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Abstract

Background: Type 2-high asthma is characterized by elevated levels of circulating Th2 cells and eosinophils, cells that express
chemoattractant-homologous receptor expressed on Th2 cells (CRTh2). Severe asthma is more common in women than men;
however, the underlying mechanism(s) remain elusive. Here we examined whether the relationship between severe asthma and
type 2 inflammation differs by sex and if estrogen influences Th2 cell response to glucocorticoid (GC). Methods: Type 2
inflammation and the proportion of blood Th2 cells (CD4 +CRTh2 +) were assessed in whole blood from subjects with asthma
(n = 66). The effects of GC and estrogen receptor alpha (ERα) agonist on in vitro differentiated Th2 cells were examined.

Expression of CRTh2, type 2 cytokines and degree of apoptosis (Annexin V +, 7-AAD) were determined by flow cytometry,

qRT-PCR, western blot and ELISA. Results: In severe asthma, the proportion of circulating Th2 cells and hospitalizations

were higher in women than men. Women with severe asthma also had more Th2 cells and serum IL-13 than women with

mild/moderate asthma. Th2 cells, eosinophils and CRTh2 mRNA correlated with clinical characteristics associated with

asthma control in women but not men. In vitro, GC and ERα agonist treated Th2 cells exhibited less apoptosis, more CRTh2

as well as IL-5 and IL-13 following CRTh2 activation than Th2 cells treated with GC alone. Conclusion: Women with severe

asthma had higher levels of circulating Th2 cells than men, which may be due to estrogen modifying the effects of GC, enhancing

Th2 cell survival and type 2 cytokine production. (249)

Introduction

Asthma is a chronic inflammatory disease affecting approximately 300 million people worldwide [1]. Asthma
symptoms can range from mild and manageable on low dose inhaled corticosteroids (CS) to severe and un-
controlled despite intense treatment [2]. Attempts to understand this heterogeneity have led to phenotyping
asthma according to clinical, physiologic and cellular phenomena [3] and ultimately to efforts to determine the
molecular mechanisms, or endotypes, driving disease [4]. Currently, at least two endotypes of severe asthma
have been identified; patients exhibiting persistent type 2 inflammation with eosinophilia (type 2-high) and
those with type 1/type 17 inflammation with neutrophilia (type 2-low) [3].

Type 2-high asthma is characterized by increased numbers of blood and airway Th2 cells, eosinophils,
group 2 innate lymphoid cells (ILC2) and type 2 cytokines IL-4, IL-5 and IL-13 [3, 4]. Woodruff et al.
examined bronchial biopsies from mild-moderate asthmatics and healthy controls and showed that patients
with high expression of type 2 cytokines improved following inhaled CS (ICS) treatment [5]. In type 2-high
severe asthma, however, symptoms and inflammation persist despite high dose inhaled and/or oral CS [6, 7].
Though anti-type 2 therapies are effective in these patients, indicating the pathway mediates their symptoms
[2], the mechanism(s) driving persistence of type 2 inflammation remain elusive.
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. Expression of CRTh2 (chemoattractant-homologous receptor expressed on Th2 cells) by CD4+ T cells is
considered a marker of Th2 cells [8-10], but CRTh2 is also expressed by eosinophils, basophils, ILC2 and some
CD8+ T cells [10-12]. CRTh2 is a receptor for prostaglandin D2 (PGD2), a lipid mediator released by mast
cells within the airways following allergen-induced activation [13-15]. PGD2 activation of CRTh2 regulates
Th2 cell function mediating chemotaxis, type 2 cytokine expression and inhibition of apoptosis [10, 13, 16,
17]. In murine models of asthma, CRTh2 deficiency reduced eosinophil infiltration and IL-5 production within
the lung [18, 19]. Administration of CRTh2 antagonists or depleting antibodies also showed a reduction in
airway hyper-reactivity, serum IgE levels, mucus secretion and leukocyte infiltration into the airways [18,
20, 21]. CD4+CRTh2+ T cells (i.e. Th2 cells) circulating within the blood have a memory phenotype and
their frequency is considered to influence one’s susceptibility to respond to subsequent allergen exposures [9,
22-24]. Although severe asthmatics have been shown to have higher levels of Th2 cells, CRTh2 mRNA and
PGD2 in the blood and airways [25, 26], whether this pathway influences Th2 cell response to CS and/or
plays a role in persistence of type 2 inflammation has not been examined.

