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1. Introduction 

1.1. Chronic inflammatory diseases   
Chronic inflammation plays a central role in some of the most challenging inflammatory 

diseases of our time. Inflammation is a response to damage and potential danger 

signals in the body. However, the immune system can turn against the body in diseases 

like rheumatoid arthritis, asthma, ulcerative colitis, Crohn’s disease and lupus. An 

inflammation can be acute or chronic. An acute inflammation is the first and immediate 

response to injury or stress, infection or physical trauma to induce repair processes. 

When the inflammation sustains, it can become chronic. This state requires medical 

intervention for controlling and stopping further tissue damage caused by uncontrolled 

inflammation (1) (2) (3). A wide variety of factors associated with westernization, such  

as changes in diet, increase of pollution and decreased incidence of infections are 

considered to be important aspects for disease development (4) (5). Understanding 

processes involved in chronic inflammation can help to treat or prevent diseases and is 

a main focus in today’s research. 

1.2. The immune system - innate and adaptive immunity 
The immune system is a highly complex defense system that protects against 

pathogens such as parasites, bacteria or viruses and foreign substances. The first 

natural barriers for protection are the skin and the mucous membranes. Nevertheless, 

these mechanical and physical barriers are often breached and need further support, 

which is provided by specialized cell, such as macrophages and monocytes. These cells 

can recognize foreign materials or pathogen and react to protect the host from damage 

or infection.   

The overall function of the immune system is not only limited to the protection of the 

host, but includes the regulation of the immune response to limit a possible self-damage, 

which results in the development of autoimmune diseases, and the identification and 

destruction of mutant cells, which can promote the formation of tumors. The immune 

system is classified into the innate and adaptive immunity (6) (7). 
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The nonspecific, innate immune system is the first line of defense against pathogens 

or foreign substances, before the adaptive immune system gets involved. The cellular 

components of the innate immune system include phagocytic cells such as 

macrophages, mast cells, granulocytes such as neutrophils, eosinophils and basophils, 

as well as natural killer (NK) cells, which are able to engulf and eliminate pathogens or 

cell debris by phagocytosis. In addition, isozyme, interferons and the complement 

system, which is activated for the elimination of bacteria, belong to the humoral 

mechanisms of the innate immune system (8). Macrophages are involved in the 

induction of an inflammatory response by releasing various cytokines and chemokines 

after their activation (9), which are used for the recruitment of neutrophils. Macrophages 

and neutrophils, as well as dendritic cells (DC) are able to phagocyte pathogens and 

degrade them by proteolytic enzymes present in their granules (10). Macrophages and 

DC are also defined as antigen presenting cells (APC) due to their ability to absorb 

foreign material or modified self-molecules by phagocytosis and present them as 

processed antigens on certain molecules on their surface. APC are of great relevance to 

the activation of the adaptive immune system (11). Another class of cells that belong to 

the innate immune system are innate lymphoid cells (ILC), a group of immune cells at 

barrier surfaces which have an important role in homeostasis and inflammation. Cells of 

the innate immune system are capable of binding molecules expressed by several 

pathogens, for example, lipopolysaccharides (LPS), expressed on the surface of gram-

negative bacteria or DNA or RNA of bacteria or viruses via a series of pattern recognition 

receptors (PRRs). This occurs via the recognition of pathogen-associated molecular 

patterns (PAMPs) (12) (13). These structures are not expressed in higher eukaryotes 

and thus on the body's own cells (9)(14). Of great importance are the recognition 

receptors of the family of Toll-like receptors (TLRs). TLRs are signaling receptors 

present on DC and macrophages lead to the release of proinflammatory cytokines, such 

as interleukin IL-1, IL-6 and IL-8, upon recognition of pathogens (15). These cytokines 

can help to eliminate pathogens and result in the recruitment of additional phagocytic 

cells, such as monocytes and neutrophils (9). 

4



The adaptive immune system plays an important role in the protection of the organism 

if the mechanisms of the innate immune system are insufficient to eliminate foreign 

substances and pathogens. It is characterized by antigen specificity and formation of an 

immunological memory. Immunological memory allows faster, more specific and thus 

more effective control upon reinfection (16). Antigen-specific T and B lymphocytes, 

which are generated in the bone marrow, are the main players of the adaptive immune 

system. They circulate in the blood and lymphatic system and are found mainly in the 

secondary lymphoid organs, like in the lymph nodes and in the spleen. 

As already mentioned, APC are very important for the initiation of the adaptive immune 

response. Upon activation, they migrate to the lymph nodes where they present the 

previously encountered antigens to the T lymphocytes. The interaction between APC 

and T cells takes part by the binding of the major histocompatibility complex (MHC) 

molecules, expressed on APC and the T cell receptors (TCR) which, unlike cells of the 

innate immune system, cannot recognize pathogen patterns, but highly specific peptide 

fragments. These antigens are presented bound to MHC class I or II proteins on the 

surface of APC (17). T cells are differentiated into two classes: the cytotoxic T cells (CTL 

or TC cells) and T helper cell (TH cells) (18). 

The TC cells express a CD8 co-receptor which binds to MHC class I molecules found on 

almost all nucleated cells of the organism. The MHC class I molecules present peptide 

fragments that are consistently cleaved from the cell's own proteins. Thus, even in a viral 

infection, they present virus peptides, which are recognized as foreign by the CD8 T 

cells and finally leading to the lysis of the infected cell. The presentation of endogenous 

peptides on the MHC class I molecules result in a low affinity binding with CD8 

molecules, which does not induce the killing of MHC class I expressing cells. TH cells 

possess a CD4 co-receptor which can bind the MHC class II molecules, expressed only 

on APC. MHC class II molecules present extracellular peptides previously picked up by 

the APC (19)(17). TH cells can be subdivided into four subpopulations (20). Effector 

helper T cells TH1 secrete interferon-γ (IFN-γ)  and tumor necrosis factor-α (TNF-α) and 

activate macrophages and CTL to kill microbes and infected cells. They also stimulate B 

cells to secrete subclasses of immunoglobulin G (IgG) antibodies. In contrast, effector 

helper T cells TH2 secrete IL-4, IL-5, IL-10 and IL-13 and defend the body against 

extracellular pathogens. They are also able to stimulated B cells to produce IgE and IgG 
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antibodies, that bind to mast cells, basophils and eosinophils (21)( 22). TH17 cells 

produce IL-17 and are involved in stimulating a neutrophil-dependent immune 

responses. They are also crucial in maintaining mucosal barriers (23). Regulatory T cells 

(Tregs) are of great importance for the inhibition of an immune response and thus have an 

anti-inflammatory effect by secreting IL-10 and TGF-β (24). 

B cells acquire antigens via receptors termed immunoglobulins (Ig) (25). These can be 

membrane-bound or in soluble form in the plasma as antibodies. These antibodies 

consist of a constant and a variable region: the constant region determines the antibody 

class (IgM, IgG, IgD, IgA, IgE) and the variable region represents the antigen-binding 

site (26). B cells are activated by previously activated TH cells. The proliferation and 

maturation of B cells to antibody-producing plasma cells is mediated by the release of 

various cytokines from activated TH cells. The soluble antibodies are released into the 

blood, where they can opsonize antigens and form the T-cell independent humoral 

adaptive immune response (25). After opsonization, the antibody-antigene complexes 

are recognized and phagocytized by macrophages or neutrophils. 

A fraction of activated T and B cells differentiate into effector cells after antigen contact 

and migrate to the inflammatory site; another fraction differentiates to the so-called 

memory cells, which are specific of the adaptive immune system. These memory cells 

can be reactivated on renewed contact with the same antigen and mount a faster and 

more effective immune response (27) (16). 

1.3. Discovery, development and phenotype of innate lymphoid cells 

The barrier surfaces of the lung, gut and skin are continually exposed to environmental 

insults, which can lead to infection, tissue damage and inflammation. ILC, which are 

important regulators for inflammation and innate immunity are located at these barrier 

sites. Their dysregulation can result in chronic activation and pathology (28). These cells 

lack the recombination activating gene (RAG) and thus are defined by the absence of 

antigene specific B or T cell receptor (29).  
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The Classification of ILC into three groups is based on the expression of specific 

transcriptions factors and cytokine release (30) (31) (32). In mice, ILC derive from the 

common lymphoid progenitor (CLP) in the bone marrow, which further gives rise to the 

early lymphoid progenitor under the impact of transcription factors: thymocyte selection-

associated high-mobility group box (TOX), nuclear factor IL-3 dependent (NFIL3) and T-

cell factor 1 (TCF1). This precursor can develop into three ILC populations named ILC1, 

ILC2 and ILC3 (33) (34). The transcription factors Id2 and GATA3 are necessary for the 

commitment to common helper ILC progenitor. This progenitor, through promyelocytic 

leukemia zinc finger (PLZF)-precursor, can give rise to helper ILCs subsets, under the 

influence of T-bet for ILC1, GATA3/Bcl11b/RORα for ILC2 and RORγt for ILC3 (35). 

In human, ILC can be differentiated in vitro from CD34
+ 

progenitors isolated from the 

bone marrow, thymus, peripheral blood or cord blood (36). Human ILCs and in vitro NK 

cells can be differentiated from CD34
+ 

progenitor which expresses RORγt, CD34, 

CD45A, CD117, CD161, integrin β7, and IL1R1. The development of human ILCs is still 

not completely understood and further research is required to clarify the mechanism 

behind this process (37) (38). 

Natural killer cells and group 1 innate lymphoid cells  

Group 1 ILC express the transcription factor T-bet and produce IFN-γ, reflecting TH1 

cells characteristics (39) (40). ILC1 express CD127 and participate in type 1 

inflammation in both mice and humans, producing IFN-γ in response to IL-12, IL-15 and 

IL-18 stimulation. IL-15 is a regulator for the development and differentiation of ILC1  

(41). Functionally, ILC1 are crucial for the defense against intracellular bacteria, viruses 

and they are also involved in anti-tumor responses (40) (42). Furthermore, they might be 

involved in the pathogenesis of inflammatory bowel disease (IBD) and chronic 

obstructive pulmonary disease (COPD) through the production of pro-inflammatory IFN-

γ (42). Conventional NK cells and intraepithelial type 1 innate lymphoid cells (ieILC1) are 

also part of group 1 ILC and are defined as cytotoxic ILC (33). 
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Group 2 innate lymphoid cells 

Group 2 ILC (ILC2) require the transcription factors GATA3
 
and retinoic acid receptor- 

related orphan receptor alpha (RORα) for their development. GATA3 is important for 

activation and IL-7 signaling is needed for optimal function. IL-7 KO or IL-7Rα KO have 

greatly reduced ILC2 numbers (41). ILC2 are activated by innate cytokines like IL-25, 

IL-33, and thymic stromal lymphopoietin (TSLP) (43) (44) (45) (29). IL-25 is produced 

mainly by epithelial cells, TH2 cells, eosinophils and basophils (46), whereas TSLP is 

expressed in epithelial cells, epidermal keratinocytes, DC and mast cells (47). The 

expression of IL-33 has been confirmed in different cell types like epithelial cells, 

endothelial cells, macrophages, DC, smooth muscle cells and mast cells (48). ILC2 

activation leads to production of TH2 cell-associated cytokines, mostly IL-5 and IL-13, but 

also IL-4, IL-9 and IL-6 (49). Upon activation ILC2 promote a type 2 immune response 

and contribute to allergic lung inflammation (50) (51), chronic rhinosinusitis (33), atopic 

dermatitis (52). In other contexts, ILC2 can also provide defense against parasites like 

helminth in the gut (53). Moreover, ILC2 produce amphiregulin, which can bind the 

epidermal growth factor-receptor, which has a crucial role in tissue repair and wound 

healing (54) (55). ILC2 also seem to play a role in the development in obesity, since 

ILC2 numbers are reduced in obese human individuals (56) (57). The role of ILC2 in 

allergic lung inflammation will be described in detail in section 1.4. 

Group 3 innate lymphoid cells 

Group 3 ILC produce IL-17A and/or IL-22 in response to IL-1β and IL-23 stimulation. 

They express and depend on the transcription factors RORγt, Notch and Tcf1 for their 

development (58). iILC1, ILC2 and also ILC3 rely on IL-7 stimulation for their 

development  (41). 

Human ILC3 are further divided based on the expression of the natural cytotoxicity 

receptor (NCR) NKp44. NKp44
- 

ILC3 produce IL-17 and little IL-22, whereas NKp44
+ 

ILC3 are IL-22 producers. NKp44
+ 

ILC3 are absent in human peripheral blood under 
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healthy conditions, and are present in the healthy human intestine, where they are 

crucial for the proliferation of intestinal stem cells and the maintenance of gut barrier by 

producing IL-22 (59) (60). ILC3 have an important role in the protection of the intestine 

against extracellular microbes, such as bacteria and fungi. Additionally, a specific 

subclass of ILC3, called lymphoid tissue inducer (LTi) cells, are responsible for the 

development of secondary lymphoid organs. Recent study from Dr. Mjösberg’s group 

based on single cell RNA sequencing of sorted tonsil ILC revealed other subpopulations 

of ILC3 (NKp44
+

, CD62L
+ 

and HLA-DR
+
) (61) (62) (60) (63) (29) (64). 

 

Figure 1: Classification and function of ILC. Tissue signals like intracellular microbes, viruses or tumors 
can activate NK cells and ILC1 to produce effector cytokines for macrophage activation, cytotoxicity and 
oxygen radicals. Parasites like helminth or allergen exposure lead to signals which activate ILC2 and 
cytokine release for mucus production, alternative macrophage activation, tissue repair, vasodilatation and 
thermoregulation. Extracellular microbes like bacteria or fungi lead to activation of ILC3 and result in 
phagocytosis, anti-microbial peptides and epithelium survival (65). 
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1.4. ILC2 as drivers of allergic lung inflammation 
In industrialized countries the prevalence of allergic diseases has increased dramatically 

over the past 50 years. 20 – 30% of the world’s population are suffering from an allergic 

disorders (66). Allergic pathology such as asthma, allergic rhinitis and atopic dermatitis 

(AD) are driven by hyper-reactive type 2 immune responses at barrier tissues. The lungs 

are exposed to many pathogens that have the ability to invade the epithelium and to 

cause diseases. The innate and adaptive immune system is required to recognize and  

eliminate these pathogens by promoting an inflammatory reaction. An overproduction of 

type 2 cytokines, such as IL-4, IL-5, IL-9 and IL-13, which are released in response to 

inhaled allergens can drive allergic lung inflammation that causes asthma (67) (68) (69). 

In particular, IL-4 is responsible for B cell stimulation and induces IgE production. As a 

consequence, IgE production induces the release of inflammatory mediators like 

histamine, heparin and serotonin (70). These mediators then recruit alternatively 

activated macrophages (AAM) and neutrophils and they induce smooth muscle 

contractility and mucus hyper-production. IL-5 plays an important role for eosinophil 

recruitment and activation. Eosinophils release the lipid mediator leukotriene C4, which 

enhances mucus production and smooth muscle contraction. IL-9 overproduction leads 

to mast cell hyperplasia and, finally, IL-13 is crucial for mucus production and airway 

remodeling (49, 71). ILC2 are a source of type 2 cytokines and play an important role 

during airway inflammation. Furthermore, they represent the predominant ILC population 

in the lungs in steady state conditions and they are defined as tissue-resident cells. ILC2 

are known to be an important source of IL-5 and IL-13 and release little amounts of IL-4 

upon activation. However, since IL-4 is known to be crucial for the IgE production by B 

cells and a hallmark for of allergic inflammation, TH2 cells are considered to be the 

source for IL-4. T cells were thought to be the main drivers for allergen induced type 2 

immune response for a long time until Oboki et al. (72) could show that the inhalation of 

s specific papaya fruit-derived protease allergen called papain can induce type 2 lung 

inflammation in T and B cell deficient mice. In this study they could also show that the 

intranasal administration of recombinant IL-33 alone induced the same effect. This study 

further indicated that an unidentified cell population, which was later characterized as 

ILC2, were indispensable for inducing allergen induced lung inflammation rather than 

TH2 cells. Another study using ILC2-deficient mice generated by transplantation of 
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RORα-deficient mouse bone marrow into irradiated host mice showed no eosinophil 

infiltration after intranasal papain challenge. The adoptive transfer of ILC2 could revers 

the phenotype and cause an inflammation. Thus, these experiments were able to show 

the fundamental role of ILC2 in allergen induced airway inflammation (71) (73). Another 

interesting feature of ILC2 is their ability to regulate TH2 cells, since it was shown that 

TH2 differentiation and IgE production was impaired in ILC2-deficient mice. This effect 

could be reversed by the adoptive transfer of WT ILC2, but not il13-/- ILC2, indicating that 

ILC2 in general are important for the generation of TH2 responses after papain 

administration and that ILC2-derived IL-13 is crucial in this context (74). IL-13 exerts an 

activating function in DC, which express the IL-13R on their surface. Upon binding, IL-13 

stimulates DC to get activated and migrate from the lung into the draining mediastinal 

lymph node (mLN). Once they reach the mLN, DC present the antigen to naive CD4+ T 

cells and lead to their differentiation into TH2 cells. These cells then migrate to the lung 

where they release their inflammatory cytokines IL-5 and IL-13 inducing airway 

inflammation (75).  

