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The Journal of Immunology

Estrogen Signaling Contributes to Sex Differences in
Macrophage Polarization during Asthma

Aleksander Keselman, Xi Fang, Preston B. White, and Nicola M. Heller

Allergic asthma is a chronic Th2 inflammation in the lungs that constricts the airways and presents as coughing and wheezing.

Asthma mostly affects boys in childhood and women in adulthood, suggesting that shifts in sex hormones alter the course of the

disease. Alveolar macrophages have emerged as major mediators of allergic lung inflammation in animal models as well as

humans. Whether sex differences exist in macrophage polarization and the molecular mechanism(s) that drive differential

responses are not well understood. We found that IL-4–stimulated bone marrow–derived and alveolar macrophages from female

mice exhibited greater expression of M2 genes in vitro and after allergen challenge in vivo. Alveolar macrophages from female

mice exhibited greater expression of the IL-4Ra and estrogen receptor (ER) a compared with macrophages from male mice

following allergen challenge. An ERa-specific agonist enhanced IL-4–induced M2 gene expression in macrophages from both

sexes, but more so in macrophages from female mice. Furthermore, IL-4–stimulated macrophages from female mice exhibited

more transcriptionally active histone modifications at M2 gene promoters than did macrophages from male mice. We found that

supplementation of estrogen into ovariectomized female mice enhanced M2 polarization in vivo upon challenge with allergen and

that macrophage-specific deletion of ERa impaired this M2 polarization. The effects of estrogen are long-lasting; bone marrow–

derived macrophages from ovariectomized mice implanted with estrogen exhibited enhanced IL-4–induced M2 gene expression

compared with macrophages from placebo-implanted littermates. Taken together, our findings suggest that estrogen enhances IL-

4–induced M2 gene expression and thereby contributes to sex differences observed in asthma. The Journal of Immunology, 2017,

199: 1573–1583.

A
sthma is a chronic inflammatory constricting of the
airways that causes wheezing, coughing, and shortness of
breath. More than 300 million people worldwide are

reported to suffer from asthma (1). Asthma is a heterogeneous
disorder consisting of allergic, corticosteroid-sensitive, Th2-
driven, and corticosteroid-resistant Th17-driven neutrophilic
endotypes. The incidence and severity of asthma exhibit sex dif-
ferences, affecting mostly boys in childhood and women in
adulthood (2–4). Several lines of clinical and experimental evi-
dence suggest that sex hormones, specifically estrogen, play a role
in asthma development and progression (5–7). Fluctuations in
circulating estrogen reflect changes in severity and incidence of

asthma. Approximately 50% of women hospitalized for asthma-
related symptoms are reported to be premenstrual, and 33–52% of
asthmatic women report premenstrual worsening of symptoms (8–
12). Spikes in menstrual hormones correlate with impaired lung
function, indicated by a decline in forced expiratory volume in 1 s,
largely during the late follicular phase in which circulating es-
trogen levels peak (13, 14). In mouse models of allergic lung
inflammation, female mice have been shown to exhibit worsened
eosinophilic inflammation, increased B and T cell infiltration,
increased Th2 cytokines in the lung, and more serum IgE com-
pared with male mice following allergen challenge (15, 16).
Alveolar macrophages have emerged as major cellular mediators

of allergic lung inflammation and tissue remodeling. The bron-
choalveolar lavage (BAL) fluid and airway walls from asthmatic
patients have more M2-polarized macrophages, and this correlates
with impaired lung function (17, 18). In mice, the intratracheal
instillation of M2-polarized alveolar macrophages prior to OVA
challenge results in enhanced eosinophilia in the BAL and effector
T cells in the interstitium (19). Likewise, the intratracheal instil-
lation of alveolar macrophages from OVA-sensitized mice results
in enhanced eosinophilic and T cell infiltration into the lungs
following OVA challenge compared with mice receiving macro-
phages from naive animals (20). The depletion of alveolar mac-
rophages prior to allergen challenge results in a dramatic
reduction of the classical features of allergic inflammation, in-
cluding eosinophil influx into the BAL and Th2 cytokine pro-
duction as well as tissue remodeling and fibrosis (21). Because the
incidence and severity of asthma exhibit sex and sex hormone–
mediated differences in humans and mice and M2-polarized al-
veolar macrophages confer disease severity, we reasoned that
there may be underlying sex differences in M2 polarization in the
allergic lung. Thus, we hypothesized that enhanced M2 polari-
zation of alveolar macrophages contributes to the sex differences
in allergic lung inflammation described in asthma. We also sought
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to explain the molecular basis for sex differences in M2 polari-
zation in vivo and in vitro.

Materials and Methods
Reagents

OVA and Avertin used for mouse experiments were obtained from Sigma-
Aldrich (St. Louis, MO). LIVE/DEAD Zombie UV and LIVE/DEAD yel-
low stains and Abs specific for mouse CD11c-PECy7 (clone N418), CD45-
allophycocyanin (clone 30F11), CD11b-allophycocyanin Cy7 (clone M1/70),
Ly6C-PerCP Cy5.5 (clone HK1.4), Ly6G-allophycocyanin Cy7 (clone 1A8),
CD16/CD32, and anti-mouse PerCP Cy5.5 were obtained from BioLegend
(San Diego, CA). SIGLEC F-BV421 (clone E50-2440) and Arg1 (clone 19)
Abs and Fix/Perm and Perm buffers were obtained from BD Biosciences
(San Jose, CA), and anti-rabbit PE Abs were obtained from BioLegend and
R&D Systems (Minneapolis, MN). A polyclonal Ab against mouse YM1
was obtained from Stemcell Technologies (Vancouver, BC, Canada), and
mouse inducible NO synthase (iNOS) and FIZZ1 from Abcam (Cambridge,
MA). Abs against mouse estrogen receptor (ER)a (MC-20) and b-actin as
well as recombinant ERa were obtained from Santa Cruz Biotechnologies
(Santa Cruz, CA). Pierce bicinchoninic acid protein assay reagents, Super-
Script III First Strand Synthesis System, and 23 SYBR Green PCR master
mix were obtained from Thermo Scientific (Rockford, IL). Criterion TGX 10
and 4–20% polyacrylamide gels, anti-rabbit HRP, anti-mouse HRP, and
polyvinylidene difluoride membrane were obtained from Bio-Rad (Hercules,
CA). Primers for quantitative PCR (qPCR) were obtained from IDT (Cor-
alville, IA). Amersham ECL reagent was obtained from GE Healthcare
(Piscataway, NJ). RNeasy kit was obtained from Qiagen (Valencia, CA).
Imject alum adjuvant was obtained from Thermo Fisher (Grand Island, NY).