Women are more likely to be diagnosed with severe asthma [27], to have severe exacerbations requiring
hospitalization [28] and to relapse following treatment for exacerbation [29]. Serum estrogen levels have
been associated with amount of IL-5 in sputum of women reporting peri-menstrual asthma symptoms [30].
CD4+ T cells express estrogen receptors (ER) [31] and in a mouse model of asthma estrogen administration
induced expression of type 2 cytokines [32] through ER alpha (ERα) activation [33]. Here we examined the
relationship between asthma severity and type 2 inflammation in a sex-stratified analysis and assessed the
ability of estrogen receptor signaling to influence Th2 cell response to in vitro exposure to CS.

Methods and Materials

Additional experimental detail is provided in the Online Supporting Material.

Asthma population

Subjects with asthma were recruited from the Asthma Clinic at the University of Alberta following written
informed consent. This asthma study was approved by the University of Alberta Human Ethics Review
Board (PRO1784). Lung function testing was performed and blood obtained for complete blood count
(CBC), serum IgE measurement, immune cell profiling and whole blood RNA preparation. Severe asthma
was defined as patients on high dose inhaled corticosteroids (ICS, [?] 1000 μg/day fluticasone equivalent), a
2nd line controller (long-acting β agonist, leukotriene modifier, theophylline, tiotropium), anti-type 2 therapy
(anti-IgE, anti-IL-5) and/or oral corticosteroid (OCS) therapy for [?] 50% of the previous year whose
symptoms remain uncontrolled despite this therapy [2].

Flow cytometry

Circulating Th2 cells were assessed as the proportion of peripheral blood CD4+ T cells expressing CRTh2 as
we described previously [26, 34] (Fig. S1). CRTh2 levels on in vitro differentiated Th2 cells were determined
as previously referenced [35] (Fig. S2). Briefly, cells were stained using antibodies against CD4, CRTh2 or
isotype control and fixed with paraformaldehyde (2%). Flow cytometry analysis was performed using a BD
LSR II Flow Cytometer, with gates set in accordance with the profiles of the isotype control and/or negative
control beads. Results were analyzed using FlowJo® (TreeStar, Ashland OR, USA).

In vitro differentiated Th2 cells

Th2 cells were differentiated from peripheral blood CD4+ T cells, as we previously described [35].
CRTh2+CD4+ T cells (Th2 cells) were maintained (2 x 106 cells/mL) on cycles of IL-2 (5-10 ng/mL)
and plate bound antibody against CD3 and CD28 (3 days, 1μg/ml) followed by IL-2 alone (4 days). For
experiments with glucocorticoid and estrogen, primary Th2 cells (1.3 x 106 cells/mL) were treated (24 hours)
with dexamethasone (DEX), the ERα agonist propyl pyrazole triol (PPT) or β-estradiol (E2). To assess Th2
cell response to CRTh2 activation, Th2 cells were pre-treated with DEX and/or PPT (24 hours), washed
and re-plated with PGD2 (24 hours). Thesein vitro experiments were approved by the Ethics Review Boards
at the University of Alberta (00000942) and Western University (106770).
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. Western blot analysis

Primary Th2 cells were harvested in lysis buffer and protein electrophoresed on SDS-Page gel. Gels were
wet transferred onto nitrocellulose membrane, blocked with milk (Carnation skim milk powder, 5%) and in-
cubated with antibody against CRTh2. Membranes were washed in TBS-T and incubated with horseradish
peroxidase secondary antibody. Bands were detected using Clarity Western ECL substrate (Bio-Rad, CA,
USA) and images were acquired using a ChemiDoc MP Imaging System. GAPDH was detected after strip-
ping the membranes and re-probing with antibody against GAPDH. Densitometry of CRTh2 was normalized
to GAPDH using ImageJ.