Inhaled allergens like pollen, molds, house dust mites (HDM), proteases, fungals and air 

pollutants stimulate epithelial cells to produce alarmins like thyme stromal lymphopoetin 

(TSLP), IL-25 and IL-33. These cytokines are known to promote TH2 responses and also 

ILC2 activation (76). IL-33 has been shown to be the most potent activator of lung ILC2 

compared to TSLP and IL-25 (67) (68) (49). Studies have shown that an administration 

of the protease papain induce high levels of IL-33 mRNA expression in the lung, a rapid 

IL-33 release into the airway lumen and a strong proliferation of ILC2 (72). The 

intranasal administration of IL-33 directly activates ILC2 to proliferate and produce IL-5 

and IL-13 (77) (71). However, IL-33 alone cannot induce proliferation and cytokine 

production in ILC2 in vitro as strong as in combination with other cytokines such as IL-2, 

IL-7, IL-4 or TSLP. In fact, IL-33 alone is able to stimulate ILC2 in vivo via IL-4 production 

by IL-33-stimulated basophils or by IL-7 release by stromal and epithelial cells (71).  
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Figure 2: Activation of ILC2 by alarmins release from epithelial cells leading to innate type 2 
immunity. The release of IL-33, IL-25, TSLP and uric acid by the lung epithelium is induced by the contact 
of allergens with the epithelial barrier. Stimulated ILC2 produce type 2 cytokines including IL-5, IL-13, IL-9 
and amphiregulin. These released cytokines influence different cell types leading to a type 2 lung 
inflammation characterized by eosinophil proliferation, mucus production by goblet cells, smooth muscle 
contraction and  airway hyper-reactivity (78). 

IL-33 is a member of the IL-1 family, that is constitutively expressed by the airway 

epithelial and endothelial cells (79). Alveolar epithelial type II cells, airway smooth 

muscle and mast cells are the major source for IL-33 and is released upon necrosis or 

cell damage (80) (81) (82). Recent studies could show that protease-activated 

receptor-2(PAR2)-deficient mice treated with HDM had lower lung inflammation 

suggesting the importance of this receptor for IL-33 release (83). Other studies suggest 

that full length IL-33 can also be released upon cell damage by the enzymatic activity of 

cysteine protease allergens like papain, which can be cleaved by allergen proteases 

leading to an amplification of the functional activity of IL-33  (84) (85). Furthermore, as a 
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ILC2 stimulation by allergens and T cell independent
type 2 lung inflammation
Previously, T cells were thought to be the main mediators
for type 2 immune response to allergens. However, Oboki
et al. showed that inhalation of the protease allergen
papain or recombinant IL-33 induced type 2 lung inflam-
mation in T and B cell deficient mice, indicating that innate
cells rather than Th2 cells were crucial [25]. Indeed, we
found that intranasal injection of papain stimulated lung
ILC2s, induced IL-5 and IL-13 production, and caused
eosinophil infiltration and mucus hyperproduction [3]. In-
tranasal administration of other allergens, including house
dust mite (HDM) and Aspergillus protease, also induced
ILC2-dependent type 2 lung inflammation [26]. The fun-
damental role of ILC2s in the papain-induced lung inflam-
mation was shown using ILC2-deficient mice generated by
transplantation of RORa-deficient mouse BM into irradi-
ated host mice. Briefly, no eosinophil infiltration was
observed when ILC2-deficient mice received intranasal
papain injection, and inflammation was only seen upon
ILC2 transplantation. Similar results were obtained by
depleting ILC2s in Rag1!/! mice by anti-CD25 antibody
injection before papain treatment of the mice [3,14].

IL-33 is crucial for the stimulation of lung ILC2s by
intranasal injection of papain. IL-33-deficient mice showed

impaired ILC2 responses to papain, and intranasal injec-
tion of IL-33 strongly stimulated lung ILC2s and induced
severe eosinophilic lung inflammation in wild type, but not
in ILC2-deficient mice [26]. Recently, Van Dyken et al.
showed a crucial role for IL-33, TSLP, and IL-25 in ILC2-
mediated lung inflammation induced by intranasal admin-
istration of the non-protease allergen chitin, a polysaccha-
ride from arthropods, parasites, and fungi. Chitin-induced
IL-5 and IL-13 production by ILC2s, and eosinophilia was
partially impaired in mice deficient for the receptors for
TSLP, IL-25, or IL-33, whereas combined deficiency of all
three cytokine receptors completely inhibited chitin-in-
duced ILC2 activation and allergic responses [32]. These
results highlight the importance of the epithelial cell de-
rived cytokines, particularly IL-33, for allergen-induced
ILC2 activation and type 2 lung inflammation.

IL-33 is a member of the IL-1 family of cytokines that
includes IL-1a, IL-1b, and IL-18. It is constitutively
expressed in the nuclei of airway epithelial and endothelial
cells [33]. Similarly to other members of the IL-1 family,
full length IL-33 does not have a leader sequence for
secretion, suggesting that IL-33 is not secreted via the
same pathways as other cytokines. Although several cell
types can release IL-33, alveolar epithelial type II cells are
the major source of IL-33 in the lung [34]. It is thought that,
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Figure 1. Stimulation of group 2 innate lymphoid cells (ILC2s) by epithelium-derived cytokines leading to innate type 2 immunity. Inhaled allergens induce the release of the
alarmins IL-33 and uric acid as well as the secretion of IL-25 and TSLP by the lung epithelium. IL-33 release may be promoted by PAR activation or by uric acid. Epithelial
cells also produce IL-25, TSLP, and IL-7. IL-33 stimulates basophils to produce IL-4. Lung ILC2s are stimulated by combinations of IL-33, TSLP, IL-7, and IL-4 and produce type
2 cytokines including IL-5, IL-13, IL-9, and amphiregulin. These cytokines act on different types of cells promoting type 2 lung inflammation characterized by eosinophilia,
mucus production, smooth muscle contraction, and airway hyper-reactivity. Abbreviations: AREG, amphiregulin; IgE, immunoglobulin E; IL, interleukin; PAR, protease-
activated receptor; TSLP, thymic stromal lymphopoietin.
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result of cell damage uric acid can also be released and act as an alarmin to stimulate 

DC. Intranasal administration of HDM or papain leads to a strong release of uric acid. By 

using uricase to remove uric acid, airway inflammation could be inhibited (86). Activated 

ILC2 can produce high amounts of amphiregulin, a member of EGF family that promotes 

repair of damaged tissues (50). Due to this, it is hypothesized that IL-33 release and 

ILC2 stimulation is a feedback repair mechanism in response to cell damage.  

Altogether, ILC2 play an important role for the development of type 2 driven pathogenic 

lung inflammation (50). 

1.5. Role of metabolism in immune cell function 
In order to maintain basic cellular functions, cells need to generate energy via metabolic 

pathways like glycolysis and oxidative phosphorylation (OXPHOS). In the last few years 

several studies could report that immune cells can modify their metabolism from one 

pathway to another to fuel their growth and effector functions during immune responses.  

First evidences of metabolic changes were reported in quiescent cells shifting to 

activated and proliferating cells. Quiescent cells have a relatively low metabolism 

compared to activated cells which have high fuel needs. By performing this shift, the cell 

switches from an oxidative metabolism to anaerobic glycolysis (Warburg effect) (87). 

The pathway of glycolysis requires high glucose uptake, which is further increased when 

the cell need higher amount of energy to perform proliferation or effector function. This 

process consists of the conversion of glucose into pyruvate, thereby generating ATP. 

During Warburg metabolism, the majority of pyruvate is converted into lactate and  

NADH is oxidized to NAD+, which can support continued glycolysis. To fuel OXPHOS, 

pyruvate can be shuttled into the tricarboxylic acid (TCA) cycle as well. The process of 

proliferation requires rapid synthesis of macromolecules and biosynthetic intermediates 

provided by the TCA cycle. Citrate from the TCA cycle can be shuttled into the cytosol 

and used for lipid synthesis, which also requires reductive power in the form of NADPH. 

NADPH is generated by the conversion of malate into pyruvate. Alternatively, shuttling 

glucose-6-phosphate in the pentose phosphate pathway (PPP) also generates NADPH. 

This latter pathway is important for nucleotide synthesis (88) (89) (90).  
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T cell activation results in significant changes in cell metabolism, which aim to 

orchestrate the response of other immune cells and provide protection against 

pathogens. Before activation, naïve T cells are quiescent and rely mainly on fatty acid 

oxidation (FAO) and OXPHOS (91). Upon activation by pathogens these cells can 

rapidly switch to aerobic glycolysis for increased and faster production of biomass 

required for growth, accumulation and cytokine production (92). After pathogen 

elimination, remaining T cells turn into memory T cells which mainly rely on FAO, 

probably by the acquisition of external lipids (93) (94) (95).  

Metabolic regulation in ILC2 
Besides the essential role in maintaining and protecting the tissue barrier against 

invading pathogens, ILC2 are regulators of the host metabolism. They can act as dietary 

sensors and react to nutritional-derived and metabolic circumstances to promote the 

maintenance of barrier sites and to orchestrate immune responses.  

The ILC barrier function is controlled by dietary-derived products. For this sensing 

function, the expression of the retinoid acid receptors (RAR) and aryl hydrocarbon 

receptor (AhR) are crucial. Retinoic acid (RA) is important for the development and 

growth of the organism and is needed for a functional immune system (96) (97) (98) 

(99). RA downregulates IL-7Rα on ILC2, which results in a suppression of their function 

and survival. On the other hand, RA can also control ILC3. Vitamin A-deficient mice 

show reduced numbers of ILC3 compared to mice fed a vitamin A diet. The reduced 

ILC3 number results in a higher susceptibility to infection with Citrobacter rodentium. 

Thus, vitamin A malnutrition has functional consequences for intestinal immunity and is 

changing the balance between ILC2 and ILC3 in the intestine (100).  

Amino acid metabolism seems to play an indispensable role for ILC2 regulation. A recent 

study could show that the genetic deletion of arginase 1 (Arg1) in a model of allergen-

induced airway inflammation could reduce inflammation and the number of proliferating 

ILC2. This reduction was cause by the decreased conversion of L-arginine into 

polyamides that impaired aerobic glycolysis and decreased ILC2 proliferation and 

activation (101). This was the first study showing the importance of glycolysis for the 
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pathogenic ILC2 response in airway inflammation. On the other hand, other studies 

report the dependance of intestinal ILC2 on fatty acid oxidation (FAO) (102). Compared 

to other cell types like regulatory T cells, ILC2 need a high amount of FAs in steady 

state. Wilhelm et al (102) could demonstrate that intestinal ILC2 proliferation and 

accumulation caused by vitamin A deficiency was fueled by external fatty acids. Other 

studies could show that the inhibition of fatty acid oxidation by using etomoxir, a carnitin-

acyltransferase-1 (CPT1) inhibitor, as a treatment impaired ILC2 accumulation as well as 

the release of IL-5 and IL-13 and ablated anti-helminth immune responses. Similar effect 

could be observed by using the lipase inhibitor orlistat. However, the impairment of 

systemic glycolysis by using 2-DG showed no effect on ILC2 activation during helminth 

infection. 

1.6. Ketogenic diet - a unique metabolic state 
Immune cell function metabolically depends on nutrient availability, which has changed 

over time due to modification of dietary habits. Epidemiological studies show that diet is 

an important risk factor which can influence disease development such as allergic 

asthma (103) (104) (105). Furthermore, related to dietary changes, the rates of obesity 

have risen worldwide and the increase in body weight occurred during a time, when it 

has been recommended to have a low fat diet to lose weight. These recommendations 

were based on the assumption that high-fat diets are less satiating and that by a low fat 

diet the risk for cardiovascular diseases due to less circulating fat and cholesterol would 

decrease (106). As this dietary advice failed, other dietary regimes, like ketogenic diet 

(KD) came into focus. A KD is a form of a low-carbohydrate diet, which induces a 

change in metabolism away from carbohydrates towards fatty acid oxidation. It has been 

shown that mice on KD have a promoted anti-inflammatory state and increased levels of 

ketone bodies. When the mobilization of fatty acids from the adipose tissue accelerated 

in a phase of very low carbohydrate intake, the liver converts acetly-CoA into ketone 

bodies. As the liver is lacking the mitochondrial enzyme succinyl CoA:3-ketoacid CoA 

transferase, which is needed to metabolize the ketone bodies, these translocate from 

the liver to the other tissues, in particular the brain, to use it as an energy source (107). 
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Studies that applied KD, mice consumed the same amounts of calories of mice fed with 

high fat diet. Nevertheless, mice on KD did not gain weight, but even lost weight 

compared to mice fed normal chow. Thus, KD results in a different metabolic and 

physiological state compared to normal chow or high fat diet. It is characterized by an 

increased energy expenditure and a low respiratory quotient. Moreover, hormonal 

changes are also induced by KD diet. Lower insulin levels and lower serum lipid levels 

along with higher glucagon levels were measured in mice fed with KD. Additionally,  

gene expression analysis identifies changes in metabolic genes by KD. For example, 

genes involved in lipid synthesis, like fatty acid synthase (FAS), stearoyl-CoA 

desaturase-1 (SCD-1) and sterol regulatory element-binding protein-1c (SREBP-1c) 

were suppressed (108).  

Interestingly, changes in dietary lifestyle are coinciding with gut microbiota changes, 

indicating an alteration of the composition of the gut microbiota upon diet modification 

(109). Homeostasis of the gut microbiota is crucial in modulation of the host immunity 

and control of inflammation, as it is shown in germ-free mice, which have abnormal 

immune systems, including the absence or underdevelopment of lymph nodes 

systemically and specifically in gut- associated lymphoid tissues (110). Furthermore, 

several clinical studies show that antibiotic treatments increase the risk of epileptics or 

symptomatic seizures in epileptic individuals, suggesting a possible role for the gut 

microbiota influencing this diseases (111) (112).  

However, the exact mechanism of how a KD diet is suppressing the outbreak of 

inflammation is still poorly understood and needs more investigation.  

1.7. PPARγ - a regulator in energy metabolism  
Cells are constantly exposed to a variety of lipids that can be used for energy generation 

and as energy storing molecules. The presence or absence of lipids can influence the 

metabolism of immune cells and therefor their function (113). The control of FA uptake 

and metabolism is dependent of peroxisome proliferator-activated receptor gamma 

(PPARγ), also known as glitazone receptor or NR1C3, which belong to the nuclear 

receptor superfamily of ligand-inducible transcription factors. Also belonging to this 

family are PPARα (NR1C1) and PPARβ/δ (NR1C2) (114). The PPARs control the 
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expression of genes involved in adipogenesis, lipid metabolism, inflammation and 

maintenance of homeostasis by binding to PPAR-responsive regulatory elements and 

form heterodimers with retinoid X receptor (RXR) (115). They are also known to act as 

receptors for common dietary fats like oleic, linoleic and linolenic acids as well as for 

diverse lipid metabolites like prostaglandin J2, 8S-hydroxyeicosatetraenoic acid and 

diverse oxidized phospholipids (116) (117) (118). The ligand binding induces a 

conformational change of the receptor, which leads to a recruitment of cofactors and a 

modulation of PPAR activity (119). Each PPAR isoform has unique functions in vivo due 

to their distinct tissue distributions, inherent differences in biochemical properties and 

different responses to ligands. The highest expression of PPARγ is shown in white 

adipose tissue (WAT) and brown adipose tissue (BAT), where it exerts a crucial 

regulation of adipogenesis as well as a potent modulation of lipid metabolism and insulin 

sensitivity (114) (120). Additionally, PPARγ is also involved in controlling genes in 

glucose homeostasis like glucose transporter type 4 (Glut4) and c-Cbl-associated 

protein (CAP). Moreover, PPARγ is an important regulator of various factors secreted by 

adipose tissue such as adiponectin, resisting, leptin and tumor necrosis factor-alpha 

(TNF-α). All these networks also have also an effect on insulin sensitivity (121) (122) 

(123) (124).  