Mice

C57BL/6 and LysM-CRE mice were obtained from Jackson Laboratories.
ERaflox/flox mice were generously provided by J.-Å. Gustafsson (Karolinska
Institutet, Stockholm, Sweden) (22). All study protocols using mice were
in compliance with and approved by the Johns Hopkins University Animal
Care and Use Committee. For OVA-induced allergic lung inflammation
studies, the protocol of Wang et al. (23) was followed. Briefly, male and
female adult 8-wk-old mice were i.p. injected with 100 mg OVA in Imject
alum (Thermo Scientific) on days 1 and 6. On days 12 and 14, the mice
were nebulized with 1% OVA in PBS for 40 min. On day 16, the mice were
anesthetized with 2.5% Avertin, and BAL was collected by lavage for
further analysis. For qPCR analysis, alveolar macrophages were isolated
by 2-h adhesion in culture, and eosinophils and lymphocytes were removed
by washing with cold PBS. Ovariectomized C57BL/6 mice were purchased
from Charles River Laboratories. The bilateral ovariectomy surgeries were
carried out at 3 wk of age. Estrogen and placebo pellets (Innovative Re-
search of America, Sarasota, FL) were implanted on day 7 of the OVA
protocol and contain 0.5 mg E2 or placebo. This was done after sensiti-
zation to avoid interfering with T cell priming. Serum estrogen was
measured by the University of Virginia Center for Research in Repro-
duction Ligand Assay and Analysis Core.

Cell culture

Bone marrow cells from 5- to 6-wk-old male and female C57BL/6 mice were
lavaged from femurs and tibias and collected into aMEM obtained from
Lonza (Basel, Switzerland) supplemented with 10% FBS, 4 mM L-glutamate,
100 U/ml penicillin, and 100 mg/ml streptomycin. After an overnight culture
at 37˚C, 5% CO2, the nonadherent cells were collected and treated with
ammonium-chloride-potassium buffer for RBC lysis. The cells were then
cultured in aMEM containing 40 ng/ml mouse rM-CSF for 10 d prior to
experimentation. M-CSF was replaced in the medium every 2 d. For IL-4–
responsiveness experiments, the cells were treated with IL-4 at the indicated
concentrations for 48 h prior to collection. For ERa agonist studies, cells were
placed in serum-free and phenol red–free aMEM 24 h prior to IL-4 stimu-
lation. Pretreatment with 4,49,499-(4-propyl-[1H]-pyrazole-1,3,5-triyl)
trisphenol (PPT) occurred 16 h prior to IL-4 stimulation (1 ng/ml for 48 h).

Flow cytometry

LIVE/DEAD staining was carried out on BAL suspensions for 30 min at room
temperature in the dark. The cells were stained for CD11c, CD45, and SIGLEC
F for 30 min on ice in the dark. The cells were then fixed and permeabilized
overnight at 4˚C. Intracellular staining for YM1 and iNOS was carried out
with anti-CD16/CD32 mouse block for 40 min at room temperature, followed
by anti-mouse and anti-rabbit secondary Ab staining for 20 min at room
temperature. Stained cells were then analyzed with a LSR II (BD Bio-
sciences), courtesy of the Ross Flow Cytometry Core Facility. Alternatively,

samples were analyzed using a CytoFLEX (Beckman Coulter, Brea,
CA), courtesy of the Anesthesiology and Critical Care Medicine Flow
Cytometry Core. Analysis was carried out on FlowJo single-cell analysis
software (Ashland, OR) or CytExpert software (Beckman Coulter). Al-
veolar macrophages were defined as LIVE/DEAD2CD45+CD11c+

SIGLEC F+CD11b2Ly6C2Ly6G2 cells, and eosinophils were defined as
LIVE/DEAD2CD45+CD11c2SIGLEC F+ cells in the BAL.

Histology

Lungs were inflated under constant pressure with 10% formalin, as pre-
viously described (24). Inflated lungs were fixed for 24 h and then
resuspended in 70% ethanol. Lungs were paraffin embedded, sectioned,
and stained with periodic acid–Schiff (PAS) and H&E by the Molecular
and Comparative Pathobiology Histology Laboratory at the Johns Hopkins
University School of Medicine. PAS staining analysis was carried out
blindly. First, the samples were number coded. Then five alveoli from each
sample were randomly chosen for analysis. PAS+ cells were counted and
normalized to the pixel circumference of each selected alveolus. The data
were then represented as PAS+ cells/1000 pixels.

Western blot

Cells were lysed in lysis buffer containing 1%Nonidet P-40, 50 mMHEPES
(pH 8), 5 mM EDTA, 10 mM sodium pyrophosphate, 50 mM NaF, 0.25%
sodium deoxycholate, 1 mM PMSF, 10 mM benzamidine, 1 mg/ml pep-
statin, 10 mg/ml leupeptin, 20 mM iodoacetimide, and 100 mg/ml soybean
trypsin inhibitor. The lysates were centrifuged at 14,000 rpm for 15 min at
4˚C. Radioimmunoprecipitation assay buffer (50 mM Tris, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 1% Nonidet P-40, and 0.1% SDS) was
used for the detection of sex hormone receptors. The protein concentration
of the supernatants was then measured using the Pierce bicinchoninic acid
protein assay reagents, and 25 mg protein was loaded in each well of either
10 or 4–20% Criterion TGX polyacrylamide gels (Bio-Rad). The gels were
transferred onto a 0.2-mm polyvinylidene difluoride membrane that was
then probed with Abs against YM1, ARG1, FIZZ1, and b-actin. Secondary
Abs conjugated to HRP were used to detect target proteins, which were
visualized with ECL reagent and autoradiograph film. Lightly exposed
x-ray films were used for densitometric analysis. Films were scanned, and
band intensities were measured using ImageJ software (National Institutes
of Health). Target proteins were normalized to b-actin internal control. To
assess fold changes in signal, the target protein/b-actin values were then
normalized to the control group within each experiment.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was carried out on 23 15-
cm bone marrow–derived macrophage (BMM) dishes per group using the
ChIP-IT kit obtained from Active Motif (Carlsberg, CA), per manufac-
turer’s protocol. Primer sequences for qPCR analysis of immunoprecipi-
tated chromatin were previously published (25).

