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Abstract

Background: Allergic asthma is a chronic inflammatory disorder that is characterized with 

airway hyperreactivity (AHR) and driven by Th2 cytokine production. Group 2 innate lymphoid 

cells (ILC2s) secrete high amount of Th2 cytokines and contribute to the development of AHR. 

Autophagy is a cellular degradation pathway that recycles cytoplasmic content. However, the role 

of autophagy in ILC2s remains to be fully elucidated.

Objective: We characterized the effects of autophagy deficiency on ILC2 effector functions and 

metabolic balance.

Methods: ILC2s from autophagy deficient mice were isolated to evaluate proliferation, 

apoptosis, cytokine secretion, gene expression and cell metabolism. Also, autophagy deficient 

ILC2s were adoptively transferred into Rag−/−GC−/− mice, which were them challenged with 

IL-33 and assessed for airway hyperreactivity and lung inflammation.

Results: We demonstrate that autophagy is extensively used by activated ILC2s to maintain their 

homeostasis and effector functions. Deletion of the critical autophagy gene Atg5 resulted in 

decreased cytokine secretion and increased apoptosis. Moreover, lack of autophagy among ILC2s 

impaired their ability to utilize fatty acid oxidation and strikingly promoted glycolysis as 

evidenced by our transcriptomic and metabolite analyses. This shift of fuel dependency led to 

impaired homeostasis and Th2 cytokine production, thus inhibiting the development of ILC2-
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mediated AHR. Notably, this metabolic reprogramming was also associated with an accumulation 

of dysfunctional mitochondria producing excessive reactive oxygen species.

Conclusion: These findings provide new insights into the metabolic profile of ILC2s and 

suggest that modulation of fuel dependency by autophagy is a potentially new therapeutic 

approach to target ILC2 dependent inflammation.

Graphical Abstract

CAPSULE SUMMARY

Our data illustrate that modulation of autophagy can critically affect ILC2 effector functions 

through metabolic reprogramming, opening avenues for novel treatment of ILC2-associated 

airway inflammation and asthma.
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INTRODUCTION

Group 2 innate lymphoid cells (ILC2s) are a non T- and non B-lymphocyte population 

characterized by their lack of lineage and antigen specific markers. Upon activation by 

alarmins in response to tissue damage, ILC2s produce high amount of type 2 cytokines such 

as IL-5 and IL-13 (1–3). These cytokines promote eosinophilia and airway hyperreactivity 

(AHR), a cardinal feature of allergic asthma. Increased numbers of activated ILC2s have 

been detected in the blood and sputum of asthma patients compared to healthy controls (4–

6). Moreover, increased numbers of ILC2s were also measured in the bronchoalveolar lavage 

(BAL) fluid of asthmatics (7). Altogether this evidence suggests that ILC2s play a critical 

role in the development of human allergic asthma. Exploring the mechanisms of activation 

and regulation of ILC2s is essential to improve the understanding of the pathogenesis of 

allergic asthma, which could lead to new therapeutic strategies.
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Macroautophagy (hereafter referred to as autophagy) is the intracellular process by which 

damaged organelles are cleared and recycled, playing a critical role for cell survival (8–10). 

Defects in autophagy result in accumulation of damaged organelles such as mitochondria 

with the potential release of reactive oxygen species (ROS) that can affect apoptosis. This 

can in turn lead to activation of the immune system and the development of inflammatory 

diseases. Aside from bulk degradation, autophagy also plays a pivotal role in the regulation 

of metabolites levels including glucose and fatty acids (FA) and the balance of energy-

generating metabolic pathways in different immune cell populations by modulating fuel 

dependency (11, 12). Given that immune activation is highly energy dependent and requires 

specific type of fuel, the mechanisms by which immune cells obtain their energy offers a 

new platform to modify immune functions. Unlike activated T helpers cells that favor 

glycolytic metabolism, memory and regulatory T cells are mainly fueled using 

mitochondrial oxidative phosphorylation (OXPHOS) (13–15). Similarly, innate lymphoid 

cells have also been shown to predominantly generate energy by fatty acid oxidation (16). 

Although, it has been demonstrated that autophagy plays an important role in the 

development of innate lymphoid cells (17), further studies are required to understand how 

modulation of autophagy and metabolic balance affect homeostasis and effector functions of 

ILC2 in the context of diseases associated with ILC2s.

In this study we showed that autophagy is extensively used by activated ILC2s to maintain 

their homeostasis and effector function. Deletion of the critical autophagy gene Atg5 

resulted in decreased cytokine secretion, increased apoptosis, and repressed NF-κB 

signaling. On the other hand, induction of autophagy among WT ILC2s was associated with 

increased cell survival and cytokine secretion. Moreover, lack of autophagy among ILC2s 

impaired their ability to utilize FA oxidation and strikingly promotes glycolysis as evidenced 

by our transcriptomic and metabolite analyses. This shift of fuel dependency led to impaired 

homeostasis and Th2 cytokine production, thus inhibiting the development of ILC2-

mediated AHR. Notably, this metabolic reprogramming was also associated with an 

accumulation of dysfunctional mitochondria producing excessive ROS. Interestingly, 

pyruvate treatment to promote mitochondrial respiration rescued these effector functions and 

restored glucose metabolism among ATG5 deficient ILC2s. Together our findings provide 

new insight into the metabolic profile of ILC2s and suggest that modulation of fuel 

dependency by autophagy is a potentially new therapeutic approach to targeting ILC2 

dependent inflammation.

METHODS

Mice

Female RAG2 deficient (C.B6(Cg)-Rag2tm1.1Cgn/J) mice and RAG2 GC deficient (C; 
129S4-Rag2tm1.1Flv IL2rg tm1.1Flv /J) mice (6–8 weeks old) were purchased from 

Jackson Laboratory (Bar Harbor, ME). Rag2-deficient and Rag2 GC-deficient mice were 

bred in our facility at the Keck School of Medicine, University of Southern California 

(USC). Atg5flox/flox and LC3-GFP mice are the gift from Dr. Noboru Mizushima (Tokyo 

Medical and Dental University). Tfeb flox/flox mice are the gift from Dr. Babak Ranzani 

(Washington University School of Medicine). Atg5−/− and TfebTG mice were generated 
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respectively by crossing Atg5flox/flox and Tfeb flox/flox mice to Rosa-Cre mice. Mice were 

screened by PCR and Atg5flox/flox homozygote Rosa-Cre hemizygote mice were selected for 

the experiments. Atg5flox/flox and Tfeb flox/flox mice were backcrossed to rosa26Cre ERT 
mice (Jackson Laboratories) and bred in our facility at the Keck School of Medicine, 

University of Southern California under protocols approved by the Institutional Animal Care 

and Use Committee. To induce the deletion of the Atg5 gene and the Tfeb transgene, mice 

received tamoxifen (800 μg/mouse/day) for five consecutive days. Animal studies were 

approved by the USC Institutional Animal Care and Use Committee and conducted in 

accordance with the USC Department of Animal Resources’ guidelines.