Quantitative real time (qRT)-PCR

Whole blood was collected in PaxGene tubes and RNA isolated according to manufacturer’s instruction.
RNA was isolated from in vitrodifferentiated Th2 cells using RNeasy MiniKit. Levels of CRTh2 and BCL-2
mRNA were determined using TaqMan assays, expressed relative to GAPDH and fold change from control.

CRTh2 promoter activity

CRTh2 pro-Luc, a luciferase reporter construct containing an 1836 base pair fragment of the CRTH2 pro-
moter, was transiently co-transfected along with a minimal constitutively active thymidine kinase renilla
control plasmid (pRL-TK) into CCRF-CEM cells as described [35]. Cells were treated with DEX in the pres-
ence or absence of PPT (22 hours), pelleted, resuspended in lysis buffer (250 μl), subjected to freeze/thaw
and 10 μL of sample analyzed using Dual-Luciferase Reporter Assay. Protein concentrations were measured
and results expressed as relative luciferase units (RLU), normalized for transfection efficiency and protein
concentration.

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants were collected following PGD2stimulation (24 hours) and cytokine concentration
determined using ELISA for IL-5 and IL-13 according to the manufacturer’s instructions. Samples were
measured in triplicate and were all within the range of the standard curve.

Statistical Analysis

Descriptive data for clinical characteristics between men and women and between mild/moderate and se-
vere asthma are reported using proportions for dichotomous variables or means (Min-Max) for continuous
variables, as appropriate. Bivariable comparisons of dichotomous variables are performed using chi-squared
(χ2) test whereas Mann-Whitney U test are performed for continuous variables. Statistical analyses were
performed using SPSS (version 21.1, Chicago, IL, USA) and R (R Team, 2020). As multiple statistical tests
were performed on the clinical data, P -values less than 0.01 were considered statistically significant. For in
vitro experiments with Th2 cells statistical significance between conditions was determined using One Way
Repeated Measures (RM) ANOVA with Student-Newman-Keuls for multiple comparisons. P -values less
than 0.05 were considered significant.

Results

Demographics and clinical characteristics

Subjects (n=66) were recruited and clinically characterized to assess asthma severity. Some results from this
cohort have been previously reported [26]. Here we present additional demographic, clinical and immune
data separated by sex (Table 1). Men had a lower ratio of forced expiratory volume in one second (FEV1)
over forced vital capacity (FVC) and a higher proportion of men had FEV1 (% predicted) below 80%. No
differences in type 2 inflammation were observed when asthmatics were stratified by sex only (Table 1).

Th2 cells are higher in women, but not men, with severe asthma

3
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. Examining asthmatics stratified by sex and severity showed, as expected, both women and men with severe
asthma were taking higher daily doses of ICS than those with mild/moderate disease (Table 2). Women with
severe asthma, however, were more likely to be hospitalized for their asthma, to have more neutrophils, higher
serum IL-13 and more circulating peripheral blood Th2 cells than women with mild/moderate asthma (Table
2, Fig. 1A). In contrast, comparison of men with mild/moderate and severe asthma showed no differences
in type 2 inflammation (Table 2, Fig. 1A). Women with severe asthma had more hospitalizations and
higher proportions of circulating Th2 cells than men with severe asthma (Table 2; Fig. 1A). Women also
had more Th2 cells when those on oral CS (>50% of the year) or anti-type 2 biologic therapy (anti-IgE or
anti-IL-5) were removed from the analysis (Fig. 1B). Though men and women with asthma were taking
similar amounts of ICS (Table 1), only women exhibited positive correlations between total daily dose of ICS
and circulating Th2 cells, while CRTh2 mRNA and eosinophils (Fig. 1C, 1E and Table S1) were inversely
correlated with FEV1(Fig. 1G). No relationships between these parameters were observed in men (Figs.
1D, F, H). Collectively, these observations suggest that asthma severity in women associates with type 2
inflammation.