Quantitative PCR

RNAwas collected in RLTor TRIzol buffer and processed using RNeasy mini
kit (Qiagen). qPCR was performed using the indicated primers and the 7500
fast real-time PCR instrument from Applied Biosystems (Grand Island, NY).
Primer sequences for M2 genes have been previously published (26).

ELISA

Blood was collected from allergen-challenged male and female mice by
cardiac puncture. Serum was obtained by centrifugation. Total IgE was
measured using the OptEIA kit from BD Biosciences.

Statistical analyses

All graphs and statistical analyses were generated using Prism GraphPad
software (La Jolla, CA). Unless otherwise indicated, each experiment was
carried out at least three independent times. Mouse experiments
contain four mice per group and were repeated at least twice. Statistical
significance was measured using a parametric Student t test, and a
p value ,0.05 was considered significant.

Results
Alveolar macrophages from female mice exhibit enhanced M2
responses in allergic lung inflammation

Asthma afflicts women more than men. Mouse models reflect this
sex difference. Female animals have more eosinophils and M2
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macrophages in their lungs and BAL fluid, higher serum IgE,
greater Th2 cytokine production and T cell numbers, and impaired
lung function compared with males following allergen challenge
(15, 16, 19, 27). Earlier reports of sex differences in M2 responses
in allergic mice were based on immunohistochemistry staining for
YM1 as an M2 marker and IFN regulatory factor 5 as an M1
marker in lung sections, which is not a quantitative technique (27).
Therefore, although it is clear that female mice contain more
YM1-expressing cells, it is not known whether YM1 expression is
higher in M2-polarized macrophages from female mice compared
with those from male mice. To assess quantitative and qualitative
sex differences in M2 polarization during allergic lung inflam-
mation, we used FACS analysis on whole lung and BAL from
allergic and healthy mice. We conducted these studies in C57BL/6
mice, knowing that we would employ macrophage-specific
ERaflox/flox animals on the B6 background as a part of these
studies. Male and female C57BL/6 mice were sensitized to OVA
twice 5 d apart and then aerosol challenged with OVA twice 2 d
apart (28). We chose to use this acute OVA model to measure sex
differences in macrophage polarization as alveolar macrophages
are critical initiators of allergic lung inflammation (21). Despite
reports that suggest C57BL/6 mice are resistant to Th2 inflam-
mation, mice sensitized and challenged by this protocol show
enhanced inflammation by H&E staining, increased mucus pro-
duction by PAS staining, Th2 cytokines, serum IgE, and eosino-
phil influx into the airways (Fig. 1A, Supplemental Fig. 1). To
measure sex differences after OVA challenge, alveolar macro-
phages were collected by lung lavage at 48 h, and the M2 marker,
YM1, was measured by FACS. Alveolar macrophages were
identified in the BAL based on their coexpression of CD11c,
SIGLEC F, and CD45 as well as the lack of CD11b, Ly6C, and
Ly6G (Fig. 1B). YM1 is a canonical M2 marker in mice that has
been shown to promote Th2 responses and eosinophil inflamma-
tion (29). OVA challenge induced robust M2 responses in the
OVA-sensitized mice compared with PBS controls (Fig. 1C). Al-
veolar macrophages from female mice expressed significantly
higher YM1 following OVA challenge compared with male
macrophages, as indicated by a shift in mean fluorescence inten-
sity (Fig. 1B, 1C). Furthermore, the BAL from female mice
contained significantly more YM1hi macrophages compared with
male mice, whereas the number of iNOShi macrophages did not
exhibit a sex difference (Fig. 1D). No induction of YM1 was
observed in interstitial macrophages (data not shown). This sex
difference was also observed when male and female mice were
intratracheally instilled with IL-4 in a dose-dependent manner
(Fig. 1E, Supplemental Fig. 2).
We wanted to understand the molecular basis of this sex dif-

ference in male and female alveolar macrophages. Because IL-4
and IL-13 can polarize macrophages to an M2 phenotype, we
hypothesized that differences in expression of IL-4Rs on the
surface of alveolar macrophages might explain the observed en-
hanced M2 polarization in female mice following OVA challenge.
Therefore, we quantified the amount of IL-4Ra, gc, and IL-13Rs
by FACS and qPCR in control and allergen-sensitized and -chal-
lenged male and female mice. Alveolar macrophages from female
mice exhibited a statistically significant increase in surface IL-
4Ra expression following OVA challenge, whereas male alveolar
macrophages did not (Fig. 2A). Although this is a small shift in
mean fluorescence intensity for IL-4Ra, our previous studies and
those of others have shown that the ratio of IL-4R chains has
profound impacts on IL-4 signaling and downstream M2 gene
expression (26, 30). OVA challenge did not significantly alter gc
expression on either male or female alveolar macrophages
(Fig. 2A). Because there is no reliable Ab to detect mouse IL-13Ra1

by FACS analysis, we measured IL-13Ra1 and IL-13Ra2 tran-
scripts by qPCR in RNA extracted from macrophages lavaged
from male and female mouse lungs following OVA challenge. We
found more mRNA for the IL-13Ra1 chain in female macro-
phages than in male macrophages following OVA challenge, al-
though this difference was not statistically significant (Fig. 2B).
Although sex differences in IL-13Ra2 expression have been
reported in splenic macrophages (31), IL-13Ra2 mRNA was not
detectable in alveolar macrophages from either group (data not
shown). Expression of mRNA for IL-4Ra and gc mirrored the
surface protein expression found on alveolar macrophages by
FACS (Fig. 2B).
The engagement of ERs has been associated with wound-healing

