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Abstract

Epidemiological studies have shown sex differences in prevalence of non-allergic asthma.

Recent reports demonstrated negative effects of androgen signaling on group 2 innate lym-

phoid cells (ILC2s), explaining a potential mechanism behind sex bias in asthma preva-

lence. To further understand sex-related differences in ILC2 functions and ILC2 intrinsic or

lung environmental mechanisms behind it, we have investigated the effects of sex and age

on lung ILC2 function, the amounts of ILC2-activating cytokines in the lung and gene

expression profiles of male and female ILC2s. Flow cytometric analyses of naive male and

female mouse lung ILC2s showed no difference in their numbers. However, upon three daily

intranasal IL-33 injections, lung ILC2s in postpubertal female mice expanded to a greater

degree than male counterpart. In line with in vivo results, purified female mouse lung ILC2s

produced more cytokines than male ILC2s upon in vitro stimulation. Gene expression pro-

files of purified naïve male and female ILC2s differed in 4% of the genes, and gene set

enrichment analysis showed that female ILC2s are enriched for gene signatures of memory

T cells. We did not observe similar degree of differences between female and male ILC2s

after IL-33 stimulation. ILC2-activating cytokines including IL-33, IL-7 and TSLP were more

highly expressed in whole lung homogenate samples prepared from naïve post pubertal

female mouse lung than male mouse lung. Moreover, the differences in responsiveness of

male and female ILC2s to IL-33 were not affected in IL-33-deficient mice. These results sug-

gest that female ILC2s are more readily activated than male ILC2s due to their gene expres-

sion at the naïve state, which is potentially influenced by the lung environment.

Introduction

We and others have previously identified Group 2 innate lymphoid cells (ILC2s) in mouse

lungs [1, 2]. ILC2s are antigen non-specific innate lymphocytes that reside in mucosal tissues

such as the lung. They are activated by epithelium derived cytokines including interleukin (IL)
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-33, IL-25, IL-7 and thymic stromal lymphopoietin (TSLP) and produce type 2 cytokines IL-5

and IL-13 [3]. IL-5 induces eosinophil infiltration [4], while IL-13 stimulates mucus hyperpro-

duction [5], resulting in type 2 inflammation in the airways. They have been found to be ele-

vated in asthmatic patients’ sputum [6], blood [7] and bronchoalveolar lavage fluid (BALF)

[8].

Asthma is caused by chronic inflammation of the airways. It is estimated that approximately

300 million people suffer from asthma worldwide, but currently there is no cure. Epidemiolog-

ical studies have shown a higher prevalence of non-allergic asthma in women than men [9].

Multiple studies have also described more pronounced type 2 responses in females compared

to males in OVA-induced mouse models of asthma [10–12]. Recent studies have shown sex-

related differences in mouse ILC2 development and responsiveness. Warren et al. reported

that ILC2s isolated from female mouse lungs were more responsive upon ex vivo cytokine

stimulation compared to male ILC2s [13]. Laffont et al. reported that female mice have higher

numbers of ILC2s and ILC2 progenitors due to inhibitory effects of androgen signaling on

ILC2 development [14]. Cephus et al. also found that adult female mice have higher numbers of

ILC2s in the lung than male mice and female ILC2s proliferate more than male ILC2s in

response to IL-2 [15]. Interestingly, Kadel et al. demonstrated that there is a killer-cell lectin like

receptor G1 (KLRG1) negative population of ILC2s in females that increases with age and partly

contributes to the higher number of ILC2s in female lungs compared to male lungs in which

this population is largely absent. They also showed that androgen signaling inhibits differentia-

tion of bone marrow ILC precursors into ILC2s [16]. In contrast, Bartemes and colleagues

reported a role of estrogen in the regulation of uterine but not lung ILC2s, demonstrating tis-

sue-dependent effects of sex hormones on ILC2s [17].

To further understand the sex differences in ILC2 functions, we have investigated gene

expression profiles of ILC2 and ILC2-activating cytokines in the lung of male and female mice.

Here, we show that there is no significant difference in the numbers of ILC2s between naïve

male and female mouse lungs, contradicting previous reports [14–16]. Post pubertal female

lung ILC2s produce more cytokines upon activation than male counterparts. Gene expression

analyses suggest that female ILC2s are enriched for gene signatures of memory T cells whereas

pathway analysis also suggest that naïve female lung ILC2s are more metabolically active than

male ILC2s. These results suggest that female lung ILC2s are more prone to be activated by IL-

33 than male ILC2s due to intrinsic differences in gene expression.

