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Introduction: Asthma is a chronic airway inflammatory disorder that

demonstrates a strong clinical bias in females of reproductive age. In this study

we evaluated group 2 innate lymphoid cells (ILC2) that play a now well-defined

role in allergy and asthma. ILC2 are rare immune cells that demonstrate a strong

activation bias in females compared to males in both mice and humans. We

hypothesized that ILC2 would be highly activated in people with asthma as

compared to healthy, sex-matched controls.

Methods: Subjects with asthma were identified bymedical records searching and

confirmed through pre-clinic interviews regarding asthma diagnosis. Additional

demographic and clinical data were collected from study questionnaires or

retrospective chart review. Correlations were determined between immune

activation and hormone levels for each study participant regardless of healthy

or asthma status.

Results: Results showed that within the asthma groups, female Veterans had

higher circulating blood neutrophils compared to males, and males had higher

eosinophils compared to females by complete blood cell count. ILC2 trended

upwards in male Veterans with asthma compared to female Veterans with

asthma (p = 0.086). Females with asthma had a marked reduction in CRTH2+

ILC2 in comparison to healthy female controls. The numbers of ILC2 in

correlation to ovarian hormones were determined to show a significant inverse

correlation with estrogen levels and ILC2 suggesting that estrogen may suppress

ILC2 abundance in circulation.

Conclusions: Additional studies are necessary to determine whether this

estrogen-effect extends to the lung and airways of people with asthma.
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Introduction

Asthma is a chronic airway condition that afflicts approximately

350 million individuals worldwide (1). In the United States 4-5% of

males and 7-8% of females are diagnosed with asthma (2). Even

with extensive efforts to reduce asthma rates there are significant

challenges that remain for diagnosing and treating this disease (3).

Diet, obesity, childhood versus adult onset, levels and types of

pollution, and environmental changes effected by temperatures,

allergen levels, and even genetic polymorphisms within the unique

host, have complicated the ever-changing landscape of asthmatic

airway disease (4). Biological sex is one of the critical variables that

influences the development and severity of asthma across the

human population (5). The current study was designed to

evaluate asthma in male and female US Veterans who experience

inhalation exposure to burn pit emissions, toxicants, pollutants of

various origins, and agricultural dusts leading to new asthma

diagnosis after deployments (6). These new exposures trigger

unique airway and respiratory tract inflammatory responses for

these deployed individuals; most commonly asthma is reported for

these military personnel post-deployment (7). Female Veterans in

particular return with higher rates of asthma than do male Veterans

indicating that the sex bias seen in civilians with asthma extends

into the Veteran population (8, 9). As with other respiratory

diseases, sex hormones play a role in this clinical observation (9,

10), and we are the first to characterize the immunobiology behind

male versus female asthma in Veterans.

Group 2 innate lymphoid cells, or ILC2, are innate immune cells

that demonstrate a stronger activation in females compared to

males (11). ILC2 can be activated by the epithelial cell derived

cytokine, IL-33. IL-33 is of the family of cytokines called the

‘alarmins’, and like IL-33, TSLP and IL-25 are sentinel cytokines

constitutively expressed in airway tissues that are released under

conditions of airway stress (12, 13). These alarmins are released

during viral infections, cigarette smoke exposures, and pollution

exposures (14–16). Once IL-33 ligates its cognate receptor (ST2) on

ILC2 it causes a rapid increase of IL-5 and IL-13 production and

secretion by ILC2 in the proximal airways. IL-5 and IL-13 support

eosinophil survival and recruitment, and program type 2 T helper

cell responses in allergy and asthma (17). IL-13 also drives the

production of mucus by goblet cells in the airway, and programs the

IgE response in B cells (18, 19). Although anti-IL-5 and anti-IL-13

biologics already exist, they have met with limited success for

subsets of patients (20). More recently, clinical therapies are

under development for neutralizing IL-33 and the IL-33 receptor

subunit, ST2, in patients with uncontrolled and severe asthma and

in atopic dermatitis (21). To date, these biologic therapies are

proving effective in clinical trials, but more studies are needed to

fully elucidate the effects of IL-33 as a clinical target.

Ovarian hormones have been proposed for decades as the

mechanism by which females develop asthma after puberty (22,

23). One of the most cited statistics for the sex bias in asthma is that

30-40% of women with asthma have perimenstrual worsening of

their symptoms (11, 24), and the same statistic applies to pregnant

women, with ~40% of those women experiencing worsening of their
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asthma symptoms during pregnancy (25, 26). Hormonal

fluctuations are thought to influence asthma onset and

exacerbations in females while testosterone has been shown to

attenuate asthma especially in biologically male children with

asthma as they reach sexual maturity (27, 28). Mechanistic

studies have shown that the androgen receptor on group 2 innate

lymphoid cells (ILC2) significantly reduces type 2 inflammatory

markers by ILC2. Similarly, we have shown that ILC2 and

eosinophil abundance are reduced in experimental asthma when

plasma estrogen concentration was consistent and comparable to

levels of the early to mid-follicular phase of the menstrual cycle.