activity in macrophages and M2 gene expression in vitro (32). To
determine whether differential expression of sex hormone recep-
tors could account for the sex differences in M2 responses fol-
lowing OVA challenge, we measured the expression of ERa, ERb,
and androgen receptor by Western blot and qPCR. We used an
adherence protocol to enrich alveolar macrophages from other
cellular infiltrates found in the BAL of allergic animals from ∼10
to ∼80% of total cellular content (Supplemental Fig. 3). For de-
tection of ERa by Western blot, we used the polyclonal ERa Ab
(MC-20) raised against the C terminus of mouse ERa that detects
the full-length 66-kDa isoform of ERa as well as at the previously
described 61-kDa MC-20 reactive protein (Fig. 2C, upper panel)
(33). There were no differences in ERa expression in alveolar
macrophages in naive male and female animals (Fig. 2C, left
panel). However, the expression of ERa in alveolar macrophages
from male mice was reduced following challenge with OVA (Fig.
2C, right panel). ERa consists of several isoforms in humans and
mice that arise from splice variants and the use of alternative
transcription start sites (reviewed in Ref. 34). We therefore used a
qPCR primer set that recognizes the hinge and dimerization re-
gions present in all ERa isoforms (66, 46, and 36 kDa in mice) for
this analysis. Intriguingly, female alveolar macrophages from
control C57BL/6 mice expressed less mRNA for ERa (Esr1) than
did male macrophages (Fig. 2D). There was a trend to increased
ERa mRNA expression in alveolar macrophages from female
mice following OVA challenge (Fig. 2D). Again, male alveolar
macrophages exhibited a statistically significant reduction in ex-
pression of mRNA for ERa expression following OVA challenge
(Fig. 2D).
Alveolar macrophages from naive male and female mice express

similar levels of ERa. However, differences in the amount of ERa
in alveolar macrophages may not necessarily reflect responsive-
ness to ERa ligands. Therefore, we tested the responsiveness of
alveolar macrophages from male and female mice to estrogen and
the ERa agonist PPT. BAL macrophages from male and female
mice were stimulated with either estrogen or PPT for 24 h. The
expression of a known estrogen-responsive gene in macrophages,
VCAM1 (35), was measured by qPCR. Alveolar macrophages
from female mice exhibited enhanced basal expression of
VCAM1, most likely reflecting differences in circulating estrogen
(Fig. 2C, right panel). Stimulation with PPT increased VCAM1
expression in both sexes, although female alveolar macrophages
exhibited much higher expression. Although male alveolar mac-
rophages did not exhibit overt induction of VCAM1 in response to
estrogen, alveolar macrophages from female mice did.
ERb has been shown to enhance M1 gene expression and

suppress M2 gene expression (32). Expression of mRNA for ERb
(Esr2) increased with OVA challenge in both sexes, particularly in
macrophages from male animals, although this was not statisti-
cally significant (Fig. 2D). Interestingly, androgen receptor ex-
pression was dramatically increased in alveolar macrophages from

The Journal of Immunology 1575
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both males and females following OVA challenge. Taken together,
these data indicate that female mice exhibit enhanced M2 gene
expression in vivo during allergic lung inflammation. This may be
at least partially accounted for by the increased surface expression
of IL-4Ra and ERa following OVA challenge in alveolar mac-
rophages from female mice.

Macrophages from female mice exhibit enhanced M2 gene
expression in response to IL-4 in vitro

After observing that there was a sex difference in the M2 polar-
ization of alveolar macrophages in the mouse model of allergic
lung inflammation, we used a reductionist approach to determine
whether the sex differences were an intrinsic property of macro-
phages derived from male or female animals rather than the en-
vironment within the allergic lung. To address this, we employed an
in vitro model using BMMs from male and female C57BL/6 mice.
These cells were differentiated in culture for 10 d (in the absence of
exogenous hormones) prior to stimulation with IL-4. We measured
M2 gene expression by Western blot following stimulation with
increasing concentrations of IL-4 for 48 h. BMMs from female
mice exhibited significantly higher expression of the canonical
mouse M2 genes, YM1 and ARG1, in a concentration-dependent
manner in response to IL-4 compared with BMMs from male mice
(Fig. 3A). Interestingly, the induction of FIZZ1, another hallmark
mouse M2 gene, in response to IL-4 did not seem to exhibit fe-
male dominance. FIZZ1 has been demonstrated to limit Th2 re-
sponses to worm infection in vivo (36, 37), although its precise
role in allergic lung inflammation is not fully understood. We also
looked for sex differences in M2 polarization in response to IL-13.

Although a similar female-dominant M2 gene expression is ob-
served with IL-13 stimulation, the magnitude of gene induction
was much lower than it is with IL-4 (data not shown), as we
observed previously (26). These data suggest that macrophages
exhibit sex hormone–independent differences in the degree of M2
polarization in response to IL-4. To test whether changes in IL-4R
expression accompanied the increased M2 gene expression in
these in vitro experiments, we measured the expression of IL-4Ra,
gc, and IL-13Ra1 by FACS and qPCR. As expected, IL-4 treat-
ment resulted in the progressive downregulation of surface IL-
4Ra and gc in BMMs due to receptor internalization, with no
apparent sex differences (Fig. 3B, upper panel) (38, 39). Inter-
estingly, the amount of mRNA for gc, but not IL-4Ra or IL-
13Ra1, increased in a concentration-dependent manner with IL-4
stimulation in both male and female macrophages (Fig. 3B, lower
panel). We also used Western blot to measure expression of ERa
in the BMM to determine sex differences in the effect of IL-4
exposure on ER expression. Treatment with IL-4 did not change
ERa expression in BMMs from male or female mice (Fig. 3C).

Epigenetic regulation of M2 gene expression exhibits
sex differences

Previous studies have demonstrated that the induction of M2 genes
by IL-4 involves epigenetic control of M2 gene expression, in-
volving histone H3 acetylation and trimethylation of H3 K4 as well
as the reciprocal reduction of trimethylated H3 K27 (25, 40, 41).
Acetylation of H3 and trimethylation of H3 K4 are characteris-
tic of transcriptionally active chromatin (reviewed in Ref. 42).
Because we had determined that M2 gene expression was different

FIGURE 1. Sex-specific alveolar macrophage polarization in vivo following OVA challenge. (A) Schematic of the OVA model: C57BL/6 mice were

sensitized on days 1 and 6 and challenged with OVA on days 12 and 14. Two days after final challenge (on day 16), the mice were euthanized and lung

inflammation was analyzed by histochemistry and FACS. The left lobe from each mouse was inflated with 10% formalin under constant pressure and

paraffin embedded and sectioned. Mucus production (PAS stain), H&E stain, and relative abundance of eosinophils (LIVE/DEAD2CD11c2SIGLEC F+

cells) in the BAL fluid were quantified. (B) Gating strategy for FACS: LIVE/DEAD2CD11c+SIGLEC F+ alveolar macrophages were used for analysis of

YM1 and iNOS expression (upper panel). The fluorescence intensity of YM1 in LIVE/DEAD2CD11c+Siglec F+ alveolar macrophages is shown in a

representative FACS histogram (lower panel). The D mean fluorescent intensity (MFI) (MFI target 2 MFI isotype) of (C) YM1 (left panel) and (D) iNOS

(left panel) in alveolar macrophages. The relative abundance of intracellular (C) YM1hi (right panel) and (D) iNOShi (right panel) macrophages is graphed.