Thiazolidinediones (TZDs) are potent PPARγ agonists, that act as insulin sensitizers and 

therefore are highly effective medications for type 2 diabetes (125). Yet, besides their 

beneficial effects, TZD medication shows a higher risk of for fluid retention, weight gain, 

bone loss and congestive heart failure (126) (127).  

The role of PPARγ in immune cells needs to be further explored. Until now studies have 

shown, that PPARγ is important in antigen-presenting myeloid dendritic cells and 

macrophages (128) (129) (130) (131). In DC PPARγ is regulating lipid metabolism and 

lipid transport as well as antigen uptake, maturation, activation, migration, cytokine 

production and antigen presentation (128) (129). Furthermore, mice lacking PPARγ in 

macrophages are more prone to insulin resistance, suggesting an important role in anti-

inflammation and lipid metabolism (132) (133).   

The effect of PPARγ activation on TH2 cells remains unclear. Studies have shown an 

impaired T cell proliferation after PPARγ activation and an increased antigen-specific 

proliferation after specific deletion of PPARγ in CD4+ T cells (134) (135), whereas other 
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studies report a downregulation of TH2 cytokines (IL-4, IL-5 and IL-13) as well as c-Maf 

(a TH2 specific transcription factor) (136) (137). Due to these contradictory reports 

further studies in this field are needed to elucidate the role of PPARγ activation in TH2 

cells.  

1.8. Lipid droplets - regulators of lipid metabolism 
An increased FA uptake leads to more free FA in the cell which can have various 

influences on the cell and its metabolism. Lipid droplets (LD) are organelles acting as 

cellular storages for neutral lipids and play a crucial role in lipid and energy metabolism 

as well as membrane synthesis. The process of storing excess fatty acids and sterols in 

LD is a protection strategy of the cell to avoid lipotoxicity (138) (139) (140). Abnormal LD 

dynamics are associated with numerous of diseases like metabolic disease, obesity, 

diabetes, atherosclerosis and cancer (141). 

LD are found predominantly in the cytoplasm even though in some cell types they can 

also be located in the nucleus (142). These organelles are formed of triacylglycerides 

(TAGs) and sterol esters (SE). LD have unique structure that is different from most other 

cellular organelles that have aqueous lumens. They are surrounded by a phospholipid 

monolayer with the hydrophobic phospholipid tail oriented towards the LD core, which 

confers their hydrophobic nature. They have a characteristic complement of proteins and 

more than 100 LD-associated proteins have been identified (143) (144). For example, 

perilipin-2 (PLIN2/ADRP) and other members of the perilipin family are associated with 

the phospholipid monolayer. These proteins are involved in lipid metabolism and 

synthesis, lipid trafficking and organelle transport (143). 
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Figure 3: Schematic representation of the structural composition of an LD. Colored objects 
represent LD surface-bound proteins localized to the phospholipid monolayer. Triacylglycerols and sterol 
esters are found in the neutral lipid core. Figure modified (145). 

The life cycle of LD consists of biogenesis, maturation and turnover including fusion and 

fission. Furthermore they can make close contact to other organelles like mitochondria. 

The LD machinery is similar in many cell types, however hepatocytes and adipocytes 

are predominately specialized in the storage of lipids in LD. The formation of these 

storage organelles take place in the endoplasmatic reticulum (ER), where neutral lipids 

like TAG and SE are synthesized. The final step of TAG synthesis is catalyzed by the 

DGAT (diacylglycerol) enzymes DGAT1 and DGAT2 (146) (147). These two enzymes 

differ in their structure, substrate preferences, subcellular localizations, and physiological 

roles, despite catalyzing the same biochemical reaction. DGAT1, a member of the 

membrane-bound O-acyltransferase gene family (148), is localized exclusively in the 

ER. In the ER, DGAT1 encounters its substrates, a fatty acyl-CoA and an acyl acceptor, 

and catalyzes the esterification reaction to generate neutral lipids. DGAT1 can esterify a 

variety of substrates like diacylglycerol, retinol, monoacylglycerol, although the main 

function is the TAG synthesis. It plays an important role in detoxifying excess lipids that 

are taken up from the cellular environment (149) (150). Otherwise these external free 

fatty acids can damage the mitochondria membrane leading to a mitochondria 

dysfunction (151). Additionally, this enzyme is crucial in preventing ER stress due to 

toxic lipids. In contrast, DGAT2, a member of the DGAT2 gene family, is localized to both 

the ER and LD. This enzyme seems to be the major enzyme for TAG synthesis from 

fatty acid substrates derived from de novo lipogenesis (152) (153) (154) (149) (155). 
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DGAT1 or DGAT2 knockout mice have very different phenotypes according to the 

different biochemical and cell biological properties. Mice lacking DGAT1 are viable, live 

on average 25% longer than wild type mice and they are lean and resistant to diet-

induces obesity, diabetes and liver steatosis (156) (157). In contrast, DGAT2 knockout 

mice die shortly after birth due to a lipid defect in the skin impairing its barrier function. 

They have more than 90% reduction in TAG (158).  

After the TAG synthesis a lens of neutral lipids is formed within the ER bilayer. Proteins 

seem to be involved in TAG lens formation. FIT2 is an ER protein which is linked to LD 

formation (159) (160). It is binding lipids and is suggested to be important for partitioning 

neutral lipids within the ER for LD formation (161). Overexpression of this protein results 

in larger LD, although the TAG levels are not altered. This suggests a modified 

portioning of newly synthesized TAGs into LD (160).  

Next step in LD formation is the budding of the LD into the cytoplasm. This process still 

remains mainly unclear. Some hypothesis are considering that proteins are involved in 

the scission of LD from the ER. Additionally, several recent studies indicate that the ER 

protein seipin may be involved in LD formation and plays a functional role either by 

helping to generate nascent LD or by facilitating their growth and expansion (162) (163).  

In the past decades, the cell biology and the involvement of LD in different diseases has 

been brought into focus. It is known that LD due to their function as important storage 

organelles, are acting as regulators of cell metabolism. When energy supply is limited, 

lipolysis of TAG in LD is promoted. LD-associated neutral lipase, like adipose triglyceride 

lipase (ATGL), can release large amount of hydrolyzed FAs that can be further used to 

initiate ß-oxidation in the mitochondria for energy generation as well as for the synthesis 

of new membrane components. (164) (165) (166).  
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Figure 4: Lipid droplet biogenesis is a protective response to excess of FFA. DGAT1 is responsible 
for detoxification of excess lipids in cells. It generates TAGs stored in lipid droplets. These TAGs can be 
lipolyzed by ATGL for energy generation in the mitochondria. Excess of  FFA in cells can be mitotoxic as 
they are converted to acylcarnitin (AC) by CPT1. Figure modified (151). 

In immune cells LD are considered inflammatory markers (167). They have been mostly 

studied in macrophages and DC, but their function in immune cells just started to be 

explored (168). Most aspects of LD dynamics have been studied in non-immune cells 

and data of LD in immune cells are lacking. However, it is now clear that in inflammatory 

responses like atherosclerosis, bacterial sepsis, acute respiratory distress syndrome, 

allergic lung inflammation and arthritis the number of lipid droplets increase. Unlike LD in 

adipocytes, leukocyte LD store arachidonic acid, a component for the production of 

inflammatory mediators like eicosanoids. These mediators play a key role in cellular 

migration, proliferation, activation and apoptosis. Thus, LD play an important role in 

cellular metabolism and inflammatory responses (169). 
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1.9. Aims of the thesis 
ILC2 are the most dominant ILC population in the lungs and crucial in the initiation and 

amplification of type 2 immune responses defined by cytokines like IL-5 and IL-13. While 

TH2 responses are protective in context of helminth infection, the inability to initiate 

tolerance and the aberrant responses to harmless antigens results in allergic diseases, 

such as asthma.  

Studies have already shown that, during steady state conditions and helminth infection, 

ILC2 rely on FAO and require low amounts of glucose to maintain their protective 

function. Further studies display the Warburg effect in activated and proliferating immune 

cells like T cells. Furthermore, expression of Arg1 and arginine metabolism in ILC2 was 

identified to promote aerobic glycolysis and to support pathogenic ILC2 responses in 

airway inflammation. The focus of this thesis will be to explore if and how the 

metabolism of pathogenic ILC2 in the lungs changes during airway inflammation and 

which signals, nutrients and additional metabolic pathways are needed to induce chronic 

activation, proliferation and thus lead to pathogenicity.  

   

Overall, the aim of this thesis is to extend the current knowledge on the modification of 

ILC2 metabolism during airway inflammation and clarify how the pathogenicity of ILC2 is 

fueled and controlled, in order to identify novel mechanism for potential diet or treatment, 

which are able to target ILC2 in lung disease.  

22



2. Material and Methods 
2.1. Animals 
C57Bl/6 (WT) and ST2-deficient mice (C57Bl/6 background, provided by Dr. Andrew 

McKenzie, MRC Laboratory of Molecular Biology, Cambridge) were bred in-house or 

purchased from Charles River labs. They were maintained at in-house facilities in Bonn 

(Germany) under specified pathogen free (SPF) conditions and all procedures were 

performed according to ethical protocols approved by the local and regional ethical 

committees. All mice were used for the experiments between 6-10 weeks after date of 

birth.  

2.2. Intranasal administration of papain and alternaria alternata  
C57Bl/6 were anesthetized with isoflurane (5 % Isoflurane, 400-600 ml/min O2) and 

exposed intranasally to 10 µg papain (Callbiochem) or 10 µg of total protein from 

alternaria alternata extract (Greer) in 50 µl PBS on day 0, 3, 6. Seven days later mice 

were re-challenged intranasally with the same amount of papain or alternaria alternata 

extract in  50 µl PBS. The control group received 50 µl PBS only. Mice were euthanized 

18 h after the challenge by cervical dislocation and lung cells were isolated for further 

analysis. 
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2.3. Intranasal administration of IL-33, IL-25 and TSLP  
C57Bl/6 mice were anesthetized with isoflurane (5 % Isoflurane, 400-600 ml/min O2) 

and treated intranasally with 100 ng recombinant mouse IL-33, IL-25 or TSLP (all 

Biolegend) in 50 µl PBS on day 0, 1 and 2. Control mice were challenged with 50 µl PBS 

only. Control group received 50 µl PBS only. Mice were euthanized 18 h after the 

challenge by cervical dislocation and lung cells isolated for further analysis.  

2.4. Cell isolation from tissues 
Lung tissues were dissected with a scissor in a small petri dish and digested with 0,25 

mg/ml Liberase TL (Roche) and 1 mg/ml DNase I (Sigma) at 37°C for 1 h on a shaker 

(600 rpm). Digested lung tissues were meshed and filtered through a 70 µm filter and 

further purified using 5 ml of a 37.5 % Percoll gradient followed by lysis of red blood cells 

with ACK buffer for 3-4 minutes. Cells were washed and resuspended in complete media 

with 2 % FCS for further analysis.  

2.5. Flow cytometry analysis 
Single-cell suspensions were stained with anti-CD16/32 (BioXcell) and with 

fluorochrome-conjugated antibodies against any combinations of the following surface 

antigens: CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1, Gr-1, CD45, Thy1.2 and 

ST2. DADP or fixable Zombie UV dye (Biolegend) was used to distinguish dead and 

alive cells. For examination of transcription factors and cellular proliferation, cells were 

subsequently treated with the Foxp3 fixation/permeabilization kit (eBioscience) in 

accordance to the manufacturer’s instructions and stained for 35 min on ice with 

fluorochrome-conjugated antibodies against GATA3 and Ki-67. 
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2.6. Re-stimulation of cells for intracellular cytokine staining 
Cells isolated from lung tissues were stimulated for 3 h with Phorbol 12,13-dibutyrate 

(0.5 µg/ml, PdBU; Biomol) and ionomycin (0,5 µg/ml, Sigma) in the presence of brefeldin 

A (1 g/ml, GolgiPlug, BD Biosciences). Stimulated cells were stained for surface 

markers, fixed with 3.7 % formaldehyde (Sigma), followed by fixation with Foxp3 fixation/

permeabilization kit (eBioscience) in accordance to the manufacturer's instructions and 

stained with antibodies against Gata3, IL-5 and IL-13 for 35 min on ice. 

2.7. Fluorescence-activated cell sorting 
ILC2 were sorted by flow cytometry (Cell Sorter Aria III) from total lung cells isolated 

from naive, papain and IL-33-challenged mice based on the absence of lineage markers 

(CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 and Gr-1) but expression of Thy1.2, 

CD45 and ST2.  

2.8. Purification of ILC2 
Purification of lung ILC2 was performed using a negative selection strategy. Total lung 

cells were stained with a combination of monoclonal antibodies against CD3, CD11b, 

CD11c, CD49b, CD19, Ter119, NK1.1 and Gr-1 coupled to biotin followed by incubation 

with Streptavidin-coupled magnetic microbeads (Biolegend) and negative selection on 

magnetic columns (Miltenyi).  

2.9. In vitro culture of ILC2 
MACS-Purified ILC2 (5x103 cells/well) from papain challenged mice were cultured in     

50 µl RPMI 1640 supplemented with 3 % FCS (Thermo Fisher Scientific), penicillin/

streptomycin (Thermo Fisher Scientific), 25 mM HEPES (PAN biotech), 2 mM glutamine 

(Thermo Fisher Scientific), nonessential amino acids (Thermo Fisher Scientific), 50 mM 

β-mercaptoethanol (PAN biotech), 11 mM glucose (Sigma), 1 mM pyruvate (Sigma) 

(complete medium) and IL-2 (10 ng/ml, Biolegend) for three days. In some experiments 

a combination of IL-2 and IL-25, IL-33 or TSLP (10 ng/ml each) was added to the culture 

medium. To assess the effect of DGAT1 and PPARγ purified ILC2 were cultured with 

IL-2 in the presence of increasing amounts (10 µM – 40 µM) of DGAT1-Inhibitor 

(A922500, Targetmol) or PPARγ inhibitor (40 µM, GW9662, Cayman Chemicals). To test 
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the functionality of FFA ILC2 were cultured in the presence of IL-2 and a mixture of 140 

nM linoleic acid/oleic acid-BSA (Sigma) or 20 µM palmitic acid-BSA (Sigma and coupled 

to BSA in house) for three days. 20 µM palmitic acid in complete media was added to 

0.5 % BSA media in a 1:1 ratio and warmed up to 37°C for 5 minutes. The mixture was 

sonicated for 5 minutes and then used for further experiments.l In some experiments 

addition of FFA was tested in the presence of 20 µM Dgat1i A922500. To test the effect 

of glucose purified cells were cultured with IL-2 with and without glucose/pyruvate. 

2.10. Cytokine measurements 
For cytokine measurement in the lung homogenate or in the supernatant of cell cultures 

Biolegend’s LEGENDplex bead-based immunoassay was used in accordance to the 

manufacturer's instructions. The analysis of this assays was done with the associated 

LEGENDplex data analysis software. 

2.11. BODIPY®  493/503, BODIPY® FL C16 and 2-NBDG stainings 
Cultured ILC2 (5x103 cells/well) or freshly isolated lung cells (2x104 cells/well) were 

stained with 200 ng/ml BODIPY® 493/503 or 25 ng/ml BODIPY® FL C16 (both 

ThermoFisher) for 30 min at 37°C in volume of 200 µl complete medium without FCS, 

washed and analyzed by flow cytometry. Fluorescent BODIPY® 493/503 can be used as 

a stain for neutral lipids like in LD, whether BODIPY® FL C16 is a fluorescent fatty acid 

which can be used to monitor FA uptake. To probe for uptake of 2-NBDG cells were 

incubated with 16 µg/ml 2-NBDG (Cayman) in a volume of 200 µl glucose free media for 

15 min at 37°C, washed and analyzed by flow cytometry. 2-NBDG is a non-

metabolizable glucose analog for monitoring glucose uptake. 

2.12. Alkyne labeled palmitic acid uptake and staining 

Cells isolated from lung tissues (2x104 cells/well) were incubated with 20 µM of alkyne 

labeled palmitic acid (provided by Dr. Thiele, Limes-Institute-Bonn, Germany) coupled 

with BSA for 30 min at 37°C in a volume of 200 µl complete medium without FCS, 

washed and stained for surface markers. After washing with FACS buffer, the cells were 

fixed with Formaldehyde (3.7 % in PBS) and permeabilized with Triton X-100 (0.5 % in 

PBS). Subsequently, the Alkyne-palmitic acids taken up by the cells were detected with 
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the azide based Click-iT detection kit (Life Technologies) according to manufacturer’s 

instructions. Click chemistry is a robust two-step labeling and detection technique where 

in the first step the alkyne component fed to cells and can be used in the second step in 

linking reactions (azide-alkyne bioconjugation reaction). Before analysis cells were 

intracellularly stained for Gata3 and Ki-67. Alkyne labeled palmitic acid uptake and 

staining was performed by Dr. Fotios Karagiannis (Institute for Clinical Chemistry and 

Clinical Pharmacology, University Hospital Bonn). 