Materials and methods

Mice

C57BL/6J (B6) and B6.Il33-/- (obtained from KOMP) mice were maintained in the British

Columbia Cancer Research Centre pathogen-free animal facility. B6.Rag1-/- mice were pur-

chased from the Jackson Laboratory. All animal use was approved by the animal care commit-

tee of the University of British Columbia and were maintained and euthanized in accordance

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

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

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

suffering and distress, we anesthetized mice by isoflurane inhalation during intranasal injec-

tions and monitored them until they were fully recovered from anesthesia in a separate cage

with heating mat underneath it. The mice were monitored daily during intranasal injections

and one day after the last injections and their health status was assessed by their behaviour,

appearance, hydration status, respiration, and presence/absence of any obvious pain. Their

health and well-being were monitored daily by facility staff based on their appearance and
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behaviour. At the time of harvest, we anesthetized mice by isoflurane inhalation until they

were unconscious and performed euthanasia by carbon dioxide asphyxiation. Mice were

treated at the ages indicated in the text.

Antibodies, reagents and flow cytometers

Fluorescein isothiocyanate (FITC)-conjugated anti-Ki67 (SolA15), Rag IgG2a kappa isotype

control (eBR2a), PerCP-Cy5.5-conjugated anti-CD19 (1D3), NK1.1 (PK136), CD3ε (145-

2C11), CD25 (PC61.5), Allophycocyanin (APC)-conjugated anti-FcεR1α (MAR-1), CCR9

(CW-1.2), Mouse IgG2a kappa isotype control (eBM2a), Alexa Fluor 700-conjugated anti-

CD45.2 (104), CD11c (N418), eFluor 450-conjugated anti-CD3ε (145-2C11), CD4 (RM4-5),

CD19 (1D3), CD11b (M1/70), TCRγδ (GL3), CD11c (N418), NK1.1 (PK136), TCRβ (H57-

597), Gr1 (RB6-8C5), Ter119 (TER-119), Phycoerythrin (PE)-conjugated anti-CD127

(A7R34) and anti-GATA3 (TWAJ), PE-Cyanine7 conjugated anti-CD127 (A7R34) were pur-

chased from Thermo Fisher Scientific (Waltham, MA). FITC-conjugated anti-ST2 (DJ8) was

purchased from MD Bioproducts (Oakdale, MN), and FITC-conjugated anti-7/4 (7/4) was

purchased from Abcam (Cambridge, United Kingdom).

V500 anti-CD45 (30-F11), BV605-conjugated anti-CD90.2 (53–2.1), and PE-conjugated

Siglec-F (E50-2440) were purchased from BD Biosciences (Franklin Lakes, NJ). eFluor 780

(Thermo Fisher Scientific) was used to exclude dead cells. Recombinant IL-33 and TSLP were

purchased from Thermo Fisher Scientific. ILC2s were identified as Lineage (CD3ε, CD4,

CD19, CD11b, CD11c, TCRβ, TCRγδ, NK1.1, Gr1, Ter119)-CD45+Thy1(CD90)+CD127+ST2+

cells and eosinophils were identified as Lym (CD3ε, CD19, NK1.1)-7/4-SiglecF+CD11c- cells.

GATA3 and Ki67 expression was analyzed by a Foxp3 transcription factor staining buffer set

kit (Thermo Fisher Scientific) according to manufacturer’s protocol. BD FACS Aria was used

for cell sorting and BD Fortessa was used for flow cytometric analyses. Flowjo version 10 was

used for data analyses.

Primary leukocyte preparation

Single cell suspensions were prepared from the lungs as previously described [18]. They were

counted using a hemocytometer, incubated in 2.4G2 mAb to block Fc receptors, and stained

with flow cytometery antibodies to sort or analyze by fluorescence-activated cell sorting

(FACS).

ILC2 enrichment

Primary leukocyte cell suspension was enriched for ILC2s using Easy Sep Mouse ILC2 Enrich-

ment Kit (STEMCELL Technologies) according to manufacturer’s protocol.

In vivo stimulation

Mice were anesthetized by isoflurane inhalation and intranasal injections were given. Mice

were given 3 daily intranasal administrations of 0.25 μg IL-33 in 40 μL PBS.