Those studies did not determine which estrogen receptor(s) was

responsible for the suppressive effect by estrogen. There are three

known estrogen receptors expressed in mammalian tissues, two

with genomic effects (ERa, ERb), and one with cytoplasmic

signaling effects (GPER-1); it is plausible that estrogen may

suppress ILC2 responses through at least one of these receptors.

The genomic estrogen receptors were recently identified on human

blood ILC2 (29). ERa has been investigated in depth in various

immune cells using ERa knockout animals (30), and ERb was

manipulated pharmacologically in a mixed allergen exposure model

to limit pulmonary hyperresponsiveness to methacholine challenge

(31). GPER-1 was recently shown to reduce allergic inflammation in

mice (32), but to date, it has not been determined whether GPER-1

is expressed on ILC2 or whether ILC2 abundance or activity can be

modulated through GPER-1 activation or blockade.

Precision medicine has become routine in the care of patients

with asthma, leading us to evaluate whether estrogenic compounds

may be effective targets for modulating asthma onset and

exacerbations through hormone receptors on human ILC2. In

this manuscript we extend our previous work to include an

investigation of ILC2 in a clinical cohort of male and female

Veterans with and without asthma. Our hypothesis was that

estrogen, acting through GPER-1 would significantly reduce

cytokine responses in ILC2 isolated from male and female

Veterans with asthma. Here we used the GPER-1 agonist, G1, in

ex vivo ILC2 activation assays, to show that activating GPER-1

reduced expression of asthma promoting cytokines from

circulating ILC2.
Materials and methods

Human subjects

Male and female US Veterans with and without asthma were

recruited from the greater Salt Lake City area from January 2023 –

January 2024. Patient characteristics are reported in Table 1.

Participants were 26–54 years of age [mean age of cohort = 43.5]

and had completed at least a 3–4 year tour of active duty with the

United States Armed Services. Healthy controls were identified

through advertisements. People with asthma were screened and

recruited based on physician diagnosed asthma, and where

applicable, pulmonary function tests were examined to confirm

asthma status. All participants had not used combustible or
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TABLE 1 Demographics of study participants.

Female asthma Female healthy Male asthma Male healthy P-value

n/total (%) 16/62 (26%) 16/62 (26%) 14/62 (22%) 16/62 (26%) n.d.

Years w/asthma [range] SEM 14.82 [0.5-40]4.56 n/a 10.4 [0.5-28] 3.21 n/a n.d.

> 19 y.o. 10/16 (63%) n/a 8/14 (57%) n/a n.d.

< 19 y.o. 2/16 n/a 1/14 n/a n.d.

Not recorded 4/16 n/a 4/14 n/a n.d.

Allergic Rhinitis 15/16 6/16 11/14 4/16 p <0.001

Age [Range] SEM 44.5 [26-54] 8.8 43.7 [35-54] 6.9 44.3 [27-54] 8.1 41.1 [31-53] 7.8 n.d.

BMI [Range] SEM 32.29 [24-44] 1.5 31.28 [23-44] 1.7 35.10 [25-53] 2.0 32.92 [24-48] 2.1 n.d.

VA PFT available 6/16 3/16 9/14 3/16 p = 0.05

Deployments

Never 4/16 n.r. 2/14 n.r. n.d.

Yes 7/16 n.r. 7/14 n.r. n.d.

Not recorded 5/16 n.r. 5/14 n.r. n.d.

Deployment Region

Middle East 10/16 n.r. 10/14 n.r. n.d.

East Asia 3/16 n.r. 1/14 n.r. n.d.

Europe 3/16 n.r. 3/14 n.r. n.d.

Africa 3/16 n.r. 0/14 n.r. n.d.

South Asia 1/16 n.r. 0/14 n.r. n.d.

Medications

anti-histamines 11/16 5/16 7/14 2/16 p = 0.01

LTRAs 9/16 0/16 3/14 0/16 p < 0.001

LABA 9/16 0/16 4/14 0/16 p < 0.001

SABA 15/16 0/16 12/14 0/16 p < 0.001

ICS 12/16 3/16 9/14 2/16 p < 0.001

Hospital/ER visit for asthma ever 8/16 n/a 3/14 n/a p = 0.11

Asthma endotype

High type 2; eos 2/16 n/a 4/14 n/a n.d.

low type 2; PMN 8/16 n/a 2/14 n/a p = 0.04

Mixed granulocytic 5/16 n/a 8/14 n/a p = 0.16

Paucigranulocytic 1/16 n/a 0/14 n/a n.d.