(E) Male and female C57BL/6 mice were intratracheally instilled with increasing doses of IL-4. Two days after the instillation, the bronchoalveolar lavage

was collected and YM1 expression DMFI in macrophages was measured using intracellular FACS (n = 1 mouse per group). n = 3. *p , 0.05, **p , 0.01,

***p , 0.001, ****p , 0.0001.
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between female and male macrophages following IL-4 stimula-
tion, we hypothesized that there were epigenetic differences in
the promoters of the M2 genes in macrophages from males and
females. BMMs from male and female mice were stimulated with
IL-4 for 48 h, and chromatin was harvested and analyzed for
histone modifications at the YM1, FIZZ1, and ARG1 promoters
by ChIP-qPCR. Female BMMs exhibited dramatic increases in
H3Ac and H3K4me3 at the YM1 promoter relative to male BMMs
(Fig. 3D, upper and middle panels, black bars). Likewise, females
exhibited reduced repressive H3K27me3 at the YM1 promoter
(Fig. 3D, bottom panel, black bar). Acetylation of H3 at the FIZZ1
and ARG1 promoters did not exhibit sex differences, although the
Arg1 promoter in female macrophages did exhibit enhanced tri-
methylation of H3K4 and a reduction of trimethylation of H3K27
compared with macrophages from male mice (Fig. 3D, middle and
lower panels). Together these data suggest that M2 gene promoters
are epigenetically regulated in a sex-specific manner when mac-
rophages are stimulated with IL-4.

Engaging ERa enhances sex differences in M2 gene expression
in vitro

We have shown that M2 polarization, in vitro with IL-4 and in vivo
in a mouse model of allergic lung inflammation, exhibits sex
differences. ERa signaling has previously been shown to enhance
M2 gene expression and wound-healing responses in macrophages
(32). Next, we determined the effect of engagement of ERa with
an ERa-specific agonist on M2 gene expression in IL-4–polarized
BMMs from male and female mice. To this end, we exposed male
and female BMMs to increasing concentrations of estrogen or the
selective ERa agonist PPT for 16 h prior to a 48-h stimulation

with IL-4. We then measured M2 gene expression by qPCR and
Western blot. Estrogen modestly increased M2 gene expression in
both male and female BMMs (Fig. 4A, 4B, upper panels). PPT-
treated BMMs from female mice (Fig. 4A, 4B, lower panels, black
squares) exhibited a concentration-dependent increase in the
amount of IL-4–induced mRNA for all three M2 genes compared
with PPT treatment alone. Male BMMs, however, did not exhibit
PPT-enhanced M2 gene mRNA following IL-4 treatment (Fig. 4A,
lower panels, open circles). However, IL-4–stimulated BMMs
from both male and female mice exhibited increased YM1 and
ARG1 protein following pretreatment with PPT (Fig. 4B, lower
panels). The different responses to estrogen and PPT may be due
either to regulatory signaling through other inhibitory ERs, such
as ERb and/or G protein–coupled ER-30, or to differences in EC50

between PPT and E2 on ERa activity (32, 43–45). The ERb ag-
onist, diarylpropionitrile, had no effect on IL-4–induced M2 gene
expression (data not shown). These data suggest that engaging
ERa enhanced the capacity of female macrophages to polarize to
an M2 phenotype while having little effect on male macrophages.
Our in vitro ER-agonist data suggest that ERa is the estrogen-

recognizing receptor that enhances M2 gene expression. We hy-
pothesized that mice lacking functional ERa in their macrophages
would exhibit impaired M2 polarization in vivo when challenged
with OVA. To test this, we employed a LysM-CRE ERaflox/flox

mouse to compare M2 polarization in an ERa-sufficient and
-deficient model. We challenged LysM-CRE ERaflox/flox as well as
CRE2 ERaflox/flox littermate control mice with OVA and measured
YM1 expression in alveolar macrophages. ERa deficiency resul-
ted in a dramatic reduction of YM1 expression in both male and
female mice (Fig. 4C). The abundance of YM1hi alveolar mac-

FIGURE 2. IL-4R expression on alveolar macrophages is increased in female mice following allergen challenge. (A) C57BL/6 mice were sensitized and

challenged with OVA, as in Fig. 1. Two days after the final challenge, the mice were euthanized and the BAL cells were collected; alveolar macrophages

were selected by a LIVE/DEAD2CD11c+SIGLEC F+ gate and stained for IL-4Ra and gc by FACS. A representative histogram of IL-4Ra and gc ex-

pression (upper panel) and the relative D mean fluorescence intensity (MFI) (MFI target 2 MFI isotype) for each receptor relative to the male PBS group

(middle panel) are shown. Alveolar macrophages were enriched by a 2-h culture in aMEM, in which all nonadherent cells (lymphocytes, eosinophils, and

other cell types) were removed by extensive washing. Total RNAwas collected, and receptor expression was measured by qPCR. (B) Relative expression of

IL-4Ra, gc, and IL-13Ra1 transcripts (normalized to male PBS) is shown (lower panel). (C) Expression of ERa was measured by Western blot (upper

panel). ERa protein was normalized to b-actin; n = 4 independent experiments. Alveolar macrophages were collected from male and female C57BL/6 mice

by bronchoalveolar lavage. The cells were cultured in hormone-free, PPT-containing, or E2-containing aMEM for 24 h. Total RNA was collected, and

qPCR was used to measure the expression of Vcam1, n = 1 mouse per group. (D) The expression of Esr1 (ERa), Esr2 (ERb), and Ar (AR, androgen

receptor) mRNAwas measured by qPCR using the DD cycle threshold (CT) method, normalized to the amount in the male PBS sample. n = 3 independent

experiments with n = 4 mice per group. *p , 0.05, **p , 0.01, ***p , 0.001, +p = 0.083. A.U., arbitrary units.
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rophages was also dramatically reduced in ERa-deficient mice
following challenge with OVA (Fig. 4C). Taken together, these
data suggest that ERa is instrumental in promoting M2 polari-
zation in vivo. Thus, an estrogen-rich environment may enhance
M2 polarization through engagement of ERa in women and can
thereby contribute to sex differences in asthma in humans.

