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Steady-state estradiol triggers a unique innate
immune response to allergen resulting in increased
airway hyper-reactivity yet decreased eosinophils
and ILC2.
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Abstract
Rationale: Asthma is a chronic airway condition that occurs more often in women than men during
reproductive years. In males, testosterone attenuates allergic in�ammation while estrogens are thought to
exacerbate asthma through the estrogen receptors on airway epithelial cells. Population studies have
looked at all types of asthma, and collectively shown that long-term use of oral contraceptives decreased
the onset of asthma in women of reproductive age. In the current study, we hypothesized that steady-
state levels of estrogen would reduce airway in�ammation and airway hyperresponsiveness to
methacholine challenge.

Methods: Ovariectomized BALB/c mice (Ovx) were implanted with subcutaneous hormone pellets
(estrogen, OVX-E2; or placebo, OVX-Pl) that deliver consistent levels of estrogen [49 ± pg/mL] followed by
ovalbumin sensitization and challenge. In conjunction with methacholine challenge, immune
phenotyping was performed to correlate in�ammatory proteins and immune populations with better or
worse pulmonary outcomes measured by invasive pulmonary mechanics techniques.

Results: Histologic analysis showed an increase in total cell in�ltration around the airways and
vasculature leading to an increased in�ammatory score in ovarectomized (OVX) animals with steady-
state estrogen pellets (OVX-E2-OVA) as compared to other groups including female-sham operated (F-
Sham-OVA) and OVX implanted with a placebo pellet (OVX-Pl-OVA). Airway resistance (Rrs) and lung
elastance were increased in OVX-E2-OVA in comparison to F-Sham-OVA following aerosolized
intratracheal methacholine challenges. Immune phenotyping revealed that steady-state estrogen reduced
CD3+ T cells, CD19+ B cells, ILC2 and eosinophils across all experiments. In�ammatory cytokines (IL-5
and IL-13) were also decreased in OVX-E2-OVA treated animals in comparison to Female-Sham-OVA mice.
ILC2 that were sorted and stimulated with exogenous IL-33 had less cytokine and chemokine expression
when they were isolated from OVX-E2-OVA animals indicating that estrogen suppresses IL-33 mediated
activation of ILC2.

Conclusions:  Therapeutically targeting estrogen receptors may have a limiting effect on eosinophils, ILC2
and potentially other immune populations that may improve asthma symptoms in those females that
experience perimenstrual worsening of asthma, with the caveat, that long-term use of estrogens or
hormone receptor modulators may be detrimental to the lung microenvironment over time.

Introduction
Asthma is a chronic respiratory disease that a�icts approximately 350 million people worldwide. Many
of these individuals present in clinics and emergency rooms with a range of symptoms that include
chronic coughing, frequent night awakenings, and excess mucus production(1, 2). More severe disease is
associated with airway constriction, shortness of breath and ultimately reduced FEV1 and FVC
readings(1, 3). While genetics, ethnicity, co-morbidities (e.g., diabetes and obesity)(4–6), and
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environmental exposures play a role in the development of asthma(7), biological female sex is correlated
with severe asthma in adulthood(8–11).

The overarching theme in sex-biased asthma is that ovarian hormones play a role in the development of
severe asthma in women of reproductive age. During menstruation-ovulation cycling (day 0–14) estrogen
serum concentrations vary between 20–500 pg/mL among women. Progesterone and estrogen serum
concentrations increase simultaneously in females leading up to menstruation [P4; 7–15 ng/mL and E2;
100–300 pg/mL] (i.e. day 15 – day 28), then drop rapidly to baseline levels [P4; 1.5 ng/mL E2; <20
pg/mL] (12, 13). While peak levels of the ovarian hormones are thought to exacerbate asthma symptoms
in 30–40% of women around menstruation(13), it has also been postulated that the sudden drop in
circulating progesterone and estrogen may explain increased asthma symptomology during that
time(13). In longitudinal studies estrogen-based oral contraceptives are linked to reduced onset of
asthma in women of reproductive age(14–16). Along this line of reasoning estrogen-based oral
contraceptives yield serum concentrations of estrogen equivalent to that of the mid-follicular phase [5–
80 pg/mL](17–19), which represents a concentration that is moderately-low in comparison to the levels
reached closer to ovulation or menstruation. Short-term and long-term hormone treatments need detailed
investigation in asthmatic women as modulating hormones may be a safe strategy for regulating
exacerbations in those subsets of asthmatic women who are sensitive to those hormone �uctuations.