Contraceptives

Oral contraceptives 1/16 n.r. n/a n/a

IUD 1/16 n.r. n/a n/a

Injectable 1/16 n.r. n/a n/a

do not use 7/16 n.r. n/a n/a

not recorded 6/16 n.r. n/a n/a
F
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n.d. indicates that between groups comparisons by student t-tests (for 2 groups) or One-Way ANOVA (> 2 groups) were not statistically different P-values are reported when a statistical
difference was identified. n.r. indicates the data were ‘not recorded’ and n/a indicates that the results are not applicable to the group.
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electronic cigarettes for at least 1 year prior to enrollment and were

excluded from the study if they had additional pulmonary or

cardiovascular conditions, such as pulmonary hypertension or

COPD. Female participants were excluded if pregnant, lactating,

or past reproductive age (i.e. menopausal). In rare cases, female

participants were excluded following oophorectomy; but were

included if only a hysterectomy was performed. All participants

had to be free from respiratory infection and had not used systemic

steroids for at least 1 week prior to blood draw. Contraceptive use

and prescription use were also recorded in Table 1. All study

procedures were approved by the R&D committee at the Salt

Lake City VA Medical Center and the Institutional Review Board

at the University of Utah (IRB# 00120600).
Blood collection, tissue processing and
sample storage

Up to 100 milliliters (mL) of whole blood was collected from

each study participant by the Pulmonary Clinical Research Group at

the University of Utah. 8–10 mL of whole blood were collected for

serum, 8–10 mL for plasma processing, and up to 80 mL of EDTA

treated whole blood for PBMC isolation. Serum and plasma tubes

were centrifuged at room temperature for 15 minutes at 900 x g,

then aliquoted into 0.65 mL tubes for long-term storage at -80°C.

For PBMC isolation, whole blood was diluted 1:1 with 1X

Dulbecco’s PBS (Fisher Scientific, Waltham, MA, catalog #21031)

and gently mixed by inversion 2–3 times. 20 mL of diluted blood

was slowly poured into a 50 mL SepMate tube (Stemcell

Technologies, Vancouver, Canada, catalog number #85450)

containing 20 mL of Lymphoprep to create the density gradient

medium (Stemcell Technologies, Vancouver, Canada, catalog

#07851). SepMate tubes were centrifuged at 1200 x g for 10

minutes at room temperature. Separated cells were poured into a

new 50 mL tube and washed with EasySep buffer (StemCell

Technologies, Vancouver, Canada, catalog #20144) and

centrifuged at 300 x g for 5 minutes at room temperature. Cells

were counted on the TC-20 cell counter (Biorad, Hercules, CA) with

trypan blue exclusion to determine viability. Cells were resuspended

at a concentration of 20–40 x 106 cells/mL in cryopreservation

media composed of 35% Dulbecco’s minimum essential media

(DMEM; Fisher Scientific Invitrogen, Waltham, MA), 55%

charcoal-scrubbed fetal bovine serum (FBS; Fisher Scientific

Invitrogen, Waltham, MA) and 10% DMSO (dimethyl sulfoxide;

ATCC, Manassas, VA). 1–2 mL aliquots of PBMC were placed in

cryopreservation tubes and stored at -80°for short-term storage (<6

months) and -150°C for long-term storage (>6 months).
ILC2 enrichment and activation assays

ILC2 were enriched from cryopreserved participant PBMC by

negative selection using the human ILC2 enrichment kit from

StemCell Technologies (Cat# 17972) according to the

manufacturer’s protocol. ILC2 numbers post-enrichment and
Frontiers in Immunology 04
viability were determined by trypan blue exclusion prior to

culture with human recombinant IL-2 (10 ng/mL) (PeproTech

Thermofisher, Cat#200-02-10UG), IL-7 (10 ng/mL) (PeproTech

Thermofisher, Cat#200-07-10UG) and IL-33 (10 ng/mL)

(PeproTech Thermofisher, Cat#200-33-10UG) in RPMI

supplemented with antibiotics and charcoal-scrubbed FBS.