In vitro stimulation

ILC2s were sorted from naïve female and male lungs after ILC2 enrichment and 1000 cells

were cultured in 200 μL RPMI-1640 media containing 10% FBS, P/S, 50 mM 2ME, 5 ng/mL

TSLP and IL-33. Culture supernatant was collected 48 hours later. For whole lung leukocytes

cultures, single cell suspensions were prepared from B6 and Rag1-/- mice and 500,000 cells
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were cultured as described above for 72 hours in presence of 10 ng/mL (B6) or 5 ng/mL

(Rag1-/-) IL-33 and TSLP.

Lung homogenate preparation and analyses

Lungs were collected from naive and IL-33 treated mice one day after three consecutive injec-

tions and homogenized in Hank’s Balanced Salt Solution (HBSS) with EDTA and Halt prote-

ase inhibitor cocktail (Thermo Fisher Scientific) at 200 mg/mL. After centrifugation at 800 xg

for 20 min, supernatant was analyzed using IL-33, TSLP (Thermo Fisher Scientific) and IL-7

(Abcam) ELISA according to manufacturer’s protocols. Total protein was quantified using

Protein quantification kit-rapid (Sigma Aldrich).

Quantification of cytokines

BALF samples and in vitro culture supernatant were analyzed for IL-5, IL-13 and/or CCL3

using Thermo Fisher Scientific ELISA kits according to the manufacturer’s protocol.

Immunohistochemistry

Immunohistochemical staining of lung sections were performed using a polyclonal goat anti-

mouse IL-33 IgG (R&D systems, Minneapolis, MN) at 5 μg/mL (Vector Labs, Olean, NY) as

described before [19].

RNA extraction, microarray analyses and GSEA

Total RNA was extracted from FACS-purified ILC2s using TRIzol reagent (Thermo Fisher Sci-

entific, Waltham, MA) according to manufacturer’s protocol. RNA quality check, cDNA prep-

aration and microarray hybridization were performed at The Centre for Applied Genomics

(Toronto, Canada). Briefly, RNA quality was assessed using Agilent 2100 Bioanalyzer and the

samples with RNA integrity number (RIN) above 6 were selected for microarray analyses.

RNA amplification and cDNA preparation was performed using GeneChip WT Pico Kit

(Thermo Fisher Scientific). cDNA samples were hybridized to Thermo Fisher Scientific Gene-

Chip Mouse Gene 2.0ST Array. Three samples per group were analyzed for gene expression

profile by Flex Array 1.6.3 (Genome Quebec) after normalization using robust multi-array

(RMA) algorithm. Gene set enrichment analysis was performed using GSEA software and the

gene set collection C7 (immunological signatures) (http://software.broadinstitute.org/gsea/

index.jsp).

Visualization of cytoscape network analyses

Differentially expressed gene sets (p< 0.05, no fold difference cut-off was applied) were ana-

lyzed using Cytoscape (v3.6.1) plugin BiNGO (v.3.0.3) to identify over-represented “GO bio-

logical process” terms [20]. The hypergeometric test was used to measure the statistical

significance of the enrichments and the Benjamini & Hochberg method (p< 0.05) was used to

correct p-values. Resulting BiNGO output files were then visualized as functional overlapping

networks using the Cytoscape plugin Enrichment Map (v.3.1.0) with the following parameters:

P-value cut-off of 0.001, Q-value cut-off of 0.05, and Jaccard Coefficient cut-off of 0.25 [21].

The nodes comprising the network were then clustered using the plugin Autoannotate (v.1.2)

and the clusters were labelled manually by revising labels generated by the plugin.
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Statistics

GraphPad Prism 7 was used for data analyses. Unpaired Student’s t test was used to determine

statistical significance, with a P value < 0.05 being significant. Data in graphs represent the

mean +/- SEM (�P<0.05, ��P<0.01, ���P<0.005, ����P<0.0001, ns, not significantly different

[P>0.05]).