Lung preparation and Flow cytometry

Lungs were processed to single cell suspensions as previously described (18). Stained cells 

were analyzed on FACSCanto II and/or FACSARIA III systems (Becton Dickinson) and the 

data were analysed with FlowJo version 10 software (TreeStar, Ashland, Oregon). The 

following mouse antibodies were used: biotinylated anti-mouse lineage CD3e (145–2C11), 

CD45R (RA3–3B2), Gr-1 (RB6–8C5), CD5 (53–7.3), TCRb (H57–597), CD11c (N418), 

CD11b (M1/70), Ter119 (TER-119), FceRIa (MAR-1) (BioLegend) and TCR-gd (eBioGL3) 

(eBioscience), Streptavidin-FITC, PE-Cy7 anti-mouse CD127 (A7R34), APCCy7 anti-

mouse CD45 (30-F11), APCeFluor780 anti-mouse CD11c (N418), PECy7 anti-mouse CD45 

(I3/2.3) were purchased from BioLegend. PerCP-eFluor710 anti-mouse ST2 (RMST2–2) 

and eFluor450 anti-mouse CD11b (M1/70) were purchased from eBioscience. PE anti-

mouse CCR2 (SA203G11), APC anti-mouse CCR5 (HM-CCR5), BV421 anti-mouse CCR6 

(29–2L17) and PE anti-mouse CCR7 (4B12) were purchased from Biolegend. Intranuclear 

staining was performed using the Foxp3 Transcription Factor Staining Kit (ThermoFisher 

Scientific), according to the manufacturer’s instructions. PE anti-human/mouse RelA NFκB 

p65 (IC5078P) was purchased from R&D Systems. PE anti-mouse Phospho-IKKα/β (Ser 

176/180) (16A6) was purchased from Cell Signaling Technology. eFluor-660 anti-mouse 

Ki-67 (SollA15) was purchased from eBioscience. Intracellular staining was performed 

using the BD Cytofix/ Cytoperm kit (BD Bioscience, San Jose, CA), according to the 

manufacturer’s instructions and as described previously (19). PE anti-mouse/human IL-5 

(Biolegend) and eFluor660 anti-mouse IL-13 (eBioscience) were used. Apoptosis was 

assessed using an Annexin V apoptosis detection kit PE (ThermoFisher Scientific), 

according to the manufacturer’s instructions. For analysis of mitochondrial mass, cells were 

stained with 40 nM MitoTracker Green (Life Technologies) for 20 minutes or MitoSox Red 

(Life Technologies) for 10 minutes, respectively, at 37°C. For glucose uptake measurements, 

cells were incubated in media containing 50μg/ml 2-NBDG (Thermo Fisher Scientific) for 

20 min at 37°C after surface antibody staining. For lipid droplet quantification, cells were 

incubated in media containing 1000 ng/ml Bodipy (Thermo Fisher Scientific) at 37°C for 30 

min. APC/Cy7-Glut1 was purchased from N ovus Biologicals.

In vitro stimulation of ILC2s

Murine lung ILC2s were isolated from WT control and Atg5−/− mice to >95% purity using 

the FACSARIA III cell sorter. Isolated murine ILC2s (5.0 × 104 per mL) were stimulated 

with recombinant mouse (rm)IL-33 (20 ng/mL), rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL). 

In experiments involving drug treatments, etomoxir (20μg/mL Sigma) or pyruvate (2 mM 
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Sigma) were added to the cells in complete RPMI 1640 medium (Thermo Fisher Scientific) 

containing 10% fetal bovine serum, L-glutamine (2mM), and a cocktail penicillin (100 μ/ml) 

and streptomycin (100 μg/ml) for 24 hours indicated. Controls were treated with appropriate 

vehicle. All cell culture experiments included at least three biological replicates per 

experiment and were repeated twice, unless stated otherwise in figure legends.

Confocal microscopy

Isolated lung ILC2s from LC3-GFP mice were stimulated with rmIL-33 (10 ng/mL), rmIL-2 

(10 ng/mL) and rmIL-7 (10 ng/mL) for 24 hours. After incubation, cells were washed and 

transferred on Superfrost Plus Slides (Thermo Fisher Scientific) with a Cytospin 4 (Thermo 

Scientific). The cells on the slides were fixed with freshly prepared 4% paraformaldehyde in 

PBS (pH 8). After fixation the slides were washed and mounted Vectashield mounting 

medium containing DAPI (Vector Laboratories, Burlingame, California). LC3 expression 

was analyzed by confocal microscopy (Nikon, Instruments, Melville, NY).

Supernatant cytokine measurement

Isolated lung ILC2s were stimulated with rmIL-33 (10 ng/mL), rmIL-2 (10 ng/mL) and 

rmIL-7 (10 ng/mL) for 24 hours. Cytokines were measured by multiplexed fluorescent bead-

based immunoassay detection (MILLIPLEX® MAP system, Millipore Corporation, 

Missouri U.S.A.) according to the manufacturer’s instructions, using a combination of 32-

plex (MCYTMAG70KPX32) and 41-plex (HCYTMAG-60K-PX41). For each assay, the 

curve was performed using various concentrations of the cytokine standards assayed in the 

same manner and analyzed using MasterPlex2012 software (Hitachi Solutions America, 

Ltd.), as described by our group before (20) (21).

Metabolic flux analysis

The real-time extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) 

were measured using a XF 96 extracellular flux analyzer (Seahorse Bioscience). Briefly, 

200,000 activated lung ILC2s were plated in Seahorse media supplemented with 1mM 

Pyruvate, 2mM glutamine, and 10mM Glucose. Mito stress test kit (Agilent, San Diego CA), 

using 1uM oligomycin, 1uM FCCP, and 0.5uM Rotenone (Rot) and Antimycin A (AA) was 

performed according to the manufacturer’s protocol.

Measurement of airway hyperreactivity (AHR)

Mice were administered with carrier-free recombinant mouse (rm)IL-33 intranasally (i.n.) 

(BioLegend, San Diego, CA, 0.5  μg per mouse in 50 μl) for 3 consecutive days. One day 

after the last challenge, mice were anesthetized using i.p. injection of ketamine (10 mg/mL) 

and xylazine (1 mg/mL). Measurements of airway resistance and dynamic compliance were 

conducted with the Fine Pointe RC System (Buxco Research Systems, Wilmington, NC), in 

which mice were mechanically ventilated using a modified version as previously described 

(21, 22). Mice were sequentially challenged with aerosolized PBS (baseline), followed by 

increasing doses of methacholine. Maximum lung resistance (RL) values were recorded 

during a 3-min period after each methacholine challenge.
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Collection of BALF (bronchoalveolar lavage fluid) cells

After measurements of AHR, the trachea was canulated and the lungs lavaged three times 

with 1 ml ice cold PBS to collect BALF cells as previously described. BALF cells were 

stained with allophycocyanin (APC)-labeled anti-Ly-6G/Ly-6C (clone RB6–8C5, 

BioLegend, San Diego, CA), Alexa Fluor-labeled anti-CD19 (clone 6D5, BioLegend), 

phycoerythrin (PE)-labeled anti-Siglec-F (clone E50–2440, BD Pharmingen, San Diego, 

CA), and PE-Cy (PE-Cy7) labeled anti-CD45 (clone 30-F11, BioLegend), peridinin-

chlorophyll-protein complex-Cy5.5 (PerCP-Cy5.5) labeled anti-CD3e (clone145–2C11, 

eBioscience, San Diego), and eFluor-450 labeled anti-CD11b (clone M1/70, eBioscience), 

and APC-Cy7 labeled anti-CD11c (clone N418, BioLegend).

In vivo stimulation

Rag−/− mice received two intraperitoneal (i.p.) injections of etomoxir (15 mg/kg) on days −1 

and 1. Mice were also administered intranasally rm-IL-33 (BioLegend, San Diego, CA, 0.5 

g per mouse in 50 μl) on days 0, 1 and 2. On day 4, AHR was assessed and BAL cells were 

analyzed by flow cytometry.