Animal modeling is useful to understand hormone mechanisms that govern biological sex differences in
male versus female asthmatics (8–11, 20–24). Foundational studies show that aspects of in�ammatory
signaling pathways, microRNA expression, and precursor myeloid and lymphoid cell progenitors in the
bone marrow are in�uenced by hormone receptor ligation that ultimately in�uences the lung response to
allergen (21, 25–27). In the present studies we examined steady-state estrogen of a pre-ovulatory range in
the OVA-induced allergic in�ammation model. To our surprise, estrogen had a profound effect on animals
that underwent pulmonary function testing by making those animals more responsive to methacholine
and thereby increasing airway hyper-reactivity readings. Based on these �ndings, we hypothesized that
type 2 immunity would increase with estrogen treatment, however, this was not the case. In fact, estrogen
was associated with decreased type 2 cells and allergic in�ammatory cytokines and chemokines. The
study highlights distinct roles of estrogens on lung cells and immune cells in female-biased allergic
responses.

Materials And Methods

Mice, Ovariectomies & Subcutaneous Hormone Pellets
BALB/c mice were ovarectomized at 3 weeks of age at The Jackson Laboratory (Bar Harbor, ME). After
two weeks of post-operation recovery, animals were transported to the animal facility where they
acclimated for one week prior to beginning the experimental protocol. Deep anesthesia with achieved
using ketamine [100 mg kg− 1] and xylazine [16 mg kg− 1] and implantation of a subcutaneous, 60-day,
slow-release pellet containing estrogen (E2-17β; 0.1 mg) or a placebo pellets purchased from Innovative
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Research of America (Sarasota, FL, USA). Male- and/or female-sham operated animals were included as
controls. Post-surgery animals were given two doses of buprenorphine 12 hours apart for pain
management according to standard protocols. Two weeks after surgery animals were sensitized with
ovalbumin and aluminum hydroxide (Sigma, St. Louis, MO) at 3-week intervals followed by 5–10 daily
challenges with intranasal ovalbumin (28, 29). All protocols were approved by the IACUC or Research
Advisory Committees at the University of Nebraska Medical Center (Omaha, NE) or the Salt Lake City VA
Medical Center (Salt Lake City, UT).

Bronchoalveolar Lavage �uid Collection & Analysis
Euthanized animals were placed in the prone position and small incision was made to expose the
trachea, followed by a 1–3 mM width incision made to the trachea for cannulation. A 1 mL syringe was
�lled and �tted onto the cannula and the lungs were slowly �ushed three times with 1 mL of Dulbecco’s
PBS. The �rst wash was collected into a separate tube and centrifuged at 300 x g for 10 minutes at 4ºC.
After centrifugation the supernatants were separated from cell pellets for cytokine and chemokine
analysis by ELISA. The second and third washes were collected and centrifuged 300 x g to separate
cellular content from the supernatants; the cellular pellets from the three washes were combined and total
cells were counted using the TC-20 automated counter (Biorad) with trypan blue exclusion. Approximately
20–40,000 cells were applied to cytospins slides and stained with Giemsa for cell differential
determination; Giemsa staining procedure, previously described(30).

Lung Histology & Scoring
Chest cavity was exposed following deep anesthesia and lungs were cleared of blood by cardiac
perfusion with saline solution. Whole lungs were �xed by tracheal instillation of 10% neutral buffered
formalin at a constant pressure (25 cm H2O). Following para�n embedding, 6 µm sections were cut and
stained with Hematoxylin & Eosin (H&E) by the Associated Regional and University Pathologists Inc., at
the University of Utah. Image acquisition occurred the following day to allow the mounting reagent to
fully dry. Images (100x and 200x magni�cation) were acquired using a Zeiss Axioscope 7 (Carl Zeiss
Meditec, Inc., Dublin, CA) and processed using Adobe Photoshop (San Jose, CA)(30). In�ammation
scores were calculated as follows: (% of bronchial / bronchiolar epithelium with in�ltrate x measured
number of cellular depth of peribronchial in�ltrate) + (% of pulmonary veins with in�ltrate x measured
number of cellular depth of perivenous in�ltrate). This score was calculated on 2 slides per animal and
2–3 animals per group. Representative images are shown in Fig. 4 at 100x and 200x magni�cation.

ELISA
Cell culture supernatants BAL �uids, and serum were centrifuged at 400 X g at room temperature for 10
minutes to clear cellular debris prior to testing. IL-5, IL-13, CCL3, CCL11, CCL17, CCL22 and KC Duo-set
ELISA (R&D Systems, Minneapolis, MN) were performed according to the manufacturer’s instructions.
Luminescence was measured on the SpectraMax M3 (Molecular Devices LLC, San Jose, CA) at 450 nm
with 570 nm wavelength correction. ILC2 culture supernatants were diluted at least 1:10 with reagent
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diluent provided with the Ancillary Reagents Kit II (R&D Systems) that accompanies the ELISA Duo-set
kits. Estrogen was measured by ELISA according to the manufacturer’s instruction after a 50-fold dilution
in reagent buffer provided in each kit (Abnova, Taipei, Taiwan). OVA-speci�c IgE was measured in serum
according to the manufacturer’s instructions (Cayman Chemical, Ann Arbor, Michigan)