Results

Age and sex dependent ILC2 responses to IL-33

We gave three daily intranasal injections of IL-33 (Fig 1A) into male and female mice of vari-

ous ages and found greater numbers of ILC2s (2.7 fold, Gating strategy in Fig 1B) and eosino-

phils (3.3 fold) in female lungs compared to male lungs of 8 week-old mice (Fig 1C), but not 3

week- (Fig 1D) or 4 week-old mice (Fig 1E). In contrast, the numbers of ILC2s and eosinophils

in naïve male and female lungs were not significantly different at any age (Fig 1C–1E), contra-

dicting the recent report by Laffont et al., Cephus et al. and Kadel et al. We have also analyzed

the percentages of various cell types in the lungs of these mice. Most cell types showed no dif-

ference between male and female in naive state. After IL-33 injections, eosinophils expanded

more in female than male mice, which consisted approximately 40 and 50% of CD45+ cells in

male and female lungs, respectively. ILC2 percentages were similar between male and female

at all ages tested (S1A–S1C Fig). The amounts of IL-5 and IL-13 in BALF from the IL-33

treated 8 week-old female mice were also significantly higher compared to age-matched

treated male mice (Fig 1F) but the difference was not seen in 3 week-old mice (Fig 1G). The

time-course analyses (Fig 1H) of ILC2s and eosinophils in the lung as well as cytokines in

BALF showed that female ILC2s expand and are activated to a greater degree by IL-33 than

male ILC2s (Fig 1I and 1J). We also analyzed the expression of the proliferation marker Ki67

in naïve and IL-33 treated male and female ILC2s one day after three consecutive injections.

Interestingly, significantly higher percentages of naïve female lung ILC2s expressed Ki67 com-

pared to male lung ILC2s. However, once they are stimulated with IL-33, the difference was no

longer present (Fig 1K). As ILC2s are thought to be regulated by regulatory T cells (Treg),

which express the IL-33 receptor ST2 [22, 23], and differences between female and male Tregs

have also been reported [24, 25], we tested Rag1-/- mice, which are deficient in T and B cells.

Intranasal injections of IL-33 into Rag1-/- mice (8 weeks old) resulted in significant differences

in the numbers of ILC2s and eosinophils in the lung between males and females, similar to B6

wild type mice (Fig 1L), indicating that the ILC2 difference between sex is independent of

Tregs. These results were confirmed by in vitro IL-33 and TSLP stimulation of whole lung leu-

kocytes from B6 (Fig 1M) and Rag1-/- (Fig 1N) mice.

ILC2-activating cytokines in the lung

Cephus et al. recently reported that IL-33 and TSLP are negatively regulated by male hormones

in Alternaria alternata stimulated mice [15]. Because these cytokines are known to activate

ILC2s, we measured the amounts of IL-33, TSLP and IL-7 in whole lung homogenate prepared

from naïve male and female B6 mice at different ages. In young mice, the amount of IL-33 was

similar in male and female lungs. Strikingly, the IL-33 levels increased at 6 weeks of age in

female lungs, resulting in significantly higher amounts of endogenous IL-33 compared to male

lungs (Fig 2A). Immunohistochemical analyses of naive lung sections also showed more IL-33

positive cells in 8 week-old female than male lungs (Fig 2B). The expression of IL-7 (Fig 2C)

and TSLP (Fig 2D) also showed similar age dependent changes. IFNγ, a type 1 cytokine, was

undetectable. We have also measured IL-7 and TSLP amounts after IL-33 injections to
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Fig 1. Female ILC2s respond more vigorously to IL-33 stimulation than male ILC2s. (A) Treatment scheme for in vivo experiments. (B) Gating strategy to identify

ILC2s. They were identified as Lineage (CD3ε, CD4, CD19, CD11b, CD11c, TCRβ, TCRγδ, NK1.1, Gr1, Ter119)-CD45+Thy1(CD90)+CD127+ST2+ cells and

confirmed for GATA3 expression. Grey = fluorescence-minus-one control, black line = ILC2. (C-E) Eosinophil and ILC2 numbers in untreated or IL-33 treated 8

week- (C), 3 week- (D) and 4 week- (E) old mice 3 days after 3 consecutive IL-33 injections. (F,G) BALF cytokines in untreated or IL-33 treated 8 week- (F) and 3

week- (G) old mice 3 days after 3 consecutive IL-33 injections. (H) Treatment scheme for in vivo time-course analyses. (I, J) Eosinophil and ILC2 numbers (I) and

BALF cytokines (J) were quantified at day 0 (naive) and then 1 day (day 3), 3 days (day 5), 5 days (day 7) and 8 days (day 10) after 3 consecutive IL-33 injections. (K)