Adoptive Transfer

Experiments were performed as described previously (23). Briefly, activated ILC2 from 

IL-33 treated WT control and Atg5−/− mice were isolated as above and cultured for 48 hours 

in the presence of rm-IL-33 (20ng/mL) and 5×104 cells transferred i.v. in PBS 1X into Rag
−/−γC−/− mice. 24 hours later, 0.5μg rmIL33 i.n. in 50μL was given once a day for three 

days. AHR was then measured on day 4 and BAL cells were analyzed by flow cytometry.

RNA Sequencing (RNA-seq) and data analysis

Freshly isolated lung ILC2s from WT and Atg5−/− mice after 3 intranasal injections of 0.5μg 

rmIL33 were stimulated (5×104/mL) with rmIL-2 (10ng/mL), rmIL-7 (10ng/mL) and 

rmIL-33 (20ng/mL) for 24 hours at 37°C. Total RNA was isolated using Micro RNAeasy 

(Qiagen, Valencia, California). 10ng of input RNA was used to produce cDNA for 

downstream library preparation. Samples were sequenced on a NextSeq 500 (Illumina) 

system. Raw reads were aligned, normalized and further analyzed using Partek® Genomics 

Suite® software, version 7.0 Copyright ©; Partek Inc., St Louis, MO, USA. Pathway 

analysis was performed using the Qiagen Ingenuity Pathway Analysis (IPA) software.

Metabolic parameter quantification

Isolated lung ILC2s from WT control and Atg5−/− mice were cultured in RPMI 1640 with 

5% FBS, 2 mM L-glutamine, 100 U/ml Pen-Strep. In order to activate ILC2s, 1×106 cells/ml 

were seeded in 96-well plates with medium supplemented with rmIL-2 (10ng/mL) and 

rmIL-7 (10ng/mL) and rmIL-33 (20ng/mL) at 37°C. After 24 hours cells were homogenized 

in ice cold PBS. Samples were analyzed for Glucose-6-phosphate and Fructose-6-phosphate 

levels following the manufacturer’s instructions respectively from MAK014 and MAK020 

Assay Kits (Sigma). Isolated lung ILC2s from WT control and Atg5−/− mice were cultured 

in RPMI 1640 with 1% FBS, 2 mM L-glutamine, 100 U/ml Pen-Strep. In order to activate 

ILC2s, 1×106 cells/ml were seeded in 96-well plates with medium supplemented with 
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rmIL-2 (10ng/mL) and rmIL-7 (10ng/mL) and rmIL-33 (20ng/mL) at 37°C. After 24 hours 

supernatants were analyzed for L-lactate levels following the Glycolysis Cell-Based Assay 

Kit (#600450, Cayman Chemicals). Cells were lysed in NP40 buffer and protein was 

quantified using Pierce BCA Protein Assay Kit (Sigma). L-lactate levels were normalized to 

protein levels for each well individually. Isolated WT and Atg5−/− ILC2s were purified using 

MACS columns (Miltenyi Biotec). Cell count was normalized to 1×106 cells per sample and 

ATP levels from cell pellets were determined by using the luciferase based ATP 

Bioluminescence Assay Kit HS II (Roche Applied Science). Each assay is representative of 

at least two independent experimental repeats.

Metabolomic analysis by LC/MS/MS and GC/GC/MS

Metabolites were extracted from 5×106 isolated ILC2s from WT control and Atg5−/− mice 

by addition of 500 μL of ice cold 80% aqueous methanol. The supernatants were combined 

and filtered using a 3KD ultrafilter (Millipore), dried in a SpeedVac and then stored at 

−80°C. On the day of analysis, the dried extracts were re-constituted in ice cold 80% 

aqueous methanol. A quality control (QC) sample was made by combining 5 μL of each 

sample. This was injected at the start of the sequence and subsequently every 10 samples 

throughout the LC/MS/MS analysis. Metabolites were analyzed using a Waters Xevo TQ-

XSTriple quadrupole MS coupled to a UPLC system (Waters, Elstree). The IC flow rate was 

0.250 mL/min. The total run time was 37 min and the hydroxide ion gradient comprised as 

follows: 0mins, 0mM; 1min, 0mM; 15mins, 60mM; 25mins, 100mM; 30mins, 100mM; 

30.1mins, 0mM; 37mins, 0mM. Analysis was performed in negative ion mode using a scan-

range from 80–900 and resolution set to 70,000. The tune file source parameters were set as 

follows: Sheath gas flow 60 mL/min; Aux gas flow 20 mL/min; Spray voltage 3.6v; 

Capillary temperature 320°C; S-lens RF value 70; Heater temperature 450°C. AGC t arget 

was set to 1e6v ions and the Max IT value was 250ms. The column temperature was kept at 

30°C throughout the experiment. Full scan data were acquired in continuum mode.

Raw data files were processed using ProgenesisQI (Waters). This process included 

alignment of retention times, identified the presence of natural abundance isotope peaks, 

identified adducts forms and was then used to identify compounds present. The retention 

times and other measurable characteristics for each metabolite were confirmed by 

comparing values from the experimental data with the same values from the analysis of 

authentic standards for each metabolite. Principal Component Analysis was also performed 

using ProgenesisQI from peas representing all 4215 compounds measured with a %CV < 30 

in the quality control samples (normalized to all compounds).

For lipidomics, 5×106 cells were homogenized in 400 μl of 50% MeOH/H2O in a beads 

beater tube. Myristic-acid-14,14,14-d3 (1mg/ml) standard was spiked at ratio 1 g/5×106 

cells and samples were vortexed for 5 min after adding 1 mL of tert-butyl methyl ether 

(MTBE). After centrifugation at 13,000 RPM supernatants were collected into a 5:1 

MeOH/H2O solution. The aqueous phase was dried in a speedvac and combined with the 

dried MeOH pellet. For rederivatization, dried metabolite extraction was re-suspended in 20 

μg/ul MOX (volume 50 μl) and reacted at 30°C for 90 min on vortex. 30 l of pyridine and 70 

l of MSTFA were added to react at 60°C for 60 min before direct injection into GCxGC-MS 
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system comprising of a Waters Synapt G2-SiQTOF MS w/ ion mobility coupled to a 2D 

UPLC system (Waters). The samples were injected at 280°C and the oven temperature was 

prog ramed from 60°C to 320°C at 10°C/min and held at 320°C for 8 min. The interface 

temperature to the mass spectrometer was set at 330°C and ion source was he ated at 230°C. 

The MS was operated at scan speeds between 5000 and 20,000 amu covering a range of m/z 

45–600. Electron Ionization spectra were recorded at 70 eV.

Statistical analysis

Experiments were repeated at least 3 times (n=5–8 per group) and data are shown as the 

representative of 3–4 independent experiments. A two-tailed student t-test for unpaired data 

was used for comparisons between each group using Prism Software (GraphPad Software 

Inc.). The degrees of significance were indicated as: *p<0.05, **p<0.01, ***p<0.001.

Data availability

Sequence data that support the findings of this study have been deposited in Genbank with 

the primary accession code GSE139573. All remaining data will be made available by the 

corresponding author upon reasonable request.