Estrogen (Sigma, St. Louis, MO) was initially tested at a titrating

dose of 1 to 100 pg/mL to confirm regulation of ILC2 at a rate of 10

pg/mL as in our previously published work (33). In the G1

experiments, G1 (Tocris Biosciences, Bristol, UK, #3577) was

titrated to a working range of up to 3.2 uM concentration in

culture. Viability was determined in every culture experiment to

confirm that concentrations of cytokines, hormones and hormone

receptor agonists did not significantly reduced cell viability. ILC2

culture was performed in a 96-well, U bottom plate (Corning,

Corning, NY) for up to 6 days at 37°C with 5% CO2.
Flow cytometry and Intracellular staining
procedures

PBMC from each donor were stained for a panel of markers

(Supplementary Table 1) to determine CD3+ T cells, CD19+ B cells,

PMN, eosinophils, monocytes and group 2 innate lymphoid cells

(ILC2) Group 2 innate lymphoid cells were defined as CD45+LIN-

[CD3-CD4-CD8-CD19-ter-1-CD15-CD14-CD16- FceR1-CD11b-

CD11c] CD127+CRTH2+. For intracellular staining 96-well U

bottom plates were removed from the incubator and centrifuged

at 300 x g for 5 minutes at room temperature. Supernatants were

collected and stored at –80 ° C until confirmatory ELISAs were

performed. Cell pellets were resuspended in RPMI with GolgiStop

(BD Biosciences, San Diego, CA, #554724) for 2–4 hours at 37° C.

Cells were stained extracellularly in 50–100 uL of FACS staining

buffer with BSA (BD Pharmingen; San Diego, CA) and

supplemented with antibody cocktail for 20 minutes. Following

staining, cells were washed and fixed with 1x FoxP3 Fixation buffer

following manufactures instructions. Permeabilization buffer

(Fisher Scientific, Waltham, MA #00-5523-00) was added before

staining with intracellular antibody cocktail for 20 minutes. After

staining the samples were washed twice prior to data acquisition

using a Cytek Aurora spectral cytometer (Cytek Biosciences,

Fremont, CA). Gating schematics and cellular data analysis was

performed using FlowJo v. 10 software.
ELISA

Hormones were extracted from 250 uL of serum acquired from

each donor using the method adapted from Reilly et al. (2004) (34).

17b estradiol (Enzo, Farmingdale, NY cat# ADI-900-174) and

progesterone (Enzo, Farmingdale, NY Cat# ADI-900-011) were

measured in extracted serum according to manufacturer’s

instructions. 100 uL of plasma was added to each of the following

ELISA plates after a 2-fold dilution was performed using reagent

diluent that accompanies the Ancillary kit 2 (R&D Systems,
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Minneapolis, MN, #DY008). Plasma was analyzed for human IL-5

(cat# DY205), IL-8 (cat# DY208), IL-10 (cat# DY217), IL-13 (cat#

DY213), IL-17 (cat# DY317), Amphiregulin (Areg) (cat# DY262)

and IL-33 (cat# DY3626) using the Duoset ELISA kits from R&D

Systems. Cell culture supernatants were analyzed for IL-13 using the

above listed R&D Duoset.
Statistical analysis

Data are presented as mean ± standard error of mean (SEM).

Statistics were performed using a One-way analysis of variance

(ANOVA). A Kruskal-Wallis post-test was used to compare

significant differences between independent groups. Simple linear

regression was used to compare estrogen levels with ILC2 counts

per mL of blood collected and as a percentage of ILC2 per CD45+

cells. A Pearsons correlation matrix was constructed to determine

correlates of BMI, with various immune outcomes measured by

flow cytometry, and hormones. All statistical tests were completed

using GraphPad Prism (version 10). In all analyses, p values less

than 0.05 were considered statistically significant.
Results

Asthma study population characteristics
and neutrophilic versus eosinophilic
asthma endotypes in male versus female
Veterans with asthma

We initiated these studies to evaluate sex differences in asthma

in this unique patient population in comparison to healthy controls.

Participant demographics and patient information are reported in

Table 1. A total of 62 Veterans were recruited, 32 females; 16 with

asthma and 16 without asthma, and 30 males were recruited; 14

with asthma and 16 without asthma. Most of the female Veterans

had adult-onset asthma (10/16; 63%), whereas 8 of 14 (57%) male

Veterans reported developing asthma after 19 years of age. 15 of 16

females with asthma and 11 of 14 males with asthma reported

allergic rhinitis in the study questionnaire. There were no

differences between mean age and BMI for the four groups;

however, most participant BMI exceeded 31 kg/m2, including

control participants without asthma.

Medical records were examined for pulmonary function testing

(PFT) results to better characterize asthma in the patient

population. Surprisingly, we found that fewer females with

asthma had VA pulmonary function measurements available in

comparison to males with asthma (p < 0.05, by student t-test). We

further determined that more women were stratified into the

neutrophilic, low T2 endotype, based on plasma IL-17 and IL-8,

the presence of PMN in circulation by clinic-derived complete

blood counts, and flow cytometry measurements made at the time

of blood draw (p = 0.039). Subsets of both males and females with

asthma were characterized as a mixed granulocytic phenotype due

to a moderately high presence of PMN and normal to moderately
Frontiers in Immunology 05
high eosinophils, higher levels of lymphocytes and the detection of