Pulmonary mechanics
BALB/c mice (n = 4–7/group) were used to assess pulmonary function using a FlexiVent FX -1 small
animal ventilator (Flexivent FX1; SCIREQ Inc., Montreal, Qc, Canada). We measured airway resistance
(Rrs), compliance (Crs), and elastance (Ers) in anesthetized (ketamine + xylazine 100 + 20 mg/kg),
paralyzed (0.1 mg/kg vecuronium bromide), and tracheostomized mice as described previously (31, 32).
Baseline measurements were collected using broadband low-frequency forced oscillations for each
mouse. This was followed by assessment of bronchial reactivity/contractility elicited by delivery of
aerosolized methacholine at 12.5 mg/ml using the Flexivent Aeroneb �ne particle nebulizer in saline for
10 seconds per dose at 4–5 min intervals. The maximum response for measured criteria was determined
at baseline, after saline and after each methacholine nebulization. Data are represented as methacholine
responses (12.5 mg/mL) after baseline subtraction. Baseline PV-loops were generated in seven equal
steps between 3 and 30 cm H20 and normalized to the individual mouse weight.

ILC2 Isolation and Cell Culture Conditions
Lungs were perfused with 2 mL of 1X Dulbecco’s PBS, excised and digested in Hank’s Balanced Salt
Solution containing Collagenase, Type I [10 µg/mL] (Worthington Biochemical, Lakewood, NJ) and DNase
I [0.02 mg/mL] (Sigma-Aldrich) for 30 minutes at 37C. Single-cell suspensions were passed through 40-
micron nylon �lters and washed one time with PBS containing 2% FBS. ILC2 were enriched from single
cell suspensions using the mouse ILC2 enrichment kit (StemCell Technologies, Vancouver, Canada)
followed by labeling with anti-mouse antibodies against CD45, CD3, B220, CD11c, CD11b, F4/80, Ter-119,
Ly6c, Ly6g, CD127, CD25, KLRG-1 and ICOS. ILC2 puri�cation was completed by FACS sorting on the ARIA
II (BD Biosciences, Franklin Lakes, NJ). We acquired approximately 35,000–50,000 puri�ed ILC2 from 4–
5 ovalbumin treated control animals, or approximately 10,000–15,000 puri�ed ILC2 from 6–8 naïve male
and female mice. Puri�ed ILC2 were split equally across 4–6 wells of round-bottom 96-well plate
(Corning, Corning, NY), followed by the addition of IL-2 and IL-7 with and without IL-33 for 72 hours in
culture. Viability was assessed by trypan blue exclusion on the TC-20 cell counter (Biorad, Hercules, CA).
Cell culture supernatants were collected and stored at -80C until analysis by ELISA could be completed.

Results
Figure 1. Airway and vascular cell in�ltrates are increased in the airways when estrogen is given at
steady-state levels.

Adult females are more likely to have increased allergic in�ammation in comparison to men, yet steady-
state levels of estrogen in the form of oral contraceptives improve asthma severity in adult women(14, 15,
33). With these data in mind, we hypothesized that estrogen may improve allergic in�ammation in
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allergen-challenged animals. Ovarectomized animals (OVX) were implanted with subcutaneous estrogen
(OVX-E2) or placebo pellets (OVX-Pl) and allergic in�ammation was experimentally generated using
chicken egg ovalbumin (OVA) sensitization and airway challenge protocols (Fig. 1A). High circulating
levels of estrogen were appropriately detected in ovarectomized animals implanted with an estrogen
pellet, while negligible levels of estrogen were detected when animals were implanted with a placebo
pellet (Fig. 1B). Histological in�ammatory scores were determined by a blinded pathologist (Fig. 1C).
Cellular immune in�ltration was determined by quantifying bronchial and vascular in�ammation and
cellular in�ltrates (Fig. 1D-G). No in�ammation was found in the F-Sham-saline treated animals even
after methacholine challenge (Fig. 1C and 1D). F-Sham-OVA had more in�ammation than Female-Sham-
Saline mice indicating a signi�cant induction of allergic in�ammation with OVA sensitization and airway
challenges (Fig. 1C,1D,1E; P < 0.05). OVX-E2-OVA had more in�ammatory cell in�ltrate than F-sham-OVA
treated when comparing scoring results (Fig. 1C, 1D, 1E). Although not quanti�ed basement membranes
were thickened in all OVA treated animals and we noted airway contractility in the OVX-E2-OVA mice
indicative of airway contractility (Indicated by black arrows in Fig. 1F, 1I and 1J). In summary these
studies showed that estrogen signi�cantly increased the allergic in�ammatory response to airway
challenge.