RESULTS

Lack of autophagy in ILC2s inhibits ILC2 effector functions and ILC2-mediated AHR

To explore the role of autophagy on activated ILC2s, we first assessed the presence of active 

autophagy in ILC2s upon activation by confocal microscopy and flow cytometry using the 

LC3-GFP mouse model, which is used to measure autophagy. Naïve lung ILC2s from LC3-

GFP were isolated by fluorescence-activated cell sorter (FACS) and gated as lineage− 

CD45+ IL-7R+ and ST2+ (Fig 1, A). Isolated ILC2s were activated with recombinant mouse 

(rm)IL-33 for 12 hours or PBS as control. We observed that activated ILC2s robustly 

upregulate LC3 expression compared to naïve ILC2s by confocal microscopy (Fig 1, B). 

Similarly, the quantification of LC3-GFP by flow cytometry revealed an upregulation of the 

LC3 protein in activated ILC2s compared to PBS treated ILC2s (Fig 1, C). These data 

demonstrated that the mechanism of autophagy is highly induced in ILC2s upon activation. 

Following the observation that autophagy is induced in activated ILC2s, we used autophagy 

related gene 5 (Atg5) deficient mice to study the role of autophagy pathway in ILC2s (24–

26). As constitutive Atg5 deletion is embryonically lethal (27), we performed our following 

experiments using an inducible conditional Atg5 knockout mouse model which we refer to 

as Atg5−/−. To uncover the functional significance of the autophagy induction in activated 

ILC2s, we explored the role of autophagy on ILC2 homeostasis and effector function and in 

particular its production of Th2 cytokines. First, we quantified the number of activated 

ILC2s in the lungs of WT and Atg5−/− mice using flow cytometry. Strikingly, after 3 days of 

rmIL-33 intranasal (i.n.) treatment (Fig 1, D), Atg5−/− mice had less ILC2s in the lungs (Fig 

1, E). Furthermore, the number of ILC2s from WT and Atg5−/− mice intranasally treated 

with PBS or IL-33 were quantified in bone marrow cells to assess if egress could also 

explain the reduced number of activated lung ILC2s. Interestingly, we observed decreased 

BM ILC2 numbers in Atg5−/− mice treated with either PBS or IL-33 compared to WT 
controls (see Fig E1). We also assessed CC chemokine receptors (CCR) expression which 
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are crucial to ILC2 trafficking on lung activated ILC2s in WT and Atg5−/− mice. We 

observed no difference of CCR expression between the two groups suggesting that they do 

not play a role in the observed difference in ILC2 numbers (see Fig E2). These results 

suggest that autophagy plays a critical role in pulmonary ILC2 homeostasis during their 

activation. Next, to assess the effect of autophagy on ILC2 effector function, we measured 

the levels of cytokine secretion in isolated lung WT and Atg5−/− ILC2s. ILC2s were treated 

with rmIL-33 for 48 hours to induce activation. Following incubation, cytokine secretion 

was then measured on the cell culture supernatant by Luminex. When activated with 

rmIL-33, both IL-5 and IL-13 secretion were significantly decreased in Atg5−/− ILC2s (Fig 

1, F) demonstrating that lack of autophagy reduces the induction of Th2 cytokine secretion. 

Moreover IL-9, IL-6 and GM-CSF secretion was also impaired in Atg5−/− activated ILC2 

(see Fig E3, A). In contrast, we also assessed the effect of Atg5 deletion on ILC2s at steady 

state and we observed no effect of Atg5 deficiency on homeostasis and cytokine secretion in 

naïve ILC2s (see Figure E3, B and C).

We further measured the cytokine secretion intracellularly by flow cytometry in vivo. After 

3 days of rmIL-33 i.n. treatment, the frequencies of ILC2s that secrete IL-5 (Fig 1, G top 
panel) or IL-13 (Fig 1, G bottom panel) in the lungs were also decreased in Atg5 deficient 

mice as compared to WT control group (Fig 1, G and see Fig E3, D). Finally, to confirm the 

effect of autophagy in ILC2-mediated AHR, sorted lung ILC2s from WT and Atg5−/− mice 

were adoptively transferred to Rag2 GC double knockout mice, which lack T, B, NK cells 

and ILC2s. These mice were given i.n. rmIL-33 or PBS for three consecutive days, and then 

AHR was evaluated (Fig 1, H). As expected, i.n. administration of rmIL-33 significantly 

increased lung resistance in WT and Atg5−/− mice (Fig 1, I), however, lung resistance in 

IL-33-treated Atg5−/− mice was significantly lower than IL-33-treated WT mice, indicating 

that autophagy is required for IL-33-induced AHR. IL-33 treatment significantly increased 

the total number of ILC2s in WT and in Atg5−/− mice but the number of ILC2s was lower in 

Atg5−/− mice compared to WT controls in IL-33 treated groups (Fig 1, J). Similarly, IL-33 

treatment significantly increased the number of eosinophils in the BAL of WT and Atg5−/− 

mice, although the number of eosinophils in the BAL was reduced in IL-33 treated Atg5−/− 

compared to WT mice, indicating that IL-33 induced inflammation is impaired in the 

absence of autophagy (Fig 1, K). These results suggest that autophagy is critical for ILC2 

homeostasis and effector function.

Lack of autophagy inhibits the NFκ-B pathway and induces apoptosis in activated ILC2s

To investigate the molecular mechanisms of Atg5 deficiency on ILC2 survival, we next 

compared transcriptome analysis of ILC2 populations from WT or Atg5−/− mice, by 

performing RNA-sequencing (RNA-seq) analysis ex vivo. The effect of autophagy deletion 

on whole ILC2 transcriptome is shown as a volcanic plot based on the p-value and 

expression fold-change (FC) of each analyzed gene (Fig 2, A). In red and green are 

respectively the statistically significant genes either upregulated or downregulated by 1.5 FC 

in Atg5 deficient ILC2s. Notably, Ingenuity pathway analysis revealed a network of genes 

that altogether statistically (p-value = 5.55×10−7) induced (z-score = 1.293) the apoptosis of 

lymphocytes in response to Atg5 deletion (Fig 2, B). As we also previously found, the 

number of ILC2s were lower in Atg5−/− mice which led us to investigate whether lack of 
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Atg5 could affect the survival or proliferation capacities of ILC2s. Atg5−/− and WT mice 

were i.n. challenged with rmIL-33 for three consecutive days and after 24 hours ILC2s were 

stained with a dead cell discrimination dye and Annexin V for analyzing cell death and 

apoptosis respectively. Both the number of early and late apoptotic ILC2s were significantly 

increased in Atg5−/− mice compared to WT mice (Fig 2, C). To evaluate whether lack of 

Atg5 could also affect the proliferation rate of ILC2s, we examined expression of the 

proliferation marker Ki-67 in WT and Atg5−/− ILC2s. The level of Ki-67 in Atg5−/− ILC2s 

was significantly decreased compared WT ILC2s (Fig 2, D). These data suggest that 

autophagy is essential for the survival and proliferation of ILC2s.

Modulation of NF-κB signaling in immune cells can increase the susceptibility to apoptosis 

leading to decreased cell survival (28) (29) (30). Moreover, we have previously shown that 

loss of effector functions in ILC2s was associated with a decrease in the NF-κB pathway 

(20). We observed by flow cytometry that Atg5−/− deficiency reduced NF-κB p65 

expression in ILC2s (Fig 2, E and F). To better establish the underlying mechanisms, we 

explored the signaling pathway upstream of NF-κB by measuring the activated form of 

IKKα/β, which is phosphorylated on serine residues 176 and 180. Consistent with our 

previous results, lack of autophagy reduced phosphorylated IKKα/β expression in ILC2s 

(Fig 2, G and H). Collectively, our data demonstrate that autophagy plays a critical role in 

ILC2 survival and that increased apoptosis was associated with reduced NF-κB pathway 

activation.

