s have also been shown to contribute to pathology of oxazolone-

induced colitis in an IL-25-dependent manner (229). ILC2s are also present in fetal and healthy 

adult human intestines and similarly respond to IL-25 and IL-33 stimulation by producing IL-13 

(25), suggesting that ILC2s likely exert protective effects against parasites in humans as well.  

ILC2s are best described in pathology of allergic diseases including asthma, CRS and AD. 

We and others have shown pathogenic roles of ILC2s during airway inflammation using various 

mouse models of asthma (26,230–233). In these models, ILC2s produce large amounts of IL-5 

and IL-13, which induce eosinophilia and mucus hyperproduction, respectively, resulting in 

AHR. Additionally, ILC2-derived IL-13 disrupts epithelial tight junction, leading to leakiness of 

the airways as seen in asthmatic patients (234). Lung ILC2s also transiently produce IL-9, which 
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induces goblet cell hyperplasia, mast cell accumulation and airway remodeling (41,42) early 

during inflammation (27,134,142). Regulation of IL-9 production from ILC2s is likely different 

from that of IL-5 or IL-13, however, as it is dependent on adaptive cell-derived IL-2 (27). 

Interestingly IL-9 amplifies IL-5 and IL-13 production from ILC2s by promoting their survival 

(142) and/or activation (134), suggesting autocrine regulation of ILC2s by IL-9 (27,134). Given 

that ILC2s are also present in human lungs (25,28) and are elevated in asthmatic patients’ BALF 

(235) and PB (236), there is no doubt that they play critical roles in human lung diseases. 

The pathogenic contribution of ILC2s in allergic diseases is not limited to the lung as the 

frequency of ILC2s is also increased in the skin of AD patients (62,63). Topical application of 

MC903, a vitamin D analog calcipotriol, or IL-2 treatment induces ILC2 accumulation and IL-5 

and IL-13 production, followed by eosinophil infiltration and skin thickening (62,64). Similarly, 

subcutaneous HDM challenge results in ILC2 accumulation in human subjects (63), 

demonstrating their role in allergic responses. As dermal ILC2s constitutively express IL-13 in 

mouse and MC903 treatment did not induce significant increase in IL-13 production in one of 

the studies, the role of ILC2-derived IL-13 in the skin needs further investigation (64).  

ILC2s also expand in the lung and produce large amounts of IL-5 and IL-13 during 

influenza infection (61). Although the role of ILC2-derived IL-5 is not clear as influenza 

infection does not cause eosinophilia, the importance of IL-13 is highlighted by the requirement 

of ILC2-derived IL-13 in the development of influenza-induced AHR (61). In contrast, ILC2s 

produce a growth factor, Areg, and mediate repair of the tissue damage and maintenance of the 

epithelial integrity during influenza infection (28). However, their capacity to repair tissues can 

be pathogenic, as exemplified in the case of hepatic fibrosis, where ILC2-derived IL-13 

promotes activation of ECM producing hepatic stellate cells (HSCs), resulting in excessive 
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deposition of ECM and development of fibrosis (65). On the other hand, IL-33-mediated ILC2 

activation exerts mild protective effects in viral hepatitis, while further studies are needed to 

determine the underlying mechanisms (237).  

Most of ILC2 research has focused on their roles at mucosal barrier sites. However, ILC2s 

also play critical roles in adipose tissue homeostasis as suggested by reduction of white adipose 

tissue (WAT) ILC2s in obese human and mice fed high fat diet (67). Type 2 immunity mediated 

by eosinophils and M2 macrophages are crucial for maintaining leanness and insulin sensitivity 

(238). ILC2s in visceral adipose tissue play a central role in this process as they are the major 

source of IL-5 and IL-13, which are important for sustaining eosinophils and M2 macrophages 

(66). Furthermore, ILC2s mediate “beiging” of WAT, by producing methionine-enkephalin (67), 

which directly induce conversion of WAT to beige adipocytes (BAT). Additionally, ILC2-

derived IL-13 together with eosinophil-derived IL-4 also simulate adipocyte progenitors to 

commit to BAT lineage (68).  

ILC2s also respond to environmental cues to coordinate local and systemic immunity. 

ILC2 activation is enhanced after caloric intake and suppressed after fasting (184). Such 

regulation of ILC2s by feeding cycle likely has an impact on basal eosinophil homeostasis as 

serum IL-5 and PB eosinophil levels oscillate in a similar manner as ILC2s upon feeding/fasting 

(184). This hypothesis is further supported by sensitivity of ILC2s towards VIP, which is a 

neurotransmitter tightly regulated by feeding cycles (239). Moreover, ILC2s sense nutrition 

status as shown by increase in intestinal ILC2s and their activation during vitamin A deficiency 

(240). This results in type 2 skewing of intestinal immunity, which consequently allows 

increased anti-parasite immunity (240). This suggests evolutionary adaptation of the host’s 
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defense mechanism against helminth infections during nutrients deficiency, which can be 

induced by parasite infections. Functions of ILC2s are summarized in Table 1.2. 

 Protective Pathogenic 

Intestine Elimination of parasites Colitis  

Lung Tissue repair after influenza infection Allergic inflammation, AHR 

Skin N/D Atopic dermatitis 

Liver Protection from viral hepatitis Fibrosis  

Fat Maintenance of homeostasis   N/D 
Table 1.2: Summary table of ILC2 functions in various organs 

A table showing protective and pathogenic roles of ILC2s in different organs. N/D=not determined. 

 

1.2.6 Memory 

Immunological memory, defined as the ability of immune cells to respond more rapidly and 

robustly during the secondary encounter, is a hallmark of the adaptive immunity. However, we 

have recently found that ILC2s also have memory-like features (76). Lung ILC2s remain high in 

number for a long time after initial stimulation and respond more vigorously during secondary 

encounter (76). The antigen non-specific nature of ILC2s allow them to respond to unrelated 

allergens, potentially describing a mechanism behind reactivity towards multiple allergens seen 

in allergic patients (241).  

 

1.3 Diseases 

1.3.1 Asthma 

1.3.1.1 Overview 

Asthma is a chronic inflammatory disease of the airways characterized by airway 

narrowing, wheezing and shortness of breath. Asthma affects approximately 300 million people 

worldwide and the numbers are expected to keep rising (242). It is one of the most common 

chronic diseases in the world and it affects a wide range of age groups from children to elderly 
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(242). The cause of the disease can be attributed to many factors including life style, exposure to 

viruses, allergens and pollutants (243). However, the individual variation in susceptibility to 

allergen sensitization suggests contribution of genetic factors. In fact, genome-wide association 

studies have identified single nucleotide polymorphisms (SNPs) in genes including IL1RL1, 

SRP9, TSLP, IL33, AURKB and MHC as risk factors (244–247). It is also known that asthma is 

more common among boys than girls before puberty, while the trend reverses during 

reproductive age (248), suggesting contribution of sex hormones as one of the risk factors.   

Asthma is a heterogenous disease and categorization has been challenging. One of the 

traditional classifications based on disease phenotype is “intrinsic” versus (vs.) “extrinsic” 

asthma, also known as “non-atopic (non-allergic)” vs. “atopic (allergic)” asthma. The majority of 

atopic/allergic asthma, where patients have reactivity to common allergens in a skin prick test, is 

early onset. In contrast, non-atopic/non-allergic asthma, in which patients lack IgE for common 

allergens, is more prevalent in late-onset asthma (242,249). With rising interest in personalized 

medicine, asthma is more recently classified based on the endotype, which focuses on the 

cellular and molecular mechanisms behind the development of the disease (250). The endotypes 

include two major groups, T2-high and non-T2-high groups based on the types of inflammation 

observed in patients: type 2 immunity-driven and non-type 2 immunity-driven, respectively 

(250).   

 

1.3.1.2 Pathogenesis 

Immunopathology of asthma is largely characterized by the presence of type 2 immunity 

including eosinophils and type 2 cytokines, although some asthma is presented with IL-17 and 

neutrophil-mediated phenotype (251). Type 2 inflammation is initiated when airway epithelial 
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cells are exposed to airborne irritants or aeroallergens, which induce production of alarmin 

cytokines, including IL-33, IL-25 and TSLP (21). These cytokines activate ILC2s, which 

respond by proliferation and production of IL-5, IL-13 and IL-9, initiating an inflammatory 

cascade (22–27). IL-5 causes eosinophilia (34), while IL-13 induces goblet cell hyperplasia and 

mucus hyperproduction, as well as smooth muscle contraction and tissue remodeling, leading to 

AHR (35,222). IL-9 promotes ILC2 survival and activation in an autocrine manner (252), but it 

also provides survival and activation signals to mast cells (41,42).  

ILC2-derived IL-13 also orchestrates adaptive immune responses by facilitating Th2 

differentiation of T cells (30). Th2 cells, in turn, secrete large amounts of IL-4, IL-13 and IL-5, 

further enhancing type 2 inflammation. Th2 cell-derived IL-4 together with IL-13 plays a crucial 

role in regulating B cell responses, by inducing IgE class switch (38,39,253).  

This series of events causes sensitization of individuals to specific allergens, mediated by 

antigen-specific T and B cell responses. Upon secondary encounter with the same allergens, 

antigen specific Th2 cells and IgE mediate a vigorous response, leading to enhanced 

inflammation. IgE crosslinking of high affinity FcεRI on mast cells and basophils induces 

degranulation, resulting in release of inflammatory mediators including leukotrienes and 

histamine, which cause vascular permeability and smooth muscle constriction (21).  

Although each episode of allergen-induced inflammation may be reversible, repeated 

exposure to allergens and subsequent tissue remodeling predisposes airways to exaggerated 

responses and increases susceptibility to exacerbations (254). Consequently, individuals 

recurrently experience asthma symptoms including shortness of breath and wheezing. 
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1.3.2 Hepatic fibrosis 

1.3.2.1 Overview 

Regeneration is the ability to renew parts of the body after injury or as a normal 

physiological process. Regenerative potential is seen across animal kingdom and organ systems, 

but the regenerative capacity varies among species (255). Some invertebrates, such as Hydra can 

regenerate entire organism, while some amphibians are able to regenerate some parts of the body 

(256). Mammalian tissues are highly regenerative during embryogenesis, but the ability to 

regenerate decreases as we mature and regenerative responses are largely replaced by tissue 

repair mechanisms in adults (255,257). However, the liver is one of the few organs that remains 

regenerative into adulthood. The ability of the liver to regenerate allows reconstruction of its 

architecture and function after injury or partial hepatectomy, but dysregulated repair/regeneration 

can lead to irreversible scarring of the liver, resulting in the development of chronic liver 

diseases including fibrosis.  

Fibrosis is chronic scarring of the liver tissues due to excessive deposition of ECM, which 

causes liver dysfunction and failure. The most common etiologies include infection with 

hepatitis viruses or Schistosoma, alcoholic liver disease (ALD) caused by alcohol abuse, non-

alcoholic fatty liver disease (NAFLD) induced by persistent oxidative stress, and cholestatic and 

autoimmune liver disease (258). Fibrosis is often merely the beginning of series of hepatic 

diseases and can further progress into liver cirrhosis and hepatocellular carcinoma (259). 

Cirrhosis and liver cancer are 11th and 16th leading cause of death worldwide, respectively, and 

the numbers have increased in the past 20 years (260), which highlights the necessity for 

preventative measures and treatment. 
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1.3.2.2 Pathogenesis 

There are very few proliferating cells and very little ECM in a homeostatic liver (261). 

Upon injury induced by insults including viral infection, alcohol/drug intake or toxins, a series of 

events is initiated to repair damaged tissue. The repair response is finely orchestrated by various 

cell types such as epithelial, endothelial, mesenchymal and immune cells, and consists of three 

stages: regeneration, resolution and fibrosis (257).  

Upon hepatic injury, damaged hepatocytes secrete DAMPs to induce activation of immune 

cells (262), such as liver-resident Kupffer cells, or recruitment of monocyte-derived 

macrophages. These cells phagocytose damaged epithelium and provide signals for hepatocytes 

regeneration, such as TNFα and IL-6 (263–265). In parallel, liver sinusoidal endothelial cells 

(LSECs) also provide hepatocytes with mitogenic signals to support their proliferation (257). 

HSCs, the major fibroblasts in the liver, transdifferentiate into myofibroblasts upon receiving 

TGFβ and other signals from macrophages (266). HSC differentiation is accompanied by the 

expression of smooth muscle α actin, which increases their contractility and motility, allowing 

them to infiltrate injured area (267), where they deposit ECM such as collagen to repair damage. 

In this regenerative phase of the repair response, damaged cells are replaced by new cells and 

there is no long-term scarring of the tissue. 

When the injury is acute and transient, the repair response is eventually terminated, and 

homeostasis is restored. This is mediated by macrophages that have a Ly6Clo phenotype, which 

produce matrix metalloproteinases (MMPs) that degrade ECMs (257). Immune cells, such as NK 

cells and γδT cells clear myofibroblasts by inducing their apoptosis (268–271). Alternatively, 

myofibroblasts can also become inactivated (272,273). Overall, this series of events results in 

resolution of inflammation and removal of scar tissues.  
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When the injury becomes chronic or repetitive, however, persistent repair/regeneration 

responses can proceed to fibrosis. During this stage, increased numbers of monocyte-derived 

macrophages that have a Ly6Chi phenotype are recruited from circulation (274). They, together 

with LSECs produce large amounts of pro-fibrotic factors including TGFβ, promoting survival 

and activation of myofibroblasts, which, in turn, produce ECM and tissue inhibitors of 

metalloproteinases (TIMPs) (257). TIMPs inhibit degradation of ECM by MMPs, resulting in 

accumulation of ECM fibers. Complex meshwork resulting from extensive ECM deposition 

prevents access of MMPs and degradation of ECM fibers, resulting in a dysfunctional acellular 

structure (257).  

 

1.3.3 Cancer 

Cancer is one of the leading causes of mortality as demonstrated by 18 million new cases 

and 9 million deaths reported in 2018 worldwide (275). While cancer is treatable when detected 

early, it often progresses into advanced disease and patients eventually succumb to death, 

highlighting the importance of developing improved therapeutics. Despite the presence of our 

body’s inherent mechanism of eliminating cancerous or pre-cancerous cells, known as tumor 

immunosurveillance, cancer cells often escape detection by cytotoxic immune cells and alter 

immune landscape towards immunosuppressive microenvironment by recruiting pro-tumor 

immune cells (276,277).  

Generally, type 2 immunity is considered to be pro-tumorigenic as it favors M2 

polarization of macrophages, which produce various growth factors that promote tumor growth 

and generate immunosuppressive microenvironment (278). Considering the ability of ILC2s to 

potently produce type 2 cytokines, they are likely pro-tumor. However, ILC2 research in tumor 
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immunity is still in its infancy and mostly focused on correlations between ILC2 numbers or 

activation status and cancer progression. Hence, direct evidence regarding pro- or anti-tumor role 

of ILC2s is lacking. ILC2s are elevated in patients with various tumors including APL and 

prostate (190), gastric (279), breast (280) and lung cancers (281), while their frequency is 

reduced in patients with non-small cell lung carcinoma (282). Similarly, pro-tumor effects of 

ILC2s have been shown in mouse melanoma (283), whereas anti-tumor roles have been 

described in mouse models of lung and prostate cancers (284).  

More recently, anti-tumor role of ILC2s have been demonstrated in mouse models of 

pancreatic ductal adenocarcinoma (PDAC) and PDAC patients. Moral et al. showed that ILC2s 

were elevated in tumor tissues of long-term PDAC survivors and PDAC-bearing mice. Anti-

tumor immunity provided by ILC2s was IL-33 dependent, where IL-33-activated ILC2s 

produced chemokines recruiting DCs, which, in turn, activated CD8+ cytotoxic T cells (285). 

The immune checkpoint PD-1 was upregulated in ILC2s upon IL-33 treatment and co-injection 

of anti-PD-1 and activated ILC2s were effective in controlling tumor burden of established 

tumors, suggesting their potential as therapeutic targets.  

 

1.4 Thesis objective 

Asthma prevalence is higher among boys than girls, while the trend switches after 

adolescence (248). Although the role of sex steroid hormones is suspected, the underlying 

mechanism is yet to be determined. Given the known pathologic roles of ILC2s in airway 

inflammation, lung ILC2s appeared to be a logical candidate to investigate in order to understand 

the mechanism behind sex bias in asthma prevalence. This led to the first objective of this thesis, 

which is to examine the sex related differences in lung resident ILC2s. Based on the age-related 
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sex bias in asthma prevalence, I hypothesized that sex steroid hormones regulate ILC2 

proliferation and type 2 inflammation in the lung upon stimulation. While I worked on this 

project, multiple papers were published reporting negative regulatory effects of androgen 

signaling on ILC2Ps and ILC2s, uncovering the mechanism behind sex difference in asthma 

prevalence (214–216). Therefore, I focused on intrinsic differences between female and male 

lung resident ILC2s and the effect of sex on epithelium-derived cytokines. The results are 

presented in Chapter 3. 

ILC2s are considered to be tissue resident at steady state and during inflammatory 

conditions such as systemic autoimmunity and parasitic infection (86). In agreement with their 

tissue residency, very few ILC2s are found circulating in naïve mouse PB. In contrast, ILC2s are 

detected in human PB (25) and elevated in asthmatic patients’ PB (236), suggesting that ILC2s 

may be able to leave the lung and circulate once activated. This observation led to the second 

objective of this thesis, which is to determine the roles of migratory ILC2s induced upon 

activation. I hypothesized that a subset of lung ILC2s enter circulation, migrate to and settle in 

another organ and alter immune environment. By following ILC2s after activation in the lung, I 

have found that a subset of migratory ILC2s circulated through PB and reached the liver, and 

thus, I have focused my studies on the liver. This part of the thesis is separated into two chapters: 

characterization of lung resident and migratory ILC2s are presented in Chapter 4 and the effects 

of lung-derived ILC2s in the liver are presented in Chapter 5. 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Mice 

C57BL/6J (B6), B6.SJL-PtprcaPepcb/BoyJ (Pep3b), B6.129P2(Cg)-Rorctm2Litt/J (Rorc-/-) 

and B6.129S7-Rag1tm1Mom/J (Rag1-/-) mice were bred in the British Columbia Cancer Research 

Centre (BCCRC) and Biomedical Research Centre (BRC) animal facilities from breeder mice 

purchased from the Jackson Laboratory. Il33tm1(KOMP)Vlcg (Il33-/-) mice were obtained from the 

Knockout Mouse Project and bred in the BCCRC animal facility. CD127 cKO mice were 

generated in house as follows. B6.Rora-IRES-Cre (286) mice were re-derived in BCCRC Animal 

Resource Centre (ARC) by in vitro fertilization of albino C57BL/6J (B6(Cg)-Tyrc-2J/J) mouse 

eggs with B6.Rora-IRES-Cre mouse sperms obtained from Dr. O’Leary (The Salk Institute). 

CD127 conditional KO (cKO) mice were generated by crossing re-derived B6.Rora-IRES-Cre 

mice and Il7rafl/fl mice (287), which were kind gifts from Dr. Ninan Abraham (University of 

British Columbia) with Dr. Singer’s approval. 

All animal use was approved by the animal care committee of the University of British 

Columbia and were maintained in specific pathogen-free facilities and euthanized in accordance 

with the guidelines of the Canadian Council on Animal Care. Briefly, mice were housed in static 

cages (4 mice maximum per cage) with cotton or crinkle paper nesting materials and a hiding 

place. They were fed low fat diet and water was provided per cage. To minimize animal 

suffering and distress, mice were anesthetized by isoflurane inhalation during i.n. injections and 

monitored until they were fully recovered from anesthesia in a separate cage with heating mat 

underneath it. The mice were monitored daily during treatment period and after the treatment as 

indicated in the protocol. Their health status was assessed by their behaviour, appearance, 
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hydration status, respiration, and presence/absence of any obvious pain. Their health and well-

being were monitored daily by facility staff based on their appearance and behaviour. At the time 

of harvest, mice were anesthetized by isoflurane inhalation until they were unconscious and 

euthanized by carbon dioxide asphyxiation. Mice were treated at the ages indicated in the text 

(Chapter 3) or between 6-26 weeks of age (Chapters 4 & 5). For Chapter 3, female and male 

mice were used as indicated in the text, while for Chapters 4 & 5, female mice were used for 

most experiments and a mixture of male and female mice were used for Figures 4.3, 5.2, 5.3A 

and Appendices B.1, B.3A and C.1. 