2.13. Flow cytometric determination of apoptosis 
ILC2 (5x103 cells/well) were cultured two days in 50 µl complete medium with IL-2 (10 

ng/ml, Biolegend) and with IL-2 in the presence of DGAT1-Inhibitor (40 µM). The culture 

was analyzed by an annexing V/propidium iodide double staining (Biolegend) following 

the manufacturer’s instructions. 

2.14. Lipid peroxidation staining 
ILC2 (5x103 cells/well) were cultured in 50 µl complete medium with IL-2 (10 ng/ml, 

Biolegend) or with IL-2 in the presence of DGAT1-Inhibitor (40 µM). At the same time 

Image-iT Lipid Peroxidation Sensor BODIPY®  581/591 C11(Thermo Fisher) was added. 

This reagent localizes to membranes in live cells and upon oxidation by lipid 

hydroperoxides, displays a shift in peak fluorescence emission from 590 nm (red) to 510 

nm (green). After two hours cells were analyzed by flow cytometry and ratios of the 

signal 510 to 590 channels were used to quantify lipid peroxidation.   

2.15. In vivo inhibitor treatment 
To block the activity of DGAT1 or PPARγ 30 mg/kg of DGAT1-Inhibitor (A922500, 

Targetmol) or 1 mg/kg of PPARγ inhibitor (GW9662, Cayman Chemicals) was delivered 

in 30 µl of biotechnology performance certified DMSO and administered intraperitoneally 

to C57BL/6 WT mice every day for the duration of the experiment. Control mice received 

30 µl DMSO only.  
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2.16. Diet studies 
Control diet AIN 93G (17.6 % protein, 7.1% fat, 11% sugar) and Ketogenic diet 

TD.130659 (15 % protein, 72 % fat, 2.4 % sugar) were purchased from Ssniff. Mice were 

weaned on ketogenic or control diets and maintained on appropriate diets throughout 

the study.  

2.17. Antibiotic treatment 
Antibiotic treatment started four days before the first papain treatment (d0). Vancomycin 

(0.5 g/L, Cayman), Ampicillin (1 g/L, Sigma), Neomycin (1 g/L, Sigma), Metronidazole (1 

g/L, Sigma) were provided ad libitum in drinking water for 18 days. After dissolving 

antibiotics in drinking water the pH was adjusted to 7.4. Amphotericin b (1 g/L, Cayman) 

was provided the first four days of antibiotic treatment only.   

2.18. Measurement of free fatty acids, glucose and ketone bodies  
Free fatty acid and glucose levels in the plasma and in the lung homogenates were 

measured by using Free Fatty Acid Fluorometric Assay Kit (Cayman) or the Gluco-Glo 

kit (Promega) following the manufacturer’s instructions. Ketone body levels were 

measured using FreeStyle Precision Neo H (Abott). 

2.19. Histology - PAS staining 
The left lung lobe was fixed in 10 % formaldehyde solution and embedded into paraffin 

blocks. Sections were stained with periodic acid-Schiff (PAS) stain and airways were 

assessed for PAS staining as an indication of mucus producing cells. 

2.20. Confocal microscopy 
For assessment of lipid droplet formation, ILC2 were purified and stained with BODIPY® 

493/503 (Thermo Fisher) at a concentration of 500 ng/ml in complete medium without 

FCS for 30 min at 37°C. To assess external uptake of lipids and storage in lipid droplets, 

ILC2 were stained with BODIPY® FL C12 (Thermo Fisher) at a concentration of 1 µg/ml 

for 30 min at 37°C. Cells were then washed with FACS buffer and cytospined onto glass 

slides followed by fixation with Formaldehyde (3.7 %) and two washing steps with PBS. 
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To determine alkyne-palmitic acid uptake and utilization, purified ILC2 were cultured 

overnight in complete medium with 3 % FCS containing 2 ng/ml IL-2 and 2 µM alkyne-

palmitic acid coupled with BSA. Cells were washed and cultured for 24h in medium 

containing 2 µM glucose and 1 % FCS or proceeded directly to immunofluorescence 

staining. After incubation, cells were washed with FACS buffer and cytospined onto 

glass slides followed by fixation with formaldehyde (3.7 %), two washing steps with 

PBS and permeabilized with Triton X-100 (0.5 % in PBS). Subsequently, the Alkyne-

palmitic acids taken up by the cells were detected with the azide based Click-iT 

detection kit (Life Technologies) according to manufacturer’s instructions. The nuclei 

were counterstained with DAPI, washed once with PBS and coverslips were mounted 

onto the glass slides with ProlongTM Diamond Antifade Mountant (Life Technologies). 

Cells were imaged with a LEICA SP5 AOBS confocal microscope. Image analysis was 

performed with the FIJI software (National Institutes of Health). Confocal microscopy 

was performed by Dr. Fotios Karagiannis (Institute for Clinical Chemistry and Clinical 

Pharmacology, University Hospital Bonn). 

2.21. Real-time PCR.  
RNA was extracted from purified ILC2 using Trizol (Thermo Fisher Scientific) and 

reverse transcribed with RevertAid Kit (Thermo Fischer Scientific) according to the 

manufacturer’s instructions. The cDNA served as a template for amplification of genes of 

interest. Target gene expression was calculated using the comparative method for 

relative quantification upon normalization to β-actin gene expression. For analysis on 

genes expressed by ILC2, TaqMan probes for acc1, fasn, hmgcs1, srebf, pparγ, pparg, 

cpt1, acox1, acly, dgat1, dgat2, got1, hk1, ldha and pkm (IDT) were used and gene 

expression was normalized to hprt1.  

2.22. Seahorse Analysis 
MACS-Purified ILC2 (1.5x105 cells/well) from papain challenged mice were cultured for 

2 h with or without a mixture of 140 nM linoleic acid/oleic acid-BSA (Sigma) and 10 µM 

palmitic acid-BSA (Sigma and coupled to BSA in house) and 10 ng/ml IL-2 (Biolegend) in 
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complete media without FCS. Cells were washed with assay medium transferred into the 

Seahorse XF Cell Culture Microplate resuspended in 175 µl assay medium. Assay 

medium was prepared supplementing Seahorse XF RPMI with 1mM pyruvate, 2 mM 

glutamine and 10 mM glucose. Assay medium was warmed to 37°C in an incubator 

without CO2 for 35 minutes and pH was adjusted to 7.4. The medium was filtered 

through a sterile filter. The Seahorse XF Cell Culture Microplate was prepared by 

coating the plate with cell tak (Fisher Scientific) one day before the assay. A sensor 

cartridge was hydrated with Seahorse XF Calibrant at 37°C in a non-CO2 incubator 

overnight. The Agilent Seahorse XF Cell Mito Stress Test measures key parameters of 

mitochondrial function by directly measuring the oxygen consumption rate (OCR) of 

cells. Sequential compound injections measure basal respiration, ATP production, proton 

leak, maximal respiration, spare respiratory capacity, and non-mitochondrial respiration. 

  

Figure 5: Agilent Seahorse XF Cell Mito Stress Test profile of the key parameters of mitochondrial 
respiration. (Agilent Technologies, 2019; https://www.agilent.com/cs/library/usermanuals/public/
XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf; 17.11.2019) 

The Seahorse XF Cell Mito Stress Test uses modulators of respiration that targets 

components of the electron transport chain (ETC) in the mitochondria to reveal key 

parameters of metabolic function. The compounds (Port A: 1.5 µM oligomycin, Port B: 

0.5 µM FCCP, Port C: a mix of 0.5 µM rotenone and antimycin A (Rtn/AA) are serially 

injected (port-loading volume: 25 µl) to measure ATP production, maximal respiration, 
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6 Agilent Seahorse XF Cell Mito Stress Test Kit User Guide

Introduction

Figure 2 illustrates the complexes of the Electron Transport 
Chain (ETC), and indicates the target of action for all the 
modulators included in the Seahorse XF Cell Mito Stress Test 
Kit. 

Oligomycin inhibits ATP synthase (complex V), and is injected 
first in the assay following basal measurements. It impacts or 
decreases electron flow through the ETC, resulting a reduction 
in mitochondrial respiration or OCR. This decrease in OCR is 
linked to cellular ATP production. 

Figure 1 Agilent Seahorse XF Cell Mito Stress Test profile, showing the 
key parameters of mitochondrial function

Figure 2 Agilent Seahorse XF Cell Mito Stress Test modulators of the 
ETC

https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf


and nonmitochondrial respiration, respectively.  Measurements were done using the 

Agilent Seahorse XF Analyzer. Proton leak and spare respiratory capacity are then 

calculated using these parameters and basal respiration. 

 

Figure 6: Agilent Seahorse XF Cell Mito Stress Test modulators of the ETC.  
(Ag i lent Technolog ies, 2019; h t tps : / /www.agi lent .com/cs/ l ib rary /usermanuals /pub l ic /
XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf; 17.11.2019). 

Statistical analysis. A two-tailed Student’s t test was used for all statistical analysis:  

* p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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2.23. Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CD11b  mouse/human Biolegend Cat# 101204

CD11c mouse eBioscience Cat# 25-0114-82

CD25 mouse eBioscience Cat# 45-0251-82

CD4 mouse Biolegend Cat# 100512

CD45 mouse Biolegend Cat# 103116

CD90.2 mouse Biolegend Cat# 140310

GATA3 mouse BD Cat# 560078

IL-13 mouse eBioscience Cat# 53-7133-82

IL-33R Biolegend Cat# 145304

IL-5 mouse/human Biolegend Cat# 504304

Ki-67 mouse eBioscience Cat# 25-5698-82

Ly6G mouse Biolegend Cat# 127614

MHC-II mouse Biolegend Cat# 107622

Sca-1 mouse eBioscience Cat# 56-5981-82

Streptavidin Biolegend Cat# 405225

TCRß mouse eBioscience Cat# 45-5961-82

Siglec F mouse BD 
Biosciences

Cat# 562680

CD3 mouse Biolegend Cat# 100304

NK1.1 mouse Biolegend Cat# 108704

Gr-1 mouse Biolegend Cat# 108404

DX5 mouse Biolegend Cat# 108904

CD19 mouse Biolegend Cat# 115505

Ter119 mouse Biolegend Cat# 116204

CD11b mouse Biolegend Cat# 101204

CD11c mouse Biolegend Cat# 117304

Chemicals, Peptides, and 
Recombinant Proteins
2-NBDG Cayman Cat# 11046

2-Propanol > 99,8% Rotipuran  
2,5 Liter

Roth Cat# 9866.2
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Alternaria alternata Greer Cat# XPMID3A25

BODIPY® 493/503 Thermo Fisher 
Scientific

Cat# D3922

BODIPY® FL C16 Thermo Fisher 
Scientific

Cat# D3821

Chloroform Amresco Cat# 
0757-500mL

DAPI Roth Cat#6335.1

DMSO - Dimethyl sulfoxide Biozol Cat# EMR385250

Ethanol ≥99,5 %, Ph.Eur., reinst Roth Cat# 5054.4

Fatty Acid Supplement Sigma Aldrich Cat# F7050

Fetal Bovine Serum Thermo Fisher 
Scientific

Cat# 10270106

FoxP3/Transcription Staining 
Set

Thermo Fisher 
Scientific

Cat# 00-5523-00

Golgi Plug BD Bioscience Cat# 51-2301KZ

HEPES Buffer 1M PAN Biotech Cat# P05-01100

Tween Sigma Cat# P1379

IL-2 Biolegend Cat# 575404

IL-25 Biolegend Cat# 587304

IL-33 Biolegend Cat# 580502

IL-7 Biolegend Cat# 577802

TSLP R&D Systems Cat# 555-TS/CF

Ionomycin Sigma Cat# I0634-1MG

L-Glutamine (200 mM) Thermo Fisher 
Scientific

Cat# A2916801

Liberase™ TL Research Grade Sigma Cat# 
5401020001

MojoSort Strptavidin 
Nanobeads

Biolegend Cat# 480016

Papain Merck Cat# 5125

Penicillin-Streptomycin Thermo Fisher 
Scientific

Cat# 15140122

Percoll GE Healthcare Cat# 17-0891-01

Phorbol-12-myristate-13-
acetate

Biomol Cat# LKT-
P2857.5

RPMI Medium 1640 Thermo Fisher 
Scientific

Cat# 21875-091
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Sodium pyruvate Sigma Cat# P2256-25G

ß-Mercaptoethanol PAN Biotech Cat# P07-05020

Trizol Thermo Fisher 
Scientific

Cat# 15596018

A922500 Targetmol Cat# T6365

GW9662 Cayman 
Chemicals

Cat# 70785

Linoleic oleic acid BSA Sigma Cat# L9655

Palmitic acid Cayman 
Chemicals

Cat# 10006627

Palmitic acid click Prof. Dr. 
Christoph 
Thiele

Cat# N.A.

PF06424439 Tocris Cat# 6348

Vancomycin Cayman 
Chemicals

Cat# 15327

Ampicillin Sigma Cat# 
10835242001

Neomycin Sigma Cat# N6386

Metronidazol Sigma Cat# M3761

Amphotericin b Cayman 
Chemicals

Cat# 11636

Oligomycin Sigma Cat# 75351

FCCP Sigma Cat# C2920

Rotenone Sigma Cat# R8875

Antimycin Sigma Cat# A8674

Critical Commercial Assays

FoxP3/Transcription staining 
set

Thermo Fisher 
Scientific

Cat# 00-5523-00

Free Fatty Acid Fluorometric 
Assay Kit

Cayman Cat# 700310

Zombie UV Viability Kit Biolegend Cat# 423108

Glucose-Glo Assay Promega Cat# J6021

Legendplex Biolegend Cat# 740446

Annexin V / propidium iodid 
staining

Biolegend Cat# 640914

Lipid peroxidation kit Thermo Fisher 
Scientific

Cat# C10445
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E x p e r i m e n t a l M o d e l s : 
Organisms/Strains
Mouse: C57BL/6N Charles River N/A

ST2 KO MRC-LMB (A. 
McKenzie)

N/A

Oligonucleotides

Acaca IDT Mm. PT. 
58.12492865 
Exon 28-29

Acly IDT Mm. PT. 
58.33265203 
Exon 16-17

Acox1 IDT Mm. PT. 
58.46346115 
Exon 7-8

Cpt1a IDT Mm. PT. 
58.10147164 
Exon 12-13

Dgat1 IDT Mm. PT. 
58.32759507 
Exon 2-4

Dgat2 IDT Mm. PT. 
58.28629966 
Exon 7-8

Fasn IDT Mm. PT. 
58.14276063 
Exon 1-2

Got1 IDT Mm. PT. 
58.10848799 
Exon 2-3

Hk1 IDT Mm. PT. 
58.9947184 
Exon 15-16

Hmgcs1 IDT Mm. PT. 
58.11355121 
Exon 5-6

Hprt IDT Mm. PT. 
39a.22214828 
Exon 6-7
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Ldha IDT Mm. PT. 
58.29860774 
Exon 3-4

Pkm IDT Mm. PT. 
58.6642152 
Exon 3-4

Ppara IDT MM. PT. 
58.9374886 
Exon 8-9

Pparg IDT Mm. PT. 
58.31161924 
Exon 4-5

Slc27a6 IDT Mm. PT. 
58.9548097 
Exon 1-2

Srebf1 IDT Mm. PT. 
58.7535355 
Exon 6-7

Ucp2 IDT Mm. PT. 
58.11226903 
Exon 2-3

Software and Algorithms

Adobe Illustrator CC Adobe https://
www.adobe.com
/de/products/
illustrator.html

Prism Graphpad 6 GraphPad 
Sorftware

https://
www.graphpad.c
om/scientific-
software/prism/

QuantStudio Design & Analysis 
Software

Applied 
Biosystems by 
Thermo 
Fischer 
Scientific

https://
www.thermofish
er.com/de/de/
home/technical-
resources/
software-
downloads/ab-
quantstudio-3-
and-5-real-time-
pcr-system.html
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Gen5 Microplate reader and 
imager software

BioTek https://
www.biotek.com
/products/
software-
robotics-
software/gen5-
microplate-
reader-and-
imager-software/

Legenplex Data Analys is 
Software

Biolegend https://
www.biolegend.
com/legendplex

FlowJo V10 FlowJO https://
www.flowjo.com
/solutions/
flowjo/
downloads/

FIJI Software National 
Institutes of 
Health

http://fiji.sc/

Other

ClustVis ClustVis https://
biit.cs.ut.ee/
clustvis/
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3. Results 
3.1. Activation of ILC2 increased external glucose and FA uptake and induces 
lipid droplet formation 

To study the metabolism of activated ILC2, mice were challenged with the allergen 

papain on d0, 3, 6 and 13 and lung ILC2 analyzed on d14. Papain is a cysteine protease 

present in papaya and is able to induce a type 2 immune response (170) (71). As shown 

in Figure 7A papain challenged mice have an increased percentage of ILC2 and Ki-67+ 

ILC2 in total lung. The analysis of Ki-67, commonly known as a proliferation marker, 

allowed the determination of the growth fraction of a cell population (171). Furthermore, 

total numbers of ILC2 and Ki-67+ ILC2 are increased indicating the initiation of a type 2 

immunity response (Figure 7B).  