Overexpression of autophagy induces ILC2 effector functions

Following the characterization of the Atg5−/− mouse model, we used TfebTG mice with an 

overexpression of the transcription factor “EB” (Tfeb), a master regulator of autophagy-

lysosomal biogenesis and critical to drive autophagy induction as previously described (31, 

32). TfebTG mice have constitutively enhanced autophagy. Akin to the above experiments 

conducted on the Atg5−/− mice, we assessed the effect of overexpressed autophagy on ILC2 

homeostasis and effector functions. We quantified the number of naïve and activated ILC2s 

in the lungs of WT and TfebTG mice using flow cytometry. After three days of rmIL-33 i.n. 

treatment (Fig 3, A), TfebTG mice had more ILC2s in the lungs whereas the number of 

ILC2s at steady state was not affected (Fig 3, B and C). These results which mirror those 

observed in Atg5−/− mice confirm the critical role of autophagy on activated ILC2s.

Since the number of ILC2 was higher in TfebTG mice, we investigated whether 

overexpression of Tfeb could affect the survival or proliferation capacities of ILC2s, as we 

had observed with Atg5 deletion. TfebTG and WT mice were i.n. challenged with rmIL-33 

for three consecutive days and after 24 hours ILC2s were stained with dead cell 

discrimination dye and Annexin V for analyzing cell death and apoptosis respectively. Both 

the number of early apoptotic and late apoptotic ILC2s were significantly decreased in 

TfebTG mice compare to WT mice (Fig 3, D). To evaluate whether overexpression of Tfeb 

could also affect the proliferation rate of ILC2s, we examined the expression of Ki-67 in WT 

and TfebTG ILC2s. The expression level of Ki-67 in TFebTG ILC2s was significantly 

increased compared to WT ILC2s (Fig 3, E). These data suggest that overexpression of Tfeb 

increases both the survival and proliferation of ILC2s. Additionally, we also measured 
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cytokine secretion intracellularly by flow cytometry. After three days of rmIL-33 i.n. 

treatment, ILC2s that secrete IL-5 (Fig 3, F top panel) or IL-13 (Fig 3, F bottom panel) in 

the lungs were also increased in TfebTG mice as compared to the WT control group. Taken 

together, the results observed between overexpression and deletion of autophagy are 

consistent and highlight the essential role of autophagy in the regulation of activated ILC2 

homeostasis and effector functions.

Lack of autophagy induces glycolytic metabolism in activated ILC2s

It has been previously shown in other immune cells that autophagy can affect 

immunometabolism and induce shifts in energy dependency (12). Furthermore, genetic 

ablation of autophagy can affect the regulation of metabolic pathways leading to metabolic 

reprogramming and dysfunction of lipid metabolism (12). To determine whether differences 

exist in the expression of key metabolic genes in response to Atg5 deletion, we next 

analyzed the gene expression profile of isolated activated WT and Atg5−/− ILC2s by 

performing RNA-seq analysis ex vivo. Key gene expression of fatty acid oxidation and 

glycolytic pathways were depicted in a heat plot (Fig 4 A). We found that although the 

expression of genes critical for commitment to glycolysis was higher in Atg5−/− compared to 

WT ILC2s, genes involved in fatty acid (FA) metabolism had a lower expression (Fig 4, A). 

For example, Cpt1c and Ecox3 involved in fatty acid oxidation (FAO) were downregulated, 

whereas glycolytic genes like G6pc3 and Eno3 were upregulated in response to autophagy 

deletion.

To confirm that enhanced expression of glycolytic genes had functional effects on activated 

ILC2s, we measured glucose uptake and utilization ex vivo. Transport of glucose through 

Glut1 is a key regulator of glycolytic rate and has been shown to be critical in T cell 

homeostasis (33). To quantify the expression of this transporter, we assessed Glut1 

expression by flow cytometry. We observed that activated Atg5−/− ILC2s have increased 

surface levels of the Glut1 transporter compared with WT ILC2s (Fig 4, B). We next 

quantified glucose uptake using the fluorescent D-glucose analogue 2-NBDG. 2-NBDG was 

significantly more accumulated in Atg5−/− ILC2s than in WT ILC2s (Fig 4, C). In addition 

we also quantified L-lactate, an end-product of glycolysis in the supernatant of cultured 

activated WT and Atg5−/− ILC2s. Consistently, Atg5−/− ILC2s secreted more L-lactate than 

WT ILC2s (Fig 4, D). We also measured the concentration of G6P and F6P, products of the 

first two steps of glycolysis, in isolated WT and Atg5−/− ILC2s. As expected, the 

concentration of these two metabolites were higher in Atg5−/−compared to WT ILC2s (Fig 

4, E).

Interestingly, quantification of oxygen consumption rate (OCR) reflective of active oxidative 

phosphorylation (OXPHOS) showed a decrease in spare respiratory capacity (difference in 

increased OCR after addition of FCCP compared with baseline) in Atg5−/− ILC2s (Fig 4, G 

and H). Notably, this was confirmed by cell energy phenotype profiling where we observed 

that Atg5−/− ILC2s had a higher extracellular acidification rate (ECAR) and a lower OCR 

compared to WT ILC2s in response to stress (FCCP and oligomycin treatment) (Fig 4, I). 

ILC2s mainly rely on lipid breakdown and fatty acid oxidation (FAO) to supply acetyl-CoA 
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metabolites for OXPHOS. Atg5−/− ILC2s also showed significantly reduced concentration of 

ATP which can be generated by mitochondrial OXPHOS (Fig 4, J).

To evaluate the direct effect of Atg5 deletion on mitochondrial morphology, we quantified 

the mitochondrial content of Atg5−/− and WT ILC2s with the MitoTracker Green dye by 

flow cytometry. Interestingly, lack of autophagy was associated with an increase in 

mitochondrial size compared to WT ILC2s (see Fig E4, A). Previous reports have shown 

that cells defective in autophagy accumulate reactive oxygen species (ROS) (34, 35). To 

examine ROS levels in the mitochondria, we used the mitochondrial-specific ROS indicator 

MitoSOX to selectively detect superoxides in the mitochondria of live cells. MitoSOX is 

targeted to the mitochondria and its oxidation by superoxide leads to generation of red 

fluorescence. Our results indicated that MitoSOX fluorescence was enhanced in Atg5−/− 

ILC2s compared with WT ILC2s (see Fig E4, B). Combined with the fact that there are 

more mitochondria and higher ROS accumulation, these data suggest that autophagy is 

required for mitochondrial function. Overall, the metabolic switch that occurs in activated 

Atg5−/− ILC2s, engage glycolysis but rather limit mitochondrial respiration which could be 

explained by mitochondrial dysfunction.

Lack of autophagy inhibits lipolysis in activated ILC2s

Previous studies have demonstrated that ILC2s rely predominantly on fatty acid oxidation 

for metabolism and lipid mobilization plays a crucial role in fueling ILC2 function (16). On 

the other hand, autophagy has also been described as a major pathway for lipid breakdown 

by targeting lipids to autophagosomes for hydrolysis via lysosomal lipases (lipophagy) (36). 