 

2.1.2 Parabiosis 

Parabiosis mice were prepared in the BRC animal facility using female B6 and Pep3b mice as 

previously described (288). Briefly, weight matched female mice were co-housed for 1 week 

prior to the surgery. The two mice were juxtaposed and the hindlimbs, bodies and forelimbs were 

joined together, while being maintained in a surgical plane of anesthesia by isoflurane inhalation. 

Both mice were given subcutaneous injections of 1 mL saline twice a day and 0.03 mg/mL of 

Buprenorphine analgesic for the first 3 days post-surgery. Mice were monitored twice a day 

during the first week and once a day after that for a total of 3 weeks post-surgery, and the 

monitoring was extended if mice did not recover well. The health status was assessed based on 

pain, hydration and body weight loss. Mice were used between 5-6 weeks after the surgery. 
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2.1.3 Antibodies and flow cytometry 

Antibodies used for flow cytometric analyses are listed in Table 2.1. BD FACS (fluorescence-

activated cell sorting) Aria was used for cell sorting and BD LSRFortessa was used for flow 

cytometric analyses. Flowjo version 10.0.7r2 was used for data analyses. 

Antigen Cells detected Fluorophore Clone Vendor 

Armenian 

Hamster 

IgG 

isotype 

control 

isotype control for 

CXCR3, CD103 

Allophycocyanin 

(APC) 

HTK888 BioLegend  

isotype control for 

CD103 

Brilliant Violet 

(BV) 711 

CCR1 monocytes (Mo), T 

cells, DCs and 

neutrophils, NK cells 

Phycoerythrin 

(PE) 

S15040E BioLegend  

CCR2 Mo Fluorescein 

isothiocyanate 

(FITC) 

SA203G11 BioLegend 

CCR3 

(CD193) 

eosinophils, basophils, 

T cells, airway 

epithelial cells 

Alexa Fluor 647 83103 BD Biosciences 

CCR4 

(CD194) 

Th2 cells, Tregs PECy7 2G12 BioLegend 

CCR7 B cells, DCs, naïve T 

cells, Tregs, central 

memory T cells 

APC 4B12 Thermo Fisher 

Scientific  

CCR9 intestinal T cells and 

ILCs 

APC CW-1.2 Thermo Fisher 

Scientific  

CD103 

(ITGαE) 

cDC1, intraepithelial T 

cells, Tregs 

APC 2E7 Thermo Fisher 

Scientific 

BV711 BioLegend 

CD11b Mo, granulocytes, some 

NK cells 

FITC, eFluor 450 M1/70 Thermo Fisher 

Scientific  

PE BD Biosciences 

CD11c some macrophages 

(Macs) & Mo 

Alexa Fluor 700, 

eFluor 450  

N418 Thermo Fisher 

Scientific 

CD117 

(C-kit) 

hematopoietic stem 

cells & progenitors, 

mast cells 

PerCP-eFluor 710 2B8 Thermo Fisher 

Scientific  

CD127 T cells, ILCs, some 

DCs 

PE, PECy7, 

Alexa Fluor 700 

A7R34 Thermo Fisher 

Scientific 
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Antigen Cells detected Fluorophore Clone Vendor 

CD19 B cells FITC, PerCP-

Cy5.5, eFluor 450 

1D3 Thermo Fisher 

Scientific  

PE BD Biosciences 

BV711 6D5 BioLegend  

CD2 B cells, NK cells, T 

cells 

APC RM2-5 BioLegend 

CD206 Macs, LSECs PECy7 C068C2 BioLegend 

CD218a 

(IL-18R) 

NK cells, NKT cells, 

Th1 cells, B cells, 

ILC1s, ILC3s 

PerCP-eFluor 710 P3TUNYA Thermo Fisher 

Scientific 

CD24 B cells, DCs, some 

granulocytes 

PECy7 M1/69 Thermo Fisher 

Scientific 

CD25 Tregs, ILC2s, ILC3s PerCP-Cy5.5 PC61.5 Thermo Fisher 

Scientific 

CD3ε T cells FITC, PerCP-

Cy5.5, eFluor 450 

145-2C11 Thermo Fisher 

Scientific  

APC BD Biosciences  

CD4 CD4+ T cells, some 

ILC3s, some DCs 

eFluor 450 RM4-5 Thermo Fisher 

Scientific PECy7 GK1.5 

APC, BV650 BioLegend 

CD45 leukocytes V500 30-F11 BD Biosciences 

CD45.1 Ly5.1+ leukocytes from 

Pep3b mice 

Alexa Fluor 700 A20 BioLegend 

CD45.2 Ly5.2+ leukocytes from 

B6 mice 

Alexa Fluor 700 104 Thermo Fisher 

Scientific 

V500 BD Biosciences 

CD45R 

(B220) 

B cells eFluor 450 RA3-6B2 Thermo Fisher 

Scientific 

CD49a ILC1s, some γδT cells BV711 Ha31/8 BD Biosciences  

CD49b  NK cells, basophils Alexa Fluor 647 DX5 BioLegend 

CD5 T cells BV421 53-7.3 BioLegend  

CD64 Mo, Macs APC X54-5/7.1 BioLegend  

CD69 activated T cells and 

NK cells 

PerCP-Cy5.5 H1.2F3 Thermo Fisher 

Scientific 

CD8 CD8+ T cells, CD8+ 

DCs, some γδT cells 

APC 53-6.7 Thermo Fisher 

Scientific 

CD80 DCs, activated B cells, 

Mo, Macs 

PE 16-10A1 Thermo Fisher 

Scientific 

CD90.2 

(Thy1.2) 

T cells, NKT cells, 

ILCs 

BV605 53-2.1 BD Biosciences  

CX3CR1 T cells, DCs, some Mo, 

microglia, NK cells 

PE SA011F11 BioLegend 
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Antigen Cells detected Fluorophore Clone Vendor 

CXCR3 

(CD183) 

Th1 cells, CD8+ T cells, 

NK cells 

APC CXCR3-173 BioLegend 

CXCR4 B cells, T cells, DCs, 

NK cells 

PE 2B11 Thermo Fisher 

Scientific 

CXCR6 

(CD186) 

ILC1, some NK cells, 

NKT cells, activated T 

cells 

PerCP-eFluor 710 DANID2 Thermo Fisher 

Scientific 

EOMES CD8+ T cells, NK cells, 

some γδT cells 

PerCP-eFluor 710 Dan11mag Thermo Fisher 

Scientific  

F4/80 Macs, Mo, eosinophils BV650 BM8 BioLegend 

FcεR1a mast cells, basophils FITC, APC MAR.1 Thermo Fisher 

Scientific  

GATA3 Th2 cells, ILC2s eFluor 660, PE TWAJ Thermo Fisher 

Scientific 

Gr-1 

(Ly6C & 

Ly6G) 

plasmacytoid DCs, Mo, 

some NK cells, 

neutrophils 

eFluor 450 RB6-8C5 Thermo Fisher 

Scientific 

IFNγ NK cells, NKT cells, 

Th1 cells, CD8+ T cells 

FITC XMG1.2 BD 

IL-13 activated Th2 cells, 

ILC2s, mast cells, 

basophils, eosinophils, 

NKT cells 

PE, PECy7 eBio13A Thermo Fisher 

Scientific 

IL-17RB 

(IL-25R) 

some ILC2s, Th2 cells PE MUNC33 Thermo Fisher 

Scientific 

Alexa Fluor 700 752101 R&D Systems 

IL-5 activated Th2 cells, 

ILC2s, mast cells, 

basophils, eosinophils, 

NKT cells 

APC TRFK5 BD Biosciences  

IL-6 Mo, Macs, some DCs, 

mast cells, basophils, 

ILC2s 

PE MP5-20F3 Thermo Fisher 

Scientific 

ITGα4 

(CD49d) 

lymphocytes, Mo, 

eosinophils, 

neutrophils, non-

immune cells 

APC R1-2 BioLegend 

ITGαL 

(CD11a) 

lymphocytes, DCs, 

neutrophils  

PerCP-Cy5.5 M17/4 BioLegend 

ITGαv 

(CD51) 

ILCs, some T cells, 

some Macs, some Mo 

PE RMV-7 BioLegend 

ITGβ1 

(CD29) 

lymphocytes, Mo, 

eosinophils, 

PerCP-Cy5.5 HMβ1-1 BioLegend 
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Antigen Cells detected Fluorophore Clone Vendor 

neutrophils, non-

immune cells 

ITGβ2 

(CD18) 

lymphocytes, DCs, 

neutrophils, Mo, Macs 

PE M18/2 BioLegend 

ITGβ3 

(CD61) 

some T cells, NKT 

cells, eosinophils, 

basophils, ILCs 

APC 2C9.G2 

(HMβ3-1) 

BioLegend 

ITGβ7 lymphocytes, some 

DCs, some Macs, Mo, 

eosinophils, basophils  

PE FIB27 BioLegend 

Ki67 proliferating cells FITC SolA15 Thermo Fisher 

Scientific  

KLRG1 CD8+ T cells, NK cells, 

some ILC2s 

APC 2F1 Thermo Fisher 

Scientific 

BV711 BD Biosciences 

Ly6B.2 

(7/4) 

neutrophils, 

inflammatory Mo 

FITC 7/4 Abcam  

Ly6C plasmacytoid DCs, Mo, 

some NK cells 

PerCP-Cy5.5 AL-21 BD Biosciences  

Ly6G neutrophils BV605 1A8 BioLegend 

MHCII DCs, Macs, B cells eFluor 450 M5/114-15-2 Thermo Fisher 

Scientific 

Mouse 

IgG2a, κ 

isotype 

control 

isotype control for 

CCR9 

APC eBM2a Thermo Fisher 

Scientific 

NK1.1 NK cells, NKT cells, 

ILC1s 

PerCP-Cy5.5, 

eFluor 450, 

PECy7 

PK136 Thermo Fisher 

Scientific 

FITC BD Biosciences 

NKp46 NK cells, NKT cells, 

ILC1s, some ILC3s 

FITC 29A1.4 BioLegend 

eFluor 450 Thermo Fisher 

Scientific 

Rat IgG1, 

κ isotype 

control 

isotype control for IL-5 APC R3-34 BD Biosciences 

isotype control for 

ITGαv, IL-6, IL-13 

PE RTK2071 BioLegend 

Rat 

IgG2a, κ 

isotype 

control 

isotype control for Ki67 FITC eBR2a Thermo Fisher 

Scientific 

isotype control for 

CXCR6 

PerCP-eFluor 710 

Rat 

IgG2b, κ 

isotype control for 

CCR2 

FITC RTK4530 BioLegend 
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Antigen Cells detected Fluorophore Clone Vendor 

isotype 

control 

isotype control for 

CCR1 

PE A95-1 BD Biosciences 

RORγt some γδT cells, ILC3s, 

Th17 

PE B2D Thermo Fisher 

Scientific 

SiglecF eosinophils, alveolar 

macrophages 

PE E50-2440 BD Biosciences 

T1/ST2 

(IL-33R) 

ILC2s, eosinophils, 

Tregs, mast cells, 

basophils 

PerCP-eFluor 710 RMST2-2 Thermo Fisher 

Scientific  

FITC DJ8 MD Bioproducts  

T-bet NK cells, ILC1s, Th1, 

some ILC3s & NKT 

PECy7 4B10 Thermo Fisher 

Scientific 

TCRβ αβT cells FITC H57-597 BD Biosciences 

eFluor 450 Thermo Fisher 

Scientific 

APC BioLegend 

TCRγδ γδT cells FITC GL3 BD Biosciences 

eFluor 450 Thermo Fisher 

Scientific 

APC BioLegend 

Ter119 erythrocytes  eFluor 450 TER-119 Thermo Fisher 

Scientific 

TNFα Mo, Macs, neutrophils, 

NK cells, CD4+ T cells 

PE MP6-XT22 Thermo Fisher 

Scientific 
Table 2.1: Table of antibodies used in this study 

A complete list of antibodies used in this study, the antigens they detect, fluorophores to which they are conjugated, 

clones and vendors. 

 

2.1.4 Reagents 

eFluor 780 fixable viability dye and recombinant mouse TSLP were purchased from Thermo 

Fisher Scientific. Recombinant mouse IL-25, IL-33 and IL-7 were purchased from BioLegend. 

Recombinant human IL-2 was purchased from Peprotech. Concanavalin A from Canavalia 

ensiformis, papain from Carica papaya, phorbol 12-myristate 13-acetate (PMA) and ionomycin 

were purchased from Sigma. Brefeldin A (Golgi Plug) was purchased from BD Biosciences.  
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2.2 Methods 

2.2.1 In vivo stimulation 

Mice were anesthetized by isoflurane inhalation and i.n. injections were given. Mice were given 

3 daily i.n. administrations of 0.25 µg IL-33 (BioLegend) or 0.218U papain (Sigma) in 40 µL 

phosphate-buffered saline (PBS). For Concanavalin A (ConA) treatment, mice were 

intravenously injected with 7 mg/kg of ConA at 5 mL/kg (in PBS). 

 

2.2.2 Primary leukocyte preparation  

Single cell suspensions of lung, mediastinal lymph nodes (medLN), BALF, BM, liver, SI 

and mLN were prepared as previously described (289). For data presented in Appendix B.1, 

mice were perfused with plain PBS until the livers appeared blanched before collecting the 

livers. For analyses of liver Kupffer cells and macrophages, mouse livers were mashed through 

40 µm strainers in 10 mL Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal 

bovine serum (FBS), 100 U/mL penicillin/streptomycin (P/S) and 50 μM 2-mercaptoethanol (2-

ME), and washed twice with 15 mL of the same media. Hepatocytes were sedimented by 

centrifugation (4 ˚C, 3 mins, 30 xg) and discarded. The supernatant was collected and 

centrifuged (4 ˚C, 5 mins, 300 xg), after which the cell pellet was washed once with 10 mL 

DMEM + 10% FBS + 100 U/mL P/S + 50 μM 2-ME (4 ˚C, 5 mins, 300 xg). Red blood cells 

(RBCs) were lysed using 150 mM ammonium chloride solution. To prepare single cell 

suspension from PB, cardiac blood was collected in PBS containing 25 mM 

ethylenediaminetetraacetic acid (EDTA) and cells were pelleted by centrifugation (4 ˚C, 5 min, 

600 xg). RBCs were lysed with 150 mM ammonium chloride solution twice.  
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For spleen, samples were mashed through 70 µm strainers in 5 mL PBS + 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 150 mM ammonium chloride solution. For single cell 

suspension of skin cells, both ears were collected from mice and split into dorsal and ventral 

halves with forceps. Ear tissues were digested in 5 mL PBS + 2% FBS containing 420 U/mL 

type IV collagenase (37 ˚C, 40 mins, 250 rpm shaker). Digested tissues were mashed through 70 

m strainers, which were washed with 5 mL PBS + 2% FBS. Cells were collected by 

centrifugation (4 ˚C, 5 min, 400 xg) and washed again with 10 mL PBS + 2% FBS.  

For microarray analyses, lung and liver samples were processed as previously described 

(289), with two additional washes with 10 mL DMEM + 10% FBS + 100 U/mL P/S + 50 μM 2-

ME before (lung) or after (liver) Percoll density gradient separation. 

Isolated leukocytes were counted using a hemocytometer. Samples were incubated in 

2.4G2 monoclonal antibody to block Fc receptors prior to cell surface staining with 

fluorochrome-conjugated antibodies for flow cytometry analyses.  

 

2.2.3 BM transplantation 

Recipient mice (Pep3b) were lethally irradiated with 10 Gray radiation, followed by i.v. injection 

(5 mL/kg) of 10 million BM cells isolated from donor mice (B6). Chimerism test was performed 

to confirm donor cell reconstitution before mice were treated for analyses. Irradiated mice were 

provided with water supplemented with Ciprofloxacin and hydrochloric acid for the first 4 weeks 

post irradiation. 
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2.2.4 Intracellular staining 

Leukocytes were incubated at 37 ˚C for 3 hours in 500 µL Roswell Park Memorial Institute 

(RPMI) 1640 media containing 10% FBS, 100 U/mL P/S, 50 μM 2-ME, Brefeldin A (Golgi 

Plug), PMA (30 ng/mL) and ionomycin (500 ng/mL). Intracellular cytokine staining was 

performed after the incubation, Fc receptor blocking and cell surface staining, using 

Cytofix/Cytoperm Fixation/Permeabilization Solution kit (BD Biosciences) according to 

manufacturer’s protocol. Intracellular CD80 and CD206 staining was performed as above but 

without pre-incubation. Transcription factor and Ki67 staining was performed without pre-

incubation using Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) 

according to manufacturer’s protocol.  

 

2.2.5 Immune cell identification 

Samples were first gated on live cells using eFluor 780 fixable viability dye. ILC2s were 

identified as CD45+ Lin A (CD3ε, CD4, CD11b, CD11c, CD19, TCRβ, TCRγδ, Ter119, Gr-1, 

NK1.1 (CD2, CD5 for Figure 4.2 and Appendix B.2))- Thy1+ ST2+ CD127+ cells (Figure 2.1A) 

based on surface markers. SI and mLN ILC2s were identified as CD45+ Lin A- Thy1+ CD127+ 

Gata3+ cells (Figure 2.1B) and skin ILC2s were identified as CD45+ Lin A- Thy1+ CD127+ 

CD103+ cells (Figure 2.1C). The gating strategies used to identify each lymphoid population in 

the liver are shown in Figure 2.1D. ILC2s: CD45+ Lin A- Thy1+ Gata3+ ST2+, ILC3s: CD45+ Lin 

A (CD4 excluded)- Thy1+ RORγt+, NK cells: CD45+ T/B (CD19, TCRβ, TCRγδ, CD3ε)- T-bet+ 

EOMES+ RORγt- CD49a- CD49b+ NK (NK1.1, NKp46)+, ILC1s: CD45+ T/B- T-bet+ EOMES- 

RORγt- CD49a+ CD49b- NK+, B cells: CD45+ B220+ T (TCRβ, TCRγδ, CD3ε)- NK- CD19+, 
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NKT: CD45+ B220- T+ NK+, Tregs: CD45+ B220- T+ NK- CD25+, T cells: CD45+ B220- T+ NK- 

CD25-. 