IL-13 and IL-17. Lastly, eosinophilic asthma made up a low number

of the asthma endotypes characterized; only 2 of 16 females had

above normal circulating eosinophils, and 4 of 14 males with

asthma had elevated eosinophils. For these people with

eosinophilic asthma, we confirmed that those individuals had no

IL-17 in circulation, low levels of IL-8, and a detectable amount of

IL-5 and IL-13 in plasma. More females also reported using 4 to 5

drugs to control their asthma and half of the women with asthma

reported a hospitalization or emergency room (ER) visit due to an

asthma attack in their lifetime. Males reported fewer drugs by

questionnaire and only 3 of 14 reported emergency room or

hospitalization related to asthma. Questionnaire data was

compiled for prescription drugs, oral contraceptives use, and

deployments in Table 1.

We performed cell differentials using flow cytometry on whole

blood processed into PBMC from each participant (Figures 1A–F).

In these studies, PMN and eosinophils were statistically higher in

individuals with asthma as compared to healthy, sex-matched

controls (* indicates a significant asthma effect by one way

ANOVA, and Kruskal-Wallis post-test). Complete blood counts

(CBC) were taken during clinical visits for males and females with

asthma (Figures 1G–K). Males with asthma had more lymphocytes

and eosinophils compared to females with asthma (Figures 1G, J),

and females with asthma had more neutrophils compared to the

males with asthma (Figure 1I). Monocytes (Figure 1H) and

basophils (data not shown) were not different between males and

females with asthma. Complete blood cell counts were used to

compile the ratio of neutrophils to eosinophils (Figure 1K). In this

comparison PMN to Eos ratio was significantly elevated in the

females with asthma compared to males with asthma. This might be

due to these individuals having eosinophilic asthma or a mixed

granulocytic phenotype, as compared to females who tended to

have the predominant neutrophilic endotype.
The dominant lymphoid cell populations
are differentially modulated in healthy
versus asthma status

We measured the major lymphoid populations comparatively

in males and females with asthma compared to healthy, sex-

matched controls (Figures 2A–D). While we noted no statistical

differences in the frequencies and counts per milliliter of blood for

total CD3+ T cells (data not shown), we did notice that CD4+ T

cells were elevated in females with asthma compared to males

(Figures 2E, H), while CD8+ T cells were increased in males

compared to females with asthma (Figures 2F, I). Traditionally,

one would anticipate a 3-4:1 ratio of CD4 T cells to CD8 T cells in

circulation, but in the case of the males with asthma this ratio was

lower in comparison to females with asthma (Figure 2K). B cells

were elevated in the blood of females with asthma markedly over all

other groups (Figures 2C, G, J). Taken together, this indicated that

cell differentials between male and female Veterans with asthma

demonstrate unique immune phenotypes that had previously not
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FIGURE 1

Complete blood counts determined in the clinic are comparable to flow cytometric measurements of immune populations in peripheral blood
mononuclear cells (PBMC). Males and females with asthma and healthy Veterans were recruited through the Salt Lake City VA Medical Center for
blood collection. Flow cytometry was performed to quantitate both PMN and Eos. (A, B) The flow gating strategies are shown for these experiments.
(C, D) Percentage of neutrophils and eosinophils per total CD45+ cells were determined for each study participant. (E, F) The counts for PMN and
Eos per milliliter of blood collected from each participant was calculated. (G-J) Complete blood cell counts were determined from medical records;
(G) Lymphocytes, (H) monocytes, (I) neutrophils (PMN) and (J) eosinophils (Eos). (K) The ratio of PMN to Eos are shown for female and male
asthmatics comparatively. Statistical analysis was performed using a one-way ANOVA with a Kruskal-Wallis post-test. N=30 with asthma, N=32
healthy. Statistical significance is shown as * between groups p <0.05; ** indicates P < 0.01; *** p < 0.001; **** P < 0.0001.
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been determined for these individuals. We next assessed whether

the ILC2 developed differently in these asthmatic versus

healthy Veterans.
ILC2 are decreased in the blood of female
Veterans with asthma in comparison to
healthy sex-matched controls

Our previous publications demonstrated ILC2 were increased in

female hosts compared to male hosts in experimental asthma (35),

leading us to hypothesize that circulating ILC2 would increase in

participants with asthma compared to healthy participants. We

subsequently anticipated higher numbers of circulating ILC2 in

females with asthma compared to males with asthma in the Veteran
Frontiers in Immunology 07
population. ILC2 were designated as CD45+ lineage negative (LIN-)