Airway resistance is increased in ovarectomized animals treated with estradiol in comparison to female-
sham treated animals

In the next studies respiratory system mechanics were measured by determining resistance and elastance
following methacholine challenge in each of the treatment groups: Female-Sham-Saline, Female-Sham-
OVA, OVX-E2-OVA and OVX-Placebo-OVA. Airway resistance (Rrs) is an indicator of airway �ow and
airway obstruction, while elastance (Ers) determines the stiffness of the lung tissue. Rrs was higher in
OVX-E2-OVA compared to Female-Sham-OVA (Fig. 2A; p = 0.0185). Differences in resistance between
OVX-placebo-OVA compared to F-Sham-OVA did not reach statistical signi�cance. Elastance (Ers)
readings trended upwards in OVX-placebo-OVA animals compared to F-Sham-OVA (p = 0.0845), but only
reached statistical signi�cance in OVX-E2-OVA mice compared to F-Sham-OVA mice (Fig. 2B; P < 0.0001).
Pressure volume (PV) loops were also determined over the course of pulmonary function testing (Fig. 2C).
We observed changes, or �attening, of the pressure-volume loops which �ts with the increased Ers in
OVX-E2-OVA mice compared to F-Sham-OVA. No statistical differences were observed between OVX-
placebo-OVA mice and F-Sham-OVA. Altogether the pulmonary function testing indicates that estrogen
treatment stiffens the lung tissues in combination with increasing airway resistance in ovarectomized
mice treated with ovalbumin.

Total immune cell in�ltrate was reduced in BAL �uid from ovarectomized, estrogen-treated animals
compared to female, sham-operated mice following allergen.

We compared the composition of immune airway in�ltrates in each treatment group following OVA
treatments and methacholine challenge (Fig. 3). OVA treated mice all had signi�cant increases in
neutrophils and eosinophils in comparison to F-Sham-Saline treated mice (Fig. 3A). OVX-E2-OVA treated
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animals had a higher percentage of macrophages represented in the BAL cells collected as compared to
F-Sham-OVA, while OVX-placebo-OVA had a lower percentage of macrophages in comparison to F-Sham
following OVA challenge. In addition, OVX-E2-OVA mice had a lower percentage of total lymphocytes as
compared to F-Sham-OVA. Counts for each population were determined using the volume of BAL
recovered multiplied by the percentage of cell type counted per �eld (Fig. 3B-3F). First, total BAL cells
were reduced in OVX-E2-OVA treated animals compared to F-Sham-OVA; OVX-placebo-OVA treated mice
maintained a comparable number of total cells to F-Sham-OVA in their BAL (Fig. 3B). The counts of
macrophages were reduced in OVX-Placebo-OVA compared to F-Sham-OVA, but macrophages were
comparable in OVX-E2-OVA and F-Sham-OVA (Fig. 3C). Most interestingly, OVX-E2-OVA had lower counts
of neutrophils and eosinophils in comparison to F-Sham-OVA (Fig. 3D, 3E), while OVX-Placebo-OVA mice
had increased numbers of neutrophils in comparison to F-Sham-OVA mice. Finally, less lymphocytes were
recovered from the BAL �uid of OVX-E2-OVA treated animals compared to F-Sham-OVA controls (Fig. 2F).
Together these data suggest that hormones or the lack of hormones signi�cantly alter the immune cell
compartment that contributes to pulmonary mechanics outcomes.

Allergic in�ammatory cytokines are released at different rates in OVX-E2-OVA treated animals compared
to intact female-sham mice treated with airway allergen. In the next studies we wanted to con�rm that
differences in BAL cell populations were not a byproduct of methacholine challenges, but present
because of airway stress and in�ammation induced by OVA treatment in conjunction with estrogen
treatment. In the next studies we collected BAL following �ve consecutive daily intranasal OVA
challenges. Sex differences are previously reported using the OVA model, and in our previous report,
female BALB/c mice speci�cally had higher ILC2 responses to the allergy-associated type 2-inducing
cytokine, IL-33, compared to males. In those studies, IL-5 and IL-13 responses were higher for females in
comparison to males. In the remaining studies we include male animals to make an appropriate
assessment on ‘sex differences’ in comparison to our ovariectomized-estrogen treated animals. IL-13 and
CCL3 (MIP1a) were the cytokine and chemokine that were statistically higher in F-Sham-OVA treated
animals compared to Male-Sham-OVA (Fig. 4B, 4G). IL-5 and IL-13 were decreased in OVX-E2-OVA
animals compared to Female-Sham-OVA (Fig. 4A, 4B), and CCL11 trended downwards in these OVX-E2-
OVA animals in comparison to F-Sham-OVA (Fig. 4F). BAL concentrations of CCL22, CC12, CCL11, CCL3
and IL-33 were equivalent in F-Sham-OVA and OVX-E2-OVA. Notably, CCL22, CCL12, and CCL11 were all
increased in OVX-placebo-OVA treated animals compared to F-Sham-OVA, indicating that these allergic
in�ammatory proteins are regulated to some extent by ovary-derived hormones.