Lipophagy can contribute significantly to mobilize cellular lipids for provision of energy 

(37, 38) and is dependent on the autophagy machinery, suggesting that lack of autophagy 

could lead to a disruption of this mechanism. Our results have shown lack of autophagy 

induces a shift in the balance of energy-generating metabolic pathways from FAO toward 

increased glycolytic activity. As glycolysis is increased and FA metabolism is impaired in 

Atg5 deficient ILC2s, we hypothesized that breakdown of lipids might be affected and 

therefore unable to support FAO. Using lipidomics analysis, we measured levels of fatty 

acids in activated ILC2s of the lung. Interestingly, we observed depletion of free fatty acids, 

in particular palmitic acid (PA) and oleic acid (OA), in activated Atg5−/− ILC2s compared to 

WT ILC2s (Fig 5, A). In parallel, we used the neutral lipid-specific dye Bodipy to label lipid 

droplets for quantification by flow cytometry (Fig 5, B). We observed that Atg5−/− ILC2s 

accumulated more lipid compared to WT ILC2s (Fig 5, B). To confirm if this aberrant 

accumulation of lipids in Atg5−/− ILC2s could be associated with defects in FAO, we treated 

activated ILC2s isolated from WT and Atg5−/− mice with etomoxir, a FAO inhibitor, and 

assessed lipid uptake with Bodipy. In response to etomoxir, lipid uptake in WT ILC2s was 

significantly increased and reached the same level as in Atg5−/− ILC2s. Notably, etomoxir 

had no effect on the lipid uptake of Atg5−/− ILC2s. These results suggest that lack of 

autophagy affected metabolic pathway regulation by limiting FAO (Fig 5, C). To address this 

question, WT and Atg5−/− ILC2s of the lung were activated in the presence of rmIL-33, 

treated with etomoxir or vehicle, and the secretion of IL-5 and IL-13 measured in the 

supernatant. Our results show that lack autophagy reduces both IL-5 and IL-13 secretion in 

activated ILC2s. However in the presence of etomoxir both cytokines were no longer 
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inducible in activated WT or Atg5−/− ILC2s (Fig 5, D). These results demonstrate the FAO 

pathway is critical for ILC2 cytokine production and effector function. These results also 

suggest that defects in supply of FFAs for FAO could play an important role in the 

impairment of effector functions in Atg5-deficient ILC2s.

We showed that defective lipolysis was sufficient to block ILC2 activation by treating ILC2 

with the FAO inhibitor etomoxir. To assess the role of FAO on ILC2s in vivo, we examined 

the effects of etomoxir on IL-33 induced airway hyperreactivity (AHR) and eosinophil 

recruitment in Rag−/− mice that lack mature B and T cells. Rag−/− mice were intranasally 

treated with PBS or rmIL-33 in the presence or absence of etomoxir on days 1–3 followed 

by measurement of lung function and sample acquisition on day 4. Lung function data show 

that IL-33 increases lung resistance (Fig 5, E). In contrast, IL-33 treated mice that also 

received etomoxir had significantly lower lung resistance than vehicle treated mice (Fig 1, 

G). Similarly, the number of eosinophils in bronchoalveolar lavage (BAL) was significantly 

lower in etomoxir treated group when compared to vehicle control group (Fig 5, F). Taken 

together these results indicate lipid metabolism is critical for ILC2 effector functions and 

that autophagy can regulate this metabolic pathway. Moreover, our results clearly establish 

that both active lysosomal lipolysis and subsequent oxidation in mitochondria are required 

for ILC2 activation and metabolic homeostasis.

Lack of autophagy inhibits TCA cycle in activated ILC2s

Our results suggest that Atg5−/− ILC2s have impaired breakdown of lipids (Fig 5, A) leading 

to defects in ATP production mitochondrial and respiration (Fig 4, G, and E4) and increased 

glycolytic pathways (Fig 4, B–F). We therefore characterized the impact of Atg5 deficiency 

on these metabolic pathways. During ILC2 activation, we observed profound metabolic 

reprogramming and a clear overall difference in the metabolome of activated Atg5−/− ILC2s 

compared to WT IlC2s, as illustrated in the principal component analysis (PCA) of 4,215 

metabolites (Fig 6, A). By metabolomics analysis, we found Atg5−/− ILC2s had a significant 

reduction in TCA cycle metabolites compared with WT ILC2s (Fig 6, B and C). Indeed, 

among these metabolites the levels of citrate, α-ketoglutarate, fumarate and malate which 

are essential intermediates of the TCA cycle were significantly decreased in ATG5−/− ILC2s 

of the lung (Fig 6, B). We hypothesized that fatty acids are used during ILC2 activation as 

energy substrates for FAO and OXPHOS and tested whether pyruvate, an energy metabolite 

that can substitute fatty acid-derived acetyl-CoA to directly fuel OXPHOS, can also rescue 

the effector functions of autophagy deficient ILC2s. Pyruvate treatment alone was sufficient 

to restore defective glucose uptake (Fig 6, D) and cytokine secretion (Fig 6, E) of Atg5–/– 

ILC2s. Similarly, we observed that PA and OA treatment could also restore cytokine 

secretion of Atg5–/– ILC2s (see Fig E5). Altogether, these results show that administration 

of OXPHOS-fueling substrate pyruvate or FFA are sufficient to restore effector functions of 

ILC2s, supporting the notion that lipophagy provides FFAs for mitochondrial ATP 

production in order to drive normal ILC2 activation.
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DISCUSSION

Previous studies have shown a crucial role for ILC2s in allergen-induced asthma in mouse 

models (39–41). Similarly, human studies have shown that the prevalence of ILC2s in the 

blood was increased in subjects with allergic asthma, and PBMCs from asthmatic patients 

produced higher amounts of IL-5 and IL-13 in response to IL-25 or IL-13 compared to 

healthy subjects (4, 42). Together these studies demonstrate an essential role for ILC2s in 

allergic asthma.

Several reports have indicated that both ILC2s and lipid mediators have increased levels in 

tissues from patients with asthma and contribute to the development of asthma in mouse 

models (43–45). Interestingly, bioactive lipid mediators are able to regulate ILC2 activity 

and accumulation, making them critical modulators of ILC2 function in patients with 

allergic diseases (46–49). These results suggest that through environmental stimuli ILC2 

functions can be modulated. Overall these studies indicate that one of the mechanisms to 

modulate ILC2 function and to inhibit ILC2-induced AHR is to target the metabolic 

pathways regulating ILC2 effector function.

Accumulating evidence indicates that autophagy, a conserved lysosomal degradation 

pathway affects cellular immune responses in particular T lymphocyte survival and 

activation (50–53). Moreover, recently the role of autophagy in modulating immune 

responses through metabolic reprogramming has been highlighted (11, 12, 54–56). It has 

been established that ILC2s rely on FFA usage to fuel themselves (16), however the role of 

autophagy on ILC2 effector functions and its effect on the ILC2 energy-balance have not 

been explored.

In this study we demonstrate not only that autophagy is induced in activated ILC2s but this 

mechanism is also critical for ILC2 homeostasis and effector functions in vivo. Indeed our 

results show that the number of lung ILC2s is decreased in response to Atg5 deficiency in 

mice treated with IL-33 but not at steady state. However, our results suggests that Atg5−/− 

ILC2s in the bone marrow both in PBS and IL-33-challenged mice are significantly reduced. 