ΕΡα σιγναλινγ ανταγονιζες Γ῝-ινδυςεδ αποπτοσις

Corticosteroids used to treat asthma mediate their effects by binding the glucocorticoid (GC) receptor (GR)
[36]. A major anti-inflammatory effect of GC is the ability to induce apoptosis, clearing inflammatory cells
from sites of exposure and the circulation [37, 38]. Our finding that the level of circulating Th2 cells correlated
with total daily dose of ICS in women, but not men, suggested that aspects of female biology may influence
GC responses. Since estrogen can inhibit apoptosis of Th2 cells [39-41], we first hypothesized that estrogen
receptor (ER) activation would decrease Th2 cell sensitivity to GC-induced apoptosis. Using primary in vitro
differentiated Th2 cells, we examined the effect of various concentrations of the GC dexamethasone (DEX)
on apoptosis. We observed that DEX treatment (0.1-1μM, 48 hours) induced Th2 cell apoptosis determined
by Annexin V positivity and 7AAD negativity (Annexin V+/7AAD-, Fig. 2A). Concomitant exposure to
DEX and the ERα selective agonist propyl pyrazole triol (PPT) resulted in significantly less apoptosis at
all concentrations, with the greatest reduction at 0.1 μM DEX (Fig. 2A). Similar results were observed
when β-estradiol (E2) was used, particularly at 0.1μM DEX (Fig. 2B). The effect of ERα on DEX-induced
apoptosis was also confirmed by staining with fluorochrome-labeled inhibitor of caspase (FLICA, Fig. S3).
Apoptosis occurs when pores are formed in the mitochondrial membrane, allowing release of cytochrome c
[42]. B cell lymphoma-2 (BCL-2) inhibits pore formation [43] and has been shown to be induced by ER
signaling [41]. We found that Th2 cells treated with DEX alone exhibited a small but significant increase
in BCL-2 mRNA, likely an attempt by the Th2 cells to counteract apoptosis [44]. Addition of both DEX
and PPT, however, resulted in significantly higher levels of BCL-2 mRNA than DEX alone (˜1.8-fold at
0.1μM DEX; Fig. 2C). These results suggest that combined signaling of GC and ERα increases the level
of the anti-apoptotic factor BCL-2, leading to enhanced Th2 cell survival. The other major effect of GC
action is their ability to suppress type 2 cytokine production [45, 46]. We found that Th2 cells treated with
DEX exhibited suppression of constitutive IL-5 and IL-13 mRNA levels. Unlike apoptosis, suppression of
constitutive cytokine levels was not antagonized by PPT (Fig. 2D) suggesting multiple mechanisms by which
ERα signaling influences GC action.

Γ῝ ανδ ΕΡα ςοοπερατε το υπρεγυλατε ῝ΡΤη2 εξπρεσσιον

Total daily dose of ICS correlated with whole blood levels ofCRTh2 mRNA in women, but not men (Fig.
1E, 1F). Therefore, we next examined whether GC and ERα signaling directly influences CRTh2 expression.
Th2 cells treated with both DEX and PPT (24 hours) exhibited significantly more CRTh2 mRNA compared
to vehicle or DEX alone (Fig. 3A). Western blot analysis showed higher abundance of total CRTh2 protein
following co-treatment with PPT and DEX (Fig. 3B). CRTh2 is a plasma membrane receptor and so
we assessed surface levels by flow cytometry and found CRTh2 was significantly increased following co-
treatment with DEX and PPT (Fig. 3C) or DEX and E2 (Fig. 3D). Upregulation of CRTh2 was likely
due to a transcriptional effect since the CRTh2 promoter construct contains putative GC response elements
(GRE) and activity was increased by DEX treatment alone and further enhanced with both DEX and PPT

4
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. (24 hours, Fig. 3E). Together, these experiments show that concomitant activation of GR and ERα increases
CRTh2 expression.