Ki67 staining of male (blue) and female (red) ILC2s before and 1 day after IL-33 injections. Grey = Isotype control. (L) Eosinophil and ILC2 numbers in untreated or

IL-33 treated 8 week-old Rag1-/- mice 3 days after 3 consecutive IL-33 administrations. (M, N) Amounts of IL-5 and IL-13 in supernatant collected from male or female
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determine whether IL-33 induces differential expression of IL-7 and TSLP in male and female

lungs. To this end, we selected 6 week-old mice as there is no significant difference in IL-7 and

TSLP amounts between naïve male and female lungs at this age, and we can directly assess the

effects of IL-33 on the amounts of IL-7 and TSLP. Intranasal injections of IL-33 into 6 week-

old mice caused no significant change in IL-7 and TSLP amounts both in male and female

mice (Fig 2E and 2F). The amount of IL-33 increased in male and female lungs after IL-33

administration, as expected, but the amount of IL-33 was no longer different between male

and female (Fig 2G). To test whether the differences in the amount of endogenous IL-33 in

naïve mice are responsible for the differences between female and male ILC2s in their

responses to intranasal injections of IL-33, we compared female and male Il33-/- mice. Similar

B6 (M) or Rag1-/- (N) whole lung leukocytes cultures stimulated with 10 ng/ml (M) or 5 ng/ml (N) IL-33 and TSLP for 72 hours. Red = female, blue = male. Data

represented are mean ± SEM of more than 3 (C, D, F, G, I, J) or 2 (E, K, L) experiments with 5–14 (C, D, F, G), 4–19 (I, J), 4–6 (E), 5–7 (K) or 3–7 (L) mice per group,

or mean ± SEM of 7–10 (M) or 4–5 (N) replicates per group. Two-tailed Student’s t-test was used to determine statistical significance, with a P value<0.05 being

significant. �P<0.05, ��P<0.01, ����P<0.0001, ns, not significantly different [P>0.05].

https://doi.org/10.1371/journal.pone.0214286.g001

Fig 2. Epithelium derived cytokines are differentially expressed in female and male lungs. (A) The amounts of IL-33 in naïve mouse whole lung homogenates

were measured using ELISA at different ages. (B) Immunohistochemical analysis and quantification of IL-33 in naïve 8 week-old lungs (200x magnification). (C, D)

The amounts of IL-7 (C) and TSLP (D) in naïve mouse whole lung homogenates were measured as in A. (E-G) The amounts of IL-7 (E), TSLP (F) and IL-33 (G) in 6

week-old mouse whole lung homogenates were measured by ELISA one day after three daily intranasal injections of IL-33. (H) ILC2 numbers in postpubertal naïve

Il33-/- male and female mouse lungs. (I) Eosinophil and ILC2 numbers in IL-33 treated postpubertal WT and Il33-/- lungs 3 days after 3 consecutive IL-33

administrations. Red = female, blue = male. Data represented are mean ± SEM, with 6–8 mice from 2–3 separate litters per group (A, C, D), 4 mice per group, 4

pictures per lung (B), 6–19 mice from 3–6 separate litters per group (E-G), 3 experiments with 3–8 mice per group (H) or 4 experiments with 7–17 mice per group

(I). Two-tailed Student’s t-test was used to determine statistical significance, with a P value<0.05 being significant. �P<0.05, ��P<0.01, ���P<0.005, ����P<0.0001.

https://doi.org/10.1371/journal.pone.0214286.g002
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to B6 mice, there was no difference in the numbers of ILC2s in post pubertal male and female

Il33-/- lungs before stimulation (Fig 2H). Three daily intranasal injections of IL-33 into post

pubertal male and female Il33-/- mice revealed statistically significant differences in the num-

bers and percentages of ILC2s and eosinophils between the sexes. Therefore, the differences in

ILC2s between male and female are independent of endogenous IL-33 (Fig 2I, S2 Fig).