Previous studies show that at steady state there is a significant and continuous production of 

IL-33 in the bone marrow, by variety of cells including osteoclasts (57, 58). It seems that this 

level of activation and expansion is necessary for sufficient maintenance of ILC2s in the 

bone marrow. Therefore, even in naïve mice we do see a significantly lower number of 

ILC2s in the BM of Atg5 deficient mice, as autophagy is required for IL-33 dependent 

survival and expansion in the bone marrow. However, additional experiments are required to 

rule out the effect of lower BM output upon activation and their putative influence on the 

number of lung ILC2 in IL-33-challenged mice.

We also found that lack of autophagy induces lower ILC2-mediated AHR and lung 

inflammation in Rag−/−GC−/− mice in response to IL-33 challenge. In the absence of 

autophagy, ILC2 apoptosis is induced whereas ILC2 proliferation is decreased resulting in a 

reduced number of total ILC2s. In contrast, in the overexpressing autophagy TfebTG mouse 

model, we observed mirrors effects with an increased number of total ILC2s associated with 

increased type 2 cytokine secretion.
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Interestingly, in absence of autophagy, ILC2s undergo a shift of the fuel-dependency towards 

the glycolytic metabolism. Our results further show that autophagy provides FFAs through 

lipid droplet degradation in order to maintain energy balance. While glucose uptake and 

glycolysis metabolite levels in ILC2s were increased in response to lack of autophagy, 

OXPHOS pathway and TCA cycle metabolite levels were decreased. Although the 

glycolysis mechanism was likely induced as a secondary compensation effect, this metabolic 

pathway is not enough to maintain ATP level. This depletion in ATP can explain how the 

lack of autophagy results in the inhibition of ILC2 effector functions.

It has been previously reported that NF-κB modulation can regulate energy homeostasis, in 

particular inhibition of NF-κB pathway led to an increased glycolytic metabolism and 

decreased cell survival (59, 60). In our study, we observed that decreased ILC2 survival was 

also associated with an inhibition of the NF-κB pathway. These findings consistent with 

previous reports demonstrate that inhibition of the NF-κB activity can translate to reduced 

mitochondrial respiration and enhanced glycolysis. To identify if the metabolic 

reprogramming is triggered by NF-κB inhibition or whether the decreased NF-κB pathway 

is the source of the fuel-dependency shift would require further analysis.

A causal link has been described between mitochondrial dynamic, metabolic reprogramming 

and effector functions in immune cells (61, 62). Mitochondria are essential organelles for 

metabolic activity and cell survival that constantly remodel their structure. Modulation of 

mitochondrial dynamic by fission-fusion can lead to increased ROS production (63), 

mediate mitophagy (64, 65), affect cell survival (66) and support mitochondrial OXPHOS 

respiration (62). In this study, we also found that lack of autophagy was associated with a 

metabolic shift towards glycolysis and an accumulation of defective mitochondria producing 

increased mitochondrial ROS.

In parallel, the inhibition of FAO in ILC2s led to accumulation of lipid droplets at similar 

levels observed in autophagy deficient ILC2s and also resulted in low type 2 cytokine 

secretion. Atg5 deficient ILC2s also had a depletion of their FFA levels compared to control 

cells. Altogether these results suggest that the lack of autophagy affected the FAO by 

limiting the access of FFA from the lipid droplet to enter in the FAO pathway. As the FAO 

pathway is inhibited and the acetyl-CoA produced by glycolysis is not enough, the TCA 

cycle cannot be fueled in order to provide ILC2s with ATP. Collectively, our data 

demonstrate the FAO-OXPHOS pathway under the regulation of autophagy is essential to 

supply sufficient ATP to fuel ILC2 effector functions. This notion is consistent with recent 

reports describing the complex interplay between fuel-dependency balance and immune 

responses (55, 67). It is noteworthy to mention that the mechanism of lipophagy, defined as 

the autophagic degradation of intracellular droplets through the usage of the autophagic 

machinery still requires further exploration (68). We further investigated whether this 

induced metabolic shift could be corrected by adding pyruvate in the culture media of ILC2s 

to fuel the physiological metabolic pathways. Strikingly, we observed that exogenous 

pyruvate treatment efficiently restores ILC2 glucose levels and effector functions. Similarly, 

addition of of FFA, such as PA and OA also rescued the impaired cytokine secretion in 

autophagy deficient ILC2s. These results suggest that this metabolite can correct ILC2 

activation, most probably by providing substrate to fuel the TCA cycle.
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In summary, our findings provide experimental support for the concept that autophagy 

modulation can result in metabolic reprogramming. Therefore, our results suggest a 

protective role of autophagy deficiency in the development of ILC2-mediated asthma and 

present autophagy modulators as therapeutic candidates to regulate allergic asthma through 

metabolic reprogramming of innate immune cells such as ILC2s.
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Abbreviations

AA antimycin A

AHR airway hyperreactivity

ATP adenosine triphosphate

BALF bronchoalveolar lavage fluid

BM bone marrow

CCR CC chemokine receptor

CoA coenzyme A

E.A. early apoptosis

ECAR extracellular acidification rate

F6P fructose 6-phosphate

FAO fatty acid oxidation

FC fold-change

FCCP Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone

FFA free fatty acid

G6P glucose 6-phosphate

IKKα/β inhibitor of nuclear factor kappa-B kinase subunit alpha/beta

ILC2s group 2 innate lymphoid cells
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I.N. intranasal

I.P. intraperitoneal

L.A. late apoptosis

MFI mean fluorescence intensity

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

OA oleic acid

OCR oxygen consumption rate

OXPHOS oxidative phosphorylation

PA palmitic acid

PCA principal component analysis

QC quality control

RM recombinant mouse

RNA-seq RNA-sequencing

ROS reactive oxygen species

Rot Rotenone

TCA tricarboxylic acid cycle

WT wild type

NS Not significant
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CLINICAL IMPLICATIONS

This study highlights the importance of autophagy on metabolic wiring of the immune 

cells associated with allergic lung inflammation and asthma.
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Figure 1: Autophagy is required for ILC2s homeostasis and effector functions
(A) Gating strategy of Lin−CD45+IL-7R+ST2+ ILC2 cells. LC3-GFP mice were intranasally 

challenged with recombinant mouse (rm)IL-33 (0.5μg) or PBS on days 1–3. On day 4 lung 

ILC2s were isolated and analyzed by microscopy and flow cytometry. (B) Confocal 

microscopy of isolated ILC2s from LC3-GFP mice (x600). (C) Mean fluorescence intensity 

of LC3. (D) Lung activated ILC2s were isolated from WT control and Atg5−/− mice 

challenged intranasally for three consecutive days with rmIL-33 according to D. (E) Total 

number of activated ILC2s in the lungs. (F) Lung ILC2s were isolated from WT control and 

Atg5−/− mice and activated with rmIL-33 for 24h. IL-5 and IL-13 were measured in the 

supernatants. (G) Activated ILC2s were isolated according to D. Representative flow 

cytometry plots of intracellular IL-5 (top panel) and IL-13 (bottom panel) in ILC2s and 

corresponding quantification. (H) Rag−/−GC−/− mice were adoptively transferred with ILC2s 

from WT control and Atg5−/− mice. After the adoptive transfer, mice were intranasally 

treated with rmIL-33 or PBS on days 1–3 according to H. (I) Lung resistance. (J) Total 

number of lung ILC2s. (K) Total number of eosinophils in BALF. Data are representative of 
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three independent experiments, n=6. Error bars are the mean ± SEM. Student’s t-test, *p < 