CD127+CRTH2+ (Figures 3A–I). Surprisingly, ILC2 as a

percentage of CD45+ cells and ILC2 per milliliter were decreased

in females with asthma in comparison to healthy female controls (*

p < 0.05). Although in males and females with asthma when ILC2

per mL of blood collected were compared we did detect a trend (p =

0.086) towards a significant sex difference. We additionally

measured ILC2-specific cytokines in the asthmatic study

populations (Figures 3J–O). First, both IL-5 and IL-13 were

measured in the plasma of each participant (Figures 3J, K). IL-5

was higher in males compared to females with asthma. IL-17 levels

were lower when comparing females to males with asthma

(Figure 3L). The two alarmins, TSLP and IL-33, were measured

in the plasma of each participant in the study (Figures 3M, N). IL-33

was significantly elevated in females with asthma in comparison to
FIGURE 2

The dominant lymphoid cell populations are differentially modulated in healthy versus asthma status, and in males versus female participants with
asthma. Males and females with asthma and healthy veterans were recruited through the Salt Lake City VA Medical Center for blood collection. (A–
D). A gating schema is shown for the detection of CD4 and CD8 positive T cells and CD19+ B cells in the blood. Lymphocyte percent of total (E).
CD4+ T cells, (F) CD8+ T cells (G) CD19+ B cells. (H-K). Lymphocyte total counts per milliliter of blood; (H) CD4+ T cells, (I) CD8+ T cells, and (J)
CD19+. (K). CD4:CD8 ratios are shown. Flow cytometry was performed to quantitate lymphocytes. Statistical analysis was performed using a One-
way ANOVA with a Kruskal-Wallis post-test. N=30 with asthma, N=32 healthy. Statistical differences between groups are shown as * p < 0.05, **
indicates p < 0.01, *** indicates p < 0.001.
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males with asthma, and TSLP levels were not different in the plasma

between any of the groups. Lastly, amphiregulin (Areg) was

measured and trend upwards in the plasma of male asthmatics

compared to female asthmatics (Figure 3O). IL-5 and IL-13 are

readily secreted from ILC2 once they are activated by IL-33 in our

previous studies and by others. However, while both ILC2 specific

cytokines were elevated in the participants with asthma compared

to healthy individuals, we detected no biological sex differences

between males and females with asthma based on the levels of IL-13

detected in plasma.
Estrogen inversely correlates with the
suppression of ILC2 in males and females
regardless of healthy or asthma status

In our previous report we noted a significant suppression of

eosinophils and ILC2 in an experimental asthma model where 17 b-
estradiol was delivered at steady levels to ovariectomized female mice

compared to sham operated controls prior to allergen challenge.
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Furthermore, clinical studies have noted that estrogen-based

contraceptives are linked to a reduction in asthma onset. In the

current study we measured progesterone (Figure 4A) and estrogen

(Figure 4B) in asthma donors including males and females. It has

been reported in the literature that visceral adipose tissue is a

moderate source of estrogen in overweight individuals. Because we

noted higher BMI in all our participants, including males, we were

not surprised to measure detectable levels of estrogen in all donors

(36). Next, we performed simple linear regression to determine

whether there were correlations between ILC2 numbers and

estrogen in both male and female participants with asthma

(Figures 4C, D). Percentage of ILC2 in the blood were inversely

correlated with estrogen levels, and when levels of estrogen were

compared to the number of ILC2 per mL of blood collected from

each study participant. We created a Pearson’s correlation matrix to

determine whether interactions are potentially occurring between

other innate immune cells including neutrophils (PMN) and

eosinophils (Eos), BMI, and ovarian hormones. Using this second

statistical test, we detected a similar inverse correlation with estrogen

and ILC2 per mL of blood collected (r = -0.35, p < 0.05), and with
FIGURE 3

Group 2 innate lymphoid cells are increased in the blood of male and female Veterans with asthma in comparison to healthy sex-matched controls.
(A-G) A representative flow gating strategy is shown for identifying the CD127+ CRTH2+ ILC2. (H). The percentage of the total viable CD45+ cells
that are CRTH2+ ILC2 was determined by flow cytometry. (I). The count of CRTH2+ ILC2 per mL of blood collected are shown. (J-O) Cytokine
detection in plasma by ELISA. (J) IL-5, (K) IL-13 (L) IL-17 (M) TSLP, (N) IL-33, and (O) Amphiregulin (Areg). Statistical analysis was performed using a
One-way ANOVA with a Kruskal-Wallis post-test. N=30 with asthma, N=32 healthy. Statistical difference between groups is shown as * p < 0.05.
Exact p-value included for statistical trend between 0.05 and 0.1.
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FIGURE 4

Estrogen inversely correlates with ILC2 numbers in circulation regardless of biologic sex or asthma status. (A, B) Serum was processed from whole
blood collected from each donor and extracted prior to hormone level determination. (A) Progesterone and (B) estrogen levels were determined
after extraction using ELISA. Donor data was compiled for all study participants, where complete data was available subject data was correlated with
(C) ILC2/mL of blood collected and (D) the % of ILC2 per total CD45+ cells by simple linear regression, and (E) a Pearson’s correlation matrix for
hormones, BMI and immune populations. * indicates a p-value < 0.05, *** p < 0.001.
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estrogen and % ILC2 of total CD45+ cells (r = -0.31, p < 0.01)