 
 

Figure 2.1: Gating strategies used to identify various lymphoid populations 

(A) ILC2 gating strategy based on surface markers. (B, C) ILC2 gating strategies used for SI and mLN (B) and skin 

(C) analyses. (D) Gating strategies used for identification of various lymphocyte populations in Chapter 5. Samples 

were first gated on live cells using eFluor 780 fixable viability dye. Lin cocktail contains CD3ε, CD4, CD19, TCRβ, 

TCRγδ, CD11b, CD11c, NK1.1, Ter119 and Gr-1 (CD2 and CD5 included for data shown in Figure 4.2 and 

Appendix B.2, CD4 excluded for D), NK cocktail contains NK1.1 and NKp46, T cocktail contains TCRβ, TCRγδ 

and CD3ε, T/B cocktail contains CD19, TCRβ, TCRγδ and CD3ε. Tregs=regulatory T cells. 
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Eosinophils were identified as CD45+ Lym (CD3ε, CD19, NK1.1)- Ly6B- SiglecF+ CD11c- 

in Chapter 3 and Appendix B.1 (Figure 2.2A). The gating strategies used to identify each 

myeloid cell population in Chapter 5 are shown in Figure 2.2B. Neutrophils: CD45+ Ly6G+, 

eosinophils: CD45+ Ly6G- SiglecF+, type 1 conventional DCs (cDC1): CD45+ Ly6G- MHCII+ 

CD64- CD24+ CD103+ CD11b-, type 2 conventional DCs (cDC2): CD45+ Ly6G- MHCII+ CD64- 

CD24+ CD103- CD11b+, Ly6C+ monocytes (Mo): CD45+ Ly6G- MHCII- CD64+ CD11b+ Ly6C+ 

CD11c-, Ly6C- Mo: CD45+ Ly6G- MHCII- CD64+ CD11b+ Ly6C- CD11c+, liver monocyte-

derived macrophages (Macs): CD45+ Ly6G- MHCII+ CD64+ CD11b+ F4/80lo, Kupffer cells (KC): 

CD45+ Ly6G- MHCII+ CD64+ CD11blo F4/80+, basophils: CD45+ Lin B (CD3ε, NK1.1, CD11c, 

Ter119, CD5, CD19, Gr-1)- FcεR1a+ CD11b+ CD49b+ Ckit-, mast cells: CD45+ Lin B- FcεR1a+ 

CD11b- CD49b- Ckit+. The gating strategies used to identify lung macrophage populations are 

shown in Figure 2.2C. Alveolar macrophages (AMacs): CD45+ Ly6G- CD11c+ SiglecF+, 

interstitial macrophages (IMacs): CD45+ Ly6G- MHCII+ F4/80+ CD11c- SiglecF-, monocyte-

derived macrophages (MoMacs): CD45+ Ly6G- MHCII+ F4/80+ CD11c+. 
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Figure 2.2: Gating strategies used to identify various myeloid populations 

(A) Eosinophil gating strategy used in Chapter 3 and Appendix B.1. (B) Gating strategies used to identify myeloid 

populations in Chapter 5. (C) Gating strategies used to identify lung macrophage populations in Chapter 5. Samples 

were first gated on live cells using eFluor 780 fixable viability dye. Lym cocktail contains CD3ε, CD19, NK1.1, Lin 

cocktail contains CD3ε, Ter119, CD5, CD19, Gr-1. cDC1= type 1 conventional dendritic cells, cDC2= type 2 

conventional dendritic cells, Mo=monocytes, Macs=liver monocyte-derived macrophages, KC=Kupffer cells, 

AMacs=alveolar macrophages, IMacs=interstitial macrophages, MoMacs=lung monocyte-derived macrophages. 
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2.2.6 ILC/ILC2 enrichment 

For FACS sorting of ILC2s prior to in vitro stimulation or RNA extraction, primary leukocyte 

cell suspension was enriched for ILC2s using EasySep mouse ILC2 enrichment kit (STEMCELL 

Technologies) or for ILCs using EasySep mouse pan-ILC enrichment kit (STEMCELL 

Technologies) according to manufacturer’s protocol with the following modification: normal rat 

serum (STEMCELL Technologies) was added to samples at 50 L/mL together with pan-ILC or 

ILC2 enrichment cocktail to optimize enrichment.  

 

2.2.7 In vitro stimulation 

ILC2s were FACS-sorted from lung and liver after ILC or ILC2 enrichment and cell surface 

staining. 1000 cells were cultured in 200 µL RPMI-1640 media + 10% FBS + 100 U/mL P/S + 

50 μM 2-ME, containing cytokines IL-33 (BioLegend) and IL-2 (Peprotech), IL-7 (BioLegend), 

IL-25 (BioLegend) or TSLP (Thermo Fisher Scientific) (10 ng/mL for Chapter 4, 5 ng/mL for 

Chapter 3), or 30 ng/mL PMA (Sigma) and 500 ng/mL ionomycin (Sigma). Culture supernatant 

was collected 48 or 72 hours later. For whole lung leukocytes cultures, single cell suspensions 

were prepared from B6 and Rag1-/- mice and 5 x 105 cells were cultured in 200 L volume as 

described above for 72 hours in the presence of 10 ng/mL (B6) or 5 ng/mL (Rag1-/-) IL-33 and 

TSLP. 

 

2.2.8 Tissue homogenate preparation 

Lungs and livers were collected from naïve and IL-33 treated mice and homogenized in Hank’s 

Balanced Salt Solution (HBSS) with EDTA and Halt protease inhibitor cocktail (Thermo Fisher 
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Scientific) at 200 mg/mL, following manufacturer’s protocol. Total protein content was 

quantified using Protein quantification kit-rapid (Sigma) according to manufacturer’s protocol. 

 

2.2.9 Quantification of cytokines 

BALF samples and in vitro culture supernatants were analyzed for IL-5 and IL-13 using Thermo 

Fisher Scientific enzyme-linked immunosorbent assay (ELISA) kits according to the 

manufacturer’s protocol. Lung and liver culture supernatants were analyzed for granulocyte-

macrophage colony-stimulating factor (GM-CSF), IL-2, IL-4, IL-6, IL-9, IL-10 and TNFα by U-

plex assay platform (Meso Scale Discovery), IL-5 and IL-13 by ELISA (Thermo Fisher 

Scientific). The tissue homogenate samples were analyzed for cytokines using IL-33 (Thermo 

Fisher Scientific), TSLP (Thermo Fisher Scientific) and IL-7 (Abcam) ELISA kits according to 

manufacturer’s protocols.  

 

2.2.10 IL-33 immunohistochemistry 

Lungs were inflated with 1 mL of 4% paraformaldehyde solution. Fixed lungs were embedded in 

paraffin and 4 m sections were prepared by the Centre for Translational and Applied Genomics 

(Vancouver, Canada). Immunohistochemical staining of lung sections were performed using a 

polyclonal goat anti-mouse IL-33 IgG (R&D systems) at 5 μg/mL in normal serum (Vector 

Labs) as described before (83). IL-33 quantification was performed using ImmunoRatio (290).  

 

2.2.11 Liver histology 

Median lobe of the liver was fixed in 10% formalin for >72 hours and later stored in 70% 

ethanol. Formalin fixed paraffin embedded sections (5 m thickness) were prepared and stained 



57 

 

with Hematoxylin and Eosin (H&E) staining by Wax-it Histology Services Inc (Vancouver, 

Canada). Sections were also stained for collagen fibers by picrosirius red stain kit (Abcam) 

according to manufacturer’s protocol.  

 

2.2.12 RNA extraction 

For microarray analyses, ILC2s were FACS-purified after ILC or ILC2 enrichment and cell 

surface staining. Total ribonucleic acid (RNA) was extracted from purified ILC2s using TRIzol 

reagent (Thermo Fisher Scientific) according to manufacturer’s protocol. For Real-time 

quantitative polymerase chain reaction (RT-qPCR) analyses, 15 – 35 mg of median lobe of the 

liver was homogenized using a pestle and total RNA was extracted as above.  

 

2.2.13 Microarray 

RNA quality check, complementary deoxyribonucleic acid (cDNA) preparation and microarray 

hybridization were performed at The Centre for Applied Genomics (Toronto, Canada). Briefly, 

RNA quality was assessed using Agilent 2100 Bioanalyzer and the samples with RNA integrity 

number (RIN) above 6 were selected for microarray analyses. RNA amplification and cDNA 

preparation were performed using GeneChip WT Pico Kit (Thermo Fisher Scientific). cDNA 

samples were hybridized to Affymetrix GeneChip Mouse Gene 2.0ST Array. Two (Chapter 4) or 

three (Chapter 3) samples per group were analyzed for gene expression profile by Flex Array 

1.6.3 (Genome Quebec) after normalization using robust multi-array average (RMA) algorithm.  
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2.2.14 Genes set enrichment analysis 

Gene set enrichment analysis (GSEA) was performed using GSEA v2.2.4 software available at 

http://software.broadinstitute.org/gsea/index.jsp (291). Briefly, genes were ranked in descending 

order based on the fold differences of expression values between two data sets and analyzed for 

the gene set collection C7: immunologic signatures (292) using default parameters.  

 

2.2.15 Visualization of Cytoscape network analyses 

In Chapter 3, differentially expressed gene sets (p<0.05, no fold difference cut-off was applied) 

were analyzed using Cytoscape (v3.6.1) plugin BiNGO (Biological Network Gene Ontology 

tool) (v.3.0.3) to identify over-represented “Gene Ontology (GO) biological process” terms 

(293). The hypergeometric test was used to measure the statistical significance of the 

enrichments and the Benjamini & Hochberg method (p<0.05) was used to correct p-values. 

Resulting BiNGO output files were then visualized as functional overlapping networks using the 

Cytoscape plugin Enrichment Map (v.3.1.0) with the following parameters: P-value cut-off of 

0.001, Q-value cut-off of 0.05, and Jaccard Coefficient cut-off of 0.25 (294). The nodes 

comprising the network were then clustered using the plugin Autoannotate (v.1.2) and the 

clusters were labelled manually by revising labels generated by the plugin. 

 

2.2.16 Reactome pathway analyses 

In Chapter 4, genes that are more than 1.5 fold differentially expressed in various comparisons 

were analyzed for over-represented Mus musculus pathways by reactome pathway database 

(https://reactome.org) without using the projection to human (295,296). 

 

http://software.broadinstitute.org/gsea/index.jsp
https://reactome.org/
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2.2.17 cDNA synthesis 

For RT-qPCR analyses, cDNA was prepared from 1.5 µg RNA using high-capacity cDNA 

reverse transcription kit (Thermo Fisher Scientific) according to manufacturer’s protocol. 

 

2.2.18 RT-qPCR 

RT-qPCR was carried out by StepOnePlus system (Thermo Fisher Scientific) using TaqMan fast 

universal PCR master mix (Thermo Fisher Scientific). Seventy-five ng of cDNA was used per 

reaction and the sets of probe/primers (Integrated DNA Technologies) summarized in Table 2.2 

were used for detection. Changes in gene expression were analyzed relative to naïve samples 

using 2-∆∆C
T method (297). Tbp was used as a housekeeping gene for normalization.  

Gene Assay ID Probe/primer Sequence  

Col1a1 Mm.PT.58.7562513 Probe 5’-/56-FAM/CCGGAGGTC/ 

ZEN/CACAAAGCTGAACA/ 

3IABkFQ/-3’ 

Primer 1 5’-CGCAAAGAGTCTACATGTCTAGG-

3’ 

Primer 2 5’-CATTGTGTATGCAGCTGACTTC-3’ 

Acta2 Mm.PT.58.16320644 Probe 5’-/56-FAM/CCGCTGACT/ 

ZEN/CCATCCCAATGAAAGA/ 

3IABkFQ/-3’ 

Primer 1 5’-GAGCTACGAACTGCCTGAC-3’ 

Primer 2 5’-CTGTTATAGGTGGTTTCGTGGA-3’ 

Timp1 Mm.PT.58.30682575 Probe 5’-/56-FAM/AATCAACGA/ 

ZEN/GACCACCTTATACCAGCG/ 

3IABkFQ/-3’ 

Primer 1 5’-AGACAGCCTTCTGCAACTC-3’ 

Primer 2 5’-CAGCCTTGAATCCTTTTAGCATC-

3’ 

Tbp Mm.PT.39a.22214839 Probe 5’-/56-FAM/ACTTGACCT/ 

ZEN/AAAGACCATTGCACTTCGT/ 

3IABkFQ/-3’ 

Primer 1 5’-TGTATCTACCGTGAATCTTGGC-3’ 

Primer 2 5’-CCAGAACTGAAAATCAACGCAG-

3’ 
Table 2.2: Table of probes/primers used for RT-qPCR analyses 
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2.2.19 Statistics 

GraphPad Prism 7 was used for data analyses. Unpaired or paired two-tailed t test, one-way 

ANOVA (analysis of variance) with Bonferroni correction, Kruskal-Wallis test followed by 

Dunn’s multiple comparison test (where a population does not follow a normal distribution), 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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Chapter 3: Female and male mouse lung ILC2s differ in gene expression 

profiles and cytokine production 

3.1  Introduction  

Epidemiological studies have shown sex- and age- related disparities in the prevalence of 

asthma. At pre-pubertal ages, boys have a higher prevalence of wheezing and diagnosed asthma 

compared to girls (298–302). However, the trend switches at puberty, where females have 

increased incidence of asthma and its symptoms compared to males (303–307). It has also been 

shown that the sex-specific differences in the incidence of asthma is more pronounced in non-

allergic asthma than in allergic asthma during reproductive age (308). These patterns of sex- and 

age- related differences in prevalence of asthma coincide with the fluctuation in female and male 

sex steroid hormones at various ages, suggesting their involvement. Multiple studies have also 

described more pronounced type 2 immune responses in females compared to males in OVA-

induced mouse models of asthma (309–311).  

Recent studies have shown sex-related differences in mouse ILC2 development and 

responsiveness. Warren et al. reported that ILC2s isolated from female mouse lungs were more 

responsive upon ex vivo cytokine stimulation compared to male ILC2s (312). Laffont et al. 

reported that male mice had reduced ILC2 progenitors in the BM and mature ILC2s in peripheral 

tissues compared to female mice due to inhibitory effects of androgen signaling on ILC2 

differentiation. The percentages of proliferating ILC2 progenitors and mature ILC2s, determined 

by Ki67 expression, were also lower in male than female mice (214). Cephus et al. also found 

that post-pubertal female mice have higher numbers of ILC2s in the lung than male mice, 

whereas they did not see sex differences in ILC2 numbers in younger mice. They also reported 
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that male ILC2s have reduced sensitivity towards IL-2 stimulation due to negative regulation of 

CD25 (IL-2Rα) expression by androgen signaling (215). Interestingly, Kadel et al. demonstrated 

that there was a KLRG1 negative population of ILC2s in females that increased with age and 

partly contributed to the higher number of ILC2s in female lungs compared to male lungs in 

which this population was largely absent. They also showed that androgen signaling inhibited 

differentiation of BM ILCP into ILC2s (216). In contrast, Bartemes and colleagues reported a 

role of estrogen in the regulation of uterine but not lung ILC2s, demonstrating tissue-dependent 

effects of sex steroid hormones on ILC2s (313). 

To further understand the ILC2 intrinsic and lung environmental effects on sex differences 

in ILC2 functions, I have investigated age-dependent functional differences in ILC2s in female 

and male lung as well as lung-draining medLN before and after IL-33 stimulation. Moreover, I 

have analyzed gene expression profiles of naïve and activated ILC2 and age-dependent changes 

in the amounts of ILC2-activating cytokines in the lung of male and female mice. Here, I show 

that there is no significant difference in the numbers of ILC2s between naïve male and female 

mouse lungs, contradicting previous reports (214–216), whereas female ILC2s respond more 

vigorously to IL-33 stimulation than male ILC2s. Overall, my results suggest female lung ILC2s 

are more prone to be activated by IL-33 than male ILC2s due to intrinsic differences in gene 

expression at naïve state.   

 

3.2 Results 

I gave three daily i.n. injections of IL-33 (Figure 3.1A) into 8 week-old male and female 

mice and found greater numbers of ILC2s (2.7 fold) and eosinophils (3.3 fold) in female than 

male lungs (Figure 3.1B). Female ILC2s also expanded more significantly compared to male 
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ILC2s in the lung-draining medLN upon IL-33 stimulation (3.3 fold, Figure 3.1C). In contrast, 

the numbers of ILC2s and eosinophils in naïve male and female lungs or medLN were not 

significantly different, contradicting the recent reports by Laffont et al., Cephus et al. and Kadel 

et al. The amounts of IL-5 and IL-13 in BALF from the IL-33 treated 8 week-old female mice 

were also significantly higher compared to age-matched treated male mice (Figure 3.1D), while 

there was no difference in the percentages of intracellular IL-5+ and/or IL-13+ ILC2s between 

female and male lungs (Figure 3.1E) or medLN (Figure 3.1F). As ILC2s are thought to be 

regulated by Tregs, which express the IL-33 receptor ST2 (195,203), and differences between 

female and male Tregs have also been reported (314,315), I tested Rag1-/- mice, which are 

deficient in T and B cells. I.n. injections of IL-33 into 8 week-old Rag1-/- mice resulted in 

significant differences in the numbers of ILC2s and eosinophils between female and male lungs 

(Figure 3.1G), similar to WT mice, indicating that the ILC2 difference between sexes is 

independent of Tregs. These results were confirmed by in vitro IL-33 and TSLP stimulation of 

whole lung leukocytes from B6 (Figure 3.1H) and Rag1-/- (Figure 3.1I) mice. 
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Figure 3.1: Post-pubertal female lung ILC2s are more responsive to IL-33 than male ILC2s 

(A) Treatment scheme for in vivo experiments shown in B-G. (B-F) Lung eosinophil and ILC2 numbers (B), 

medLN ILC2 numbers (C), BALF cytokines (D) and percentages of intracellular IL5+ and/or IL-13+ lung (E) or 

medLN (F) ILC2s in untreated and IL-33 treated 8 week-old mice 3 days after 3 consecutive IL-33 injections. (G) 

Eosinophil and ILC2 numbers in untreated and IL-33 treated 8 week-old Rag1-/- mice 3 days after 3 consecutive IL-

33 administrations. (H, I) Amounts of IL-5 and IL-13 in supernatant collected from male and female B6 (H) or 

Rag1-/- (I) whole lung leukocytes cultures stimulated with 10 ng/mL (H) or 5 ng/mL (I) IL-33 and TSLP for 72 

hours. Red=female, blue=male. Data represented are mean ± SEM. n=5-12; ≥3 independent experiments (B-F), n=3-

7; 2 independent experiments (G), n=7-10; 1 experiment (H), n=4-5; 1 experiment (I). Two-way ANOVA with 

Bonferroni correction was used to assess statistical significance, with a P value <0.05 being significant. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001, n.s, not significantly different [P>0.05]. 
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To test the effects of age on sex differences in ILC2 responsiveness, I gave three daily i.n 

injections of IL-33 into pre-pubertal mice. Unlike 8 week-old mice, there was no significant 

difference in eosinophil or ILC2 numbers between female and male lungs or medLN of 3 

(Figures 3.2A, B) or 4 (Figures 3.2C, D) week-old mice upon IL-33 treatment. Similar to 8 

week-old mice, there was no sex difference in the numbers of eosinophils or ILC2s in naïve 

lungs or medLN of 3 or 4 week-old mice. Moreover, there was no difference in the amounts of 

BALF cytokines (Figure 3.2E) or the percentages of intracellular cytokine positive ILC2s in the 

lungs (Figure 3.2F) or medLN (Figure 3.2G) between females and males.  

 
 

Figure 3.2: Pre-pubertal female and male lung ILC2s respond similarly to IL-33 stimulation  

(A-D) Lung eosinophil and ILC2 numbers in 3 (A) or 4 (C) week-old mice and medLN ILC2 numbers in 3 (B) or 4 

(D) week-old mice before and 3 days after IL-33 administrations (treatment scheme in Figure 3.1A). (E-G) BALF 

cytokines (E) and percentages of intracellular IL5+ and/or IL-13+ lung (F) and medLN (G) ILC2s in untreated and 

IL-33 treated 3 week-old mice 3 days after the treatment. Red=female, blue=male. Data represented are mean ± 

SEM. n=5-10; 3 independent experiments (A, B, E-G), n=4-6; 2 independent experiments (C-D). Two-way ANOVA 



66 

 

with Bonferroni correction was used to assess statistical significance, with a P value <0.05 being significant. n.s, not 

significantly different [P>0.05]. 