Estrogen enhances M2 polarization in vivo

We have demonstrated female-dominant M2 polarization in vivo
and in vitro as well as the enhancing effects of estrogen and
PPTon M2 polarization in macrophages from female mice in vitro.
Next, we asked whether estrogen would enhance M2 polarization
in vivo following allergen challenge. To address this, we implanted
female mice that had undergone bilateral ovariectomy surgery
(OVx mice) with either placebo- or estrogen-secreting s.c. pellets
(see scheme of protocol, Fig. 5A). Bilateral ovariectomy surgery
was performed at 3 wk of age, prior to reproductive maturation
and estrogen and progesterone production to avoid the epigenetic
effects of estrogen on M2 promoters that we observed in vitro
(Fig. 3C). Furthermore, to avoid confounding effects of estrogen
on T cell priming, we implanted pellets on day 7 after the mice
were sensitized to OVA. After two challenges with aerosolized
OVA, the mice were euthanized and assessed for allergic lung
inflammation by histology as well as macrophage polarization by
FACS. First, to validate successful pellet implantation, we col-
lected serum from each mouse and measured estrogen concen-
trations. Placebo-implanted mice exhibited a mean serum estrogen
concentration of 8.236 6 1.322 pg/ml (n = 24 mice), and E2-

implanted mice exhibited a mean serum estrogen concentration
of 990.167 6 87.813 pg/ml (n = 24 mice). This corresponded to a
mean uterine weight of 54.077 6 3.199 mg (n = 24 mice) in the
E2-implanted mice, whereas the placebo group lacked defined
uterine structure on day 16.
The alveolar macrophages from female OVx mice implanted

with E2-secreting pellets exhibited increased YM1 expression
compared with placebo pellet-implanted mice following allergen
challenge (Fig. 5A, left panel). Estrogen-implanted mice also had
more YM1hi alveolar macrophages following allergen challenge
compared with placebo-implanted mice (Fig. 5A, middle panel).
Estrogen implantation resulted in increased eosinophil infiltration
into the alveolar space compared with mice lacking estrogen, after
allergen challenge (Fig. 5A, right panel). Mucus production
quantified by PAS staining was elevated in the estrogen-implanted
allergic mice compared with the placebo group (Fig. 5B). To test
whether estrogen had long-term effects on macrophage polariza-
tion, we measured YM1 in IL-4–stimulated BMMs harvested from
OVx mice implanted with either placebo- or E2-secreting pellets.
These BMMs were differentiated in the absence of exogenous
hormones for 10 d prior to stimulation. Cellular expression and
secretion of YM1 into the culture medium were significantly in-
creased in BMMs from E2 pellet–implanted mice compared with
cells from placebo-implanted mice (Fig. 5C, upper and middle
panel). IL-4–stimulated BMMs from E2 pellet–implanted mice
also exhibited increased expression of Chi3l3 and Arg1 mRNA
compared with the placebo-implanted group (Figs. 5D). These data
suggest that estrogen has long-lasting effects on M2 gene promoter

FIGURE 3. Sex differences in IL-4 responsiveness in vitro. (A) BMMs from male and female C57BL/6 mice were differentiated in vitro for 10 d with M-

CSF, and then stimulated with increasing concentrations of IL-4 for 48 h. Protein lysates were collected and measured for the expression of the canonical

mouse M2 genes YM1, FIZZ1, and ARG1 by Western blot. All target protein bands were normalized to b-actin. (B) BMMs from male and female mice

were grown on low-adhesion plates, then detached using Cell Stripper, and assayed for surface IL-4R expression by FACS and mRNA for the IL-4R by

qPCR. A representative histogram showing IL-4Ra and gc expression on BMMs is shown above (upper panel). Il4ra, Il2rg, and Il13ra1 expression

following stimulation with increasing concentrations of IL-4 was measured by qPCR (lower panel). n = 3 independent experiments. *p, 0.05, **p , 0.01,

***p, 0.001. (C) ERa expression was measured by Western blot at the indicated concentrations of IL-4. ERa band was normalized to b-actin. (D) BMMs

from male and female mice were stimulated with 10 ng/ml IL-4 for 48 h. The cells were fixed in 1% formaldehyde and processed for ChIP-qPCR analysis.

Immunoprecipitations were carried out using Abs against pan-acetyl H3, H3K4me3, H3K27me3, and IgG control. The abundance of Chi3l3 (YM1), Retnla

(FIZZ1), and Arg1 promoters in each immunoprecipitation was measured by qPCR. The percent input was determined using the DD cycle threshold (CT)

method and is reported above for each histone modification. n = 3 independent experiments. A.U., arbitrary units.
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activity even after removal of the cells from the animal for 10 d and
when exogenous hormone is absent. These data may also explain the
sex differences that we observed in histone modifications at M2 gene
promoters in IL-4–stimulated BMMs from male and female mice.
Together, these findings implicate estrogen in eliciting sex differences
in asthma by enhancing M2 polarization in the allergic lung (Fig. 6).

Discussion
Asthma is a major public health issue that burdens more women
than men. Asthma exhibits sex differences with respect to prev-
alence and severity, affecting mostly boys in childhood and women
in adulthood. These sex differences implicate sex hormones like
estrogen in enhancing allergic inflammation in the lung. Others
have shown that M2-activated alveolar macrophages are critical in
recruiting inflammatory cells like eosinophils and in secreting
factors that promote tissue remodeling and fibrosis in animal
models of asthma (19, 21, 46). Likewise, the sputum and airway
walls of asthmatic patients are rich with M2-polarized alveolar
macrophages, and their expression of M2 markers like CD206 and
CCL17 positively correlates with asthma severity (47, 48). Inhaled
glucocorticoid treatment is a mainstay therapy used to dampen
inflammatory gene expression by leukocytes, including mac-
rophages, in asthmatic patients (49). However, women are more
likely to develop severe, steroid-resistant asthma than men, and
this may be due in part to interactions between estrogen and
glucocorticoid receptors (50, 51). It is therefore paramount to
develop a detailed understanding of how sex hormones like es-
trogen skew macrophage polarization and function and how hor-
mones contribute to sex differences in alveolar macrophage
polarization and function in asthma.