Analyses of purified male and female lung ILC2s

In vitro stimulation of ILC2s purified from 8 weeks old naïve male and female lungs demon-

strated that female ILC2s produce more type 2 cytokines than male ILC2s (Fig 3A), demon-

strating that female and male ILC2s differ in their ability to produce cytokines upon

stimulation, in agreement with in vivo analyses (Fig 1F). The result also suggested a cell intrin-

sic difference between male and female ILC2s. To further investigate intrinsic sex differences

in ILC2s, we performed microarray analyses of purified 8 weeks old naïve male and female

lung ILC2s (S3A Fig). Overall, 4% of the genes were differentially expressed, the majority of

which were autosomal rather than sex-linked genes (Fig 3B, S1 Table). Detailed analyses dem-

onstrated no significant differences in the expression of Il2ra encoding CD25, Il1rl1 encoding

ST2, Gata3, Rora, Il7r encoding CD127, which are known to be important for ILC2 develop-

ment or functions (Fig 3C). To test the functional relevance of some of the differentially

expressed genes, we analyzed CCR9 expression on naïve male and female ILC2s by flow

cytometry. Although majority of ILC2s did not expressed the receptor, there was significantly

higher percentage of CCR9 expressing ILC2s in naïve male than female lung in accordance

with gene expression analyses (S3B Fig). The mean fluorescence intensity (MFI) of CCR9 was

also higher in naïve male than female ILC2s. We also analyzed chemokine CCL3 in BALF of

naïve male and female. There was no significant difference in the amounts of CCL3 in BALF

of male and female, which disagrees with gene expression data (S3C Fig). We also compared

the gene expression profiles of ILC2s purified from IL-33 injected male and female (8 weeks

old) lungs and found that they were remarkably similar to each other (Fig 3D). The number of

differentially expressed genes in the activated ILC2s was much less than naïve female and male

ILC2s (S3A Fig, S1 Table). Similar to naive male and female ILC2, there was no significant dif-

ference in the expression of Il2ra, Il1rl1, Gata3, Rora, and Il7r. However, in agreement with in

vivo data, Il5 was more highly expressed in activated female compared to male ILC2s (Fig 3E).

Gene Set Enrichment Analysis (GSEA) of the naïve ILC2 microarray data set showed that

female ILC2s are enriched for a gene signature of memory T cells, with leading edge genes

including Lck, Car5b, Manea, and Cmc1 (Fig 3F, S2 Table). To further understand the gene

expression data, the set of genes that are differentially expressed between male and female

ILC2s were analyzed for over-represented Gene Ontology (GO) terms and visualized as inter-

action networks using Cytoscape and Enrichment Map. Naive female ILC2s showed an over-

representation of cellular metabolism-related networks, including protein metabolic process

(S3 Table) and electron transport chain, implying that female ILC2s are more metabolically

active than male ILC2s at naive state (Fig 3G). These results suggested that ILC2 intrinsic dif-

ferences in gene expression may make naive female ILC2s more prone to be activated and pro-

liferate than naive male ILC2s.

Discussion

In this study, we have shown that postpubertal female ILC2s are more responsive to IL-33

stimulation than male counterpart using in vivo animal models. In vitro stimulation of puri-

fied ILC2s also demonstrated that female ILC2s have a greater ability to produce cytokines

compared to male ILC2s upon stimulation with IL-33 and TSLP. Although transcriptome
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analysis of naive male and female lung ILC2s identified differentially expressed genes, we have

not been able to find individual genes that are associated with ILC2 functions or development.

On the other hand, GSEA of the same data set showed that the genes that are more highly

expressed by naïve female than male ILC2s are enriched in a set of genes more highly

expressed in memory than naive T cells. These results suggest that female ILC2s are more

responsive to stimulation than male ILC2s, resembling the relationship between memory and

naive T cells. Cytoscape network analyses of differentially expressed genes also suggest that

female ILC2s may be more metabolically active than male ILC2s at naive state, consistent with

the idea that female lung ILC2s are more prone to be activated, similar to memory T cells.

Gene expression analyses of activated male and female ILC2s did not reveal specific genes that

may play a role in the differences in male and female ILC2 responsiveness. Recent reports by

Laffont et al., Cephus et al. and Kadel et al. showed that ILC2 development and their CD25

expression are negatively regulated by male sex hormones [14–16], explaining a potential

mechanism behind epidemiologically observed sex-related differences in asthma prevalence.

However, contradictory to those previous reports, we did not find a significant difference in

lung ILC2 numbers (Fig 1C–1E) at any ages or strains tested, or the expression of Il2ra encod-

ing CD25 (Fig 3C) between naïve male and female lung ILC2s. Differences in mouse strains,

models and animal facilities, possibly including the microbial environment, may be responsi-

ble for the discrepancy in our results. It is also important to note that the number of ILC2s

these studies detected in mouse lungs is noticeably higher than that that in our study, which

suggest that tissue processing protocols or identification of ILC2s may also contribute to the

discrepancy in our results.