 

To determine whether female and male ILC2s have different kinetics of activation, I 

analyzed lungs and BALF of 8 week-old female and male mice at various time points after i.n 

IL-33 administration (Figure 3.3A). Both female and male eosinophils and ILC2s showed similar 

kinetics of expansion, although male eosinophil numbers peaked on day 7 whereas female 

eosinophils peaked on day 5 (Figure 3.3B). The amounts of IL-5 and IL-13 in BALF also 

increased similarly between females and males (Figure 3.3C), indicating that the kinetics of 

activation is similar. I also analyzed the expression of the proliferation marker Ki67 in naïve and 

IL-33 treated male and female ILC2s one day after three consecutive injections (day 3 in Figure 

3.3A) to investigate whether female and male ILC2s differ in their ability to proliferate. 

Interestingly, significantly higher percentages of naïve female lung ILC2s expressed Ki67 

compared to male lung ILC2s. However, once they were stimulated with IL-33, the difference 

was no longer present (Figure 3.3D), suggesting that both female and male ILC2s have similar 

ability to proliferate upon stimulation.  
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Figure 3.3: Kinetics of ILC2 activation in female and male lungs  

(A) Treatment scheme for in vivo time-course analyses shown in B and C. (B, C) Eosinophil and ILC2 numbers (B) 

and BALF cytokines (C) were quantified at day 0 (naïve) and 1 day (day 3), 3 days (day 5), 5 days (day 7) and 8 

days (day 10) after 3 consecutive IL-33 injections into 8 week-old mice. (D) Ki67 staining of male and female 

ILC2s before (left) and 1 day after (right) IL-33 injections (day 3 in A). Red=female, blue=male, grey=isotype 

control. Data represented are mean ± SEM. n=6-19; ≥2 independent experiments for all time points except d10, 

where n=4; 1 experiment (B, C), n=5; 1 experiment (D). Two-way ANOVA with Bonferroni correction was used to 

assess statistical significance, with a P value <0.05 being significant. *P<0.05, **P<0.01, ****P<0.0001. 

 

Cephus et al. recently reported that IL-33 and TSLP are negatively regulated by male 

hormones in A. alternata stimulated mice (215). Because these cytokines are known to activate 

ILC2s, I measured the amounts of IL-33, TSLP and IL-7 in whole lung homogenate prepared 

from naïve male and female B6 mice at different ages. In young mice, the amount of IL-33 was 

similar in male and female lungs. Strikingly, the IL-33 levels increased at 6 weeks of age in 

female lungs, resulting in significantly higher amounts of endogenous IL-33 compared to male 

lungs (Figure 3.4A). Immunohistochemical analyses of naïve lung sections also showed more IL-

33 positive cells in 8 week-old female than male lungs (Figure 3.4B). The expression of IL-7 

(Figure 3.4C) and TSLP (Figure 3.4D) also showed similar age dependent changes. I have also 

measured IL-7 and TSLP amounts after IL-33 injections to determine whether IL-33 induces 

differential expression of IL-7 and TSLP in male and female lungs. To this end, I selected 6 



68 

 

week-old mice as there is no significant difference in IL-7 and TSLP amounts between naïve 

male and female lungs at this age, and the effects of IL-33 on the amounts of IL-7 and TSLP can 

be directly assessed. I.n. injections of IL-33 into 6 week-old mice caused the amount of IL-33 in 

male and female lungs to increase as expected (Figure 3.4E), while there was no significant 

change in the amount of IL-7 and TSLP both in male and female mice (Figures 3.4F, G). IL-7 

and TSLP levels were also similar in WT and Il33+/- lungs (Figure 3.4H), further confirming that 

IL-33 does not induce IL-7 or TSLP expression. To test whether the differences in the amount of 

endogenous IL-33 in naïve mice are responsible for the differences between female and male 

ILC2s in their responses to i.n injections of IL-33, I compared female and male Il33-/- mice. 

Similar to WT mice, there was no difference in the numbers of ILC2s in post-pubertal male and 

female Il33-/- lungs before stimulation, while Il33-/- female lungs had less eosinophils compared 

to male lungs (Figure 3.4I). Three daily i.n. injections of IL-33 into post-pubertal male and 

female Il33-/- mice revealed statistically significant differences in the numbers of ILC2s and 

eosinophils between the sexes. Therefore, the differences in ILC2 responsiveness between male 

and female lungs are independent of endogenous IL-33.  
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Figure 3.4: IL-33, IL-7 and TSLP are differentially expressed in naïve female and male lungs 

(A) The amounts of IL-33 in naïve mouse whole lung homogenates were measured using ELISA at different ages. 

(B) Immunohistochemical analysis and quantification of IL-33 in naïve 8 week-old lungs (scale bar=100 μm). (C, 

D) The amounts of IL-7 (C) and TSLP (D) in naïve mouse whole lung homogenates were measured as in A. (E-G) 

The amounts of IL-33 (E), IL-7 (F) and TSLP (G) in 6 week-old mouse whole lung homogenates were measured by 

ELISA one day after three daily i.n. injections of IL-33. (H) The amounts of IL33, IL-7 and TSLP were quantified in 

the whole lung homogenates prepared from WT (black bars) and Il33+/- (heterozygous, white bars) mice. (I) 

Eosinophil and ILC2 numbers in post-pubertal WT (Il33+/+) and Il33-/- male and female mouse lungs before and 3 

days after 3 consecutive IL-33 administrations. Red=female, blue=male. Data represented are mean ± SEM. n=6-8; 

≥2 litters (A, C-D), n=4; 4 pictures per lung (B), n=4-11; ≥2 independent experiments (E-G), n=3; 2 independent 

experiments (H), n=7-17; ≥3 independent experiments (I). Two-way ANOVA with Bonferroni correction (A, C-G, 

I), one-way ANOVA with Bonferroni correction (B) or unpaired two-tailed t-test (H) was used to assess statistical 

significance, with a P value <0.05 being significant. *P<0.05, **P<0.01, ****P<0.0001.  

 

In vitro stimulation of ILC2s purified from 8 week-old naïve male and female lungs 

demonstrated that female ILC2s produced more type 2 cytokines than male ILC2s (Figure 3.5A), 

demonstrating that female and male ILC2s differ in their ability to produce cytokines upon 

stimulation. The result also suggested a cell intrinsic difference between male and female ILC2s. 
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To further investigate intrinsic sex differences in ILC2s, I performed microarray analyses of 

purified 8 weeks old naïve male and female lung ILC2s. Overall, 4% of the genes were 

differentially expressed, the majority of which were autosomal rather than sex-linked genes 

(Figures 3.5B, C). Detailed analyses demonstrated no significant differences in the expression of 

Il2ra encoding CD25, Il1rl1 encoding ST2, Gata3, Rora, Il7r encoding CD127, which are 

known to be important for ILC2 development and functions (Figure 3.5D). GSEA of the naïve 

ILC2 microarray data set showed that female ILC2s were enriched for a gene signature of 

memory T cells, with leading edge genes including Lck, Car5b, Manea, and Cmc1 (Figure 3.5E). 

To further understand the gene expression data, the set of genes that were differentially 

expressed between male and female ILC2s were analyzed for over-represented GO terms using 

BiNGO plugin for Cytoscape network analysis platform and visualized as interaction networks 

using Cytoscape and Enrichment Map (293,294). Naïve female ILC2s showed an over-

representation of cellular metabolism-related networks, including protein metabolic process and 

electron transport chain (Figure 3.5F). This implies that female ILC2s are more metabolically 

active than male ILC2s at naïve state, in line with the increased levels of basal proliferation in 

naïve female lung ILC2s.  
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Figure 3.5: Gene expression analyses of naïve female and male lung ILC2s 

(A) The amounts of IL-5 and IL-13 produced by purified naïve 8 week-old male and female ILC2s stimulated with 5 

ng/mL IL-33 and TSLP for 48 hours. Red=female, blue=male. Data represented are mean ± SEM. n=10-15; 2 

independent experiments. Unpaired two-tailed t-test was used to determine statistical significance, with a P value 

<0.05 being significant. ***P<0.001. (B) A Venn diagram showing numbers of differentially expressed genes. 

Purple=naïve female and male comparison, orange=IL-33 treated female and male comparison (see Figure 3.6). (C) 

Scatter plot of 8 week-old naïve male and female mouse lung ILC2 gene expression in log2 scale. R2 value 

demonstrates the similarities between male and female ILC2s (1=identical). Grey lines show fold change=2. 

Blue=sex-linked genes, red=autosomal genes. n=5-14 mice per sample, 3 samples per group. (D) Relative 

expression levels of selected genes in 8 week-old naïve male and female mouse lung ILC2s. Annotated genes were 
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selected if they were expressed at intermediate to high levels (>5.0 in log2 scale) in at least one sex and were more 

than 2 fold differentially expressed between male and female. Genes highlighted in red are sex-linked genes. (E) 

GSEA of naïve male and female lung ILC2 microarray data in shown in (C). Leading edge genes are shown in the 

box. (F) BiNGO analyses comparing naïve female and male mouse lung ILC2 gene expression. Cytoscape and 

Enrichment Map were used for visualizing the functional clusters enriched in each sex. Nodes represent enriched 

GO terms. Node size is proportional to total number of genes in each gene set, and node colour to the 1-p value. 

Edges depict gene set overlap between nodes and thickness represents fraction of shared genes. 

 

I also compared the gene expression profiles of ILC2s purified from IL-33 injected male 

and female lungs (8 week-old) and found that they were remarkably similar to each other (Figure 

3.6A). The number of differentially expressed genes between activated male and female ILC2s 

was much less than that between naïve male and female ILC2s (Figure 3.5B). Similar to naïve 

male and female ILC2s, there was no significant difference in the expression of Il2ra, Il1rl1, 

Gata3, Rora, and Il7r. However, in agreement with cytokine quantification in BALF (Figure 

3.1D) and purified ILC2 culture (Figure 3.5A), Il5 was more highly expressed in activated 

female than male ILC2s (Figure 3.6B). Analyses of the differentially expressed gene sets for 

over-represented GO terms showed that female ILC2s isolated after IL-33 injections were 

characterized by activation-related networks, namely leukocyte activation, signal transduction 

and MyD88-dependent signaling pathway (Figure 3.6C). Unexpectedly, activated male ILC2s 

were defined by cell proliferation-related networks, which may indicate that it takes a greater 

upregulation of proliferation-related genes in male ILC2s than female ILC2s due to their “more 

naïve” state before stimulation (Figure 3.5E). These results suggested that ILC2 intrinsic 

differences in gene expression may make naïve female ILC2s more prone to be activated and 

proliferate than naïve male ILC2s. 
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Figure 3.6: Gene expression analyses of activated female and male lung ILC2s 

(A) Scatter plot of gene expression in male and female ILC2s purified from 8 week-old mouse lungs one day after 

three consecutive injections of IL-33. Gene expression values are in log2 scale. R2 value demonstrates the 

similarities between male and female ILC2s (1=identical). Grey lines show fold change=2. Blue=sex-linked genes, 

red=autosomal genes. n=2 mice per sample, 3 samples per group. (B) Relative expression levels of selected genes in 

8 week-old activated male and female mouse lung ILC2s. Genes highlighted in red are sex-linked genes. (C) BiNGO 

analyses comparing activated female and male mouse lung ILC2 gene expression. Cytoscape and Enrichment Map 

were used for visualizing the functional clusters enriched in each sex. Nodes represent enriched GO terms. Node 

size is proportional to total number of genes in each gene set, and node colour to the 1-p value. Edges depict gene 

set overlap between nodes and thickness represents fraction of shared genes. 

 

3.3 Discussion 

I have shown that post-pubertal female ILC2s are more responsive to cytokine stimulation 

than their male counterparts using in vivo animal models and in vitro cell cultures. Although 

transcriptome analysis of naïve male and female lung ILC2s identified differentially expressed 

genes, I was not able to find individual genes that are associated with ILC2 functions or 

development. On the other hand, GSEA of the same data set showed that the genes that are more 

highly expressed by naïve female than male ILC2s are enriched in a set of genes more highly 

expressed in memory than naïve T cells. These results suggest that female ILC2s are more 

responsive to stimulation than male ILC2s, resembling the relationship between memory and 

naïve T cells. BiNGO analyses of differentially expressed genes also suggest that female ILC2s 

may be more metabolically active than male ILC2s at naïve state, consistent with the idea that 

female lung ILC2s are more prone to be activated, similar to memory T cells. Gene expression 

analyses of activated male and female ILC2s did not reveal specific genes that may play a role in 

determining the differences in male and female ILC2 responsiveness. However, the notion that 

activated female ILC2s are enriched for activation-related genes, whereas those from male are 

enriched for proliferation-associated genes is interesting. As percentages of Ki67+ ILC2s in naïve 

male lungs are lower than female lungs, while they are comparable upon IL-33 treatment, this 
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implies that a greater proportion of male than female ILC2s requires upregulation of cell cycle-

related genes.  

Recent reports by Laffont et al., Cephus et al. and Kadel et al. showed that ILC2 

development and their CD25 expression are negatively regulated by male sex hormones (214–

216), explaining a potential mechanism behind epidemiologically observed sex-related 

differences in asthma prevalence. However, contradictory to those previous reports, I did not find 

a significant difference in lung ILC2 numbers at any ages or strains tested, or the expression of 

Il2ra encoding CD25 (Figure 3.5D) between naïve male and female lung ILC2s. Moreover, I 

also did not find any differences in the numbers of ILC2s in the lung, SI, skin or liver of naïve 

male and female mice (Appendix A.1), indicating that ILC2 development is not likely regulated 

by sex. Differences in mouse strains, models and animal facilities, possibly including the 

microbial environment, may be responsible for the discrepancy in our results. It is also important 

to note that the number of ILC2s detected in mouse lungs in these studies is noticeably higher 

than that shown here, which suggest that tissue processing protocols or identification of ILC2s 

may also contribute to the discrepancy in our results. It should also be noted that most ILC2s in 

adult mouse lungs are tissue resident, and very few ILC2s develop from BM progenitors in adult 

mice (87). Therefore, it is unlikely that differences in ILC2 development from BM progenitors 

between male and female mice significantly contribute to the lung ILC2 population. 

Transplantation of female and male BM cells into irradiated female recipients did not result 

in any sex-related differences in ILC2 or eosinophil numbers (Appendix A.2). These data 

indicate that ILC2 intrinsic differences are overridden by environmental differences, including 

sex steroid hormones and cytokines, after long-term exposure, suggesting the importance of 

environmental contribution to ILC2 responsiveness. The role of sex steroid hormones in ILC2 
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regulation was not investigated here as others demonstrated that androgen negatively regulates 

lung ILC2s while female hormones have no effects by using slow-release hormone pellets and/or 

gonadectomy models (214–216). Instead, I have shown age-dependent differences in the 

expression of IL-33, IL-7 and TSLP between naïve male and female lungs (Figure 3.4A-D). 

However, there is no significant difference in the amount of IL-33 in male and female lungs after 

IL-33 injections (Figure 3.4E). Furthermore, WT and Il33-/- mice showed similar sex-related 

differences in ILC2 expansion and eosinophilia (Figure 3.4I), indicating that the differences in 

the levels of endogenous IL-33 in naïve male and female lungs were not responsible for the 

disparity in responsiveness between male and female ILC2s. Therefore, the significance of the 

differences in the amounts of IL-33, IL-7 and TSLP in naïve male and female lungs in terms of 

ILC2 function is unclear. As activation of purified ILC2s by IL-33 in vitro requires an additional 

stimulus, which can be provided by IL-7 or TSLP (26), it seems likely that higher amounts of 

these cytokines in female than male mouse lungs may contribute to enhanced ILC2 activation in 

IL-33-injected female mice. It is interesting to note that i.n. IL-33 injections did not cause 

upregulation of IL-7 (Figure 3.4F) or TSLP (Figure 3.4G) and reduced amounts of endogenous 

IL-33 did not affect the amounts of IL-7 or TSLP in Il33+/- mice (Figure 3.4H). These results 

indicate that IL-7 and TSLP expression is independent of IL-33 and higher levels of endogenous 

IL-7 and TSLP in female than male lungs at steady state may together contribute to increased 

responsiveness of female lung ILC2s compared to male lung ILC2s. As the levels of these 

epithelium-derived cytokines increase with age in female lungs, I have also investigated the 

effects of short-term exposure to estrogen and progesterone via intraperitoneal or subcutaneous 

routes, but they did not induce increase in the amounts of these cytokines (data not shown). 
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These results indicate that epithelium-derived cytokines are not regulated by female sex steroid 

hormones or long-term exposure is required to observe any effects.  

This study suggested that multiple factors including ILC2 intrinsic and lung environmental 

components differ in male and female lungs. It is likely that sex differences in ILC2 responses 

and type 2 inflammation involve multiple mechanisms, and the effect of each component in 

isolation may not be significant. Overall, I have shown that post-pubertal female ILC2s produce 

more cytokines upon stimulation than male ILC2s. It remains to be determined whether this is 

due to differences in gene expression potentially driven by the effects of sex hormones on ILC2s 

or the lung environment.  

While investigating the sex difference in ILC2 numbers in various tissues, I detected 

expansion of ILC2s in circulation after i.n. IL-33 administration. This goes against the idea of 

ILC tissue residency (86), suggesting migratory potential of lung ILC2s. The migration of tissue 

resident lung ILC2s is investigated in the next chapter.  
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Chapter 4: Activation-induced migration of lung ILC2s to the liver 

4.1 Introduction 

Many lymphocytes, including T, B and NK cells, constantly circulate through blood and 

lymphoid organs. These cells patrol throughout our body until they encounter antigens, providing 

systemic protection against invading pathogens. In contrast, some lymphocytes reside in non-

lymphoid tissues, mainly at barrier sites such as the skin and mucosal tissues, providing tissue 

specific local protection as an immune sentinel. They are also important in sensing perturbations 

and maintaining tissue homeostasis. Tissue resident lymphocytes include unconventional T cells 

such as NKT cells and γδ T cells (316).  

ILCs, including ILC2s, have previously been shown to be tissue resident. Gasteiger et al. 

used parabiosis models to show that more than 95% of ILCs are tissue resident at steady state for 

at least 3 months after parabiosis surgery, with a minimal renewal from precursors or mature 

ILCs in circulation. Moreover, ILCs remained largely tissue resident even during systemic 

autoimmunity and parasitic infections, although they did detect increase in ILC2s originating 

from paired parabionts (donor-derived) during the chronic phase of parasite infection, suggesting 

some degree of recruitment from hematogenous sources (86). More recently, Schneider et al. 

used fate-mapping system to demonstrate that adult-derived ILC2s largely remain tissue resident 

for a long time and are rarely replenished by circulating progenitors in most tissues (87).  

On the contrary, there are accumulating numbers of reports suggesting migratory potential 

of ILC2s. Stier et al. found egress of ILC2 progenitors out of the BM upon intravenous (i.v.) 

injections of IL-33 and i.n. injections of fungal allergen A. alternata (317). Karta et al. 

demonstrated that ILC2s (Lin- Thy1+ cells) are recruited from the BM to the lung in mice 

receiving i.n. A. alternata injections (318). They also showed that this process was mediated by 
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β2 ITG. Huang et al. reported that i.p. injections of IL-25 induced migration of KLRG1+ ST2- 

iILC2s from the intestine to the lung and differentiation into natural ILC2s (129,130). This was 

through S1P-mediated chemotaxis (130). More recently, Ricardo-Gonzalez et al. described the 

ability of intestinal and lung ILC2s to circulate upon parasite N. brasiliensis infection, 

demonstrating that ILC2s can mediate transition of local immune response to systemic type 2 

responses (319).  

Despite these reports, the fate of lung resident ILC2s upon activation is largely unknown. 

As our group has previously detected increase in ILC2 numbers in lung draining medLN (76) 

and PB after i.n. IL-33 administrations (unpublished data), I hypothesized that lung ILC2s exit 

the lung, enter circulation and reach other tissues upon activation. To test this hypothesis, I 

analyzed ILC2s in various mouse tissues after i.n. IL-33 administration aiming to investigate 

interorgan trafficking of ILC2s. Here, I show that activation of lung ILC2s by IL-33 induces 

upregulation of CD103 by lung ILC2s and CD103- ILC2s migrate out of the lung, circulate 

through PB and reach the liver. The migratory ILC2s are phenotypically and functionally 

different from the tissue-resident subset that remains in the lung after activation.  