 

Figure 7. Papain activates ILC2. (A) Gating strategy for ILC2 in the lung. C57Bl/6 mice were challenged 
intranasally with PBS (Ctrl) or papain (Pap) on day 0, 3, 6 and 13. Flow cytometric analysis of cells 
isolated from the lung of PBS and papain challenged mice at day 14. Panels represent live CD45+ cells 
stained with Thy1.2 and lineage (Lin) markers. ILC gated on Lin− and Thy1.2+ expression (ILC) were 
stained for GATA3 (ILC2) and Ki-67 and (B) total numbers of ILC2 and Ki-67+ ILC2 in the lung were 
quantified. Results are representative of two pooled experiment (B) or one representative experiment (A) 
from at least three independent experiments with three to five mice in each experimental group. All graphs 
display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Glucose uptake analysis was performed by analyzing the uptake of the fluorescent 

glucose analog 2-NBDG. This analysis showed that upon activation ILC2 take up more 

2-NBDG (Figure 8A). In order to test the FA uptake two different methods were used. By 

using the synthetic, green fluorescent fatty acid palmitate 4,4-difluoro-5,7-dimethyl-4-
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bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid (BODIPY® FL C16) it is possible to 

track the FA uptake, which is drastically higher after papain challenge (Figure 8B). This 

observation was additionally confirmed by adopting a second approach based on alkyne 

labeled palmitic acid (Click-Palmitic acid; see section 2.12), which can be detected upon 

click reaction with an azide-coupled fluorescent reporter (172) (Figure 8C). 

 

Figure 8. Papain challenge leads to more glucose and FA uptake in ILC2. (A) Representative 
histograms and mean fluorescence intensity (MFI) values of 2-NBDG in lung ILC2 (Lin– Thy1.2+ ST2+), (B) 
MFI values of BODIPY®  FL C16 uptake and (C) MFI values of alkyne labeled palmitic acid (Click-Palmitic 
acid) uptake by lung ILC2 (Lin– Thy1.2+ Gata3+) after PBS or papain (Pap) challenge (Click-palmitic acid 
uptake performed by Dr. Fotios Karagiannis). Results are representative of one representative experiment 
(A-C) from at least two (C) or three (A, B) independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Furthermore, the availability of glucose in the lung tissue of mice challenged with papain 

was reduced compared to levels measured in the plasma during steady state conditions. 

The papain challenge promoted an increase in the glucose level (Figure 9A). as well as 

the amount of FFA (Figure 9B).  
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Figure 9. Papain increases glucose and FFA concentrations in lunghomogenate but not in the 
circulation. (A) Glucose concentration and (B) FFA concentrations in plasma and lunghomogenate from 
PBS (Ctrl) or papain (Pap) challenged mice. Results are representative of at least three independent 
experiments with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, 
**p ≤ 0.01, *** p≤0.001. 

To further test whether increased uptake of glucose and FA is a general characteristic of 

chronically activated ILC2 in the context of allergen-driven airway inflammation, the 

analysis was extended to a model of fungal allergens. Similar to mice challenged with 

the protease allergen papain, also in this second model ILC2 accumulated in mice 

treated with the fungal allergen Alternaria alternata (a. alternata) and displayed 

increased uptake of exogenous FA and glucose (Figure 10A-C).  

 

Figure 10. Alternaria alternata induced airway inflammation leads to lipid droplet formation.                
(A) C57Bl/6 mice were challenged intranasally with PBS (Ctrl) or a. alternata (Alt) on day 0, 3, 6 and 13. 
Flow cytometric analysis of cells isolated from the lung of a. alternata and PBS challenged animals at day 
14. Total numbers of ILC2 were analyzed by flow cytometry and compared to PBS challenged controls on 
day 14. (B) Representative histograms and mean fluorescence intensity (MFI) values of 2-NBDG in lung 
ILC2 (Lin– Thy1.2+ ST2+) and (C) MFI values of BODIPY®  FL C16 uptake by lung ILC2 (Lin– Thy1.2+ 
Gata3+). Results are representative of two pooled experiment (A) or one representative experiment (B, C) 
from at least three independent experiments with three to five mice in each experimental group. All graphs 
display means  SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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To test metabolic changes on the transcriptional level ILC2 were isolated to a purity of 

more than 98% as described in section 2 (Figure 11). 

Figure 11. Purification strategy of ILC2. Total lung cells were stained with antibodies against CD3, 
CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 and Gr-1 coupled to biotin followed by incubation with 
Streptavidin-coupled magnetic microbeads (Biolegend) and negative selection on magnetic columns 
(Miltenyi). Post-purification measurements indicating a purity greater than 98%. 

To test how activation of ILC2 changes metabolism on the gene level, an analysis of the 

relative gene expression was performed via qPCRs. After Papain challenge ILC2 show 

changes in different metabolic genes. Genes for fatty acid synthesis, cholesterol 

synthesis and ß-oxidation are downregulated (Acc1, Fasn, Acly, Hmgcs1, Srebf, Ppara, 

Cpt1, Acox1), whereas other genes that regulate the triglyceridesynthesis (TGS) (Dgat1, 

Dgat2) are highly upregulated. Furthermore genes involved in glycolysis (Hk1, Ldha, 

Pkm) are upregulated as well as genes involved in FA uptake (Pparg, Slc27a6). 
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Figure S3. Related to Figure 1. Purification and sorting strategy of ILC2. (A) Total lung cells were stained with antibodies 
against CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 and Gr-1 coupled to biotin followed by incubation with Streptavidin-cou-
pled magnetic microbeads (Biolegend) and negative selection on magnetic columns (Miltenyi). Post-puri!cation measurements 
indicating a purity greater than 98%. (B) Cells were stained with lineage markers (CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 
and Gr-1) and Thy1.2 and gated on live and CD45+ cells. ILC2 were sorted as Thy1+, Lineage-, ST2+. Post-sort measurements 
indicating a purity greater than 99%.



Figure 12. Papain upregulates genes for triglyceridesynthesis. Gene expression analysis relative to 
HPRT of purified lung ILC2 isolated from PBS (Ctrl) or papain (Pap) challenged mice. Results are 
representative of two pooled experiment from at least three independent experiments with three to five 
mice in each experimental group. 

Since fuel uptake data and qPCR data have shown a higher glucose and fatty acid 

uptake and an upregulation of genes involved in TGS and FA uptake, another analysis 

was performed by FACS in order to quantify neutral lipid content, such as triglycerides. 

Here, cells were stained with the neutral lipid dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-

bora-3a,4a-diaza-s-indacene (BODIPY® 493/503) and lung ILC2 from papain and a. 

alternata challenged mice displayed increased staining with BODIPY® 493/503, 

indicating an increased LD formation, when compared to ILC2 isolated from control mice 

(Figure 13A and C). A second approach using confocal microscopy confirmed an 

increased LD formation in ILC2 activated by papain challenge (Figure 13B). 
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Figure 13. Activation of pulmonary ILC2 induces lipid droplet formation. (A) Representative 
histograms and MFI values of BODIPY® 493/503 (Lin– Thy1.2+ Gata3+) and (B) representative microscope 
images of BODIPY® 493/503 staining in lung ILC2 (Lin– Thy1.2+ Gata3+) after PBS or papain challenge. 
(C) Representative histograms and MFI values of BODIPY® 493/503 (Lin– Thy1.2+ Gata3+) from ILC2 
isolated from mice challenged with a. alternata (confocal microscopy performed by Dr. Fotios 
Karagiannis). Results are representative of one representative experiment (A-C) from at least two (B) or 
three (A,C) independent experiments with three to five mice in each experimental group. All graphs display 
means  SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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3.2. IL-33 promotes acquisition of external FA and LD formation in activated ILC2 

Naive ILC2 lung tissue cells were sorted and a cell culture was performed as described 

in section 2. The purity post-sorting was greater than 99% (Figure 14). 

Figure 14. Sorting strategy of ILC2. Cells were stained with lineage markers (CD3, CD11b, CD11c, 
CD49b, CD19, Ter119, NK1.1 and Gr-1) and Thy1.2 and gated on live and CD45+ cells. ILC2 were sorted 
as Thy1+, Lineage-, ST2+. Post-sort measurements indicating a purity greater than 99%. 

ILC2 are activated by epithelial alarmins such as IL-33, IL-25 and TSLP (76). In order to 

study the effect of these alarmins on ILC2 and to test if this stimuli can lead to LD 

formation in ILC2, sorted ILC2 were cultured in the presence of IL-7 alone or in 

combination with IL-33, IL-25 or TSLP to imitate steady-state conditions or activation of 

ILC2. Strikingly, only the combination of IL-7 and IL-33 but not IL-7 alone could induce 

the proliferation of ILC2 and increase their glucose and external FA uptake (Figure 15 A-

C). Increased acquisition of FA caused by activation with a combination of IL-7 and IL-33 

resulted in the simultaneous increase in LD formation (Figure 15 D). This effect was 

exclusive for IL-7 and IL-33 stimulation and it could not be observed in other 

combinations. 
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Figure S3. Related to Figure 1. Purification and sorting strategy of ILC2. (A) Total lung cells were stained with antibodies 
against CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 and Gr-1 coupled to biotin followed by incubation with Streptavidin-cou-
pled magnetic microbeads (Biolegend) and negative selection on magnetic columns (Miltenyi). Post-puri!cation measurements 
indicating a purity greater than 98%. (B) Cells were stained with lineage markers (CD3, CD11b, CD11c, CD49b, CD19, Ter119, NK1.1 
and Gr-1) and Thy1.2 and gated on live and CD45+ cells. ILC2 were sorted as Thy1+, Lineage-, ST2+. Post-sort measurements 
indicating a purity greater than 99%.



Figure 15. IL-33 promotes lipid uptake and droplet formation in activated ILC2 in vitro. ILC2 were 
sort purified from naive C57BL/6 mice and cultured for 3 days in the presence of IL-7, or a combination of 
IL-7 and IL-33, IL-7 and IL-25 and IL-7 and TSLP. (A) Total numbers of purified ILC2 after three days of 
culture. (B) Representative histograms and MFI values of 2-NBDG (Lin– Thy1.2+ ST2+) and (C) BODIPY® 

FL C16 uptake by cultured ILC2 (Lin– Thy1.2+ Gata3+). (D) Representative histograms and MFI values of 
BODIPY® 493/503 staining in cultured ILC2 (Lin– Thy1.2+ Gata3+). Results are representative of two 
pooled experiment (A) or one representative experiment (B-D) from at least three independent 
experiments with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, 
**p ≤ 0.01, *** p≤0.001. 

To further examine the importance of IL-33 in activating a unique metabolic program 

driving pathogenic ILC2 responses in vivo, mice were treated intranasally with the 

cytokines IL-33, IL-25 or TSLP. In accordance with the in vitro findings, only the 

challenge with IL-33 showed an accumulation of ILC2 in the lung. The challenge with 

IL-25 or TSLP did not induce this accumulation. IL-33 challenged mice showed an 

increased acquisition of external glucose and FA, which resulted in increased LD 

formation in lung ILC2 (Figure 16). 
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Figure 16. IL-33 promotes lipid uptake and droplet formation in activated ILC2 in vivo. C57BL/6 
mice were challenged intranasally with IL-33, IL-25, TSLP or PBS (Ctrl) on d0, 1 and 2. At d3 cells isolated 
from the lung of cytokine and PBS challenged animals. (A) Total numbers were analyzed by flow 
cytometry. (B) Representative histograms and MFI values of 2-NBDG in lung ILC2 (Lin– Thy1.2+ ST2+) and 
(C) BODIPY® FL C16 uptake and (D) BODIPY® 493/503 staining of lung ILC2 (Lin– Thy1.2+ Gata3+). 
Results are representative of two pooled experiment (A-D) from at least three independent experiments 
with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, 
*** p≤0.001. 

Challenge with IL-33 resulted in a change in the expression of genes encoding a 

metabolic profile. In particular, IL-33 upregulated key genes involved in glycolysis (Hk1, 

Ldha and Pkm), FA metabolism (Pparg, Slc27a6) and LD droplet formation (Dgat1) 

(Figure 17). Hence, the in vitro and in vivo experiments suggest that IL-33 imprints a 

metabolic program in ILC2, which results in increased glucose and FA uptake, 

upregulation of glycolysis and LD formation. 
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Figure 17. IL-33 challenge leads to an increase of genes involved in TAG synthesis and FA uptake. 
Gene expression analysis relative to HPRT of purified lung ILC2 isolated from IL-33 or PBS (Ctrl) 
challenged mice. Results are representative of two pooled experiment from at least three independent 
experiments with three to five mice in each experimental group. 

To further test this hypothesis, mice genetically deficient for the IL-33 receptor (ST2 KO 

mice) (173) were challenged with papain. In accordance to the previous results ILC2 

isolated from ST2 KO mice displayed drastically reduced uptake of glucose and FA and 

failed to increase the formation of LD compared to wild-type (WT) mice (Figure 18A-D). 

Taken together these data suggest that the epithelial derived cytokine IL-33 shapes a 

metabolic program in ILC2, which results in increased uptake of glucose and FA, the 

upregulation of glycolysis and the formation of LD. 

47

Ctrl IL-33

Acc1
Fasn
Hmgcs1
Srebf
Ppara
Cpt1
Acox1
Acly
Dgat1
Dgat2
Slc27a6
Got1
Pparg
UCP2
HK1
Ldha
Pkm

í�
0
1
2
3



 

 

 

Figure 18. IL-33 is essential for acquisition of external lipids and lipid droplet formation in ILC2.(A) 
WT and ST2 KO mice were challenged intranasally with papain (Pap) or PBS (Ctrl) on day 0, 3, 6 and 13 
and total numbers of ILC2 were analyzed by flow cytometry and compared to PBS challenged controls on 
day 14. (B) Representative histograms and MFI values of 2-NBDG (Lin– Thy1.2+ CD25+ Sca1+), BODIPY®  
FL C16 (C) and BODIPY®  493/503 (D) in lung ILC2 (Lin– Thy1.2+ Gata3+) from C57BL/6 and ST2 KO mice 
challenged with papain (Pap) or PBS (Ctrl). Results are representative of one representative experiment 
(A-D) from one experiment with four to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

3.3 DGAT1 dependent LD formation protects ILC2 from lipotoxicity and allows for 
increased uptake of external lipids 

As described in section 1.8. excess of FFA in the cytoplasm of cells can generate 

bioactive lipids or disrupt the integrity of mitochondrial membranes promoting lipotoxicity 

(149). In this context, the formation of LD is considered as an essential step to prevent 

FFA from causing lipotoxicity (150, 151). Here, DGAT1, an enzyme that catalyzes the 

esterification of diacylglycerides and FA into triglycerides is crucial in the process of LD 

formation. Storage of FFA in LD prevents lipotoxicity caused by either excessive uptake 

of external lipids or the mobilization of FFA during lipolysis (151). To confirm that external 

lipids indeed are stored in LD, ILC2 isolated from PBS or papain challenged mice were 
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cultured with BODIPY® FL C12, a saturated FA analog covalently bound to the BODIPY® 

fluorophore. BODIPY®-FA have been previously used to study lipid trafficking and can be 

esterified into neutral lipids stored in LD (174) (175) (176). Culturing ILC2 with BODIPY® 

FL C12 revealed a rapid uptake of fluorescently labeled FA and subsequent storage in LD 

as assessed by confocal microscopy (Figure 19). 