Γ῝ ανδ ΕΡα ενηανςε τψπε 2 ςψτοκινε ρελεασε φολλοωινγ ῝ΡΤη2 αςτιvατιον

Since concomitant DEX and PPT treatment increased CRTh2 expression (Fig. 3), we considered whether
this exposure primed Th2 cells for heightened responsiveness to PGD2. Th2 cells were pre-treated with
DEX alone or DEX and PPT (24 hours), washed and stimulated with PGD2 (24 hours) to activate the cells
through CRTh2. We found that while pre-treatment with DEX alone reduced both cytokines, Th2 cells
pre-treated with DEX and PPT released significantly more IL-5 (Fig. 4A) and IL-13 (Fig. 4B) in response
to PGD2compared to DEX alone or no pre-treatment. These results suggest that the cooperative effect of
GC and ERα on CRTh2 levels enhances the Th2 cell response to PGD2, increasing type 2 cytokine release.

Discussion

In childhood, asthma is more common in boys than girls but after puberty the prevalence shifts such that
twice as many women have asthma as men [47]. The timing of this shift suggests a role for rising levels of
female sex hormones such as estrogens, shown to mediate type 2 cytokine expression [32, 48]. We found
that women with severe asthma had more circulating Th2 cells than men despite similar amounts of ICS.
We reasoned that in these women Th2 cells may be either less sensitive to the anti-inflammatory effects of
GC or more readily activated. Our in vitro data support both hypotheses, indicating that in vivo estrogens
may interfere with the ability of GC therapies to eliminate Th2 cells as well as promote CRTh2 expression,
mediating type 2 inflammation.

Women are more likely than men to have severe asthma and to experience asthma exacerbations and emer-
gency department visits [27, 29, 49]. Our study suggests these longstanding observations may relate to
differences in type 2 inflammation since women with severe asthma had more circulating Th2 cells and hos-
pitalizations than severe asthmatic men despite similar ICS usage. This finding contrasts with Aw et al.
who found no difference in type 2 inflammation between severe asthmatic women and men [50]. The reason
for this discrepancy may lie in the severity of the asthma population and/or asthma management. Our
study cohort had only a few patients on OCS for more than 50% of the year (7.5%), while all the patients
in Aw et al. required OCS for 6 months or more [50], which may have suppressed differences in systemic
inflammation [51]. Studies have shown women with mild asthma to have more sputum ILC2s than men prior
to and after allergen challenge [50] and women with severe asthma to have more blood ILC2s than men [52].
Neither, however, reported differences in the proportion of circulating Th2 cells nor assessed the relationship
between type 2 inflammation and asthma severity across a heterogeneous asthma population. Our findings
that blood Th2 cells, eosinophils and CRTh2 mRNA correlated with clinical characteristics associated with
asthma severity (ICS and FEV1) in women but not men suggests differences in sensitivity to ICS therapy
and/or propensity for type 2 inflammation.