 

4.2 Results 

We have previously shown that i.n. administrations of the protease allergen papain cause 

expansion of lung ILC2s (76). The papain treatment (Figure 4.1A) also increased the number of 

ILC2s in PB from less than 100 cells/mL in naïve mice to almost 800 cells/mL (Figure 4.1B, 

left), while liver ILC2s also increased by about 6 fold upon i.n. papain administration (Figure 

4.1B, right). As the activation of lung ILC2s by papain is mediated by IL-33 released by 

epithelial cells (30), I tested the effects of i.n. administration of recombinant IL-33. I gave three 
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daily i.n. injections of IL-33 into B6 mice and analyzed different tissues at various time points 

(Figure 4.1C). In agreement with our previous report (76), ILC2s in the lung expanded by almost 

175 fold upon i.n. IL-33 treatment, underwent a contraction phase, but remained high in number 

for 2 months post injections (Figure 4.1D). The number of ILC2s in PB and spleen similarly 

increased in the IL-33 treated mice and declined to the naïve mouse levels in 2-4 weeks (Figures 

4.1E, F). In the liver, ILC2 numbers peaked on day 5, then quickly decreased but remained 

higher than those in naïve liver for 2 months (Figure 4.1G). I also quantified ILC2s in the SI and 

mLN on day 7. The number of intestinal and mLN ILC2s did not significantly increase upon i.n. 

IL-33 injections (Figure 4.1H). For the following sections, I have mostly focused on liver ILC2s 

as they undergo significant expansion, the numbers remain higher than those in naïve liver for a 

long time, and ILC2s have previously been implicated in hepatic fibrosis (65). 

To determine whether intranasally administered IL-33 entered circulation and caused 

systemic activation of ILC2s, I measured IL-33 in tissue homogenate prepared from the lung and 

liver as well as serum of the IL-33 treated mice one day after three daily i.n. injections. The 

amount of IL-33 increased in the lung after the IL-33 treatment as expected but did not increase 

in the liver and was undetectable in serum (Figure 4.1I, data not shown). These results suggest 

that the expansion of the ILC2 populations in PB, spleen and the liver in the i.n. IL-33 

administered mice was unlikely due to systemic activation of ILC2s.  

It is worth noting that the liver tissues used in this study were not perfused because 

percentages of ILC2s and eosinophils in perfused liver were higher than in non-perfused livers, 

most likely due to the elimination of circulating cells by perfusion. Thus, that the proportion of 

ILC2s/eosinophils in circulation does not make a significant contribution to the quantification of 

liver ILC2s/eosinophils (Appendix B.1).  
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Figure 4.1: ILC2s expand in peripheral tissues after stimulation in the lung 

(A) Female mice received four daily i.n papain injections and were analyzed on day 6. (B) ILC2s were quantified in 

PB and liver. Black=naïve, white=papain treated. (C) Female mice received three daily i.n injections of IL-33 and 

were analyzed at various time points. d=day, w=week, m=month. (D-G) The number of ILC2s in the lung (D), PB 

(E), spleen (F) and liver (G) after i.n IL-33 administrations. Day 0 is naïve, w=week, m=month. Asterisks indicate 

significant differences from naïve. (H) Female mice received three daily i.n injections of IL-33 and were analyzed 

on day 7 (see C). ILC2s were quantified in the SI and mLN. (I) Female mice received three daily i.n. injections of 

IL-33 and the amount of IL-33 was measured in lung and liver homogenate on day 3 (see C). Black=naïve, 

white=IL-33 treated. Data represented are mean ± SEM. n=5-10; 1 (PB) or 2 (liver) independent experiments (B), 

n=4-48; ≥3 independent experiments (D-G), n=6; 2 independent experiments (H), n=4; 1 experiment (I). Unpaired 

two-tailed t test (B, H and I) or Kruskal-Wallis test followed by Dunn’s multiple comparison test (D-G) was used to 

determine statistical significance, with a P value <0.05 being significant. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. n.s, not significantly different [P>0.05]. 

 

To determine whether i.n. administration of IL-33 induces proliferation of lung-resident 

ILC2s and their migration to the liver through PB, we generated parabiotic mice by conjoining 

CD45.2+ B6 and CD45.1+ Pep3b mice. Five to six weeks after the surgery, we gave three daily 
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i.n. administrations of IL-33 (or PBS for control) into B6 mice and analyzed various tissues from 

both the B6 and Pep3b mice on day 7 (Figure 4.2A). In PBS treated control mice, most (more 

than 92%) ILC2s in the lung, BM and SI were of host origin in both B6 and Pep3b mice as 

previously reported (86), whereas smaller fractions of ILC2s in PB and spleen were host-derived 

although the percentages varied due to small numbers of ILC2s in PBS control mice (Figures 

4.2B-G). Upon i.n. IL-33 administration into B6 mice, both CD45.1+ and CD45.2+ ILC2s 

expanded in the lung of B6 mice while their ratio remained unchanged from control mice, 

indicating an expansion of lung resident ILC2s rather than recruitment from other tissues. In the 

Pep3b partners, the number of lung ILC2s slightly increased due to an increase in CD45.2+ cells 

while CD45.1+ ILC2 numbers did not significantly change (Figure 4.2B). ILC2 numbers in PB 

and spleen also increased in both B6 and Pep3b mice, and the increases were almost entirely 

accounted for by the expansion of CD45.2+ ILC2s (Figures 4.2C, D). In the liver of B6 mice, 

ILC2 numbers significantly increased by the IL-33 treatment due to a large increase in CD45.2+ 

ILC2s while the percentage of CD45.1+ cells decreased. In Pep3b liver, CD45.2+, but not 

CD45.1+, ILC2 numbers significantly increased (Figure 4.2E). IL-33 administration had little 

effect on ILC2s in the BM and SI of both B6 and Pep3b mice (Figures 4.2F, G). The i.n. IL-33 

had no effect on the total numbers of B cells in the lung or liver (data not shown) and the ratio 

between CD45.1+ and CD45.2+ remained 1:1 as expected for circulating cells (Figures 4.2H, I). 

To exclude the possibility that genetic differences between B6 and Pep3b mice might contribute 

to those results, we also administered i.n. IL-33 into Pep3b, instead of B6, mice. The results were 

very similar to those with IL33 treatment into B6 mice (Appendix B.2). These results together 

demonstrate that lung resident ILC2s locally expand upon i.n. IL-33 treatment rather than being 
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recruited from elsewhere, and some activated lung ILC2s leave the lung, circulate in blood and 

mostly settle in the liver.  
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Figure 4.2: Activated lung ILC2s migrate to the liver: analysis of parabiosis mice 

(A) Female B6 and Pep3b mice were conjoined by parabiosis surgery. B6 mice were given three daily i.n. injections 

of PBS or IL-33 and both B6 and Pep3b mice were analyzed on day 7 (see Figure 4.1C). (B-G) CD45.1+ (orange) 

and CD45.2+ (blue) ILC2s were quantified in the lung (B), PB (C), spleen (D), liver (E), BM (F) and SI (G). (H and 

I) Percentages of CD45.1+ (orange) and CD45.2+ (blue) B cells in the lung (H) and liver (I) were calculated. The x-

axes show the strains of mice analyzed (B6 or Pep3b) and treatment groups (PBS or IL-33). IL-33 highlighted in red 

indicates the mouse that received IL-33 injections. Numbers within graphs indicate the percentages of CD45.2+ 

ILC2s. Black and red asterisks indicate statistical significance of percentages and cell numbers, respectively, of 

CD45.2+ (within blue bars) and CD45.1+ (within orange bars) ILC2s compared to PBS treated pairs. Data 

represented are mean ± SEM. n=6-7 (except SI, where n=3-4); ≥3 independent experiments. Two-way ANOVA 

with Bonferroni correction was used to determine statistical significance, with a P value <0.05 being significant. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

We have previously found that i.n. administration of IL-33 resulted in a large increase in 

ILC2 numbers in the lung draining medLN (76), suggesting that activated lung ILC2s migrate to 

the lymph node (LN). As T cell migration involves their trafficking between blood and 

lymphatics through LNs (320), I next analyzed the migration of lung ILC2s in Rorc-/- mice that 

lack LNs (321) to determine whether LNs were required for ILC2 migration. The numbers of 

ILC2s in the naïve lung and liver were slightly higher in Rorc-/- than WT mice, while they were 

similar in PB (Figure 4.3). Upon IL-33 treatment, ILC2 numbers in the lung, liver and PB 

increased in both WT and Rorc-/- mice, and ILC2 numbers in the lung and liver, but not PB were 

higher in Rorc-/- mice than WT mice, indicating that LNs are not required for migration of ILC2s 

from the lung to the liver. Of note, the elevated numbers of ILC2s in Rorc-/- mice is most likely 

due to the inability of ILC progenitors to differentiate into ILC3s in the absence of Rorγt, which 

skews their development towards ILC2s. These results suggest that activated lung ILC2s exit the 

lung and enter the blood independent of LNs and preferentially settle in the liver.  
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Figure 4.3: LNs are not required for ILC2 migration from the lung to the liver  

ILC2s were quantified in female or male WT and Rorc-/- lung, liver and PB before and 5 days after three daily i.n. 

IL-33 injections (day 7 in Figure 4.1C). Black=WT, white=Rorc-/-. Data represented are mean ± SEM. n=5-19; ≥3 

independent experiments. Two-way ANOVA with Bonferroni correction was used to determine statistical 

significance, with a P value <0.05 being significant. ****P<0.0001. 

 

To investigate functions of lung-derived ILC2s in the liver, I analyzed intracellular 

cytokine expression in ILC2s isolated from the lung and liver of naïve and IL-33 treated mice at 

various time points after the treatment. Unlike naïve lung ILC2s, which were mostly negative for 

IL-5 and IL-13, approximately 33% of naïve liver ILC2s were positive for these cytokines, 

indicating that some liver ILC2s constitutively express intracellular IL-5 and IL-13 (Figure 

4.4A). After IL-33 administration, the percentage of cytokine positive lung ILC2s increased 

significantly until day 5 and quickly decreased, reaching a similar level as in naïve ILC2s by two 

weeks after the IL-33 treatment. In contrast, the percentages of IL-5 and IL-13 double positive 

liver ILC2s peaked on day 5, plateaued and remained high until 2 months after the treatment 

(Figure 4.4A). I purified ILC2s from the lung and the liver 14 days after the initial IL-33 

treatment and stimulated ex vivo with PMA + ionomycin or various combinations of cytokines 

known to activate ILC2s, and the culture supernatants were analyzed for IL-5 and IL-13 (Figure 

4.4B). Strikingly, in most conditions tested, ILC2s isolated from the liver produced greater 

amounts of IL-5 and IL-13 compared to those from the lung (Figure 4.4C). Interestingly, ILC2s 

isolated from the liver produced small amounts of IL-5 and IL-13 upon stimulation with IL-33 

only, which did not stimulate lung ILC2s. The amounts of Areg, a growth factor known to be 
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produced by ILC2s (28), were very low, although ILC2s isolated from the liver produced 

significantly more Areg than lung ILC2s (Figure 4.4D). The supernatants collected from PMA + 

ionomycin and IL-33 + IL-25 + IL-7 + IL-2 conditions were also analyzed by multiplex cytokine 

assay to determine cytokine profiles of the lung-derived liver ILC2s. Upon stimulation by PMA 

+ ionomycin, both lung and liver ILC2s produced detectable amounts of GM-CSF, IL-10, IL-2, 

IL-4 and IL-6 (Figure 4.4E, top). When stimulated with IL-33 + IL-25 + IL-7 + IL-2, both lung 

and liver ILC2s produced GM-CSF and IL-9, while only small amounts of IL-10, IL-2, IL-4 and 

TNFα were detected. Unexpectedly, ILC2s isolated from the liver produced large amounts of IL-

6 (Figure 4.4E, bottom). Intracellular cytokine staining also showed greater percentages of liver 

ILC2s expressing IL-6 after IL-33 treatment compared to the lung ILC2s (Figure 4.4F). Co-

staining of lung and liver ILC2s before and after IL-33 treatment with IL-5, IL-13 and IL-6 

showed that the majority of lung and liver ILC2s in naïve mice were negative for IL-6, and most 

liver ILC2s that became IL-6+ by the IL-33 treatment co-expressed IL-5 or IL-13 (Figure 4.4G). 

In summary, lung-derived liver ILC2s produce more type 2 cytokines, Areg and IL-6 than lung 

ILC2s. 
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Figure 4.4: Lung-derived liver ILC2s produce more IL-5, IL-13 and IL-6 than lung ILC2s 

(A) Female mice received three daily i.n injections of IL-33 and lung and liver ILC2s were analyzed for intracellular 

IL-5 and IL-13 expression at various time points as shown in Figure 4.1C. The contour plots show the expression of 

IL-5 (y axis) and IL-13 (x axis) in the lung (top) and liver (bottom) ILC2 at three selected time points. Boxes 

indicate IL-5+ IL-13+ ILC2s and the numbers show mean ± SEM percentages of IL-5+ IL-13+ ILC2s. The graph 

shows the percentages of IL-5+ IL-13+ lung (filled circle) and liver (cross) ILC2. d=day, w=week, m=month. 

Asterisks indicate significant differences compared to naïve. (B) Treatment scheme of the ex vivo culture 

experiment shown in C-E. Female mice received three daily i.n injections of IL-33 and ILC2s were purified on day 

14. Purified ILC2s were cultured for 72 hours before supernatants were harvested. (C-E) The amounts of IL-5 (C, 

top), IL-13 (C, bottom), Areg (D) and various cytokines (E) in conditions indicated below graphs (C and D), P/I (E, 

top) or IL-33 + IL-25 + IL-7 + IL-2 (E, bottom) conditions. P/I=PMA + ionomycin, “+” =present, “-” =absent. 

Green=lung, orange=liver. (F and G) Lung and liver ILC2s isolated from female mice were stained for intracellular 

IL-5, IL-6 and IL-13 before and 5 days after IL-33 treatment (day 7 in Figure 4.1C). (F) Histograms (left) show IL-6 

expression in IL-33 treated lung (green) and liver (orange) ILC2s. Shaded=isotype. Graphs (right) show percentages 

of IL-6+ ILC2s in naïve (black) and IL-33 treated (white) lung and liver. (G) Contour plots showing IL-5, IL-6 and 

IL-13 expression in the lung (top) and liver (bottom) ILC2s in naïve (left) and IL-33 treated (right) mice. Numbers 

indicate percentages of ILC2s in cytokine positive quadrants. Data represented are mean ± SEM. n=4-22; ≥2 

independent experiments except 2w lung, where n=3; 3 independent experiments (A). n=9-15; ≥2 independent 

experiments except n=5 for lung cultures with IL-7 or TSLP and IL-2 only conditions, n=4 for liver cultures with 

TSLP or IL-7, n=3 for liver IL-7 or IL-2 only conditions; 1 experiment (C and D). n=7; 2 independent experiments 

(E), n=6; 2 independent experiments (F and G). One-way ANOVA with Bonferroni correction (A), unpaired two-

tailed t test (C-E) or two-way ANOVA with Bonferroni correction (F) was used to determine statistical significance, 

with a P value <0.05 being significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

To characterize lung-derived migratory ILC2s and gain insight into the mechanism of 

migration, I compared the expression of ILC2-related surface markers, chemokine receptors and 

integrin molecules on ILC2s in the lung and liver before and after i.n. IL-33 administration 

(Table 4.1). Similar to the lung ILC2s, most naïve liver ILC2s expressed CD25, a marker 

commonly used for ILC2 identification (Table 1.1) (22–24,26,28,61,65), while it was decreased 

after i.n IL-33 treatment (Figure 4.5A). KLRG1, a marker known to be expressed by intestinal 

ILC2s (78), was expressed at low levels on naïve lung and liver ILC2s but the percentages of 

KLRG1+ ILC2s increased in both tissues after i.n IL-33 injections (Figure 4.5B). IL-25R is 

highly expressed on intestinal ILC2s (75) and iILC2s (129). Expression of IL-25R on naïve lung 

ILC2s is low, but it is upregulated upon ILC2 activation (76). In contrast, some liver resident 

ILC2s expressed IL-25R and its expression also increased after i.n IL-33 treatment, resulting in 

most ILC2s being positive for the marker (Figure 4.5C).  



89 

 

Naïve lung and liver ILC2s did not express most of the chemokine receptors tested, 

including CCR7, CCR3, CCR4, CCR2, CXCR3, and CCR1 (Table 4.1). The majority of lung 

ILC2s did not express CCR9, while approximately 30% of naïve liver ILC2s expressed the 

receptor, although most of them became negative upon IL-33 injections. Some naïve lung ILC2s 

expressed CXCR4, but the majority of other populations tested showed low expression of the 

marker.  

I have also analyzed the expression of some ITGs that were found to be expressed by 

ILC2s at the transcript levels in previously generated microarray data (76). The majority of lung 

and liver ILC2s expressed ITGβ7, ITGαL, ITGβ3, ITGαv and ITGβ2. Most ILC2s in naïve lung 

and liver expressed ITGβ1, but its expression was increased after i.n IL-33 treatment. ITGα4 

expression also showed a similar pattern as ITGβ1, although the percentage of ITGα4+ cells was 

slightly lower than ITGβ1+ cells.  

Among the markers analyzed, the chemokine receptor CXCR6 and CD103 (ITGαE) were 

of particular interest. In naïve mice, CXCR6, which is required for some lymphocytes to enter 

the liver (322), was highly expressed on ~25% of lung ILC2s, ~45% of PB ILC2s and ~70% of 

liver ILC2s. After i.n. IL-33 administration, the majority of ILC2s in the lung and PB became 

positive for CXCR6, while its expression on liver ILC2s remained largely unchanged (Figure 

4.5D). CD103 paired with the ITGβ7 chain is known to bind E-cadherin and mediate the 

localization of intraepithelial lymphocytes (323). Almost all lung ILC2s in naïve mice were 

CD103lo. About 65% of IL-33 activated lung ILC2s highly expressed CD103 while ~35% 

remained CD103lo. In contrast, PB and liver ILC2s were mostly CD103lo regardless of the i.n. 

IL-33 treatment (Figure 4.5E). These results suggested that CD103 is involved in maintenance of 

activated ILC2s in the lung while CD103- ILC2s migrate out of the lung. To further investigate 
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this possibility, we purified CD103+ and CD103- lung ILC2s as well as liver and PB ILC2s after 

i.n IL-33 administration and carried out transcriptome analyses by Affymetrix microarrays. 