Figure 19. DGAT1 dependent LD formation protects ILC2 from lipotoxicity and allows for increased 
uptake of external lipids. Representative microscope images of purified ILC2 isolated from papain (Pap) 
or PBS (Ctrl) challenged mice cultured in the presence of IL-7 and BODIPY® FL C12 (performed by Dr. 
Fotios Karagiannis). Results are representative of one representative experiment from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

To further test if expression of DGAT1 prevents lipotoxicity and allows the acquisition of 

external lipids in activated ILC2, purified ILC2 were isolated from papain challenged 

mice treated with increasing concentrations of the DGAT1 inhibitor (DGAT1i), A922500 

(177). In agreement with the already known function of DGAT1, 40 µM of DGAT1i in vitro 

cause lipotoxicity and reduce the survival of ILC2 (Figure 20A-B). In line with the 

essential role of DGAT1 in the formation of lipid droplets, even non-toxic concentrations 

of A922500 reduced the capacity of ILC2 to form LD (Figure 20C). 
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Figure 20. DGAT1-Inhibitor A922500 decreases ILC2 proliferation and lipid droplet formation. ILC2 
were purified from papain challenged C57BL/6 mice and cultured for 3 days in the presence of IL-2 only 
(Ctrl) or a combination of IL-2 with increasing concentrations of the DGAT1-Inhibitor A922500 (DGAT1i). 
(A) Total numbers of ILC2 in culture, (B) expression of Ki-67 and (C) MFI values of BODIPY® 493/503. 
Results are representative of two pooled experiment (A) or one representative experiment (B-C) from at 
least three independent experiments with three to five mice in each experimental group. All graphs display 
means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

To prove if DGAT1i A922500 leads to cell death or to limited proliferation, ILC2 were 

purified and cultured. The cell number on d0 was determined without the addition of any 

cytokines (input d0). The cell numbers of ILC2 cultured with or without A922500 and the 

addition of IL-2 was determined on d3. Interestingly, DGAT1i not only reduced the 

accumulation of ILC2 but also reduced the ILC2 numbers compared to the starting  

numbers of cultured cells. With these observations it seems clear that DGAT1 inhibition 

is not only preventing the proliferation and accumulation of ILC2 in vitro but also result in 

cell death (Figure 21).  

Figure 21. DGAT1-Inhibitor A922500 leads to cell death in ILC2 in vitro. ILC2 were purified from 
papain challenged C57BL/6 mice and cultured for three days in the presence of IL-2 only (Ctrl) or with a 
combination of IL-2 and DGAT1-Inhibitor A922500 (DGAT1i). ILC2 numbers were determined on d0 and 
d3. Results are representative of one representative experiment from at least two independent 
experiments with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, 
**p ≤ 0.01, *** p≤0.001. 
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In order to test cell death via apoptosis, an Annexin V / propidium iodid double stain was 

performed and analyzed by FACS. Strikingly, ILC2 cultured with A922500 have more 

apoptotic cells compared to control, which explains the low cell number after three days 

of culture (Figure 22).  

 

Figure 22. DGAT1-Inhibitor A922500 leads to apoptosis in ILC2 in vitro. ILC2 were purified from 
papain challenged C57BL/6 mice and cultured for three days in the presence of IL-2 with increasing 
concentrations of the DGAT1-Inhibitor A922500 (DGAT1i). Results are representative of one 
representative experiment from at least two independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

As it is known that DGAT1 is important to detoxify cells from extra FA, lipid peroxidation 

was determined by using a fluorescent reporter BODIPY® 581/591 C11 (Figure 23). This 

reagent localizes to membranes in living cells and upon oxidation by lipid 

hydroperoxides, displays a shift in the peak of fluorescence emission. It was verified that 

A922500 leads to more oxidative degeneration of cellular lipids by reactive oxygen 

species, which can affect membrane properties, signal transduction pathways and 

apoptosis. Increased lipid peroxidation induced by DGAT1 inhibition might be one 

reason of the increased cell death reported in the previous assay.  

Figure 23. DGAT1-Inhibitor A922500 leads lipid peroxidation. ILC2 were purified from papain 
challenged C57BL/6 mice and cultured for two hours in the presence of IL-2 only (Ctrl) or IL IL-2 and with 
DGAT1-Inhibitor A922500 (DGAT1i). Results are representative of one representative experiment from at 
least two independent experiments with three to five mice in each experimental group. All graphs display 
means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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In contrast, the blocking of DGAT2, another isoform of diacylglycerol O-acyltransferase, 

which is highly expressed in ILC2 (178), with the specific inhibitor PF06424439 

(DGAT2i) (179) had no effect on ILC2 viability, proliferation or LD formation in culture 

(Figure 24A-B). This suggests that expression of DGAT1 but not DGAT2 may be 

essential for ILC2 to acquire and store high amounts of external lipids from the 

environment. 

 

   

Figure 24. DGAT2-Inhibitor PF06424439 has no effect on ILC2 numbers and lipid droplet formation.  
(A) Total numbers of purified ILC2 after three days of culture. Cells are cultured with IL-2 only (Ctrl) or IL-2 
and increasing concentrations of DGAT2-Inhibitor PF06424439. (B) BODIPY® 493/503 staining of cultured 
ILC2. Results are representative of one representative experiment from at least two independent 
experiments with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, 
**p ≤ 0.01, *** p≤0.001. 

Furthermore, high concentrations of extracellular lipids may cause toxicity (150). 

Consequently, the upregulation of DGAT1 in the context of airway inflammation may 

induce ILC2 to be less sensitive to the presence of excess amounts of external lipids. 

Indeed, DGAT1 function was important for ILC2 to use increased amounts of external 

lipids since treatment with a non-toxic concentration of DGAT1i impaired their capability 

to use oleic/linoleic acid or palmitic acid and to proliferate in culture (Figure 25).  
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Figure 25. DGAT1 dependent LD formation protects ILC2 from lipotoxicity and allows for increased 
uptake of external lipids. Culture of ILC2 with linoleic acid/oleic acid-BSA (l/o) or palmitic acid-BSA (pal) 
and a combination of non-toxic concentration of DGAT1i (20 µM). Results are representative of one 
representative experiment from at least two independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

The in vitro results suggest that the function of DGAT1 may be essential for chronically 

activated ILC2 to utilize external lipids. In order to test the importance of LD formation for 

the functionality of ILC2 in the inflamed tissue microenvironment papain challenged mice 

were treated with DGAT1i to ablate the formation of LD in vivo. Remarkably, inhibition of 

DGAT1 almost completely ablated the accumulation of ILC2 in the lungs of papain-

challenged mice (Figure 26A). Furthermore, while ILC2 isolated from papain challenged 

mice treated with DGAT1i showed no difference in their capacity to acquire glucose and 

FA from the environment, ILC2 failed to increase the formation of LD and showed 

drastically reduced capacity to proliferate (Figure 26B-D). Thus, DGAT1 expression in 

ILC2 mediates the formation of LD, which act as an essential nutrient buffering system in 

activated ILC2 to allow the acquisition of high amounts of external FA. 
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Figure 26. DGAT1i inhibits ILC2 accumulation in airway inflammation. C57BL/6 mice were challenged 
intranasally with papain (Pap) or PBS (Ctrl) on day 0, 3, 6 and 13 and simultaneously treated i.p. daily with 
DGAT1-Inhibitor A922500 (DGAT1i), control animals were treated with DMSO only. (A) Total numbers of 
ILC2 from PBS (Ctrl), papain (Pap) or papain challenged mice treated with DGAT1i (Pap+DGAT1i) (B) 
Representative histograms and MFI values of 2-NBDG in lung ILC2 (Lin– Thy1.2+ ST2+) and (C) MFI 
values of BODIPY® FL C16 uptake and (D) BODIPY® 493/503 in ILC2 (Lin– Thy1.2+ Gata3+). Results are 
representative of two pooled experiments (A) or one representative experiment (B-D) from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

3.4 PPARγ regulated FA uptake fuels proliferation and cytokine production  

To directly test the effect of external FA on ILC2 the long chain fatty acids linoleic/oleic 

acid and palmitic acid have been added to cultured ILC2. The addition of external FA 

substantially increased the proliferation and accumulation in culture (Figure 27). 
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Figure 27. External FA increased proliferation and accumulation of ILC2 in vitro. (A) Total numbers 
of purified lung ILC2 and Ki-67+ ILC2 isolated from papain challenged C57BL/6 mice cultured for three 
days with IL-2 in the presence or absence of linoleic acid/oleic acid-BSA (l/o) and (B) total numbers of 
ILC2 and of Ki-67+ ILC2 cultured with IL-2 in the presence or absence of palmitic acid-BSA (pal). Results 
are representative of one representative experiment from at least two independent experiments with three 
to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

In addition, highly proliferative cells, assessed by intracellular Ki-67 staining, are able to 

store and acquire more external lipids in LD than non-proliferating cells (Figure 28A-B). 
Increased lipid acquisition in highly proliferative cells was confirmed by assessing uptake 

of Click-Palmitic acids in ILC2 isolated from papain challenged mice (Figure 28C). 

Figure 28. Proliferating ILC2 take up more fatty acids and build up more lipid droplets compared to 
non proliferating ILC2. Representative histograms and MFI values of BODIPY® FL C16 (A), BODIPY® 

493/503 (B) and click-palmitic acid (C) in Ki-67 positive and negative lung ILC2 from mice challenged with 
papain (Click-palmitic acid uptake performed by Dr. Fotios Karagiannis). Results are representative of one 
representative experiment from at least two independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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These data indicate that exogenous FA increased the proliferation of ILC2. In addition, 

the gene expression analysis of papain-activated ILC2 did not reveal any substantial 

upregulation of genes involved in de novo lipid synthesis. Hence, it was hypothesized 

that externally acquired FA may be directly funneled into membrane lipids to support 

proliferation. To test this assumption a pulse-chase experiment after addition of Click-

Palmitic acid to cultured ILC2 was performed and Click-Palmitic acid was shown to 

accumulate in lipid droplets upon overnight culture, as depicted in confocal microscopy  

analysis (Figure 29 upper panel). However, after an additional 24 hours of culture, the 

signal in LD was weaned and Click-Palmitic acid was found localized at the cellular 

membrane, indicative of a potential conversion of exogenous acquired palmitic acid into 

membranous phospholipids (Figure 29 middle panel).  

Figure 29. External FA are directly funneled into membrane lipids for proliferation. Representative 
microscope images of purified ILC2 isolated from papain challenged mice cultured with IL-2 and Click-
palmitic acid-BSA o.n. Cells were washed and cultured for 24h (performed by Dr. Fotios Karagiannis). 
Results are representative of one representative experiment from at least two independent experiments 
with three to five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, 
*** p≤0.001. 

To show that external FA mainly are used for proliferation and not for β-oxidation, an 

Agilent Seahorse XF Cell Mito Stress assay was performed with ILC2 isolated from 

papain challenged mice and cultured with or without FFA (Figure 30). The comparison of 

the OCRs with baseline values shows no difference between ILC2 cultured with or 
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without FFA. The further addition of oligomycin, an ATP synthase (complex V) inhibitor, 

leads to a strong decrease of the OCR in both conditions. Cells cultured with FFA have a 

higher OCR after addition of the uncoupling agent FCCP compared to ILC2 cultured with 

no FFA, which results in a higher respiratory capacity and higher spare respiratory 

capacity. Spare respiratory capacity is defined as the difference between maximal 

respiration and basal respiration and is a measure of the ability of the cell to respond to 

an increased energy demand or under stressing conditions (180). Injection of Rotenone/

Antimycin A (comlpex I/complex III inhibitors) results in a strong decrease of the OCR for 

both conditions. Taken together, these results show, that the addition of FFA had no 

significant effects on the basal respiration, but it could increase the spare respiratory 

capacity. 

 

 

Figure 30. External FA have no impact on the oxygen consumption rate. ILC2 were isolated from 
papain challenged mice and cultured for 2 h with or without FFA. The compounds (oligomycin, FCCP, and 
a mix of rotenone and antimycin A (Rtn/AA) are serially injected. (A) The Agilent Seahorse XF Cell Mito 
Stress Test was performed to measures key parameters of mitochondrial function by directly measuring 
the oxygen consumption rate (OCR) of cells. (B) Maximal respiratory capacity and spare respiratory 
capacity were calculated. Results are representative of one representative experiment from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

This data, together with the results of the pulse-chase experiment, lead to the 

assumption that lipids are probably mainly used for proliferation and less for energy 

generation through β-oxidation. 

As described in section 1.7., PPARγ is an essential regulator of FA metabolism including 

FA uptake and LD formation in adipose tissue and liver (181), additionally, papain 
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challenge leads to upregulation of PPARγ in ILC2 (Figure 12). To test the function of 

PPARγ as an essential factor driving lipid metabolism in papain elicited ILC2, ILC2 

isolated from the lung were cultured in the presence or absence of GW9662, a specific 

inhibitor of PPARγ (182). The ablation of PPARγ in purified ILC2 could drastically reduce 

the uptake of external lipids and the formation of LD (Figure 31A-B), leading to a 

compromised capacity of ILC2 to proliferate and expand in culture and a reduction n the 

production of effector cytokines (Figure 31C-D). Hence, uptake of external FA in ILC2 

mediated by PPARγ may be important to fuel proliferation and cytokine production. 

 

 
 

Figure 31. PPARγ regulates FA uptake in vitro. Purified ILC2 were cultured in the presence or absence 
of the PPARγ inhibitor GW9662. (A) Representative histograms and MFI values of BODIPY® FL C16 
uptake and (B) MFI values of BODIPY® 493/503 in cultured ILC2 (C) Total numbers of ILC2, Ki-67 
expressing ILC2 and (D) cytokines in the supernatant after three days of culture. Results are 
representative of one representative experiment from at least three independent experiments with three to 
five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Interestingly, GW9662 leads to a lower expression of Dgat1, and PPARγ is regulating 

Dgat1 expression (Figure 32). The decreased expression of Dgat1 explains the reduced 

amount of LD in the culture. 
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Figure 32. GW9662 downregulates expression of Dgat1 in vitro. Gene expression analysis of ILC2 
cultured in the presence or absence of glucose relative to HPRT. Results are representative of one 
representative experiment from at least two independent experiments with two to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

To test the importance of PPARγ in ILC2 effector function, papain-challenged mice were 

treated with GW9662 to impair the uptake of external lipids and the FA metabolism in the 

context of allergen induced airway inflammation. Strikingly, inhibition of PPARγ 

drastically reduced the accumulation of papain-induced ILC2 in the airways (Figure 

33A). Furthermore, this reduction in pulmonary ILC2 was accompanied by a reduced 

capacity of ILC2 to take up and store FA in LD, while their capacity to acquire glucose 

from the environment was unchanged (Figure 33B-D). 
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Figure 33. PPARγ regulates FA uptake and accumulation and proliferation of ILC2 in vivo. C57BL/6 
mice were challenged intranasally with papain or PBS on day 0, 3, 6 and 13 and simultaneously treated 
i.p. with PPARγ-Inhibitor GW9662, control animals were treated with DMSO only. (A) Total numbers of 
ILC2 from PBS (Ctrl), papain (Pap) or papain challenged mice treated with GW9662 (Pap+GW9662). (B) 
Representative histograms and MFI values of 2-NBDG in lung ILC2 (Lin– Thy1.2+ ST2+) and (C) MFI 
values of BODIPY® FL C16 uptake and (D) BODIPY® 493/503 in ILC2 (Lin– Thy1.2+ Gata3+). Results are 
representative of two pooled experiments (A) or one representative experiment (B-D) from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Additionally, PPARγ inhibition drastically reduced the production of the ILC2 effector 

cytokines IL-5 and IL-13 in the lung tissue (Figure 34). 
 

Figure 34. Inhibition of PPARγ reduces inflammatory cytokine release. Cytokine concentration of IL-5 
and IL-13 in the lung homogenate. Results are representative of two pooled experiments from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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Thus, the acquisition of external FA by ILC2 appears to fuel proliferation and this 

process is controlled by PPARγ regulating the uptake of external lipids and the 

subsequent storage in LD to prevent lipotoxicity. In summary, the inhibition of PPARγ 

largely impairs the metabolic pathways fueling the accumulation and effector functions of 

ILC2 in the inflamed airways. 