We employed an acute mouse model of allergen challenge to
assess sex differences in macrophage polarization, as these are key

early events that determine the outcome of allergic lung inflam-

mation in the chronic setting (21). There are differences between

acute and chronic models of allergic lung inflammation in mice.

Notably, repeated challenge with allergen leads to a dampening of

Th2 cytokine production and cellular infiltration into the lungs of

mice (52, 53). We were especially interested in the early cellular

and molecular events that shape the inflammatory response in the

allergic lungs. However, it is clear that M2 macrophages are

enriched and persist chronically in the lungs of people with asthma

(18, 47, 48, 54–57).
In this work, we undertook that endeavor using in vitro and

in vivo models of M2 polarization. In this study, we show dif-
ferences in macrophage polarization, at the cellular and molecular
level, depending on the sex of the animal from which the cells
were obtained. We report that alveolar and bone marrow–derived
macrophages from female mice expressed higher amounts of the
classical M2 markers, YM1 and ARG1, following stimulation
with IL-4 than do macrophages from male mice (summarized in
Fig. 6). We further demonstrate that engagement of ERa by es-
trogen or the ERa agonist, PPT, enhanced M2 gene expression to
a greater degree in macrophages from female mice compared with
macrophages from male mice. Finally, we report that this sex
difference is relevant in vivo in a mouse model of allergic lung
inflammation, in which female mice exhibit enhanced YM1 ex-
pression in alveolar macrophages following allergen challenge,
compared with male mice. The expression of the M1 marker iNOS
was not different between male and female macrophages following

FIGURE 4. ERa ligands enhance M2 gene expression. (A) BMMs from male and female C57BL/6 mice were cultured for 16 h in increasing concentrations

of either E2 or PPT prior to stimulation with 1 ng/ml IL-4. Two days after the addition of IL-4, mRNAwas collected and M2 gene expression was measured by

qPCR. Expression of Chi3l3 (YM1), Retnla (FIZZ1), and Arg1 is shown. The data are reported as percent male IL-4 induced. All data were normalized to the

IL-4 stimulated males and multiplied by 100. (B) BMMs from male and female C57BL/6 mice were cultured and stimulated as in (A) and protein lysates were

collected. Western blot was used to measure protein expression of YM1 and ARG1 as in Fig. 3A. n = 4 independent experiments. (C) LysMCRE-ERaflox/flox

mice underwent OVA sensitization and challenge, as in Fig. 1, with ERaflox/flox mice as littermate controls. Two days after the last challenge, the mice were

sacrificed and YM1 expression was measured on alveolar macrophages from the BAL by intracellular FACS (n = 1–2 mice per group).
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allergen challenge, suggesting that M2 polarization may be
uniquely regulated in a sex-specific manner. Furthermore, ovariec-
tomy reduced M2 polarization in vivo, and the reintroduction of
estrogen into OVx mice restored M2 polarization of BAL macro-
phages. ERa is most likely the major estrogen-recognizing receptor
to drive M2 polarization as we show that mice with ERa deficiency
in their macrophages exhibited dramatic reduction in YM1 ex-

pression in vivo following challenge with OVA. We show that these
sex differences coincide with increased expression of IL-4Ra and
ERa on female macrophages following challenge with aerosolized
OVA. The differential pattern of IL-4R and ER expression in males
and females suggests that these two networks may function syn-
ergistically to promote M2 polarization. Finally, we demonstrate
that macrophages from female mice exhibit more histone marks of

FIGURE 5. Estrogen enhances M2 polarization in ovariectomized mice. (A) C57BL/6 mice underwent ovariectomy surgery at 3 wk of age. The standard

OVA protocol was initiated at 8 wk of age. One day after the second i.p. delivery of OVA, the mice were implanted with pellets that secrete either placebo or

E2 and were then challenged with aerosol OVA. Expression of YM1 D mean fluorescence intensity (MFI) (MFI target 2 MFI isotype) in LIVE/DEAD2

CD11c+Siglec F+CD45+ alveolar macrophages normalized to placebo-implanted PBS group, and absolute numbers of YM1hi alveolar macrophages and

CD11c2Siglec F+CD45+ eosinophils are reported above (upper panels). n = 3 independent experiments with four mice per group. *p , 0.05, **p , 0.01.

(B) PAS staining was carried out as in Fig. 1A. Representative PAS-stained alveoli are shown above (left panel). (C) BMMs from pellet E2- and placebo-

implanted OVx mice were stimulated with IL-4 for 48 h. Protein lysates and culture medium were collected, and YM1 expression and secretion were

measured by Western blot. YM1 in cell lysates was normalized to b-actin. (D) Expression of mRNA for Chi3l3, Retnla, and Arg1 in BMMs from placebo-

or E2-implanted mice stimulated with IL-4 was measured by qPCR. The data are reported as percentage of placebo IL-4 induced; all samples are nor-

malized to the placebo group stimulated with IL-4 and then multiplied by 100. A representative blot (upper panel) and quantified band intensities are

graphed (lower panels). n = 3 independent experiments. *p , 0.05, +p = 0.0705.

FIGURE 6. A schematic of the

current model. Alveolar macrophages

become activated in the Th2 cytokine

environment elicited by allergen

challenge. These macrophages are

estrogen primed in women to produce

an enhanced amount of inflammatory

factors that recruit downstream cellu-

lar mediators and promote fibrosis and

tissue remodeling.
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transcriptionally active chromatin at M2 gene promoters compared
with males. This most likely reflects chromatin that is poised to re-
spond to IL-4/IL-13 signals in macrophages from female mice. It is
also possible that ERs modulate the promoters of M2 genes, as they
are known to interact with histone acetyl transferases, and thus reg-
ulate macrophage polarization through epigenetic mechanisms. Our
work also underscores the importance and necessity of the new
National Institutes of Health directive to understand relevant bio-
logical variables such as sex in biomedical research. It is clear that
sex and sex hormones have biological consequences on immune cells
(58). Separating studies by sex, and understanding and reporting
which sex was used for experiments, is critical for interpreting data.
The increase of IL-4Ra expression in alveolar macrophages