 
 

Figure 4.5: Surface marker expression on ILC2s in the lung, liver and PB 

(A) Female mice received i.n IL-33 and CD25 expression was analyzed before and 5 days after IL-33 injections (day 

7 in Figure 4.1C). (B-E) Female mice were treated as in A and KLRG1 (B), IL-25R (C), CXCR6 (D) and CD103 (E) 

expression was analyzed before and 3 days after IL-33 injections (day 5 in Figure 4.1C). Histograms show 

representative expression of each marker (A-E), while numbers show percentages of CXCR6+ (D) and CD103+ (E) 

ILC2s. Black lines/letters=naïve, red lines/letters=IL-33 treated, shaded=isotype. (A-C) Histograms are 

representative of n=5-7; 2 independent experiments except KLRG1expression on IL-33 treated lung ILC2s, where 

n=3; 1 experiment (B, left, red). (D, E) Data represented are mean ± SEM. n=6-15 (D) or n=5-23 (E); ≥2 

independent experiments. Unpaired two-tailed t test was used to determine statistical significance (D, E), with a P 

value <0.05 being significant. **P<0.01, ****P<0.0001. 
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 Lung Liver 

 Naïve +IL-33a Naïve +IL-33 

CD25 Mostly +b Mostly -c Mostly + Decreased 

KLRG1 ~35% + ~70% + ~40% + Mostly + 

IL-25R low Increased ~60% + Mostly + 

CX3CR1 - - - - 

CCR7 - - - - 

CCR3 - - ~10% + - 

CCR4 ~10% + - >10% + - 

CXCR4 <20% + Decreased <10% + - 

CCR2 - - - - 

CXCR3 >5% + - - - 

CCR1 - - - - 

CXCR6 ~25% + >60% + Mostly + Mostly + 

CCR9 ~5% + - ~30% + Mostly - 

ITGαE 

(CD103) 

>10% + ~65% + Mostly - Mostly - 

ITGβ7 Mostly + Increased Mostly + Increased 

ITGαL Mostly + Increased Mostly + Increased 

ITGβ1 >60% + Increased ~80% + Slightly increased 

ITGβ3 Mostly + + Mostly + + 

ITGαv Mostly + + Mostly + + 

ITGβ2 + + + + 

ITGα4 >40% + ~80% + ~60% + ~90% + 
Table 4.1: Phenotype of naïve and IL-33 treated lung and liver ILC2s 

A summary table showing expression of surface markers on naïve and IL-33 treated lung and liver ILC2s.  
a. +IL-33 mice were given three daily i.n. injections of IL-33 and analyzed on day 5 or 7 (see Figure 4.1C).  
b. “+” indicates positive expression of the indicated markers.  
c. “-” indicates no expression of the indicated markers.  

 

The gene expression profiles of individual ILC2 populations in various combinations were 

compared by scatter plots and R2 values, which show how close the data are to the linear 

regression line and demonstrate the similarities between the two data sets being compared 

(representative figure in Figure 4.6A). CD103+ and CD103- lung ILC2s most closely correlated 

to each other (Table 4.2). Liver and PBs ILC2s also showed strong correlations, followed by 

CD103- lung ILC2s vs. liver ILC2s while CD103+ lung and liver ILC2s were less similar. 

Reactome pathway analyses (295,296) of the genes upregulated in specific dataset in various 
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comparisons demonstrated that CD103- lung ILC2s expressed higher levels of genes related to 

DNA replication (324–328), including E2f3, Gins3, Orc4, Orc2, Fbxo5, Hist2h2ab, Hist2h3b 

and Hist1h4m, compared to CD103+ lung ILC2s, suggesting that CD103- subset may be 

undergoing replication to a greater degree than the CD103+ subset (Figure 4.6B). Liver and PB 

ILC2s had a higher expression of genes related to cell cycle and mitosis (324,326,327,329–333), 

including Orc, Mcm, Gins, E2f and Ccnb genes, compared to CD103+ lung ILC2s, also 

suggesting that liver and PB ILC2s are more proliferative than CD103+ lung ILC2s. Mki67, 

which is a commonly used proliferation marker, was also more highly expressed by liver and PB 

ILC2s in comparison to CD103+ lung ILC2s. These results are consistent with the idea that 

CD103- lung ILC2s may leave the lung, circulate in PB and settle in the liver, but further 

investigation is necessary. 
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Figure 4.6: Gene expression analyses of CD103+ and CD103- lung, liver and PB ILC2s 

(A, B) ILC2s were purified from the lung, liver and PB of female mice three days after i.n IL-33 administration (day 

5 in Figure 4.1C). Lung ILC2s were separated into CD103+ and CD103- subsets. RNA was extracted from these 

populations and analyzed by Affymetrix microarray analyses. (A) A representative scatter plot of two datasets. R2 

values for various comparisons are listed in Table 4.2. Gene expression values are in log2 scale. Orange lines show 

fold change=2, red line=linear regression line. (B) A heatmap showing relative expression of selected genes. 

CD103+=CD103+ lung, CD103-=CD103- lung samples. Data are representative of 2 samples per group, with 3-4 

mice per sample. 

 

Dataset comparisons  R2 values 

Lung CD103+ vs. Lung CD103- 0.926 

Lung CD103+ vs. Liver 0.891 

Lung CD103+ vs. PB 0.864 

Lung CD103- vs. Liver 0.918 

Lung CD103- vs. PB 0.891 

Liver vs. PB 0.922 
Table 4.2: Table of R2 values for each microarray dataset comparison 
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4.3  Discussion 

The results presented here indicate that i.n. administration of IL-33 induces localized 

activation and proliferation of lung resident ILC2s rather than recruitment from the BM as 

previously reported (86). Although ILC2 numbers in PB, spleen and liver also increased 

following i.n. IL-33 administration, the parabiosis experiments showed that the increases in ILC2 

numbers are due to migration of activated lung ILC2s to those tissues. While activated lung 

ILC2s circulated in PB, they preferentially migrated to the liver, and migration to other tissues, 

including the SI and BM, was negligible. The majority of lung-derived liver ILC2s expressed the 

chemokine receptor CXCR6, while they were negative for ITG CD103. CD103- lung, PB and 

liver ILC2s shared similarities in that they expressed more transcripts of cell cycle-related genes 

compared to CD103+ lung ILC2s, the majority of which remained in the lung after IL-33 

administration. Moreover, lung-derived liver ILC2s maintained intracellular cytokine expression 

and produced greater amounts of type 2 cytokines ex vivo.  

Since the emergence of the idea of ILC tissue residence (86), multiple reports have shown 

the ability of ILC2s to traffic between different organs. Stier et al. reported migration of ILC2s 

out of the BM to the lung upon systemic IL-33 injections, while Karta et al. demonstrated β2 

ITG-mediated recruitment of ILC2s from the BM to the lung upon allergen stimulation 

(317,318). A recent report by Huang et al. also demonstrated S1P-dependent trafficking of 

iILC2s from the intestine to the lung (130). Our parabiosis results agree with the reports by 

Gasteiger et al. in terms of expansion of the tissue resident ILC2s in the lung upon i.n. IL-33 

treatment (86). While the reports by Stier et al. and Karta et al. showed that ILC2s can be 

mobilized from the BM upon i.v. injections of IL-33 and i.n. injections of A. alternata (317,318), 

the parabiosis analyses shown in this chapter indicate no sign of ILC2 egress from the BM or 
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recruitment from other organs. The discrepancy between the results presented here and reports 

by Karta et al. is likely due to differences in the ways ILC2s are defined. Karta et al. defined 

ILC2s as Lin- Thy1+. In my hands, the majority of Lin- Thy1+ lung lymphocytes are GATA3- 

non-ILC2s (Appendix B.3A) and are not tissue resident as they are mixtures of CD45.1+ and 

CD45.2+ cells in our parabiotic mice (Appendix B.3B). In the analyses shown in this chapter, 

ILC2s were defined by Lin- Thy1+ CD127+ ST2+, and they were predominantly GATA3+ 

(Appendix B.3A). It is also possible that tissue residency and migration potential of ILC2s are 

model-dependent. The model used here, IL-33, is relatively specific to ILC2s although it can 

stimulate other ST2 expressing cells such as mast cells and Tregs (334), whereas allergens such 

as A. alternata act by inducing oxidative stress in epithelium (335,336) and can induce more 

global changes in the lung environment followed by activation of many other cell types. This, in 

turn, can result in secretion of various soluble mediators that induce recruitment of ILC2s from 

the BM into the lung.  

Parabiosis data shown here do not provide direct evidence that the liver ILC2s come from 

the lung and it is possible that they originate elsewhere. However, as IL-33 was locally 

administered, stimulation of ILC2s in organs other than the lung would require IL-33 to enter 

circulation or other soluble signals to be released. In parabiosis settings, where B6 and Pep3b 

mice share the circulatory system, these signals would equally stimulate ILC2s in both mice, 

resulting in 1:1 ratio of CD45.1+ and CD45.2+ ILC2s. In contrast, only CD45.2+ ILC2s expanded 

in B6 and Pep3b livers upon IL-33 injections into B6 mice, while the majority were CD45.1+ 

when IL-33 was administered to Pep3b mice, suggesting that the liver ILC2s are derived from 

the lung. Furthermore, it has been shown that IL-33 is quickly oxidized into an inactive form 

upon release (337). Considering that it takes 3 daily i.n. injections of IL-33 at the dosage used 
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here to induce strong activation of ILC2s in the lung, it is very unlikely that the amount of 

bioactive IL-33 that may enter circulation is sufficient to induce significant proliferation of 

ILC2s outside of the lung. Overall, it is most likely that the liver ILC2s induced upon i.n. IL-33 

administration originate from the lung. 

Lung-derived liver ILC2s shown here phenotypically resemble iILC2s described by Huang 

et al. as they highly express IL-25R and KLRG1 (129). It is conceivable that iILC2s originating 

in the SI may migrate into the liver upon activation considering their anatomical locations. 

However, unlike iILC2s, lung-derived liver ILC2s express the IL-33R, ST2 and are induced by 

IL-33 stimulation. Moreover, while iILC2 most likely migrate through LNs (130), both lung and 

lung-derived liver ILC2s lack the expression of a LN homing marker CCR7 (338), implicating 

that their migration may not involve LNs. Indeed, in Rorc-/- mice, which lack LNs, ILC2s were 

still able to migrate out of the lung into the liver, suggesting that this process does not require the 

LNs. However, it is important to note that lung ILC2s may migrate through the lymphatic system 

and enter blood circulation through the thoracic duct as other lymphocytes do (320) since Rorc-/- 

mice do have lymphatic vessels despite their lack of LNs (321). Alternatively, ILC2s may enter 

blood vasculature directly from the lung in a process called reverse transendothelial migration as 

shown in various leukocytes including neutrophils and monocytes (339,340). 

Chemokine receptors and ITGs play important roles in cell migration as they sensitize cells 

towards chemokine gradient and mediate firm adhesions during migration, respectively. I have 

investigated expression of various chemokine receptors and ITGs on ILC2s. ILC2s did not 

express many of the chemokine receptors investigated before or after IL-33 stimulation. 

Therefore, the exact mechanisms by which activated lung ILC2s migrate out of the lung, 
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circulate through PB and settle in the liver are still under investigation. However, CD103 and 

CXCR6 likely play roles.  

Most ILC2s in PB and liver express the chemokine receptor CXCR6, which is expressed 

by hepatic lymphocytes including NK cells, CD4+ and CD8+ T cells and mediates migration of 

NKT cells to the liver (322). This suggests that CXCR6 may also mediate the migration of lung 

ILC2s to the liver, where its ligand CXCL16 is highly expressed (341,342). 

Because the majority of activated lung ILC2s express CD103 whereas ILC2s in PB and 

liver in the same mice are CD103-, it seems likely that a CD103- subset of activated ILC2s 

migrates out of the lung, circulates through PB and settles in the liver. The αEβ7 ITG, formed by 

pairing of CD103 with the β7 chain, binds E-cadherin on epithelial cells (323), and CD103 KO 

mice have greatly reduced numbers of intraepithelial lymphocytes (343). Thus, activated lung 

ILC2s expressing CD103 may be retained in the lung by the interaction between CD103 and E-

cadherin while CD103- ILC2s migrate out of the lung. Although ILC2s also expressed high 

levels of other ITGs, it is difficult to draw conclusions regarding their roles in migration as ITG 

molecules are required to be in active conformation in order to efficiently execute their functions 

(344) and therefore, presence or absence of expression does not indicate their functional 

involvement. The finding that the gene expression profiles are similar between CD103- lung, 

liver and PB ILC2s further supports the idea that CD103- lung ILC2s migrate out of the lung into 

the liver. Further experiments with KO mouse models will be necessary to elucidate the roles of 

CD103 and CXCR6 in ILC2 migration. 

The results presented here suggested that once activated, some lung ILC2s circulate in PB, 

migrate to and persist in the liver. Asthma patients have been reported to have high numbers of 

ILC2s in PB (236), but their origin has been unknown. Those PB ILC2s likely derive from 
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allergen-stimulated lung of the patients. The idea of ILC2 migration upon stimulation has broad 

applications as it implies that disease-causing ILC2s in one organ may have been primed in 

another, and the inhibition of their migration may allow us to prevent inflammation in another 

tissue. To achieve this, further studies will be necessary to 1) identify markers to distinguish 

between lung-derived liver ILC2s and liver resident ILC2s and 2) elucidate the mechanism by 

which activated lung ILC2s migrate.  

In the next chapter, I aim to investigate the reasons behind ILC2 migration by focusing on 

the roles of lung-derived ILC2s in liver inflammation.  
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Chapter 5: Lung-derived liver ILC2s induce changes in the liver immune 

environment 

5.1 Introduction 

The pathogenesis of liver fibrosis is mediated primarily by ECM producing cells such as 

myofibroblasts as discussed in Chapter 1. However, activation and differentiation of HSCs 

(hepatic stellate cells) to myofibroblasts are dependent on the environmental cues such as the 

cytokine milieu in the liver, which is often provided by immune cells. From an immunological 

perspective, fibrosis is mediated by type 2 immune response as demonstrated by the contribution 

of type 2 cytokines, IL-5 and IL-13 to the development of fibrosis, although evidence of the 

involvement of type 3 immunity also exists (345,346).  

IL-13 has been shown to be pro-fibrotic using an IL-13 transgenic mouse model (223). 

Although IL-4 and IL-13 share IL-4Rα as a component of their receptor complex, IL-13 

inhibition but not IL-4 deficiency reduces fibrogenesis in a model of Schistosoma mansoni (S. 

mansoni)-mediated hepatic fibrosis, demonstrating a dominant role of IL-13 in the development 

of fibrosis (347). IL-13 directly stimulates HSCs to produce pro-fibrotic factors such as collagen 

(348) and connective tissue growth factor (349), which regulate liver fibrogenesis. The roles of 

IL-5 in fibrosis are more controversial. Pro-fibrotic roles of IL-5 were demonstrated in the lungs 

using antibody neutralization of IL-5 (350) and IL-5 deficient mice (351). Similarly, IL-5 

deficiency also results in attenuation of liver fibrosis upon S. mansoni infection, suggesting its 

pro-fibrotic effects in the liver (352). In contrast, although it has been shown that IL-5 and 

eosinophils promote lung fibrosis by using IL-5 transgenic mice, and eosinophil instillation, 

respectively, IL-5 is not necessary to induce fibrosis as lung fibrosis can still develop in the 
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absence of IL-5 (353). This suggests that the role of IL-5 is of an accessary cytokine that 

enhances a fibrotic phenotype rather than a causative cytokine.  

Macrophages are also known as major modulators of fibrogenesis. Specifically, M2 type 

macrophages produce proline as a product of arginine metabolism, and proline is a critical 

building block of collagen (354). They also produce MMP12, which suppresses ECM degrading 

MMPs, including MMP2, MMP9 and MMP13, thus augmenting fibrotic response (355). 

Considering the roles of type 2 cytokines in macrophage skewing towards an M2 type, and the 

roles type 2 cytokines and M2 macrophages play in fibrogenesis, it was no surprise that ILC2s, 

which are potent producers of type 2 cytokines, became a major effector cell culprit in 

pathogenesis of fibrosis. 

The function of ILC2s in the liver was first described in 2013 by Mchedlidze et al. The 

authors reported that IL-33 was elevated in the serum of liver cirrhosis patients, and liver 

resident ILC2s mediated development of carbon tetrachloride and thioacetamide-induced 

fibrosis. This was dependent on ILC2-derived IL-13, which activated HSCs, resulting in fibrosis 

(65). Subsequently, ILC2s were shown to be involved in the development of ConA-induced 

immune-mediated hepatitis (356) while they provided mild protection from adenovirus-induced 

viral hepatitis (237). In the human liver, the number of liver ILC2s is increased proportionally to 

the severity of the disease in fibrosis patients (81,82). Additionally hepatic ILC2s of fibrosis and 

cirrhosis patients expressed higher amounts of the activation marker CD69, compared to healthy 

liver ILC2s (82).  

ConA, a plant lectin, binds to carbohydrates on cell surface glycoproteins (357). In vitro, 

ConA induces polyclonal activation of murine T cells (358,359) whereas i.v. injections into mice 

cause acute and severe hepatitis (360). ConA-induced hepatitis is a well-established mouse 
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model of autoimmune and viral hepatitis. ConA-induced hepatitis is mediated by T cells as T cell 

deficient mice have significantly reduced sign of hepatitis upon ConA treatment (360,361). 

Whereas CD4 antibody provides protection, CD8 antibody fails to do so, suggesting it is 

specifically mediated by CD4+ T cells (360,361). Moreover, macrophage depletion also confers 

protection from the development of hepatitis, suggesting their significant contribution (360). 

Intravenously injected ConA first binds to LSECs, inducing their death followed by disruption of 

endothelial integrity (360,362). This allows ConA to enter the parenchyma, where it sticks to 

hepatocytes (362). Subsequently, T cells recognize MHCII bound with ConA on hepatocytes, 

resulting in T cell differentiation into Th1 cells, which produce IFNγ and TNFα. This series of 

events happens very quickly and the levels of these cytokines start rising within the first few 

hours after ConA administration (361,363,364). By 8 hours after ConA treatment, hepatocytes 

damage becomes apparent (360), which progresses further and eventually results in liver failure. 

While IFNγ has been shown to be necessary for ConA-induced hepatocytes apoptosis, which 

leads to liver injury (363–365), the role of TNFα is controversial. Although TNFα blocking 

studies demonstrated significant contribution of this cytokine to hepatic cell death and liver 

damage (361,364,366,367), TNFα deficiency has no effects (365). Another study showed that 

TNFα and IFNγ regulate each other, suggesting signaling from both cytokines are necessary 

(363).  

In Chapter 4, I have shown that a subset of lung ILC2s that does not express CD103 

migrates to the liver upon i.n. IL-33 treatment and potently produces type 2 cytokines as well as 

IL-6. In this chapter, I investigate the impact of lung-derived ILC2s in the liver in the context of 

immune environment and disease relevance to further understand the significance of lung ILC2 

migration to the liver. Here, I show that lung-derived ILC2s induce alteration in myeloid cell 
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populations, causing type 2 skewing in the liver. Moreover, I demonstrate pro- and anti-fibrotic 

effects of lung-derived ILC2s in the liver, using two different mouse models.  

 

5.2  Results 

To investigate the effects of lung ILC2 migration to the liver, I analyzed various 

lymphocytes and myeloid cells in the liver before and 5 days after i.n IL-33 treatment. Flow 

cytometric analyses showed that ILC2s were the only lymphocyte population that expanded in 

the liver upon i.n. IL-33 treatment. (Figure 5.1A). Eosinophils expanded greatly, suggesting that 

lung-derived liver ILC2s actively produced IL-5 (Figure 5.1B). The numbers of neutrophils, 

CD11b+ cDC2, Ly6C+ monocytes and basophils also slightly increased. The number of 

monocyte-derived macrophages (CD11b+ F4/80lo) remained unchanged before and after IL-33 

stimulation. However, the percentage of monocyte-derived macrophages expressing the mannose 

receptor CD206 (M2 phenotype) significantly increased after the IL-33 treatment, likely due to 

IL-13 produced by lung-derived liver ILC2s (Figure 5.1C). These results suggest that lung-

derived ILC2s actively produce type 2 cytokines in the liver, inducing type 2 skewing of the 

immune environment in the liver.  
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Figure 5.1: Lung-derived liver ILC2s induce changes in the liver immune environment  

Female mice received three daily injections of i.n. IL-33 and liver was analyzed 5 days later (day 7 in Figure 4.1C). 