3.5 Glucose and external FA cooperate to control fatty acid metabolism in ILC2  

Since previous described observations show an increase in glucose and FA metabolism 

in activated ILC2, the presence of glucose may play an essential role in the ability of 

ILC2 to acquire FA from the environment. To test this hypothesis, the ability of ILC2 to 

obtain FFA from the environment and their capacity to store acquired lipids in LD in the 

absence of glucose/pyruvate was assessed. In this analysis, ILC2 cultured in the 

absence of glucose/pyruvate drastically reduced the uptake of external lipids and the 

formation of LD (Figure 35A-B). The reduced capacity to acquire external lipids led to a 

reduction of the overall amount of cultured ILC2 and a reduction in the cytokines 

produced from these cells (Figure 35C-D). Altogether this data suggest, that both 

glucose and FA may cooperate to fuel the survival and function of pathogenic ILC2 and 

that glucose availability allows for the increased uptake of external lipids. 
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Figure 35. Glucose and external FA cooperate to fuel fatty acid metabolism in ILC2. Representative 
histograms and MFI values of (A) BODIPY® FL C16 uptake and (B) MFI values of BODIPY® 493/503 
staining in cultured ILC2. (C) Total numbers of purified lung ILC2 from papain challenged C57BL/6 mice 
cultured for three days with IL-2 in the presence (Ctrl) or absence of glucose/pyruvate (-Gluc) and (D) 
cytokines in the culture supernatant. Results are representative of one representative experiment from at 
least two independent experiments with three to five mice in each experimental group. All graphs display 
means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

To investigate whether the absence of glucose leads to cell death or limited proliferation, 

ILC2 were purified, cultured and the cell number was analyzed either without addition of 

any cytokines (input d0), or with or without glucose/pyruvate and on d3. The cell 

numbers of ILC2 cultured with or without glucose/pyruvate and the addition of IL-2 was 

determined on d3. Interestingly, the cell number on d3 without glucose/pyruvate was 

higher than on d0, which suggests that cells are still proliferating and accumulating but 

they show a compromised capacity in proliferation (Figure 36). 
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Figure 36. Absence of glucose leads to limited proliferation. ILC2 numbers determined on d0 and d3 
cultured with or without glucose/pyruvate. Results are representative of one representative experiment 
from at least two independent experiments with three to five mice in each experimental group. All graphs 
display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Furthermore, ILC2 cultured in absence of glucose/pyruvate showed marked 

downregulation of  Dgat1 and Pparγ (Figure 37). 

  

Figure 37. Presence of glucose regulates expression of Pparγ and Dgat1. Gene expression analysis 
of ILC2 cultured in the presence or absence of glucose/pyruvate relative to HPRT. Results are 
representative of one representative experiment from at least two independent experiments with three to 
five mice in each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

This analysis strongly suggests that glucose availability may regulate expression of 

Dgat1 and thus the capacity to form LD, while the reduced expression of Pparγ controls 

the capacity to acquire external lipids. In summary, these data strongly suggest a 

mechanism by which the availability of glucose is coupled to the ability to acquire FA 

from the environment to fuel activation of pathogenic ILC2 via the expression of Pparγ 

and Dgat1. 
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3.6 Ketogenic diet abrogates ILC2-driven airway inflammation  

Altogether these findings suggest that the pathogenic function of ILC2 may be controlled 

by the simultaneous increased capacity of ILC2 to utilize glucose and FA as energy 

sources. Hence it has been hypothesized that actively influencing the metabolic status of 

the host by restraining the availability of dietary glucose may simultaneously ablate the 

capacity of ILC2 to increase the acquisition of external FA to fuel airway inflammation. A 

reduction in glucose availability can be achieved by feeding mice a ketogenic diet (KD) 

containing a fat to protein and carbohydrate ratio of approximately 4:1 (108) (183). 

In order to rule out that ketogenic diet itself has an effect on ILC2 numbers mice were 

put on control and ketogenic diet for 5 weeks starting at the age of 3 weeks and 

analyzed via flow cytometry. In steady state conditions no changes in ILC2 and 

eosinophil numbers were observed between mice fed with control diet (CD) and 

ketogenic diet (KD) in ILC2 (Figure 38). 
 

Figure 38. Ketogenic diet has no effect on ILC2 number in steady state. C57BL/6 mice were placed 
on control diet (CD) or ketogenic diet (KD) for five weeks at the age of 3 weeks. Flow cytometric analysis 
of total numbers of ILC2, Ki-67+ ILC2 and eosinophils in the lung tissue. Results are representative of one 
representative experiment from at least two independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

Strikingly, mice fed with KD show a drastic reduction in cellular infiltrates and a 

decreased number of eosinophils. They also almost completely failed to accumulate 

ILC2 in the airways upon papain challenge (Figure 39A). This effect was restricted to 

chronically activated ILC2, since dietary restriction of glucose had no effect on ILC2 or 

eosinophils numbers recovered from the lungs in steady state conditions (Figure 38). 
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Indeed, animals fed with KD increased the amounts of ketone bodies in the circulation 

(Figure 39B). 

 

 

Figure 39. Ketogenic diet leads to an increase of ketone body concentration in the blood. (A) 
C57BL/6 mice were placed on control diet (CD) or ketogenic diet (KD) at the age of three weeks and 
challenged intranasally with papain or PBS on day 0, 3, 6 and 13. Total numbers of ILC2 and eosinophils 
were analyzed by flow cytometry on d14. (B) Ketone body concentrations in the blood of papain 
challenged mice on control diet and papain challenged mice on ketogenic diet. Results are representative 
of two pooled experiments (A) from at least three independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

In addition, less proliferating ILC2 and a pronounced reduction in ILC2-derived cytokines 

IL-5 and IL-13 in the lung tissue could be observed (Figure 40A-B).  
 

Figure 40. Ketogenic diet inhibits ILC2-driven airway inflammation. C57BL/6 mice were placed on 
control diet (CD) or ketogenic diet (KD) and challenged intranasally with papain or PBS on day 0, 3, 6 and 
13. (A) total numbers of IL-5 and IL-13 producing ILC2 in the lung tissue of PBS challenged mice fed a 
control diet (CD), mice fed a control diet (CD+Pap) or ketogenic diet (KD+Pap) and challenged with 
papain. (B) Cytokine concentration of IL-5 and IL-13 in the lung homogenate. Results are representative 
of two pooled experiments from at least three independent experiments with three to five mice in each 
experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 
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Histological analysis and staining of mucus producing cells by periodic acid-shift assay 

(PAS) revealed that papain challenged mice dramatically increased cellular infiltrates 

and mucus producing cells, which are known to be two signs of airway pathology. In 

contrast, KD entirely abrogated mucus production and cellular infiltration in mouse 

airways (Figure 41). 

Figure 41. Ketogenic diet inhibits cell infiltration and mucus production in papain challenged mice. 
Histology and PAS staining to identify mucus-producing cells in the lung tissue. Results are representative 
of one representative experiment from at least two independent experiments with three to five mice in 
each experimental group. All graphs display means SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

On a cellular level, while the capacity of ILC2 to acquire glucose was not altered, FA 

uptake and LD formation was reduced (Figure 42A-C). 

66

Figure 6

Ctrl
 -G

luc
 2.0

2.5

3.0

3.5

4.0 ***

M
FI

 B
O

D
IP

Y 
FL

 C
16

 (×
10

4 )

BODIPY FL C16 Ctrl
-G

luc
4
5
6
7
8
9

10

M
FI

 B
od

ipy
 4

93
/5

03
 (×

10
3 )

%
 o

f m
ax

100
80
60
40
20
0

Ctrl
-G

luc
25

30

35

40 *

10

12

14

16

18 **

IL
-5

 (n
g/

m
l)

IL
-1

3 
(n

g/
m

l)

0

2

4

6

8 ***

%
 o

f m
ax

100
80
60
40
20
0

BODIPY 493/503

**

Ctrl
-G

luc
0

1

2

3

4
Pparg

re
la

tiv
e 

ex
pr

es
sio

n 
(H

PR
T)

Ctrl
-G

luc
0

5

10

15

20

25
Dgat1

re
la

tiv
e 

ex
pr

es
sio

n 
(H

PR
T)

*****

Ctrl
-G

luc

Ctrl
-G

luc

unstained
-Gluc
Ctrl

to
ta

l n
um

be
r 

of
 

   
 IL

C
2 

(×
10

3 )

*** ***** *** ****

0

2

4

6

8

10
*** **

0

5

10

15

20 *** ****

0

1

2

3 ******

M
FI

 B
od

ipy
 (×

10
2 )

M
FI

 2
-N

BD
G

 (×
10

2 )

M
FI

 B
O

D
IP

Y 
49

3/
50

3 
(×

10
2 )

BODIPY 493/503

%
 o

f m
ax

100

80
60
40
20

0

0

5

10

IL
-5

 (n
g/

m
l)

0

1

2

3

IL
-1

3 
(n

g/
m

l)

%
 o

f m
ax

100

80
60
40
20

0
2-NBDG

%
 o

f m
ax

100

80
60
40
20

0
BODIPY FL C16

CD+PBS CD+Pap KD+Pap

40x

100x

0

1

2

3
**** ***

unstained
CD+PBS

KD+Pap
CD+Pap

0

10

15 ******

5

to
ta

l n
um

be
r o

f e
os

in
op

hi
ls

   
   

   
pe

r l
un

g 
(×

10
5 )

  0

5

10

15
** ***

0

2

4

6

8 *** ****

to
ta

l n
um

be
r o

f I
L-

13
 s

ec
re

tin
g 

ce
lls

   
   

   
   

   
 p

er
 lu

ng
 (×

10
4 )

to
ta

l n
um

be
r o

f I
L-

5 
se

cr
et

in
g 

ce
lls

   
   

   
   

   
 p

er
 lu

ng
 (×

10
4 )

PBS Pap
CD KDCD

to
ta

l n
um

be
r o

f I
LC

2
   

  p
er

 lu
ng

 (×
10

5 )

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD

PBS Pap
CD KDCD



 

 

 

Figure 42. Ketogenic diet lead to lower FA uptake and less LD formation. Representative histograms 
and mean fluorescence intensity (MFI) values of 2-NBDG (A) in lung ILC2 (Lin– Thy1.2+ ST2+) and (B) MFI 
values of BODIPY® FL C16 uptake and (C) MFI values of BODIPY® 493/503 analyzed in lung ILC2 (Lin– 
Thy1.2+ Gata3+). Results are representative of one representative experiment from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

In accordance with an overall reduction of glucose availability, KD induced a reduction in 

the expression of genes involved in glycolysis (Hk1, Ldha and Pkm) were reduced. 

Additionally, the expression of Pparγ and Dgat1 was reduced, which is in agreement 

with reduced FA uptake and LD formation shown before (Figure 43). 
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Figure 43. Ketogenic diet increases expression of Pparγ and Dgat1. Gene expression analysis 
relative to HPRT of purified lung ILC2 isolated from papain challenged mice on control diet and papain 
challenged mice on ketogenic diet. Results are representative of two pooled experiment from at least 
three independent experiments with three to five mice in each experimental group. 

Thus, ketogenic programs potently restrain ILC2-mediated airway inflammation by 

lowering the availability of glucose and as a consequence impaired FA metabolism in 

ILC2. 

Considering that several studies previously showed, that KD might effect the microbiota 

in the gut and this can effect the immune response (109), the role of microbiota in this 

context was investigated by treating ketogenic-fed mice and control mice with antibiotics 

(184). Results show that the total number of ILC2 and eosinophils in mice fed with KD 

was reduced despite antibiotic treatment (section 2.17.) Furthermore, 2-NBDG and 

BODIPY® FL C16 uptake was also reduced, as well as LD formation (Figure 44).  

These results indicate, that the suppressive capacity of ketogenic diet is unaltered by 

antibiotic treatment, suggesting a microbiota-independent mechanism. 

68

Figure S7

0

2

4

6

8

10

0.0

0.5

1.0

1.5

2.0

2.5

CD+Pap KD+Pap

Acc1
Fasn
Hmgcs1
Srebf
Ppara
Cpt1
Acox1
Dgat1
Dgat2
Got1
Pparg
UCP2
HK1
Ldha
Pkm

í�
0
1
2
3

to
ta

l n
um

be
r o

f I
LC

2
   

  p
er

 lu
ng

 (×
10

4 )

CD KDCD KD to
ta

l n
um

be
r o

f e
os

in
op

hi
ls

   
   

   
pe

r l
un

g 
(×

10
5 )

b-
H

yd
ro

yb
ut

yr
at

e 
(m

M
)

1

2

3

0

***

PBS Pap
CD KDCD



 

 

 

 

Figure 44: Microbiota has no impact on inhibition of airway inflammation by using ketogenic diet.     
(A) Antibiotics treated C57BL/6 mice were placed on control diet or ketogenic diet for three weeks at the 
age of 3 weeks and  challenged intranasally with papain or PBS on day 0, 3, 6 and 13. Flow cytometric 
analysis of total numbers of ILC2, Ki-67+ ILC2 and eosinophils in the lung tissue. Representative 
histograms and mean fluorescence intensity (MFI) values of 2-NBDG (B) in lung ILC2 (Lin– Thy1.2+ ST2+) 
and (C) MFI values of BODIPY® FL C16 uptake and (D) MFI values of BODIPY® 493/503 analyzed in lung 
ILC2 (Lin– Thy1.2+ Gata3+). Results are representative of one representative experiment from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

In addition, less proliferating ILC2 and a pronounced reduction in the ILC2-derived 

cytokines IL-5 and IL-13 could be observed (Figure 45). 
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Figure 45. Ketogenic diet inhibits ILC2-driven inflammatory cytokine release. Antibiotics treated 
C57BL/6 mice were placed on control diet or ketogenic diet for three weeks at the age of 3 weeks and 
challenged intranasally with papain or PBS on day 0, 3, 6 and 13. Cytokine concentration of IL-5 and IL-13 
in the lung homogenate. Results are representative of one representative experiment from at least two 
independent experiments with three to five mice in each experimental group. All graphs display means 
SEM; * p≤ 0.05, **p ≤ 0.01, *** p≤0.001. 

In summary, papain treatment leads to a strong accumulation of ILC2, which goes along 

with higher glucose and FA uptake. The FA are stored as lipid droplets and used for the 

generation of new membrane components. In vitro and in vivo studies could successfully 

show that IL-33 is the main cytokine which activates ILC2 in the lung and leads to LD 

formation. The selective inhibition of DGAT1, which is important for LD formation, or 

PPARγ, which is regulating FA uptake can inhibit ILC2 proliferation and thus ameliorate 

airway inflammation. The presence of glucose probably plays an important role for the 

regulation of PPARγ and FA uptake. Altogether these data strongly indicate that dietary 

restriction of glucose through ketogenic diet can lead to a reduced ILC2 accumulation 

and inflammatory cytokine release.   
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4. Discussion  

ILC are important players in the innate immune response and they exert a key role in 

lymphoid tissue formation, tissue remodeling and maintenance of homeostasis at the 

barrier surface: they play these fundamental functions by forming a complex network not 

only with stromal cells in the tissue, but also with microbiota, nutrients and metabolites 

(50) (185) (102) (186) (187). However, besides their protective functions, ILC can have 

an inflammatory role once they are chronically activated: this status promotes local 

inflammation, which can be favored by changes in nutrient availability or life-style 

changes coinciding with industrialization (188).  

Recent studies have revealed that in steady state conditions and in the context of 

helminth infection, ILC2 rely on FAO and do not require glucose (102). On the other 

hand, further studies display the Warburg effect in activated and proliferative immune 

cells, which is defined as a change in glucose metabolism and increased glucose uptake 

(87). In this context, this thesis aims to explore how the metabolism of ILC2 in the lung 

changes during airway inflammation and to identify signals and nutrients needed to 

induce potential metabolic shifts that lead to immunopathology. 

The experiments performed in this thesis provide evidence that pathogenic functions of 

ILC2 rely on the uptake of extracellular glucose and FA for proliferation and 

accumulation in the inflamed lung tissue. The study supports the hypothesis that glucose 

alone is not sufficient for expansion of ILC2 in the context of airway inflammation. Data 

suggests that increased uptake of exogenous FA by tissue resident ILC2 may be 

important to mediate proliferation, probably by providing lipids for the generation of 

membrane phospholipids. The increased FA uptake is linked to increased LD formation 

in the cell and excess lipids are stored as neutral lipids in LD to avoid lipotoxicity. In this 

study it is shown that these metabolic changes during airway inflammation can be 

induced by papain and Alternaria alternata. The availability of glucose and FFA increase 

after papain challenge in the lung tissue which show an increased need of nutrients in 

the inflamed lung tissue. On the transcriptional level ILC2 display changes in different 

metabolic genes after papain challenge. Genes that regulate for fatty acid synthesis, 

cholesterol synthesis and ß-oxidation are downregulated (Acc1, Fasn, Acly, Hmgcs1, 

Srebf, Ppara, Cpt1, Acox1), whereas genes for triglyceridesynthesis (TGS) (Dgat1, 
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Dgat2) are highly upregulated. Furthermore, other genes involved in glycolysis (Hk1, 

Ldha, Pkm) are upregulated as a consequence of the higher glucose uptake. Also genes 

involved in FA uptake (Pparγ, Slc27a6) were significantly upregulated. For a cell it may 

be more efficient to directly use exogenous lipids for building up membrane components, 

rather than using glucose for de novo FA synthesis. Indeed, recent reports suggest that 

highly proliferating cells rely on external FA to build complex lipids for cellular 

membranes (189). 