(Figure 4E). Progesterone positively correlated with neutrophils in

this analysis (r = 0.62, p < 0.05). In summary, these data confirmed

that ILC2 are modulated by the concentration of estrogen in the

serum at the time of the blood draw.
GPER-1 is expressed on ILC2 from both
healthy people and donors with asthma

We next investigated whether the G-protein coupled estrogen

receptor 1 (GPER-1) was expressed on ILC2 following the discovery
Frontiers in Immunology 10
that these cells and estrogen were negatively correlated. PBMC were

untreated and stained for ILC2 markers and the G protein-coupled

estrogen receptor (GPER-1) by extracellular staining methods used

previously (Figures 5A–E) (37). We showed measurable levels of

GPER-1 on blood CRTH2+ ILC2 (Figures 5C, D). There were no

differences in receptor expression in these studies between healthy

participants and participants with asthma. Additional time by

treatment interaction studies are needed to fully characterize the

fluctuations in ovarian hormones and the levels of this receptor

expression on ILC2. We anticipate that hormones may influence

immediate reactions in ILC2 based on the results from our next

studies. Lastly, we measured GPER-1 in circulating ILC2 by
FIGURE 5

An assessment of GPER-1 on ILC2 of healthy and US Veterans with asthma. Hormone receptor expression was determined on a subset of study
participants from all groups. (A–C) A representative flow gating schematic was included for reference. (D, E). 1–2 X 106 CD45+ events were
collected and gating for ILC2 using LIN- gating and CD11b/c- dump gating to identify ILC2 (CD127+CRTH2+) was performed. (E). The percentage of
ILC2 per total cells was determined. (F, G) ILC2 were sorted using the schema in (A, C) and cultured for 5 days in IL-2, IL-7 and IL-33. Cells were
lysed and GPER-1 was immunoprecipitated (5 ug/mL) from the cell lysates (30 ug), followed by probing for GPER-1 (1 ug/mL). MCF-7, ovarian
cancers cells, were included as a GPER-1 expressing positive control. Image J software was used to quantitate GPER-1 expression relative to IP light
chain antibody. A simple student t-test was used in these studies to compare the asthma and healthy results for these studies. No differences were
detected in unpaired analysis; n = 12 for healthy donors and n = 8 for the donors with asthma. An equal number of male and female donors were
represented in these studies.
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immunoprecipitation and subsequent western blotting (Figures 5F,

G) (38).
The GPER-1 agonist, G1, suppresses IL-33
induced ILC2 activation

We next assessed the activation potential of ILC2 by IL-33 in

our participants after finding that plasma IL-33 was higher in

female asthmatics compared to male asthmatics (Figure 3D). We

have reported that ILC2 are more activated by IL-33 in female mice

as compared to male mice, and others have shown more ILC2 in

females with severe asthma compared to males with severe asthma.

Those studies also showed a higher expression of IL-5 in those

female asthmatics compared to male asthmatics. In the current

study, however, we did not detect sex differences in IL-5 or IL-13

production by human ILC2 stimulated with IL-33 (Figures 6B, C).

GATA3 expression in ILC2 was not different when we compared all

groups to one another (Figure 6A). ILC2 from male asthmatics

made more IL-5 and IL-13 when they were stimulated with IL-33

and compared to healthy male control ILC2 (Figures 6B, C). Finally,

we stimulated ILC2 from each group of donors with IL-2 and IL-7

(no-stim), with IL-33, and with IL-33 and G1 to activate the GPER-

1 receptor (Figures 6D–F). We noted reduction in GATA3, IL-5,

and IL-13 production when we activated GPER-1 in conjunction

with IL-33 stimulation in all groups. This shows that ILC2 may be

reduced with GPER-1 activation highlighting a previously unknown

target for limiting ILC2-driven allergic inflammation.
Discussion

Sex differences in asthma are well established in the literature, yet,

the mechanisms of action of hormones or X-chromosome-linked

differences have only been investigated in a relatively small number of

studies. For decades asthma has been characterized as a chronic

airway condition with eosinophils in the sputum and airways, driven

by IL-4, IL-5 and IL-13 from type 2 CD4+ T helper cells. Only

recently were ILC2 defined, the importance of the alarmins explored,

and the direct association with ILC2, and their IL-5 and IL-13

production, with allergy and asthma determined. The importance

of the alarmins, to include TSLP, IL-25 and IL-33, is that they are

constitutively expressed by epithelial cells, and once released, activate

Th2 cells and ILC2 responses in multiple allergic conditions and

asthma. We initiated the current study to characterize sex differences

in asthma related to the ovarian hormones in females with asthma

with the intent of recruiting males with asthma as controls.