Various lymphocytes (A) and myeloid populations (B), and CD206+ macrophages (C) were quantified in naïve 

(black bars) and IL-33 treated (white bars) livers. Contour plots in C show CD206+ macrophages (red boxes) in 

naïve and IL-33 treated livers and the numbers show mean ± SEM percentages of CD206+ macrophages. Gating 

strategies for identification of each population are shown in Figures 2.1 and 2.2. Mo=monocytes. Data represented 

are mean ± SEM. n=6-17; ≥2 independent experiments. Unpaired two-tailed t test was used to determine statistical 

significance, with a P value <0.05 being significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  

 

RORα is a transcription factor that is required for ILC2 development and highly expressed 

by ILC2s (60,78,99), while CD127 or IL-7Rα is a cytokine receptor that is also required for 

ILC2 development (99,105). Our laboratory has generated ILC2 deficient mice (CD127 cKO) by 

crossing Rora-IRES-Cre (286) and Il7rafl/fl (287) mice. Comparison of the frequencies of various 

lymphoid and myeloid cell populations in the lung showed that ILC2s were reduced by almost 

80% in CD127 cKO mice compared to WT (Figure 5.2A). B cells, NKT cells, ILC1s and 

monocyte-derived macrophages were slightly reduced while Tregs and Ly6C- monocytes were 

slightly increased in CD127 cKO mice (Figures 5.2A, B). In the liver, ILC2s were the only cells 

that were reduced, whereas NK cells, ILC3s and Ly6C- monocytes were slightly increased in 

CD127 cKO mice (Figures 5.2A, B). In the SI, ILC1s and ILC2s were reduced by about 75%, B 

cells, Tregs, NKT cells and ILC3s were reduced by about 50% while NK cells were increased in 
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CD127 cKO (Appendix C.1). In the spleen, NKT cells and ILC2s were the only two populations 

that were reduced in the CD127 cKO mice, whereas T cells, Tregs and NK cells were slightly 

increased in CD127 cKO mice (Appendix C.1). B cells and NK cells were increased, while 

ILC1s and ILC2s were reduced in the BM (Appendix C.1). Despite alterations in the 

composition of immune cells in CD127 cKO compared to WT mice, ILC2s were the only 

population that was significantly reduced in all tissues analyzed, indicating that CD127 cKO is a 

useful ILC2 deficient mouse model. Therefore, I used this newly-generated strain in the 

following analyses. 
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Figure 5.2: Characterization of CD127 cKO mice 

Percentages of various lymphocytes (A) and myeloid cells (B) within CD45+ cells were quantified in the lung and 

liver of naïve female or male WT (black bars) and CD127 cKO (white bars) mice. Gating strategies used for 

identification of each population are shown in Figures 2.1 and 2.2. Tregs=regulatory T cells, cDC1= type 1 

conventional DCs, cDC2= type 2 conventional DCs, AMacs=alveolar macrophages, IMacs=interstitial 

macrophages, MoMacs=monocyte-derived macrophages, Mo=monocytes. Data represented are mean ± SEM. n=6-

21; ≥2 independent experiments. Unpaired two-tailed t test was used to determine statistical significance, with a P 

value <0.05 being significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  

 

As shown above (Figure 5.2, Appendix C.1), the numbers of lung and liver ILC2s in the 

CD127 cKO mice were about 10% of those in the WT mice (Figure 5.3A). Upon IL-33 

treatment, the residual ILC2s in CD127 cKO mice expanded, but the numbers of ILC2s in the 
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liver of CD127 cKO mice remained about 10% of those in the WT mice (Figure 5.3B), further 

supporting the use of these mice as an ILC2 deficient mouse model to study the contribution of 

ILC2s in immune responses. To determine whether changes in immune populations in the liver 

are due to lung-derived ILC2s, various myeloid cell populations were quantified in the liver of 

CD127 cKO mice before and 5 days after three daily i.n IL-33 injections. I.n. IL-33 induced mild 

eosinophilia in CD127 cKO mouse liver, likely due to IL-5 produced by residual ILC2s, while 

there was no increase in other myeloid populations (Figure 5.3C), indicating that ILC2s induce 

changes in myeloid populations in the liver upon IL-33 administration. Similarly, the percentages 

of monocyte-derived macrophages expressing CD206 were no longer significantly different 

(Figure 5.3D). These results indicate that lung-derived liver ILC2s are responsible for the type 2 

skewing seen in the liver after i.n. IL-33 treatment. 

 
 

Figure 5.3: Liver inflammation is diminished in ILC2 deficient mice 

(A) Numbers of ILC2s in the lung and liver of naïve female or male WT (black bars) and CD127 cKO (white bars) 

mice. (B) Female WT (black bars) or CD127 cKO (white bars) mice received three daily injections of IL-33 and 

liver ILC2s were quantified 5 days later (day 7 in Figure 4.1C). (C, D) Female CD127 cKO mice were treated as in 

B and various myeloid populations (C) and CD206+ macrophages (D) were quantified in naïve (black bars) and IL-

33 treated (white bars) livers. Contour plots show CD206+ macrophages (red boxes) in naïve and IL-33 treated livers 

and the numbers show mean ± SEM percentages of CD206+ macrophages (D). Gating strategies used to identify 

each myeloid population are shown in Figure 2.2. Data represented are mean ± SEM. n=17-21; ≥3 independent 

experiments (A), n=6; 2 independent experiments (B), n=9-14; ≥3 independent experiments (C), n=9-10; 3 
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independent experiments (D). Unpaired two-tailed t test (A, C, D) or two-way ANOVA with Bonferroni correction 

(B) was used to determine statistical significance, with a P value <0.05 being significant. **P<0.01, ****P<0.0001. 

 

ILC2s have previously been implicated in liver fibrosis (65). Therefore, I analyzed the 

expression of the fibrosis-related genes Col1a1, Acta2 and Timp1, which encode α1 chain of type 

1 collagen, smooth muscle α actin and TIMP1, respectively, in the liver by RT-qPCR. The 

expression of these genes was significantly increased by i.n. IL-33 administration into WT mice, 

although the increase was relatively mild, and the levels of these genes returned to those in naïve 

liver by 2-4 weeks after the treatment (Figure 5.4A). These results indicate that lung-derived 

ILC2s induce type 2 inflammation in the liver and may be involved in the development of liver 

fibrosis. 

To mimic chronic type 2 inflammation in the lung, I gave two sets of i.n. IL-33 

administrations into WT mice one month apart (Figure 5.4B). Three days after the last 

administration, ILC2 numbers in the lung, liver and PB of the mice treated with two sets of IL-33 

(+IL33/+IL33) were much higher than those in the mice treated with one set of IL-33  

(-IL33/+IL33, +IL33/-IL33) or naïve mice (-IL33/-IL33) (Figure 5.4C). Similarly, IL-5, IL-6 and 

IL-13 expressing ILC2s also expanded significantly in the lung and liver of +IL33/+IL33 mice 

compared to -IL33/+IL33, +IL33/-IL33 or -IL33/-IL33 mice (Figure 5.4D). Analyses of myeloid 

cell populations in the liver revealed that eosinophils, neutrophils, cDC1, cDC2, Ly6C+ 

monocytes, basophils and mast cells were all increased in +IL33/+IL33 treatment group 

compared to other groups (Figure 5.4E). Interestingly, the tissue resident Kupffer cells (CD11blo 

F4/80+) were slightly decreased in +IL33/+IL33 treatment group in comparison to +IL33/-IL33 

group, although it is not clear whether this is due to the change in their phenotype or decrease in 

their numbers. The IL-33 challenge also caused an increase in the frequency of CD206+ 
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monocyte-derived macrophages (Figure 5.4F). Strikingly, the +IL33/+IL33 treatment greatly 

enhanced the expression of Col1a1 gene compared to naïve or single treatment groups, reaching 

5 fold increase in relative expression compared to the naïve liver, whereas Acta2 or Timp1 gene 

expression was comparable to single treatment groups (-IL33/+IL33 or +IL33/-IL33) (Figure 

5.4G). Picrosirius red staining of type 1, 2 and 3 collagen fibers (368,369) showed collagen 

deposits in some of the sections of +IL33/+IL33 treated livers, indicating mild fibrosis (Figure 

5.4H). Interestingly, H&E staining showed large cell clusters containing eosinophils in the 

+IL33/+IL33 liver (Figure 5.5I). These clusters were much smaller and less frequent in naïve 

mouse livers compared to +IL33/+IL33 livers. These results indicate that lung-derived ILC2s 

induce eosinophilic inflammation and mild fibrosis in the liver. 
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Figure 5.4: Repeated i.n. IL-33 injections cause eosinophilic hepatitis and mild fibrosis 

(A) Female WT mice received three daily i.n. injections of IL-33 and liver was collected at various time points 

(treatment scheme in Figure 4.1C) for RT-qPCR analyses of Col1a1, Acta2 and Timp1 genes. Day 0 is naïve, d=day, 

w=week. Black=naïve, red=5d, white=1w, green=2w, purple=3w, blue=4w. (B) Treatment scheme for the data 

presented in C-I. Female mice received three daily i.n. administration of IL-33 and challenged with another set of 

IL-33 injections a month later. Mice were analyzed three days after the last injection. (C-G) ILC2s were quantified 

in the lung, liver and PB (C), IL-5+, IL-6+ and IL-13+ ILC2s were quantified in lung and liver (D), and various 
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myeloid populations (E) and CD206+ macrophage (F) were quantified in the liver. Liver was analyzed for 

expression of Col1a1, Acta2 and Timp1 genes (G). Gating strategies used for identification of each population are 

shown in Figure 2.2. “+/-” indicates the presence and absence of the first and second treatments, respectively. (H) 

Picrosirius red staining of naïve (left) and +IL33/+IL33 treated (right) liver. Scale bar=200 m. Arrows indicate 

collagen fiber staining. (I) H&E staining of naïve (left, scale bar=100 m) and +IL33/+IL33 treated liver at low 

(middle, scale bar=100 m) and high (right, scale bar=20 m) magnifications. Data represented are mean ± SEM. 

n=4-6; ≥2 independent experiments except d5, where n=4; 1 experiment (A), n=6-12; ≥2 independent experiments 

(C-G), n=5; 2 independent experiments (H, I). One-way ANOVA with Bonferroni correction (A) or two-way 

ANOVA with Bonferroni correction (C-G) was used to determine statistical significance, with a P value <0.05 being 

significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

Repeated i.n. IL-33 administration into CD127 cKO mice (+IL33/+IL33) caused expansion 

of ILC2s in the lung and liver of these mice, although the numbers were approximately 9 and 7 

times less compared to WT mice, respectively (Figure 5.5A). As a result, most of the differences 

seen in the myeloid cell populations in WT mice were diminished in CD127 cKO mice, except 

eosinophils, which expanded significantly after IL-33 challenge compared to naïve (-IL33/-IL33) 

or single treatment groups (-IL33/+IL33 or +IL33/-IL33) (Figure 5.5B). The numbers of 

monocyte-derived macrophages increased in the liver of +IL-33/+IL33 mice compared to other 

groups, although the levels of increase were minor. Interestingly, the increase in the percentages 

of CD206+ macrophages was not affected by decreased numbers of ILC2s in CD127 cKO mice, 

as CD206+ macrophage percentage in +IL33/+IL33 treated mice was similar to that in WT mice 

(Figure 5.5C), indicating that the number or activation levels of ILC2s in CD127 cKO mice was 

sufficient to induce macrophage differentiation into M2 type. Finally, although a single set of IL-

33 injections did not cause any increase in fibrosis related genes (-IL33/-IL33 vs. -IL33/+IL33), 

a second set of IL-33 injections resulted in mild increase in the relative expression of these genes 

(Figure 5.5D). However, the changes in the relative expression levels were much lower than in 

WT mice.    
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Figure 5.5: Hepatic inflammation upon IL-33 challenge is attenuated in CD127 cKO mice 

Female CD127 cKO mice received three daily i.n. administration of IL-33 and challenged with another set of IL-33 

injections a month later. Mice were analyzed three days after the last injection (treatment scheme in Figure 5.4B). 

ILC2s were quantified in the lung and liver (A), and various myeloid populations (B), CD206+ macrophage (C) and 

expression of Col1a1, Acta2 and Timp1 genes (D) were quantified in the liver. Gating strategies used for 

identification of each population are shown in Figure 2.2. “+/-” indicates the presence and absence of the first and 

second treatments, respectively. Data represented are mean ± SEM. n=5; 2 independent experiments. Two-way 

ANOVA with Bonferroni correction was used to determine statistical significance, with a P value <0.05 being 

significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

To further investigate the functional role of lung-derived ILC2s in the liver, I tested their 

effects on ConA-induced acute hepatitis. WT mice were given three consecutive days of i.n. IL-

33 injections followed by i.v. injection of ConA one month later (Figure 5.6A). Both IL-33 pre-

treated and untreated mice lost weight in a similar manner during the first 24 hours after ConA 

injection. However, IL-33 pre-treated mice started gaining weight within 2 days post-treatment 

and recovered more quickly than untreated mice (Figure 5.6B). At the time of sacrifice, the liver 

of IL-33 pre-treated mice appeared smooth and healthy, while the liver of mice treated with 

ConA without IL-33 pre-treatment had discoloured regions indicative of cirrhosis (Figure 5.6C). 

The IL-33 pre-treated mice had higher numbers of liver ILC2s compared to naïve mice whereas 
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ConA treatment had no effects on liver ILC2 numbers (Figure 5.6D). Intracellular TNFα and 

IFNγ staining as well as an activation marker CD69 showed that IL-33 pre-treatment had no 

effects on ConA-induced T cell activation (Figure 5.6E). IL-33 and ConA treatments caused 

little changes in myeloid cell populations, although neutrophils and monocyte-derived 

macrophages appeared slightly higher in -IL33/+ConA group compared to +IL33/+ConA group 

(Figure 5.6F). Interestingly, IL-33 pre-treatment prevented increases in CD206+ macrophages 

upon ConA treatment (Figure 5.6G). Quantification of fibrosis-related gene expression by RT-

qPCR showed that Col1a1, Acta2 and Timp1 were more highly expressed in -IL33/+ConA 

treated livers compared to +IL33/+ConA treated livers (Figure 5.6H). Picrosirius red staining 

also indicated higher amounts of collagen fibers in -IL33/+ConA livers than +IL33/+ConA livers 

(Figure 5.6I). These results suggest that lung ILC2s activated by i.n. IL-33 treatment migrate to 

the liver and attenuate ConA-induced acute hepatitis and cirrhosis, most likely by promoting 

tissue repair.  
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Figure 5.6: I.n. IL-33 pre-treatment attenuates ConA-induced hepatitis 

(A) Treatment scheme for the data presented in B-I. Female WT mice received three daily i.n. administration of IL-

33 followed by i.v. injection of ConA one month later. Mice were analyzed 1 week after ConA treatment. (B) Mice 

were weighed daily after ConA injections and the weight loss was calculated. Pictures of livers collected from  

-IL33/+ConA (left) and +IL33/+ConA treated (right) mice. The arrow indicates the discoloured region. ILC2s (D), 

percentages of T cells positive for indicated markers (E), myeloid cells (F), CD206+ macrophages (G) and the 

expression of indicated genes (H) were quantified in the liver. “+/-” indicates the presence and absence of i.n. IL-33 

and i.v. ConA treatments, respectively. (I) Picrosirius red staining of -IL33/+ConA (top) and +IL33/+ConA (bottom) 

treated livers at low (left, scale bar=200 m) and high (right, scale bar=50 m) magnifications. Data represented are 

mean ± SEM. n=4-8; 2 independent experiments. Two-way ANOVA with Bonferroni correction was used to 

determine statistical significance, with a P value <0.05 being significant. *P<0.05, **P<0.01, ***P<0.001. 
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5.3 Discussion 

The results presented here demonstrate that the migration of activated lung ILC2s has 

significant effects on immunity and inflammation in the liver. Repeated i.n. IL-33 

administrations result in high numbers of lung ILC2s that migrate to the liver, leading to 

eosinophilic hepatitis and mild hepatic fibrosis. On the other hand, pre-treatment of mice with 

i.n. IL-33 administration attenuates ConA-induced acute hepatitis and severe fibrosis/cirrhosis. 

These two apparently opposing effects of lung-derived ILC2s are likely mediated by cytokines 

produced by lung-derived ILC2s in the liver. IL-5 produced by lung-derived ILC2s can drive 

eosinophilia while IL-13 can stimulate HSCs and induce upregulation of fibrotic genes (65) 

including Col1a1, Timp1 and Acta2, thus promoting liver fibrosis. ILC2s are critical for the 

development of eosinophilic hepatitis and fibrosis in the IL-33 treated mice as the ILC2-deficient 

CD127 cKO mice showed much reduced sign of eosinophilia and fibrosis even after repeated IL-

33 treatments. IL-13 produced by lung-derived ILC2s also likely induces differentiation of 

macrophages into the M2 pathway and promotes type 2 skewing in the liver. It is therefore 

surprising that ConA treatment did not induce expansion of M2 macrophages in IL-33 pre-

treated mice as +IL33/+ConA mice had significantly less M2 macrophages compared to  

-IL33/+ConA mice (Figure 5.6G). However, as the percentages of M2 macrophages at baseline 

before ConA treatment (-IL33/-ConA vs. +IL33/-ConA) are similar, lung-derived ILC2s most 

likely induce functional rather than quantitative changes in M2 macrophages. ConA-induced 

hepatitis is mediated, at least in part, by the prototypic Th1 cytokines IFNγ and TNFα (370). As 

the IL-33 pre-treatment has no obvious effects on T cells expressing intracellular TNFα or IFNγ 

(Figure 5.6E), it is unlikely that lung-derived ILC2s inhibit T cell activation by ConA. Instead, 

the type 2 immunity driven by lung-derived ILC2s likely promotes repair of damaged liver 
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tissues, as suggested by the rapid recovery from the initial weight loss in +IL33/+ConA mice. It 

is interesting to note that the results presented here are contradictory to previous publication 

showing that ILC2s promote ConA-induced hepatitis (356). It is possible that, in this model, the 

liver resident ILC2s cause tissue damage, while lung-derived liver ILC2s promote tissue repair, 

which could potentially be mediated by their differential cytokine production. Although I did not 

explore the role of IL-6 here, I have shown in Chapter 4 that lung-derived liver ILC2s produce 

IL-6 (Figure 4.4E-G), a hepatocyte growth factor (263,371). It is conceivable that IL-6 

contributes to the repair of the damaged liver by promoting hepatocyte regeneration in IL-33 pre-

treated mice.  

It is not clear what evolutionary advantage there was for activated lung ILC2s to migrate 

specifically to the liver, but not to other organs. Considering the tissue residency of ILC2s, 

inducibility of their migration and their preference to settle in the liver, it is possible that this 

phenomenon was somehow selected for during evolution. In 1991, Margie Profet proposed the 

toxin hypothesis, which suggests that allergic responses are reactions towards materials that 

contain potentially toxic substances (372), and therefore, allergy has evolved as a mechanism to 

keep us away from harmful substances. Based on this theory, it is also probable that cells which 

are activated by allergens or irritants have a mechanism to “prepare” for potential danger. I have 

shown here that lung-derived ILC2s induce changes in the immune environment of the liver and 

protects the liver from ConA-induced damage. As the liver is one of the major organs that 

processes toxic substances, ILC2s may migrate to the liver upon stimulation in the lung to 

prepare to repair any damage caused by potentially poisonous substances. 

Based on the results presented in this chapter, it is conceivable that PB ILC2s in asthma 

patients (236), which may derive from allergen-stimulated lungs, might also settle in the liver 
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and regulate hepatic inflammation and fibrosis. There have been case reports of patients 

simultaneously suffering from pulmonary fibrosis and liver cirrhosis (373) as well as asthmatic 

patients with eosinophilic hepatitis or cirrhosis (374,375). However, the results presented here 

have shown that lung-derived liver ILC2s can be pro- or anti- fibrotic depending on the 

immunological context, and confirming the protective or promoting effects of lung-derived liver 

ILC2s in hepatitis, fibrosis or cirrhosis would require detailed analyses of lymphocytes and 

myeloid cells in liver biopsy samples from asthma patients showing a sign of liver inflammation. 