Previous studies revealed that papain exposure leads to IL-33 release from the lung 

epithelium (84). In this thesis in vitro and in vivo experiments using IL-33, IL-25 and 

TSLP as stimuli could show ILC2 proliferation and significant changes in nutrient uptake 

upon IL-33 stimulation alone. Experiments using ST2 KO were performed to test 

whether IL-33 signaling is important for ILC2 activation, proliferation and higher nutrient 

uptake. As result, similar changes on the transcriptional level were observed in papain 

challenged mice. Thus, these data suggested that the stimulation with IL-33 alone is 

necessary and sufficient for the acquisition of external FFA and glucose for LD formation 

in the lung. Considering that ILC2 have a different responsiveness to cytokines 

depending on the tissue, it is important to discriminate between lung and intestinal ILC2. 

Lung ILC2 have a very low expression of the receptor of IL-25 (IL-17BR) compared to 

intestinal ILC2 (190) (191), which can explain why only IL-33 leads to ILC2 activation in 

the lung. Mechanistically IL-33 seems to upregulate PPARγ which then leads to 

increased FA uptake. As previously shown in Tregs, IL-33 stimulation resulted in binding 

of basic leucine zipper AFT-like transcription factor (BATF) and interferon regulatory 

factor 4 (IRF4) to the PPARγ locus (192). The possibility that the same mechanism takes 

place in ILC2 has to be further investigated.   

The formation of LD in ILC2 is an essential process that allows continuous and high 

uptake of FA from the tissue environment by preventing lipotoxicity otherwise caused by 

excess intracellular FFA. This study suggests that esterification of FFA into triglycerides, 

a process mediated by the enzyme DGAT1, is also critical to fuel pathogenic ILC2 

elicited in airway inflammation. Culturing lung ILC2 from papain challenged mice with 

BODIPY® FL C12 revealed a rapid uptake of fluorescently labeled FA and subsequent 

storage in LD as assessed by confocal microscopy. Blocking the function of DGAT1 with 

DGAT1 Inhibitor A922500 (DGAT1i) severely impaired the viability of ILC2 in vitro and 
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reduced LD formation. Additionally, In vitro survival experiments and Annexin V/

propidium iodid double stain show that higher percentage of ILC2 cultured with DGAT1i 

display increased apoptosis compared to control. In line with this finding, peroxidation 

staining revealed that using DGAT1i leads to more oxidative degeneration of cellular 

lipids which can result in cell death. In contrast blocking the activity of DGAT2 with the 

specific inhibitor PF06424439 (DGAT2i) had no effect on ILC2 viability, proliferation or 

LD formation in culture. This suggests that expression of DGAT1 but not DGAT2 may be 

essential in ILC2 to acquire and store high amounts of external lipids from the 

surrounding environment. This observation is in agreement with the hypothesis that 

DGAT1 esterifies external FA and DGAT2 is responsible for TAG synthesis from fatty 

acid substrates derived from de novo lipogenesis (155). Furthermore, in vivo studies 

could show a decrease in ILC2 and eosinophil accumulation when mice were treated 

with DGAT1i. Here, LD formation was highly reduced, although glucose and FA uptake 

was unchanged or even higher. These findings confirm the initial hypothesis, that 

considers activated ILC2 to undergo apoptosis due to an excess of FFA which cannot be 

stored into LD. Evolutionary LD are the main nutrient buffering system, allowing the 

efficient storage of highly energetic fuel molecules a process that is mainly performed in 

adipose tissue (193). This mechanism seems to be essential to fuel ILC2 in airway 

inflammation. The capability of ILC2 and other immune cells to store nutrients may have  

different functions: On one hand ILC2, which are acting as central effector immune cells 

responsible for tissue maintenance and repair, are required to operate in variable states 

of nutrient availability and their capability to store FA in LD may allow them to function 

also in circumstances of dietary restriction. On the other hand, the glucose levels in 

tissues are low while FA may be more abundantly available. In this context, the process 

of tissue remodeling induced upon injury not only requires activation of ILC2 but may 

also supply FA released from membranes of dying cells (194). Interestingly, a recent 

report suggests that the mobilization of FFA from phospholipids by the phospholipase 

Pla2g5 expressed on macrophages is important to support ILC2-driven airway 

inflammation (195). This further confirms that, the microenvironment in the context of 

injury and remodeling may provide abundant supply of FA, which required the temporal 

storage in LD to prevent lipotoxicity. Concerning the specificity of DGAT1 inhibition in 

ILC2, in vivo experiments using DGAT1i was performed in order to target DGAT1 in all 
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tissues and cell types. To address the specific function of DGAT1 in ILC2 it would be 

necessary to employ specific genetic models for in vitro and in vivo studies. In this 

context the specific deletion of DGAT1 in ILC2 in vitro could be reached through siRNA 

or shRNA. For in vivo assessment of DGAT1 animal models using specific DGAT1 

deletion in ILC2 can be used. Specific deletion of DGAT1 in ILC2 might be able to 

reduce LD formation, proliferation and accumulation of ILC2. Alternatively, transfer 

experiments with DGAT1-depleted ILC2 compared to wild type (WT) ILC2 into     

RAG2-/-/gamma c- double mutant mice can be performed. 

Since fuel uptake experiments have shown more FA uptake upon ILC2 activation in vitro,  

the function of extra lipids during ILC2 proliferation was performed by adding external 

linoleic/oleic acid and palmitic acid in context of proliferation. The addition of these lipids 

could lead to higher ILC2 accumulation and proliferation (Ki-67+ ILC2) which strongly 

suggests that lipids promote the proliferation of activated ILC2. The analysis of Ki-67+ 

and Ki-67- ILC2 revealed that proliferating ILC2 (Ki-67+) take up more FA and have more 

LD compared to non proliferative ILC2 (Ki-67-) which underlines the importance of lipids 

to promote proliferation. A pulse chase experiment with added Click-Palmitic acid to 

cultured ILC2 argues for the usage of external lipids as components of cellular 

membrane. Here the signal in LD had weaned and Click-Palmitic acid localized at the 

cellular membrane, indicating a possible conversion of exogenous acquired palmitic acid 

into membranous phospholipids. 

To assess if external FA are mainly used for proliferation rather than for β-oxidation an 

Agilent Seahorse XF Cell Mito Stress test has been performed with ILC2 isolated from 

papain challenged mice and cultured in the presence or absence of FFA. The 

comparison of the OCRs at baseline shows no difference between ILC2 cultured with or 

without FFA which leads to the conclusion that external lipids have no significant effect 

on basal respiration. Indeed, cells cultured with FFA have a higher OCR after addition of 

the uncoupling agent FCCP compared to ILC2 cultured with no FFA. This difference 

results in a higher respiratory capacity and higher spare respiratory capacity, which is a 

measure of the ability of the cell to respond to increased energy demand or stress,  

concluding that, external FA are used for energy generation under stress. To verify this 

assumption, Lipidomics analysis could be performed to investigate the complete lipid 
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profile and fate within the cell. This detailed analysis would allow to test if external FA 

are converted first into LD and then used for building up membranous phospholipids.     

Using the PPARγ inhibitor GW9662 in vitro ILC2 show a strong decrease in FA uptake 

and LD formation, which goes along with less accumulation, proliferation and cytokine 

release. Similar results are obtained by using GW9662 in vivo. Moreover, usage of 

GW9662 in culture results in a lower expression of Dgat1 in ILC2, confirming that 

PPARγ positively regulates Dgat1. The data presented in this thesis suggest that lipid 

uptake and the storage of FFA in LD is regulated by the transcription factor PPARγ, 

since inhibition of PPARγ directly suppresses the acquisition of FA, LD formation and 

proliferation and accumulation of ILC2 in airway inflammation. These findings are in line 

with previous reports that highlight the importance of PPARγ in T cell activation by direct 

regulation of genes involved in the uptake of external lipids (196). Similar to the in vivo 

experiments performed with DGAT1i, also PPARγi was applied directly to mice. To 

confirm the specific function of PPARγ in ILC2 it would be necessary to employ various 

genetic in vitro and in vivo models promoting the deletion of PPARγ in ILC2 by siRNA/

shRNA or specific PPARγ KO in ILC2. Also in this case a specific deletion of PPARγ in 

ILC2 might reduce LD formation, proliferation and accumulation of ILC2. Alternatively, 

transfer experiments with PPARγ depleted ILC2 compared to WT ILC2 into         

RAG2-/-/gamma c- double mutant mice might be performed. 

Since it was observed that FA uptake as well as glucose uptake are increased upon 

ILC2 activation and proliferation, it has been hypothesized that the presence of glucose 

may play an essential role in promoting FA uptake in ILC2. To test this assumption, FA 

uptake and LD formation in the absence of glucose has been assessed in vitro. 

Interestingly, ILC2 cultured in the absence of glucose significantly reduced the uptake of 

external lipids and the formation of LD. This reduced capacity to acquire external lipids 

led to a reduction of the overall amount of ILC2 in culture and a reduction in cytokine 

production. This data suggest, that both glucose and FA may cooperate to fuel the 

survival and function of pathogenic ILC2 and that glucose availability allows the 

increased uptake of external lipids. In vitro survival experiments show that ILC2 cultured 

without glucose reduce their capacity to proliferate compared to control and that the 

expression of Dgat1 and Pparγ seem to be also controlled by the availability of glucose. 

Thus, reduced amounts of glucose lead to a lower expression of both genes with then 
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results in lower FA uptake and less proliferation. The exact mechanism by which glucose 

regulates the FA uptake is still unknown and needs further investigation. Possible 

explanations could be the activation of the mammalian target of rapamycin (mTOR) 

through glucose and the further positive regulation and activation of PPARγ (197). 

Several studies are still required to clarify the importance of glucose metabolism in ILC2 

and this can be assessed by inhibiting the glucose transport with inhibitors like Bay876 

(198) or using competitive glucose inhibitors such as 2-Deoxy-D-glucose (2-DG) (199). 

Another possible approach is the application of the anti-diabetic drug metformin, which 

inhibits the glucose uptake in the intestine and inhibits gluconeogenisis (200). Moreover, 

the genetic deletion of Glut1 in vitro by using siRNA could support the hypothesis of the 

role of glucose in ILC2 activation and proliferation. To further investigate the metabolic 

profile of ILC2 cultured in the presence or absence of glucose, an Agilent Seahorse 

assay can be performed and determine the effects of the glucose on the OCR can be 

clarified. Additionally, a more detailed analysis of the role of glucose should be 

performed by 13C metabolic flux analysis (13C-MFA) in future studies. 13C-MFA is the 

primary technique for quantifying intracellular fluxes in cells and to generate a 

quantitative map of cellular metabolism through using stable isotopes such as 13C. 

Labeled substrates like 1,2-13C-glucose can be metabolized by cells resulting in a 

rearrangement of carbon atoms and specific labeling patterns in downstream 

metabolites, which can be measured with mass spectrometry (MS) (201).  

Taken together, these data suggest that, increased incidence of chronic airway 

inflammation in the Western World may be largely mediated by a simultaneous rise in 

the consumption of carbohydrate and fat. Indeed, recent studies have highlighted the 

expansion of ILC2 responses in the context of high fat diet induced-obesity (202). 

Increased glucose availability in the Western World may allow an elevated lipid uptake 

with unexpected consequences. The data in this thesis strongly suggest that dietary 

interventions and changes induced in host metabolism through ketogenic diet in 

particular may be an efficient approach to control airway inflammation. In particular it is 

shown that using a ketogenic diet appears to block all central aspect of disease 

development, by limiting not only the availability of glucose but also simultaneously 

reducing the acquisition of exogenous FA and the formation of lipid droplets. Noticeable, 

ILC2 numbers are not affected by ketogenic diet in steady state. The papain challenge of 
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mice fed with control or ketogenic diet leads to drastic differences in cell numbers - ILC2 

and eosinophils - and cytokine production. The histological analysis of the lungs of 

papain challenged mice shows that cellular infiltrates and mucus production dramatically 

increased, whereas mucus production and cellular infiltration is completely abrogated in 

mice fed a ketogenic diet. On the transcriptional level genes for glycolysis are down 

regulated as well as Pparγ and Dgat1 which explains the lower FA uptake and LD 

formation. Dietary changes can have profound effects on microbiota and such changes 

may also influence the immune response (109) (184). To test the influence of microbiota, 

experiments using antibiotics were performed: here, the total number of ILC2 and 

eosinophils in mice on ketogenic diet was lower and 2-NBDG and BODIPY® FL C16 

uptake was also reduced, as well as LD formation. These results strongly suggest that 

the suppressive capacity of ketogenic diet is unaltered by antibiotic treatment, indicating 

a microbiota-independent effect. Here, the analysis of microbiota profile would be of 

great interest, in order to rule out any possible differences induced by the diet. The 

specific role of ILC2 in this model is hard to prove, since dietary changes are effecting 

the whole organism and not just one specific cell type. Ketogenic diet may affect 

hormone levels like insulin (203), which can lead to changed glucose uptake of the cells. 

These hormonal changes can result in overall changes of the metabolism and thus to 

changed immune responses (204) (205) (206). A prove of unchanged cell numbers of 

different immune cell types in other organs like the intestine or fat would be beneficial to 

show the specific effect on the lung. Another way to show ILC2 specificity would be to 

bypass the impairment of ILC2 by direct delivery of IL-5 or/and IL-13 to rescue the 

recruitment of goblet cells. Even though here the specific effect on ILC2 could not be 

proved, ketogenic diet could certainly provide an efficient way to treat airway 

inflammation in the future as its already used in the clinic to treat epilepsy (207). 

Furthermore, it would be interesting to test if ketogenic diet can be used as therapeutical 

intervention to treat established asthma. Such clinical approach, if proven successful 

could be a cost effective treatment of asthma and allergies, since the monitoring of 

ketone bodies by blood ketone body tests will allow self medication.  

Overall, the results presented and discussed in this thesis show the acquisition and 

storage of lipids in LD as an essential mechanism mediating pathogenic ILC2 

responses. Here we suggest that the inhibition of FA uptake, by using selective PPARγ 
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inhibitors or reducing glucose intake with ketogenic diet, might represent an efficient 

therapeutic treatment, which can be applied to target allergen-induced airway 

inflammation in the near future. 
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5. Summary 
The Western world is affected by a dramatic increase of chronic inflammatory diseases 

like asthma, Crohn’s disease and psoriasis. Innate lymphoid cells (ILC) play an 

important role in the control and maintenance of barrier immunity but also in the 

development of several inflammatory diseases. Chronic activation of ILC results in 

immune-mediated pathology probably promoted by higher nutrient availability through 

life style changes coinciding with industrialization.  

In this thesis is shown that, in the context of allergen-driven airway inflammation,  tissue 

resident ILC2 increase the uptake of both external lipids and glucose in the lung. Since 

gene expression analysis of ILC2 activated upon papain challenge did not reveal any 

substantial upregulation of genes involved in de novo lipid synthesis, it was suggested 

that externally acquired FA may be directly funneled into membrane lipids to support 

proliferation. Externally acquired fatty acids are transiently stored in lipid droplets to 

prevent lipotoxicity and promote the proliferation of ILC2 by using external lipids for 

membrane synthesis. This metabolic program is imprinted upon exposure to IL-33 and it 

is positively regulated by Pparγ and Dgat1, both partially controlled by glucose 

availability. Inhibition of PPARγ or DGAT1 leads to a strong decrease in ILC2 and 

eosinophil accumulation, as well as to lower inflammatory cytokine release by impacting 

lipid droplet formation. In vitro studies show that absence of glucose resulted in lower 

external FA uptake, lower lipid droplet formation and a strong downregulation of Pparγ 

and Dgat1. Strikingly, restriction of dietary glucose by feeding mice a ketogenic diet 

largely ablated ILC2-mediated airway inflammation by impairing fatty acid metabolism 

and the formation of lipid droplets. Taken together, these results reveal that pathogenic 

ILC2 responses require both lipid and glucose metabolism and identify ketogenic 

programs as a potent dietary intervention strategy to treat airway inflammation.  
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