Circulating cytokines and chemokines are selectively altered with steady-state estrogen treatment. Serum
was collected from OVA treated animals for detection of allergic-in�ammatory cytokines and
chemokines. Serum concentration of IL-13, CCL22, and CCL3 were increased in F-Sham-OVA mice
compared to Male-Sham-OVA mice (Fig. 5B, 5C, 5D). In contrast to the �ndings in the BAL �uid, serum
concentrations of CCL22 and CCL3 were increased in OVX-E2-OVA mice as compared with F-Sham-OVA
mice (Fig. 5C, 5D). Although we saw increases in neutrophil numbers in OVX-Placebo-OVA mice
compared to F-Sham-OVA in the previous studies (Fig. 3D), the neutrophil chemoattractant protein, KC,
was not different between any of the groups.
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Estrogen treatment reduces eosinophils in BAL of OVA sensitized and challenged ovarectomized mice.
Eosinophils are regularly detected in circulation and in sputum of asthmatic patients (34, 35), as such
eosinophils are thought of clinically as a determinant of asthma diagnosis and severity of disease
(Fig. 6). In these studies, we prepared mice as in Fig. 1A, however these animals did not undergo
methacholine challenges prior to characterizing eosinophil levels by �ow cytometry. As expected,
increased numbers of eosinophils were detected following OVA-allergen challenge in bronchoalveolar
lavage �uids in comparison to saline treated (data not shown) animals. Eosinophils were determined at
higher numbers in females compared to males in other studies (36, 37), however in the present studies
statistical analysis showed no differences in eosinophil percentages or numbers in BAL between M-
Sham-OVA and F-Sham OVA animals by �ow cytometry. As with the previous data (Fig. 3), we again
detected reduced numbers of eosinophils in OVX-E2-OVA treated animals in comparison to F-Sham-OVA.
Together this indicates a suppressive effect on eosinophils, again, a well-excepted biomarker of asthma,
with pharmacologically-delivered estrogen in the traditional OVA model.

Steady-state estrogen reduces airway T cells and B cells in BAL �uid collected from ovarectomized
animals compared to intact female controls.

Total CD3 + T cells (7A, 7B) and CD19 + B cells (7C-7D) were assessed in the same treatment groups as
before by �ow cytometry. F-Sham-OVA did have higher numbers of CD3 + T cells detected in the BAL in
comparison to M-Sham-OVA, however total CD3 + T cells were signi�cantly reduced in OVA-E2-OVA mice
compared to F-Sham-OVA mice. Again, this indicated that E2 is driving a suppressive program that is
reducing the allergic in�ammatory response to OVA. Similarly, CD19 + B cells (Fig. 7C, 7D) were reduced
along with OVA-speci�c IgE (Fig. 7E) in the OVX-E2-OVA animals as compared with F-Sham-OVA mice. IgE
levels are determinant of degree of allergic responses in the clinic and typically determined as another
prototypical biomarker of asthmatic disease. These data revealed differential effects of female sex
hormones whereby lung immune responses are decreased by estrogen.

Accumulation and IL-33-induced activation of lung ILC2 is reduced in OVX-E2-OVA mice compared to F-
Sham-OVA mice.

ILC2 are important for allergic airway in�ammation associated with asthma (38) and are increased in
peripheral blood of asthmatic patients (39). ILC2 are predominantly responsible for IL-5 and IL-13
production following in vitro and in vivo stimulation of mouse tissues or cells with IL-33 (40). Importantly
these cells have been shown to interact with type 2 helper T cells and to directly support eosinophil
responses through their production of IL-5 (41–43). First, we identi�ed ILC2 as LIN- CD127 + KLRG-1 + 
cells in the BAL and lungs following OVA challenge (Fig. 8A, 8B and 8C). Others have reported sex
differences in the numbers of ILC2 in allergen challenge models, and we have intermittently determined
ILC2 count and frequency differences in males versus females depending on the markers used for ILC2
speci�c detection. In these studies, we detected sex differences in counts and frequencies of ILC2, not
only in BAL or airway-localized ILC2, but also in remaining lung tissue in M-Sham-OVA versus F-Sham-
OVA animals (Fig. 8A, 8B). We assessed viability of the ILC2 during �ow analysis using a �xable viability
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dye and con�rmed that estrogen was not associated with lower viability in the BAL or lung ILC2 (Fig. 8D).
Next lung ILC2 were sorted from each treatment group for ex vivo culture with and without IL-33. As in
past studies we would expect higher allergic cytokine production in F-Sham-OVA mice as compared to M-
Sham-OVA mice. As in our previous report, ILC2 were stimulated with IL-33 [10 ng/mL] for 3 days in
culture to detect IL-5 and IL-13 production by ILC2. We add to that report by showing that ILC2 from F-
Sham-OVA mice produced more CCL22 and CCL3 in response to IL-33 when compared to M-Sham-OVA.
While the amount of IL-5, IL-13, CCL22, and CCL3 are higher in females compared to males, the excessive
production of these cytokines in females was not due to estrogen stimulation, as we found reduced IL-5
and IL-13 production, and reductions in pro-in�ammatory chemokines, CCL22 and CCL3, by lung ILC2
obtained 17β-E2 treated OVX mice (OVX-E2-OVA) compared to Female-Sham-OVA treated animals
(Fig. 8E-8H). IL-5, IL-13, CCL22 and CCL3 were all comparable in OVX-Pl-OVA and F-Sham-OVA treated
animals.