from allergic female mice and the reduction of ERa expression in
alveolar macrophages from allergic male mice may result in an
overall female-dominant expression of M2 genes in vivo following
challenge with OVA. More work needs to be done to dissect sex
differences in IL-4 signaling in macrophages and how estrogen
can affect these signaling events. Estrogen signaling is complex,
involving genomic and nongenomic pathways. Therefore, such
studies would have to be comprehensive enough to accommodate
these features and would have to acknowledge that acute exposure
to estrogen may have different consequences on M2 signaling than
chronic exposure to the hormone. We cannot detect any effects of
acute or chronic estrogen exposure on IL-4–induced STAT6
phosphorylation in macrophages (data not shown). However, es-
trogen may also impact the IRS2/Akt pathway and most likely
also regulates the assembly of histone-modifying factors at M2
promoters. These questions will be addressed in further studies.
These findings have major implications for diseases in which

skewing of macrophages serves a pathological role and for which
sex is a factor. For example, tumor-associated macrophages
(TAMs) acquire an M2-like phenotype and remodel the extracel-
lular matrix to promote tumor metastasis. TAM presence is en-
hanced in ER+ breast cancers and leads to increased epithelial–
mesenchymal transition (59). It is not clear whether estrogen an-
tagonism of TAMs would be of therapeutic value, but it may di-
minish the tumor-promoting properties in these cells. Consistently,
women are at greater risk of small cell and adenocarcinoma lung
cancers than men (60, 61). Furthermore, these cancers are pro-
moted by factors such as hormone replacement therapy and are
characterized by M2-polarized macrophages (62, 63).
Understanding the impact of estrogen on sex-biased diseases is

paramount for guiding the development of effective therapies. One
major challenge to estrogen-based therapeutics is maximizing cell
specificity and minimizing unintended impact on reproductive
function. Women are burdened with the highest incidence of allergy
(64, 65) and autoimmune diseases (66–68). Generally speaking,
women respond to infection and vaccination with increased Ab
production compared with men, and this reflects a predisposition to
a Th2 bias in women compared with a Th1 bias in men (69–71).
However, ERs are expressed in virtually all leukocytes and can thus
impact all aspects of immunobiology. Therefore, understanding the
molecular mechanisms that cause estrogen sensitivity and alter
cellular function in macrophages in women is an important goal.
The impact of estrogen on innate and adaptive immunity is context
and cell specific. For example, estrogen is known to downregulate
the expression of the autoimmune regulator, thereby compromising
central tolerance and promoting autoimmune disease in women
(72). Estrogen enhances Th1 and Th2 cytokine production by
T cells and stimulates Ab production by B cells, in vitro (73–76).
However, estrogen pellet implantation in experimental autoimmune
encephalomyelitis mice suppresses Th1 cytokine production by
CD4 T cells in an ERa-dependent manner (73). Estrogen enhances

IL-6 and IL-10 production in splenic dendritic cells and LPS/CpG-
induced IL-12 production in bone marrow–derived dendritic cells
(77, 78). In BMMs, estrogen seems to promote M2 gene expression
while suppressing M1 gene expression (32, 79–81). In our model,
estrogen primed macrophages for enhanced M2 gene induction
following stimulation with IL-4, and this effect is long-lived.
Macrophages from female mice are more sensitive to this priming
than their male counterparts. Consistent with the idea that estrogen
skews macrophages to an M2 phenotype, estrogen treatment
downregulates TNF-a, CCR2, and CCL3 in the spinal cord to al-
leviate Th1/Th17-mediated pathology associated with multiple
sclerosis in a mouse experimental autoimmune encephalomyelitis
model (82). This propensity to an enhanced M2 phenotype in fe-
male mice in our model of allergic lung inflammation needs to be
addressed in asthmatic women. Our work points to alternative
therapeutic avenues that could be harnessed to effectively antago-
nize this estrogen-enhanced macrophage phenotype by pharmaco-
logical intervention. Women are less responsive to corticosteroid
treatment than men and may therefore benefit from therapy that
targets the ER or pathways downstream of the ER (83).
The work discussed in this study has shed light onto the effects of

estrogen on the cellular and molecular function of alveolar and bone
marrow–derived macrophages. However, there are many avenues
left to explore in this regard. It remains unclear exactly how es-
trogen modulates macrophage responsiveness to Th2 cytokines.
ERs can alter gene expression by directly engaging estrogen re-
sponse elements, heterodimerizing with other transcriptional regu-
lators, and signaling through protein kinases. Thus, the molecular
biology behind the sex differences in macrophage polarization
reported in this work is most likely complex and multifaceted. ERs
may enhance macrophage polarization by recruiting histone ace-
tylases and demethylases to M2 gene promoters. It is critical to
identify the histone-modifying and transcription factor–binding
partners associated with the ERs in initiating the transcription of M2
genes in macrophages and understanding how estrogen affects this
interaction. This will enable the targeting of a specific protein–
protein interaction using small-molecule inhibitors to suppress M2
gene expression in alveolar macrophages in the lungs of asthmatic
women. Understanding the complex interaction between IL-4 and
estrogen signaling in macrophages will help develop therapies for
various allergic and autoimmune diseases that disproportionately
burden women. Further research is needed to develop an in-depth
molecular understanding of estrogen signaling in macrophages and
its role in contributing to sex differences in many different diseases.
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Figure S1: Sex differences in cytokine expression and serum IgE.  (A) Whole lung tissue was obtained from OVA-
challenged male and female C57BL/6 mice.  The expression of Th2 and Th1 cytokines was measured by qPCR.  n = 8 - 18 
mice per group.  (B) Serum was obtained from OVA-challenged male and female C57BL/6 mice.  Total IgE was measured 
by ELISA.  N = 4 independent experiments, n = 4 mice / group.



Figure S2:  Sex differences in IL-4 responsiveness in vivo. Male and female C57BL/6 mice were intratracheally instilled with 
increasing concentrations of IL-4 while under isoflurane anesthesia.  Two days after instillation, the mice were euthanized 
and the BAL was collected.  CD45+CD11c+Siglec F+ alveolar macrophages were analyzed for YM1 expression by FACS.  The 
DMFI for intracellular YM1 and the % of YM1hi alveolar macrophages are graphed. 



Figure S3:  Purity of cell adhesion. Male and female C57BL/6 mice were sensitized with PBS or OVA.  
The mice were then challenged with OVA.  BAL cells were collected and cultured in aMEM for 30 min.  
The cells were then washed and adherent cells were detached using trypsin and analyzed by FACS.  The 
relative abundance of CD45+CD11c+Siglec F+ cells before and after culture are reported above.