We have also shown age-dependent differences in the expression of IL-33, IL-7 and TSLP

between male and female lungs (Fig 2A, 2C and 2D). However, Il33-/- mice showed similar

sex-related differences in ILC2s (Fig 2I), indicating that the differences in the levels of IL-33 in

naive male and female lungs were not responsible for the disparity in responsiveness between

male and female ILC2s. Therefore, the significance of the differences in the amounts of IL-33,

IL-7 and TSLP in naive male and female lungs in terms of ILC2 function is unclear. As activa-

tion of purified ILC2s by IL-33 in vitro requires an additional stimulus, which can be provided

by IL-7 or TSLP [1], it seems likely that higher amounts of these cytokines in female than male

mouse lungs may contribute to enhanced ILC2 activation in IL-33-injected female mice. It is

interesting to note, however, that intranasal IL-33 injections did not cause upregulation of IL-

7 (Fig 2E) or TSLP (Fig 2F). Furthermore, there is no significant difference in the amount of

IL-33 in male and female lungs after IL-33 injections (Fig 2G). These results indicate that the

higher levels of endogenous lung epithelial cytokines at steady state in females than males are

unlikely to be responsible for the higher response of female ILC2s to IL-33 stimulation than

Fig 3. Female and male ILC2s have cell intrinsic differences. (A) Amounts of IL-5 and IL-13 produced by purified naïve 8 week old male or female ILC2s

stimulated with 5 ng/ml IL-33 and TSLP after 48 h. Red = female, blue = male. Data represented are mean ± SEM, and representative of 2 independent experiments

with 4–9 replicates per group. Two-tailed Student’s t-test was used to determine statistical significance, with a P value<0.05 being significant. ���P<0.005. (B)

Scatter plot of 8-week-old naive male and female mouse lung ILC2 gene expressions in log2 scale. Black lines show fold change = 2. Blue = sex-linked genes,

red = autosomal genes. Data represented are mean ± SEM, 5–14 mice per sample, 3 samples per group. (C) Relative expression levels of selected genes in 8-week-old

naïve male and female mouse lung ILC2s. Annotated genes were selected if they were expressed at intermediate to high levels (>5.0 in log2 scale) in at least one sex

and were more than 2 fold differentially expressed between male and female. Genes highlighted in red are sex-linked genes. (D) Scatter plot of gene expressions in

male and female ILC2s purified from 8-week-old mouse lungs one day after three consecutive injections of IL-33. Gene expressions in log2 scale. Black lines show

fold change = 2. Blue = sex-linked genes, red = autosomal genes. Data represented are mean ± SEM, 2 mice per sample, 3 samples per group. (E) Relative expression

levels of selected genes in 8-week-old activated male and female mouse lung ILC2s. Genes highlighted in red are sex-linked genes. (F) GSEA of naïve male and

female lung ILC2 microarray data in shown in (B). (G) BiNGO analyses comparing naïve female and male mouse lung ILC2 gene expressions. Cytoscape and

EnrichmentMap were used for visualizing the functional clusters enriched in each sex and cellular state. Nodes represent enriched GO terms. Node size is

proportional to total number of genes in gene set, and node colour to the (1-p value). Edges depict gene set overlap between nodes and thickness represents fraction

of shared genes.

https://doi.org/10.1371/journal.pone.0214286.g003
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male ILC2s. Our study suggested that multiple factors including ILC2 intrinsic and lung envi-

ronmental components differ in male and female lungs. It is likely that sex differences in ILC2

responses and type 2 inflammation involve multiple mechanisms, and the effect of each com-

ponent in isolation may not be significant.

Overall, our results have shown that postpubertal female ILC2s produce more cytokines

upon stimulation than male ILC2s. It remains to be determined whether this is due to differ-

ences in gene expression potentially driven by the effects of sex hormones on ILC2s or the

lung environment.

Conclusions

Female ILC2s are more responsive than male ILC2s and naïve female mouse lungs have more

ILC2 activating epithelial cytokines. These differences may contribute to the higher prevalence

of non-allergic asthma in women than men. They also show the importance of considering sex

and sex-related differences when studying asthma in animal models.
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