Discussion
In the present study we examined the effect of steady-state estrogen in the well-de�ned OVA-induced
allergic in�ammation model. Substantial allergic in�ammation was generated with �ve or ten
consecutive days of intranasal (i.n.) OVA administration followed by an assessment of pulmonary
mechanics, innate immune populations in whole lung tissue and BAL, and type 2 in�ammatory cytokine
(IL-5 and IL-13) and chemokines (CCL17 and CCL22) detected in BAL and circulation. We leveraged this
well-studied model to show how pulmonary mechanics changes occur in conjunction with E2 levels that
correlated with the mid-follicular phase of ovulation [17β-E2 @ 49+/-5 pg/mL]. We documented a
signi�cant reduction in ILC2 and eosinophils with this estrogen treatment and showed that ILC2 were
reduced and became non-responsive to IL-33 stimulation when we isolated those cells from estrogen-
treated animals. However, these reductions did not correlate with reduced airway resistance, as airway
resistance remained higher in OVX-E2-OVA mice compared to F-Sham-OVA treated controls. Together, this
indicates that estrogen is enhancing the response to allergic in�ammatory events directly in lung cells,
while reducing the allergic responses in type 2 innate immune cells.

Steady-state 17β-estradiol increased airway resistance and overall in�ammatory scores following OVA
challenge and PV loops were �attened in estrogen treated animals which indicates stiffening of lung
tissues. There are clear airway structural changes occurring with estrogen treatment that resemble results
from other studies (44). Our interpretation of the data are that alveolar, airway epithelial and airway
smooth muscle cells are directly stimulated by exogenous estrogen through estrogen receptors (44–48),
with those studies in mind it is likely that the estrogen receptor alpha (ER-α) controls the airway smooth
muscle responses to allergen. Estrogen receptor α knockout animals display spontaneous airway
reactivity in early experiments that explored sex differences in asthma(49). More recent work has shown
that estrogen receptor α and estrogen receptor β activation have distinct consequences in animal
modeling of allergen responses (50, 51). Using an estrogen receptor β agonist precisely activates ER-β,
and this report showed reduces airway resistance (Rrs) following allergen challenge. In that same study
an ER-α agonist did not signi�cantly alter Rrs in female or ovarectomized mice following allergen
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challenge(46). In our studies steady-state estrogen signi�cantly increased Rrs generated in ovalbumin-
challenged mice treated with 12.5 mg/mL of MCh to measure airway hyperreactivity. Comparatively, our
study only challenged animals with a moderately-low dose of methacholine, whereas Ambhore et al
(2019) found the greatest effects with 50 mg/mL of methacholine(46). An additional comparison was
the reduction in total BAL cells in our study and the reductions seen in a study that used the estrogen
receptor β agonist(51). Those animals given the ER-β agonist had reduced eosinophils, lymphocytes, and
macrophages in response to mixed-allergen challenge. Our study similarly showed signi�cant reductions
in eosinophils, neutrophils, CD3 + T cells, CD19 + B cells, and ILC2 along the airways. While our model is
likely activating both ER-α and ER-β in several cell types, it does suggest that ER-β may be responsible for
the reduction of the immune populations. There are very few studies that examine ER-β responses, but
data generated in non-allergic animal models do note a regulatory phenotype, or FOXP3 + T regulatory
cell induction occurring via ER-β activation(52–55). Perhaps regulatory T cells are decreasing
in�ammatory responses through direct (co-inhibitory molecules such as PD-1) or indirect immune
inhibition (TGF-β, IL-10 production)(56, 57). Of course, examining T regulatory cells was beyond the
scope of the current study, but it is likely they are generated since OVA-induced allergic in�ammation
relies heavily of OVA-speci�c T cells.