If verified, the finding may lead to a new way of treating hepatitis patients.
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Chapter 6: Conclusion 

6.1 Summary 

Since their discovery in 2010, numerous studies have shown protective and pathological 

functions of ILC2s in various mouse and human organs. ILC2s seed tissues early after birth (83–

85) and remain mostly tissue resident (86) for a long time during their lifetime. Therefore, ILC2s 

adapt to tissue specific cues and play critical roles in local immune responses (74), which is 

reflected by their phenotypic and functional diversity. In this thesis, I explored immunity 

provided by tissue-resident and migratory ILC2s upon i.n. IL-33 treatment, thereby challenging 

the idea of ILC2 tissue residency. In the first part of the thesis (Chapter 3), I investigated sex- 

and age-dependent regulation of lung-resident ILC2s, while in the second part (Chapters 4 and 

5), I examined migratory potential of lung ILC2s as well as their roles in the liver after i.n. IL-33 

stimulation. 

In Chapter 3, I have shown enhanced responsiveness of female lung ILC2s compared to 

male ILC2s upon i.n. IL-33 stimulation, resulting in exacerbation of eosinophilic inflammation 

in post-pubertal female lungs (Figure 6.1). While the numbers of ILC2s in naïve female and male 

lungs were similar, the sex-dependent differences were likely imprinted at the naïve stage as 

ILC2s purified from naïve female lungs presented a more activated transcriptome profiles 

compared to those from male. Additionally, a greater frequency of female ILC2s were in cell 

cycle than male ILC2s as shown by higher percentages of Ki67+ cells among naïve female 

compared to male ILC2s. Although I have also found increased expression of ILC2-activating 

cytokines, including IL-33, TSLP and IL-7, in naïve female lungs, endogenous IL-33 was not 

responsible for enhanced responsiveness of female lung ILC2s as sex difference in ILC2 

expansion was still present in IL-33 deficient mice.  
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Figure 6.1: Post-pubertal female lung ILC2s are more responsive than male lung ILC2s 

Post-pubertal naïve female lungs have greater percentages of Ki67+ ILC2s as well as greater amounts of epithelium-

derived cytokines compared to male lungs (top panel). Upon i.n. IL-33 treatment, female lung ILC2s proliferate 

more and produce greater amounts of IL-5 and IL-13 than male lung ILC2s, resulting in enhanced eosinophilia 

(bottom panel). 

 

My work shown in Chapter 4 replicated a previous report showing tissue residency of 

ILC2s at steady state and upon activation (86). However, I found that i.n. administration of IL-33 
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caused expansion of ILC2s in the PB and liver in addition to the lung. Parabiosis experiments 

clearly indicated that these migratory ILC2s originated from the lung (Figure 6.2). While the 

majority of lung ILC2s upregulated CD103 upon i.n. IL-33 stimulation, migratory ILC2s lacked 

CD103 expression. Transcriptomic analyses demonstrated similarities between liver, PB and 

CD103- lung ILC2s, which more highly expressed genes related to cell cycle and DNA 

replication compared to CD103+ lung ILC2s. ILC2s isolated from the liver after i.n. IL-33 

treatment produced greater amounts of type 2 cytokines, Areg and IL-6 than lung ILC2s, 

although it is not clear whether it is an intrinsic property of the migratory ILC2s or due to the 

cues received from the liver environment. Nevertheless, this led me to investigate the functions 

of the lung-derived ILC2s in the liver in Chapter 5.  

Lung-derived ILC2s induced alterations in the immune environment of the liver mainly by 

inducing eosinophilia and M2 macrophage polarization (Figure 6.2), which were diminished in 

ILC2 deficient CD127 cKO mice. Re-activation of ILC2s by a second set of i.n. IL-33 injections 

a month later further enhanced migration of lung ILC2s to the liver as well as eosinophilia and 

M2 polarization (Figure 6.3). Eosinophils formed a large cluster in the liver after repeated IL-33 

treatments, indicative of eosinophilic hepatitis. In parallel, upregulation of fibrosis-related genes 

as well as collagen deposition was observed. In contrast, lung-derived ILC2s attenuated ConA-

induced hepatitis, most probably by promoting tissue repair and recovery from liver injury 

(Figure 6.3). 
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Figure 6.2: Lung ILC2s migrate to the liver upon activation and alter the immune environment  

(A) There are few ILC2s in naïve lung and liver. (B, C) Upon i.n. IL-33 treatment, lung ILC2s upregulate CD103 

and CXCR6. CD103+ ILC2s remain in the lung (B), while CD103- ILC2s circulate through PB and migrate to the 

liver (C). (D) In the liver, lung-derived ILC2s produce IL-5, IL-13 and IL-6, leading to eosinophil recruitment and 

M2 macrophage polarization. 
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Figure 6.3: Lung-derived ILC2s exert pro- and anti- fibrotic effects in the liver 

(A) There are few ILC2s in the naïve liver (left panel). I.v. injections of ConA into naïve mice result in severe 

hepatitis (right panel). (B) I.n. IL-33 administration induces lung ILC2 migration into the liver, and the numbers 

remain higher than those in naïve liver for more than a month (top left panel). A second set of i.n. IL-33 treatment 

causes migration of more ILC2s, leading to eosinophilic hepatitis and fibrosis-like inflammation (bottom panel), 

while IL-33 pre-treatment attenuates ConA-induced hepatitis (right panel). 

 

In summary, the work presented in this thesis demonstrates (i) ILC2 intrinsic and 

environmental differences in naïve female and male lungs, (ii) the existence of a previously 

undescribed subset of CD103- migratory ILC2s which migrates to the liver upon activation in the 

lung, and (iii) pro- and anti- fibrotic roles of lung-derived ILC2s in the liver.   



122 

 

6.2 Significance 

It has been known that asthma is more common among boys than girls, while this trend 

reverses after puberty (248), but the reason behind it has been unknown. My work shown in 

Chapter 3 demonstrates greater ILC2 responsiveness and enhanced eosinophilic inflammation in 

female lungs compared to male lungs upon i.n. IL-33 stimulation, which provides a potential 

mechanism behind epidemiological findings on sex bias in asthma prevalence. Although I did 

not investigate direct effects of sex steroid hormones on ILC2s, the differences in the ILC2 

transcriptomes and the levels of ILC2 activating cytokines between female and male lungs 

suggest significant contributions of sex as an ILC2 regulatory factor. This raises awareness about 

potential adverse effects of hormone replacement therapy on type 2 airway inflammation, but 

also indicates that we must take precautions in selecting the sex of the mice used in ILC2 

research as their intrinsic differences may lead to discrepancies in the results. 

In the ILC field there has been a consensus that ILCs remain tissue resident, whereas there 

is mounting evidence of a migratory potential of ILC2s. The lung-liver axis of ILC2 migration 

and immune regulation, however, has never been reported, offering a novel insight into the 

complexity of ILC2-mediated immunity. My results suggest that pathogenic ILC2s in one human 

organ may have been activated elsewhere, prompting the need to investigate beyond specific 

tissues, which may lead to broadening of the potential targets for therapeutic intervention. 

Moreover, much of the human ILC2 research has so far relied on analyses of PB ILC2s, but their 

origins have been unknown. I have now shown that mouse ILC2s can enter circulation upon 

activation in the lung. As humans are constantly exposed to pathogens and allergens, this 

suggests that human PB ILC2s are probably a heterogeneous mixture of ILC2s activated in 
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various organs, and they may not be the best representation of the immunological events 

happening in one tissue. 

The majority of mouse and human studies so far suggest pro-fibrotic roles of liver ILC2s 

(65,81,82,356), although ILC2s can exert mild protective effects in adenovirus-induced viral 

hepatitis model (237). Regardless, this is the first study clearly demonstrating both anti- and pro-

fibrotic functions of ILC2s. Although it is uncertain whether it is a specific property of lung-

derived ILC2s or liver resident ILC2s have similar capacity, these findings offer insight into 

context-dependent double-edged roles of ILC2s in liver inflammation. 

 

6.3 Strengths and limitations 

Unlike other studies that reported the effects of sex steroid hormones on ILC2 development 

and responsiveness, I have focused on ILC2 intrinsic differences using transcriptomic analyses, 

which provided a global picture of the “more activated” state of naïve female lung ILC2s 

compared to male ILC2s. However, these analyses failed to pinpoint the exact mechanism 

behind the sex differences in ILC2s. Likewise, microarray analyses of the lung, liver and PB 

ILC2s also did not give insights into the mechanism behind ILC2 migration from the lung to the 

liver. One of the limitations of using microarray is that by using bulk RNA, microarray only 

detects average expression levels in a population of cells as a whole and does not give gene 

expression profiles at cellular or subset levels. More extensive analyses focusing on mechanistic 

aspect would require single cell RNA sequencing. 

One of the difficulties I have faced in studying sex difference is that the difference in ILC2 

numbers between IL-33 treated male and female lungs are relatively small to begin with. 

Consequently, it is not feasible to identify a pathway, gene or molecule that regulates ILC2 sex 
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bias, which is most likely mediated by many factors and the effect of a single factor in isolation 

may not appear significant. Therefore, by drawing conclusions based on statistical significance, 

biological relevance of a factor may be neglected. 

In Chapter 4, I have used parabiosis mice to show that ILC2s that expand in the liver after 

i.n. IL-33 administration are of lung origin rather than liver resident ILC2s that are activated by 

IL-33 entering circulation. However, at this point, I cannot distinguish between liver resident 

ILC2s and lung-derived ILC2s in the liver, because there is no ILC2 specific marker, and thus, it 

is not feasible to label ILC2s in a tissue-specific manner. This poses issues in understanding 

specific roles of lung-derived ILC2s in comparison to liver resident ILC2s. Consequently, the 

conclusions I drew from my work presented in Chapters 4 and 5 are based on an assumption that 

the majority of liver ILC2s after i.n. IL-33 treatment is lung-derived and that the contribution of 

liver resident ILC2s is negligible.  

Traditionally, ILC2 deficient mouse models were generated by transplantation of BM cells 

from ILC2 deficient Rorasg/sg mice (60,99), which do not survive into adulthood due to 

neurological defects (376,377). The newly generated ILC2 deficient CD127 cKO mice allowed 

me to study an ILC2 deficient system without having to perform BM transplantation. However, 

as I have shown in Figure 5.2 and Appendix C.1, some other immune cell populations are also 

reduced or increased in various tissues of CD127 cKO compared to WT mice, and it is unclear 

whether they have any effects. Moreover, some ILC2s either escape Cre-mediated deletion of 

Il7ra or do not depend on IL-7 signaling for their development, as implied by the presence of 

small numbers of ILC2s in Il7ra-/- mice (99,105), and consequently there are residual ILC2s in 

CD127 cKO mice. As can be seen in the mild expansion of eosinophils in CD127 cKO mouse 

liver upon i.n. IL-33 treatment (Figure 5.3C), these residual ILC2s are functionally competent 



125 

 

and contribute to mild inflammation. Furthermore, when repeated injections of IL-33 were given, 

ILC2 numbers in the liver in CD127 cKO mice reached 80 thousand cells, which is double the 

number of ILC2s in WT mouse liver after one set of IL-33 injections, posing limitations of the 

use of these mice as an ILC2 deficient mouse model.  

While the IL-33 model is a simple system where the stimulation is relatively specific to 

ILC2s and is suitable for investigating mechanisms, it is highly artificial and not physiological. 

Moreover, repeated i.n. administrations of IL-33 used in Chapter 5 are not the best representation 

of chronic lung inflammation, where inflammation is persistent for a long period time. It is 

therefore necessary to study more physiological settings by using allergens, such as papain or 

HDM, to better recapitulate and understand the situations in humans.  

Finally, it is currently not possible to find a link between human asthma and liver fibrosis 

to confirm my work in mice. While there have been reports showing patients simultaneously 

suffering from asthma and hepatitis or cirrhosis (374,375), if lung-derived ILC2s attenuate 

hepatitis as shown in ConA-induced hepatitis model, their effects will be undetected as it is not 

feasible to examine the liver of asthma patients without impaired liver functions. Thus, current 

and any further research on the functions of lung-derived ILC2s in the liver need to rely on the 

use of mouse models. 

 

6.4 Future directions 

One of the questions left unanswered in Chapter 3 is the contribution of epithelium-derived 

cytokines to the difference in ILC2 responsiveness in male versus female mouse lungs. While I 

eliminated the possibility of IL-33 contribution, I did not explore the relevance of the sex 

differences in IL-7 and TSLP. Since TSLP signaling is unlikely required for ILC2 development 
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as suggested by normal numbers of lung ILC2s in TSLPR deficient mice (378), female and male 

ILC2 responsiveness upon IL-33 treatment can be studied using these mice. Investigation of the 

relevance of IL-7 signaling will not be feasible as IL-7 or IL-7Rα deficient mice have 

significantly reduced numbers of ILC2s due to their developmental reliance on IL-7 signaling 

(22,99,105). Therefore, the use of an inducible IL-7 deletion mouse model or IL-7/IL-7Rα 

neutralization will be necessary.  

In Chapter 4, I have shown differential expression of CD103 and CXCR6 on lung, liver 

and PB ILC2s. However, their involvement in regulation of ILC2 migration was not explored 

and will require further investigation. I hypothesized that CD103 upregulation by lung ILC2s 

upon IL-33 treatment mediates retention of ILC2s in the lung, while CXCR6 is required for 

entrance of lung-derived ILC2s into the liver. This hypothesis can be tested by generating ILC2-

selective CD103 and CXCR6 deficient mice (Rora-Cre x Itgb7fl/fl or Rora-Cre x Cxcr6fl/fl) and 

examining ILC2 migration patterns upon i.n. IL-33 treatment.  

Although microarray analyses provided insight into the similarities between CD103- lung 

and liver ILC2s in that they express higher levels of cell cycle-related genes than CD103+ lung 

ILC2s, phenotypic and functional analyses are necessary to understand their biological 

relevance. Flow cytometric analyses of surface molecule expression and cytokine profiling of the 

supernatants collected from ex vivo culture of each population will likely reveal their unique 

properties and suggest their biological functions.  

My work in Chapter 5 demonstrated protective effects of lung-derived ILC2s in ConA-

induced hepatitis. It is important to confirm that this is mediated by ILC2s by performing the 

same experiment in CD127 cKO mice. Additionally, the ILC2-mediated protection should also 

be tested in a more physiological model where mice are pre-treated with protease allergens or 
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HDM instead of IL-33. Once confirmed, the next critical question is how ILC2s exert their 

protective effects. I have shown in Chapter 4 that lung-derived ILC2s produce IL-6, which is a 

hepatocyte growth factor (263,371). Perhaps, Rora-Cre x Il6fl/fl mice can be generated to test the 

roles of ILC2-derived IL-6 in protection from ConA-induced hepatic injury. The direct 

mitogenic effects of ILC2-derived IL-6 on hepatocytes can also be assessed by incubating a 

hepatocyte cell line in culture supernatant collected from purified liver ILC2 culture in the 

presence or absence of IL-6 neutralizing antibody and measuring cell proliferation by Ki67 

expression in hepatocytes.  

In the current study, ILC2s isolated from the liver after i.n. IL-33 treatment contain both 

liver resident ILC2s and lung-derived liver ILC2s, and it is not possible to distinguish between 

them. A potential approach for deciphering the differences between them is to analyze liver 

ILC2s before and after i.n. IL-33 treatment by single cell RNA sequencing to characterize liver 

resident and lung-derived liver ILC2s. If they are phenotypically and functionally distinct, this 

will allow us to specifically target one population without compromising the other, which may 

give us more specific therapeutic intervention for hepatic fibrosis.
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Appendices 

Appendix A    

A.1 Sex has no effects on ILC2 development  

 
 

Numbers of ILC2s in various tissues of post-pubertal naïve male and female mice. Data represented are mean ± 

SEM. n=4-9; ≥2 independent experiments. Unpaired two-tailed t-test was used to determine statistical significance, 

with a P value <0.05 being significant. 

 

A.2 Female and male ILC2s respond similarly in female host 

 
 

Ten million BM cells isolated from female and male B6 mice were transplanted into lethally irradiated female Pep3b 

recipients. Fifty days later when donor cells reconstituted the recipient mice, mice were given three consecutive days 

of i.n. IL-33 treatment and lungs and medLN were analyzed three days after the last treatment (A). ILC2s were 

quantified in the lung (B) and medLN (D) and eosinophils were quantified in the lung (C). Data represented are 

mean ± SEM. n=4; 1 experiment. Two-way ANOVA with Bonferroni correction was used to assess statistical 

significance, with a P value <0.05 being significant. n.s, not significantly different [P>0.05]. BMT=BM 

transplantation. 
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Appendix B     

B.1 Perfusion has little effect on the frequencies of liver ILC2s and eosinophils 

 
 

The frequencies of ILC2s (A) and eosinophils (B) were quantified in perfused (black bars) and non-perfused (white 

bars) livers collected from naïve or IL-33 treated female or male mice (analyses on day 5 in Figure 4.1C). n=4-5; 1 

(IL-33 treated) or 2 (naïve) experiments. Unpaired two-tailed t-test was used to determine statistical significance, 

with a P value <0.05 being significant. *P<0.05. 
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B.2 Analyses of parabiosis mice after i.n. IL-33 administration into Pep3b mice 

 
 

(A) Female B6 and Pep3b mice were conjoined by parabiosis surgery. Pep3b mice were given three daily i.n. PBS 

or IL-33 and both B6 and Pep3b mice were analyzed on day 7. (B-G) CD45.1+ (orange) and CD45.2+ (blue) ILC2s 

were quantified in the lung (B), PB (C), spleen (D), liver (E), BM (F) and SI (G). (H and I) Percentages of CD45.1+ 
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(orange) and CD45.2+ (blue) B cells in the lung (H) and liver (I) were calculated. The x-axes show the strains of 

mice analyzed (B6 or Pep3b) and treatment groups (PBS or IL-33). IL-33 highlighted in red indicates the mouse that 

received IL-33 injections. Numbers within graphs indicate the percentages of CD45.1+ ILC2s. Black and red 

asterisks indicate statistical significance of percentages and cell numbers, respectively, of CD45.2+ (within blue 

bars) and CD45.1+ (within orange bars) ILC2s compared to PBS treated pairs. Data represented are mean ± SEM. 

n=4-6 (except SI, where n=3); ≥3 independent experiments. Two-way ANOVA with Bonferroni correction was used 

to determine statistical significance, with a P value <0.05 being significant. *P<0.05, ***P<0.001, ****P<0.0001. 

 

B.3 Lin- Thy1+ cells contain non-ILC2s 

 
 

(A) GATA 3 expression was analyzed in Lin- Thy1+ cells and Lin- Thy1+ ST2+ CD127+ cells in naïve female or male 

B6 mouse lung (solid orange lines). Shaded=FMO. Numbers indicate mean ± SEM percentages of GATA3+ cells. 

n=8; 1 experiment. Paired two-tailed t-test was used to determine statistical significance, with a P value <0.05 being 

significant. ****P<0.0001. (B) Lin-Thy1+ cells (left panel) and Lin- Thy1+ ST2+ CD127+ cells (right panel) in the 

lungs of naïve female B6 parabiont were analyzed for CD45.2+ (blue) and CD45.1+ (orange) expression. Numbers 

indicate the mean percentages of the cells in each gate. n=6; ≥2 independent experiments. 
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Appendix C   

C.1 Characterization of CD127 cKO mouse SI, spleen and BM 

 
 
Frequencies of various lymphocytes within CD45+ cells were quantified in the SI, spleen and BM of naïve female or 

male WT (black bars) and CD127 cKO (white bars) mice. Gating strategies used for identification of each 

population are shown in Figure 2.1. Tregs=regulatory T cells. Data represented are mean ± SEM. n=5-6; 2 

independent experiments. Unpaired two-tailed t test was used to determine statistical significance, with a P value 

<0.05 being significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  

 