Several human studies have reported females experiencing less improvement on ICS than males (reviewed in
[53]). This may be driven by crosstalk between GR and ERα, known to result in antagonistic or cooperative
effects in a gene-dependent manner [54, 55]. Our in vitro studies suggest both mechanisms are at play.
The ability of GC to induce apoptosis was decreased by ERα signaling. This was related to ERα enhancing
the anti-apoptotic response, upregulating BCL-2, and suggests that in vivo estrogens may antagonize this
anti-inflammatory aspect of GC function, perpetuating type 2 inflammation. On the other hand, our study
is the first to report that GC and ERα agonist cooperate to upregulate CRTh2 expression. The CRTh2
promoter contains putative GC response elements (GRE) and so the ERα enhancing effect may be related
to its ability to stabilize GR binding [55, 56], increasing CRTh2 transcriptional activity. That increases in
CRTh2 mRNA and protein were observed only with co-treatment suggests the timing of analysis may have
failed to capture a GC-mediated effect and/or that ERα also influences mRNA stability and translation of
CRTh2. Although we focused on Th2 cells, CRTh2 is expressed by eosinophils, basophils and ILC2 [10, 11]
and so CRTh2 mRNA levels detected within the blood may collectively reflect expression by all these cell
types.
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. The GC and ERα mediated increase in CRTh2 levels enhanced Th2 cell response to PGD2, significantly
increasing IL-5 and IL-13 release. Since CRTh2 activation also mediates chemotaxis [10, 13, 57], this in-
teraction may lead to more CRTh2 expressing cells infiltrating the airways following mast cell release of
PGD2 [15, 58, 59]. Though further work is needed to determine whether type 2 inflammation within the
airways is also higher in women compared to men with severe asthma, this paradoxical pro-type 2 effect
of GC treatment has been previously reported within the airways of female mice [60, 61]. Together these
studies suggest that in vivo estrogen and GC interaction could drive persistence of type 2 inflammation by
upregulating the CRTh2 pathway, leading to asthma that is more difficult to treat in women.

Studies examining sex differences in autoimmune disease consistently report that females have higher CD4+

T cell counts, CD4+ T cell activity and greater antibody responses [62]. As such, our finding likely represents
only the tip of the iceberg in terms of how immune responses in asthma differ based on biological sex [63].
Mouse models show females mounting stronger type 2 responses than males [52, 64, 65] and that sex hormones
have opposing effects on type 2 inflammation. In female mice estrogens induced type 2 inflammation through
ERα signaling [66], while in males androgen hormones inhibited development of type 2 inflammation [52,
64]. A head-to-head comparison of gonadectomy showed that loss of androgens in males lead to higher
type 2 inflammation, while loss of ovarian hormones in females lowered levels of type 2 inflammation [65].
Sex hormones may also have cell type-specific effects, since androgen receptor mutant mice showed reduced
IL-13 or GATA levels in ILC2s, but not in Th2 cells [65], while estrogen receptor signaling increased T cell
production of IL-4 and GATA3 [33]. Ultimately, these studies suggest type 2 inflammation may develop in a
sex- and cell type-specific manner involving different pathways, similar to mechanical pain hypersensitivity
shown to be mediated by microglial cells in male mice and T cells in female mice [67].

Our study reveals the capacity of estrogen to enhance GC-induction of CRTh2 and the propensity of Th2
cells to release IL-5 and IL-13.In vivo the higher estrogen levels in women than men (nM vs pM) interacting
with ICS, could explain our clinical observation of persistent type 2 inflammation in severe asthmatic women.
This induction of CRTh2 would likely increase infiltration of both Th2 cells and ILC2, which may synergize
locally with the ability of ERα to control ILC2s through epithelial expression of IL-33 [68]. Other mechanisms,
however, may also be involved. Androgens have been shown to suppress type 2 inflammation [64], their levels
to correlate with better lung function in both men and women [69] and to be influenced by genetic variation
within 3β-hydroxysteroid dehydrogenase-1 (3β-HSD1), an important enzyme for androgen metabolism [70].
As such, we cannot rule out the possibility that severe asthma in women could also involve having lower
androgen levels and/or AR signaling. Future studies in human asthmatics are required to determine the
relationship between sex hormone levels, type 2 cells and response to GC therapy and will need to be
specifically designed to account for age/stage of life (menstruation to menopause), phase of the monthly
menstrual cycle and oral contraceptive use. Our findings call for examination of whether women have higher
ICS requirements to control type 2 inflammation. Moreover, studies assessing CRTh2 levels as a systemic
indicator of persistent type 2 inflammation could help optimize ICS therapy and/or identify patients most
likely responsive to anti-type 2 biologics.