One additional study documented a role for ER-α in the release of IL-33 from EpCAM + airway epithelial
cells(50), which indeed is an important factor in type 2 allergic responses. IL-33 induces substantial IL-5
and IL-13 responses from ILC2(28). Therefore, one would think that steady-state estrogen would increase
the IL-33 response in the airways, however, we saw no changes in the amount of IL-33 in BAL or
circulation with estrogen treatment; we furthermore, did not see a signi�cant effect of biological sex on IL-
33 production as previously report(36). Although these con�icting results are likely due to various factors
related to experimental design and method of IL-33 detection.

We did con�rm a strong inhibitory effect of estrogen on the IL-33 responsiveness of ILC2 and showed
that this decline in IL-5, IL-13 and chemokines was not because of reduced cell viability. It will be
important to establish whether estrogen is inducing a different phenotype, perhaps the ILC3-like or an ILC
regulatory phenotype, in future studies(58, 59). Future studies will also investigate estrogen receptor
expression speci�cally in ILC2. It has yet to be determined whether the estrogen receptors are expressed
at the protein level in ILC2, although it was shown that lung ILC2 were not regulated by ER-α(50), and
sequencing data showed low read counts for Esr1 (ER-α)and Esr2 (ER-β) transcripts in BM ILC2(60).
Contrary to these reports, Bartemes et al, showed that uterine ILC2 were responsive to IL-33 and depleted
in ER-α and ER-β knockout animals (61). This suggests that tissue localization is important for estrogen
responses involving in�ammatory stimuli. Certainly, the uterus is directly exposed to �uctuations in
ovarian hormones, and this may in�uence the expression of various hormone receptors over time. This is
a critical gap to �ll in allergy and asthma studies as many studies don’t verify protein expression of
hormone receptors, nor do they examine changes in receptor expression during various activating
stimulation (i.e. following IL-33 activation)(62). To date, it is not yet established whether human ILC2
express the estrogen receptors at the protein level, but a recent clinical report de�ned increased circulating
ILC2 in pregnant women compared to non-pregnant women. These data were correlated within each
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subject with higher levels of progesterone and estrogen in circulation of early (�rst trimester) and late
pregnant (third trimester) women(63). Together this indicates that the ovarian hormones are strongly
associated with expansion of ILC2 in females.

Perspectives And Signi�cance
The current study highlighted a striking reduction in immune-mediated allergic in�ammation in the
ovalbumin sensitization and challenge model with estrogen. This response was what we hypothesized
based on the clinical studies that showed improvements in asthma severity with oral contraceptives.
However, what was unexpected was the increase in airway hyperreactivity and in�ammation noted in
multiple areas in the lung, beyond just the airway cells, that indicated lung airway smooth muscle cells
and potentially alveolar cells become hyper-reactive because of estrogen. This again highlights the
complicated nature of hormonal responses and their role in amplifying allergic responses in the lung.
Future studies will continue to tease apart these interactions, between the various immune cells and lung
cells in the context of hormonal �uctuations, to work towards identifying precision medicine strategies for
male and female asthmatics.
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Figures

Figure 1

Airway and vascular cell in�ltrates are increased in the airways when estrogen is given at steady state
levels. A. An overview of experimental protocol is showed where female BALB/c mice were ovarectomized
at 3 weeks of age (OVX) and implanted with subcutaneous estrogen (17β-E2, 0.1 mg) or placebo pellets 3
weeks later. Sham-operated female mice were included as controls. B. Circulating levels of estrogen were
determined by ELISA. C. After ten consecutive daily challenges with i.n. ovalbumin, lungs were in�ated
then excised followed by para�n embedding and H&E staining. C-H. Histological scoring was performed
by a blinded pathologist on two sections per animal, 3-4 animals per group. The data shown as mean ±
SEM. Results represent 2 independent experiments. One-Way ANOVA were used to determine statistical
differences followed by Sidak’s post-test to determine between groups statistical effects.
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Figure 2

Airway resistance is increased in ovarectomized animals treated with estradiol in comparison to female
sham treated animals. After completion of the experimental protocol outline in Figure 1 animals were
subjected to methacholine challenge (12.5 mg /mL) using the �exivent system (Scireq); “PFT” =
pulmonary function testing .  A. Resistance (Rrs, baseline subtracted) and B elastance (Ers; baseline
subtracted) were measured following methacholine challenge. C. Pressure Volume loops were determined
and normalized to body weights. The data are shown as means ± SEM. Results represent 3 independent
experiments, N= 4=7/group. Mixed-ANOVAs were used to determine statistical differences using multiple
variate selection followed by Sidak’s post-test. 
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Figure 3