0.05, ***p < 0.001.
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Figure 2: Lack of autophagy induces apoptosis in activated ILC2s
Lung ILC2s were isolated from WT control and Atg5−/− mice challenged intranasally for 

three consecutive days with rmIL-33 (0.5μg). (A) Volcano plot comparison of whole 

transcriptome gene expression of WT control and Atg5−/− ILC2s, n=3. Differentially 

expressed genes in Atg5−/− mice (p-value<0.05) with changes of at least 1.5 fold-change 

(FC) are shown in red (upregulated) or green (downregulated). Notable differentially 

expressed genes are labeled. (B) Network analysis of upregulated (red) and downregulated 

(green) genes overall significantly inhibiting the apoptosis of leukocytes. (C) Representative 

flow cytometry plots of WT control or Atg5−/− Annexin V+7-AAD+ ILC2s and 

corresponding quantitation. E.A.: early apoptosis L.A.: late apoptosis (D) Representative 

flow cytometry plots of WT control and ATG5−/− Ki67+ ILC2s and corresponding 

quantitation. (E) Representative histogram of the expression of NF-κB p65 in activated WT 
control and Atg5−/− ILC2s. (F) Corresponding quantification presented as Mean 

Fluorescence Intensity (MFI) of NF-κB p65. (G) Representative histogram of the expression 

of P-IKKαβ in activated WT control and Atg5−/− ILC2s. (H) Corresponding quantification 

presented as MFI of P-IKKαβ. The level of isotype-matched stain control is shown as a 

gray-filled histogram. Data are representative of at least three independent experiments, n=5. 

Error bars are the mean ± SEM. Student’s t-test, ***p < 0.001.
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Figure 3: Overexpression of autophagy induces ILC2 homeostasis and effector functions
(A) A cohort of WT control and TfebTG mice were intranasally treated with rmIL-33 (0.5μg) 

or PBS on days 1–3. On day 4 lung ILC2s were isolated and analyzed by flow cytometry 

according to the protocol in A. Total number of naïve (B) and activated (C) ILC2s in lungs. 

(D) Representative flow cytometry plots of lung Annexin V+7-AAD+ ILC2s from WT 
control or TfebTG mice (n=5) and corresponding quantitation. E.A.: early apoptosis L.A.: 

late apoptosis (E) Representative flow cytometry plots of lung Ki67+ ILC2s from WT 
control or TfebTG mice (n=5) and corresponding quantitation. The level of isotype-matched 

stain control is shown as a gray-filled histogram. (F) A cohort of WT control and TfebTG 

mice were intranasally treated with rmIL-33 (0.5mg) on days 1–3. On day 4 lung ILC2s 

were isolated and analyzed by flow cytometry. Representative flow cytometry plots of 

intracellular IL-5 (top panel) and IL-13 (bottom panel) in lung ILC2s and corresponding 

quantification. Data are representative of at least three independent experiments, n=5. Error 

bars are the mean ± SEM. Student’s t-test, *p < 0.05, ***p < 0.001.
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Figure 4: Lack of autophagy induces glycolytic metabolism in activated ILC2s
Lung ILC2s were isolated from WT control and Atg5−/− mice challenged intranasally for 

three consecutive days with rmIL-33 (0.5μg). (A) Heat plot of selected differentially 

expressed genes (p-value <0.05), n=2. (B) Lung ILC2s isolated from WT or Atg5−/− mice 

were treated with rmIL-33 for 24 hours in vitro, n=6. Representative histogram of the 

expression of Glut1 (left) and corresponding quantification (right) were shown. Isotype 

control was shown as white-filled histogram. (C) Representative histogram of the expression 

of 2NBDG (left) and corresponding quantification (right) were shown. (D) Enzymatic 

quantification of lactate accumulation in the supernatant of cultured ILC2s. (E) Glucose-6-

phosphate and (F) Fructose-6-phosphate measured in cell extracts from cultured ILC2s. (G) 

Oxygen consumption rate (OCR) was measured under basal conditions and in response to 

indicated drugs in the supernatant of cultured ILC2s, n=4. (H) Spare respiratory capacity 

presented as the difference in OCR after FCCP treatment and basal respiration. (I) Cell 

energy phenotype presented as OCR against extracellular acidification rate (ECAR). (J) ATP 
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concentration measured in cultured ILC2s, n=6. Data are representative of at least three 

independent experiments. Error bars are the mean ± SEM. Student’s t-test, **p < 0.01, ***p 

< 0.001.
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Figure 5: Lack of autophagy inhibits lipolysis in activated ILC2s
(A) Free fatty acid abundance in ILC2s isolated from WT control and Atg5−/− mice 

quantified by GCxGC/MS. Data represent 4 biological replicates per genotype. (B) Bodipy 

histogram (left) and quantification as MFI (right) in WT control and Atg5−/− ILC2s from 

lungs treated with rmIL-33 (10ng/mL) for 24 hours. The level of stain control is shown as a 

gray-filled histogram. (C) Bodipy quantification as MFI in WT control and Atg5−/− ILC2s 

from lungs were treated with rmIL-33 (10ng/mL) and stimulated with vehicle or etomoxir 

(20ng/μL) for 24 hours. WT control and Atg5−/− ILC2s from lungs were treated with 

rmIL-33 (10ng/mL) and stimulated with vehicle or etomoxir (20ng/μL) for 24 hours. (D) 

The levels of IL-5 (left) and IL-13 (right) were measured by ELISA on the culture 

supernatants, n=6. A cohort of Rag−/− mice was intranasally treated with PBS or rmIL-33 

(0.5μg) on days 2–4. Mice were i.p. injected with etomoxir (15mg/kg) or vehicle on days 1 

and 3. Measurement of lung function and BALF analysis followed on day 5. (E) Lung 

resistance. (F) Total number of eosinophils in BALF. Data are representative of at least three 
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independent experiments, n=6. Error bars are the mean ± SEM. Student’s t-test, *p < 0.05, 

**p < 0.01, ***p < 0.001.
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Figure 6: Lack of autophagy inhibits TCA cycle in activated ILC2s
ILC2s were isolated from WT control and Atg5−/− mice challenged intranasally for three 

consecutive days with rmIL-33 (0.5μg). (A) Principal component analysis of activated WT 
control or Atg5−/− ILC2s were scored based on the 4,215 detected metabolites (with 

Hotellings T2 ellipse at 0.95), n=4. (B) Relative levels of metabolites in the TCA cycle 

pathway analyzed using an LC-MS/MS system to determine the abundance of cellular 

metabolites, n=4. (C) Network analysis of metabolites in sorted WT control and 

Atg5−/−ILC2s from lungs treated with rmIL-33 (10ng/mL) for 24 hours in vitro, n=4. (D) 2-

NBDG quantification as MFI in WT control and Atg5−/− ILC2s from lungs treated with 

rmIL-33 (10ng/mL) and stimulated with vehicle or pyruvate (2mM) for 24 hours. WT 
control and Atg5−/− ILC2s from lungs were treated with rmIL-33 (10ng/mL) and stimulated 

with vehicle pyruvate (2mM) for 24 hours. (E) The levels of IL-5 (left) and IL-13 (right) 

were measured by ELISA on the culture supernatants, n=4. Data are representative of at 

least three independent experiments. Error bars are the mean ± SEM. Student’s t-test, *p < 

0.05, **p < 0.01, ***p < 0.001.
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