In summary, we report that women with severe asthma had higher circulating levels of Th2 cells than
men with severe asthma. Ourin vitro data show this could be attributed to estrogen and GC interactions
enhancing CRTh2-mediated type 2 inflammation. Sex-stratified approaches may be necessary to fully unravel
the complexity of type 2-high severe asthma.
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. Figure 1 Th2 inflammation is higher in women than men with severe asthma Proportion of circulating
Th2 cells (CD4+CRTh2+ T cells/pWBC) in men and women with mild/moderate and severe asthma was
assessed by flow cytometry (A). Proportion of circulating Th2 cells in severe asthmatic men and women not
taking OCS or biologics (anti-IgE or IL-5; B). Correlation analyses between the proportion of circulating
Th2 cells and total daily dose of ICS in women (C) and men (D), whole blood CRTh2 mRNA (relative to
GAPDH) and ICS in women (E) and men (F) and CRTh2 mRNA and FEV1 (% predicted) in women (G)
and men (H).pWBC , peripheral white blood cells; ICS , inhaled corticosteroid oral corticosteroid; OCS ,
oral corticosteroid,FEV1 , forced expiratory volume in 1 second.*P < 0.01 determined by One Way ANOVA
(A), *P = 0.016 two-tailed Student’s t test (B)

Figure 2 Estrogen receptor signaling decreases Th2 cell sensitivity to GC-induced apoptosis In vitro dif-
ferentiated Th2 cells treated with DEX and either the ERα selective agonist PPT (1 μM, A) or DEX and
β-estradiol (0.1 μM, E2; B) were assessed for apoptosis by flow cytometry using Annexin V positivity in
the absence of 7-AAD staining (Annexin V+/7-AAD-). Level of BCL-2 mRNA (relative to GAPDH) was
elevated by qRT-PCR in Th2 cells treated with DEX and PPT (C). Constitutive levels of mRNA for IL-5
and IL-13 from Th2 cells treated with Vehicle, DEX and/or PPT (D; 24 hours).GC , glucocorticoid; DEX
, dexamethasone; PPT , propyl pyrazole triol (ERα selective agonist); ΕΡα , estrogen receptor alpha; IL-5 ,
Interleukin 5; IL-13 , Interleukin 13.*P < 0.05 vs vehicle;#P < 0.05 vs DEX, determined by One Way RM
ANOVA

Figure 3 Combined GC and estrogen receptor signaling upregulates CRTh2 expression. Effect of treating
in vitrodifferentiated Th2 cells with DEX (0.1 μM) and/or PPT (10 μM) was assessed at the level of CRTh2
mRNA by qRT-PCR (A) and total CRTh2 protein by western blot and densitometry analysis (B). CRTh2
surface levels were determined by flow cytometry following DEX and/or PPT treatment (C) or DEX and/or
E2 treatment (0.1μM, D). The effect of DEX and PPT on CRTh2 transcriptional activity was assessed using
a CRTh2-pro/Luc reporter construct (E).GC , glucocorticoid;DEX , dexamethasone; PPT , propyl pyrazole
triol (ERα selective agonist); ΕΡα , estrogen receptor alpha; E2 , β-estradiol. *P < 0.05 vs vehicle;#P <
0.05 vs DEX, determined by One Way RM ANOVA

Figure 4 GC and estrogen receptor signaling enhance type 2 cytokine release following treatment with
PGD2. In vitro differentiated Th2 cells pre-treated (24 hours) with DEX (0.1 μM) and/or PPT (10μM)
were assessed by ELISA for IL-5 (A) and IL-13 (B) release following stimulation with the CRTh2 ligand
PGD2(24 hours). GC , Glucocorticoid; DEX , dexamethasone; PPT , propyl pyrazole triol (ERα selective
agonist);PGD2 , Prostaglandin D2;ΕΡα , estrogen receptor alpha. *P< 0.05 vs vehicle; #P < 0.05 vs DEX,
determined by One Way RM ANOVA
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