Total immune cell in�ltrate is reduced in BAL �uid from allergen-challenged, ovarectomized, estrogen-
treated animals compared to F-sham, allergen-treated females. Animals were treated as in Figure 1.
Cytospins were prepared from BAL �uids collected immediately following methacholine challenges. Total
BAL return volume and numbers of total cells (B) were recorded and applied to cytospin slides at 300 x g
for 10 min. Slides were stained with Giemsa and 2-4 �elds were assessed per slide. 200 cells per �eld
were counted as (C) macrophages, (D) neutrophils, (E) eosinophils or (F) lymphocytes. A. Percentages of
each cell population quanti�ed are shown. B-F are the counts of cells determined by multiplying the
percentages by the total cells recovered. Data are representative of 3 independent experiments with 3-8
animals per group. One-Way ANOVA was used to determine statistical differences across groups;
Bonferroni post-test were used to determine statistical differences between groups. 
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Figure 4

Allergic in�ammatory cytokines are released at different rates in OVX-E2 treated animals compared to
intact female-sham mice treated with airway allergen.  6 week-old male and female, sham-operated (M-
Sham, F-Sham), ovariectomized with subcutaneous 17β -E2 pellets (OVX-E2), and ovariectomized with a
placebo pellet (OVX-Pl) (OVX-pl) were sensitized with OVA-alum and challenged with intranasal OVA for 5
consecutive days. Animals were euthanized by overdosing with ketamine and bronchoalveolar lavage
�uid was collected and cleared by centrifugation (500 x g) prior to applying to ELISA plates for analysis.
(A) IL-5, (B) IL-13, (C) CCL22, (D) IL-33, (E) CCL12, (F) CCL11 and (G) CCL3 are shown as pg/mL.
Statistical signi�cance was determined as in �gure 3. 
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Figure 5

Circulating cytokines and chemokines are selectively altered with steady-state estrogen treatment. Groups
of mice were prepared as in Figure 4. A. and B. Circulating cytokines were determined by ELISA in serum
that was diluted 1:5 for all groups. (A) IL-5 and (B) IL-13 cytokines were detected, and (C-E) circulating
chemokines (C) CCL22, (D) CCL3 and (E) KC are shown. The data are shown as mean ± SEM. Data are
representative of 3 independent experiments. Comparison between groups were determined by One-Way
ANOVA. Statistical signi�cance was determined at P < 0.05 (indicated by *) and trends (P <0.1) are
reported as exact P-values.
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Figure 6

Estrogen treatment reduces eosinophils in BAL of OVA sensitized and challenged ovarectomized mice. A.
Flow cytometry gating strategy for eosinophils de�ned as live, singlet, CD11b Siglec-F CD11c  cells. B,C.
Eosinophil concentrations (B) and frequency (D) in lavage are shown for all groups. Bar graphs show the
data as mean ± SEM (n= 10 mice/group). The data represent 6 independent experiments. Statistical
signi�cance was determined as in Figure 3. * indicates p<0.05; trends are reported as exact p values. 
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Figure 7

Estrogen reduces airway T cell and B cells in BAL �uid collected from ovarectomized animals compared
to female sham-allergen challenged mice. Groups of animals were prepared as in Figure 4-6.
Bronchoalveolar lavage �uid was collected immediately following euthanasia. A-D. By Flow cytometry
total CD3+ and CD19+, T and B cells, respectively, were determined following treatment with 5
consecutive daily i.n. OVA administration. A and B. Counts of cells per mL of returned lavage �uid and
percentages of the total cells acquired are shown for T cells (A and B), and B cells (C and D). E. OVA-
Speci�c IgE was also measure in serum that was diluted 1:5 by ELISA. Results are representative of two
separate experiments with 4-6 animals included per group. As before, statistical signi�cance was
determined using One-Way ANOVA with appropriate post-tests as in previous �gures. 
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Figure 8

In vivo estrogen-treatment reduces ILC2 numbers and dampens the IL-33 responses of ILC2. A. Flow
cytometry gating strategy of ILC2 de�ned as live, singlet cells lacking lineage markers (LIN: CD11b,
CD11c, CD3, CD19) and expressing KLRG-1 and CD127. B and C. Counts of ILC2 in the (B) BAL and (C)
lungs were quanti�ed. D. Viability was assessed for ILC2 in bronchoalveolar lavage (BAL) �uid and lungs
during �ow cytometry assessment. The data are shown as means ± SEM and are representative of 3
independent experiments. E-H. Cytokine expression by lung ILC2 cultured with IL-2, IL-7 with and without
IL-33 for 3 days were determined by ELISA. (E) IL-5, (F) IL-13, (G) CCL3, and (H) CCL22 are displayed as
pg/cell based on ILC2 count determined at the beginning of culture.  Results are representative of two
separate experiments with 4-6 animals included per group. As before, statistical signi�cance was
determined using One-Way ANOVA with appropriate post-tests as in previous �gures. Error bars denote
means ± SEM. 