Surprisingly, we discovered a statistically significant inverse

correlation between ILC2 and serum 17 b-estradiol that extended
to both sexes. The estrogen effect here fits with our recent publication

on stabilizing estrogen levels and limiting ILC2. This certainly is not

the only role for estrogen and estrogen receptors in asthma. The

estrogen receptor a was shown to have no effect on ILC2 directly but
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did modulate the release of IL-33 from airway cells in a recent

publication (39). We activated GPER-1 and found that this limited

IL-33-induced cytokine production by human ILC2. Although much

more work is required for GPER-1 to be clinically applicable, this at

least suggests a novel target for limiting the high type 2 (T2)

phenotype or eosinophilic endotype of asthma.

There were a few limitations in our study. The first being that

endotypes of asthma were not clearly defined in medical charts. We

used a combination of clinical data, with flow cytometry and

plasma-detected cytokines (IL-8, IL-17, IL-5 and IL-13) to make

our determination of endotypes for each participant. Additionally,

we were unable to get complete menstrual cycle data from the

female participants. Only a small number of female participants

who completed the menstrual cycling questionnaire could provide

the date of their last menstrual cycle. When comparing the ILC2

numbers with serum concentrations of estrogen it is plausible that

ILC2 may fluctuate monthly in females, however, this is speculation

at this point, and should be evaluated further. Hypothetically,

circulating estrogen may modulate the pool of ILC2 available in

circulation during an exacerbation. Next, circulating ILC2 are

different than a lung resident ILC2, and future work should

investigate whether hormonal changes in females modulate

airway or sputum derived ILC2. Tissue IL-33 secretion during an

allergen challenge or exacerbation may induce the influx of ILC2

into the lungs (40), but whether there are post-translational

modifications of IL-33 and secreted ST2 that may be involved in

the bioavailability of IL-33 to ILC2 is not known either. To add to

the complexity is that androgens and ovarian hormones may

modify all these layers of IL-33 biology.

Progesterone also merits an examination given how closely

progesterone tracked with neutrophil levels. Because this hormone,

with estrogen, is produced then drops leading into menstrual

cycling it is likely that women with perimenstrual worsening may

be the best clinical population in which to study progesterone and

ILC2. The relationship with ILC2 and neutrophils may be related to

chemokine expression. Our group published data showing an effect

of P4 in amplifying ILC2 responses, and even performed ex vivo

culture of P4 only with human ILC2 to show increased chemokine

secretion and PR expression. Whether these artificial cell culture

systems accurately mimic clinical presentation requires tailored

investigations perhaps with female asthmatics with perimenstrual

worsening (PMA) compared to those without PMA to explore

that hypothesis.

In conclusion, asthma demonstrates a strong bias in females

that are of reproductive age. Our data confirm again that people

with asthma have elevated numbers and activation of innate

lymphoid cells in comparison to healthy. Uniquely, our data also

show that female Veterans that are asthmatic have differential

expression of cytokines (more IL-33) and our female cohort was

more likely to present with neutrophilic asthma as compared to

male Veterans. Additional studies are necessary to determine

personalized treatment strategies for these women and men with

this complicated airway disease.
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FIGURE 6

The GPER-1 agonist, G1, suppresses IL-33 induced ILC2 activation. ILC2s were sorted from PBMC of healthy and male and female Veteran
participants with asthma. (A–C) ILC2s were enriched from PBMC and cultured with maintenance cytokines (IL-2 and IL-7) and the ILC2 activating
cytokine IL-33 for 4 days; all cytokines were used at 10–20 ng/mL of media. Flow cytometry was performed with intracellular staining to determine
ILC2s as CD45+ LIN- CD127+CRTH2+ cells that express (A) GATA3, (B) IL-5 and (C) IL-13. (D-F) ILC2s were enriched as before from PBMC from a
second subset of healthy and asthmatic, male and female donors. Cells were cultured as before with maintenance cytokines (IL-2, -7) and IL-33 with
and without G1, the GPER-1 agonist. (D) GATA3, (E) IL-5, and (F) IL-13 expression was measured with intracellular flow cytometry. A One-Way
ANOVA was used to determine statistical significance, with a Kruskal-Wallis non-parametric test used to determine between group differences. (n=
6-8). For (D-F), a Two-Way ANOVA with repeated measures was used to determine significant effects of IL-33 activation in the various donors, and
effects of G1 (n=5-6). # indicates a significant change from no-stim (p < 0.05). * indicates p < 0.05, while ** indicates p < 0.01.
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