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Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by progressive pulmonary artery (PA) 
remodeling. T helper 2 cell (Th2) immune response is involved in PA remodeling during PAH progression. Here, we found 
that CRTH2 (chemoattractant receptor homologous molecule expressed on Th2 cell) expression was up-regulated in 
circulating CD3+CD4+ T cells in patients with idiopathic PAH and in rodent PAH models. CRTH2 disruption dramatically 
ameliorated PA remodeling and pulmonary hypertension in different PAH mouse models. CRTH2 deficiency suppressed Th2 
activation, including IL-4 and IL-13 secretion. Both CRTH2+/+ bone marrow reconstitution and CRTH2+/+ CD4+ T cell adoptive 
transfer deteriorated hypoxia + ovalbumin–induced PAH in CRTH2−/− mice, which was reversed by dual neutralization of 
IL-4 and IL-13. CRTH2 inhibition alleviated established PAH in mice by repressing Th2 activity. In culture, CRTH2 activation 
in Th2 cells promoted pulmonary arterial smooth muscle cell proliferation through activation of STAT6. These results 
demonstrate the critical role of CRTH2-mediated Th2 response in PAH pathogenesis and highlight the CRTH2 receptor as a 
potential therapeutic target for PAH.
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Introduction
Pulmonary arterial hypertension (PAH) is a pathophysiological 
disorder characterized by remodeling of the pulmonary arteries 
(PAs), resulting in a progressive increase in pulmonary vascular 
resistance, right ventricular (RV) hypertrophy, and ultimately 
right heart failure (Galiè et al., 2016). Although significant prog-
ress has been made in the treatment of PAH in the past several 
decades, current pharmacological approaches such as endothelin 
receptor antagonists, vasodilators, and phosphodiesterase inhib-
itors provide mainly symptomatic relief with few improvements 
in overall survival (Rabinovitch, 2012). As a severe and debilitat-
ing lung disease, PAH still contributes to unacceptably high mor-
bidity and mortality of patients with cardiopulmonary diseases 
(Benza et al., 2010). Therefore, identifying new molecules or sig-
naling pathways triggering or mediating PA remodeling, which 
may serve as potential therapeutic targets, is urgently needed.

Pulmonary arterial smooth muscle cell (SMC [PAS​MC]) pro-
liferation and hypertrophy and extracellular matrix deposition 

contribute to medial hypertrophy and muscularization, leading 
to narrowness or obstruction of PAs and sustained elevation of 
pulmonary arterial pressure (Rabinovitch, 2012). Emerging stud-
ies demonstrated that perivascular immune and inflammatory 
responses play an essential role in the pathogenesis of idiopathic 
PAH (Savai et al., 2012; Stacher et al., 2012; Yeager et al., 2012). 
Moreover, elevated serum levels of multiple inflammatory cyto-
kines and chemokines are also observed in patients with PAH 
(Anwar et al., 2016). Of note, marked infiltration of CD4+ T cells 
is observed around PAs in patients with PAH (Savai et al., 2012). 
In experimental PAH animal models, different soluble antigens 
such as Aspergillus fumigatus and OVA could induce severe mus-
cularization in PAs and PAH by triggering CD4+ T helper 2 (Th2) 
response (Daley et al., 2008). In addition, Th2 cytokines, IL-4 and 
IL-13, are involved in the development of PAH in multiple PAH 
animal models (Park et al., 2014; Yamaji-Kegan et al., 2014; Kumar 
et al., 2015). These observations suggest that Th2-mediated 
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immune reaction is implicated in the pathogenesis of PAH and 
may be used as an intervention option for PAH therapy.

G protein–coupled receptor 44 (GPR44) structurally belongs 
to the family of chemoattractant receptors (Marchese et al., 
1999). It is selectively expressed in Th2 lineage cells and, thus, 
is named chemoattractant receptor homologous molecule 
expressed on Th2 (CRTH2; Nagata et al., 1999b). Prostaglandin 
(PG) D2 is a natural ligand for CRTH2 receptor; its activation can 
induce intracellular Ca2+ mobilization and chemotaxis in Th2 
cells in a Gαi-dependent fashion (Hirai et al., 2001). Moreover, 
PGD2 preferentially elicits the secretion of proinflammatory 
cytokines such as IL-4, IL-5, and IL-13 in Th2 cells in a dose-de-
pendent manner through CRTH2 (Xue et al., 2005). Additionally, 
immunoglobulin E-stimulated mast cells invoke IL-4 and IL-13 
production by Th2 cells through interaction of PGD2 and CRTH2 
on Th2 cells (Xue et al., 2009). Therefore, activation of CRTH2 
increases pulmonary allergic inflammation in mice and humans 
(Spik et al., 2005; Schmidt et al., 2013; Palikhe et al., 2016). How-
ever, whether CRTH2-mediated Th2 cell activation contributes to 
the development of PAH remains unclear.

In this study, we demonstrated that CRTH2 expression in cir-
culating CD4+ T cells and serum Th2 cytokines was elevated in 
patients with PAH and in PAH mouse models. CRTH2 deficiency 
attenuated the development of hypoxia-induced PAH in mice by 
suppression of Th2 immune responses in the lungs. CRTH2+/+ 
bone marrow (BM) transplantation (BMT) or CRTH2+/+ T cell 
adoptive transfer augmented hypoxia + OVA (HyOA)–induced 
PAH in CRTH2−/− mice, which was ameliorated by neutralization 
of both IL-4 and IL-13. Inhibition of CRTH2 alleviated HyOA-in-
duced PAH in mice. Mechanistically, Th2 cell–derived IL-4 and 
IL-13 promoted PAS​MC proliferation by activation of STAT6. 
These results demonstrated that CRTH2-mediated Th2 activation 
is implicated in the pathogenesis of PAH.

Results
Enhanced Th2 immune response in patients with PAH and in 
mice exposed to chronic hypoxia
Inflammation and autoimmunity play an important role in 
the development of PAH (Kherbeck et al., 2013). To investigate 
whether T cell activation is involved in the pathogenesis of PAH, 
we analyzed alterations of T cell subpopulations, their cytokine 
levels, and other related inflammatory cells in the plasma from 
patients with idiopathic PAH. Peripheral blood mononuclear 
cells (PBMCs) from patients with PAH and age-matched healthy 
subjects were collected, and the subpopulations and frequencies 
of T cells were determined by using flow cytometry. We observed 
that the proportion, total number ([5.9 ± 0.2] × 103/ml vs. [1.1 ± 
0.1] × 103/ml, P < 0.05) of Th cells (CD3+CD4+ cells) in PBMCs 
from patients with PAH were markedly increased compared 
with those in PBMCs from healthy subjects (Table 1). The cyto-
toxic T cell ratio (CD3+CD8+ cells) was not significantly changed 
(Table  1), whereas total CD3+CD8+ T cells were elevated ([2.8 
± 0.2] × 103/ml vs. [0.7 ± 0.1] × 103/ml, P < 0.05). The relative 
expression of GATA3 and Th2 cytokines (IL-4, IL-5, and IL-13) 
was strikingly up-regulated in plasma CD4+ T cells isolated from 
patients with PAH (Table 1). No significant change was observed 

for the other transcriptional factors (such as GATA2, Tbx21, and 
RORC; Table 1) and cytokines tested (such as IFN-γ, TNF-α, and 
IL-1β; unpublished data). Moreover, secretion of Th2 cytokines 
and periostin (Table 1) in the peripheral blood from patients with 
PAH was significantly increased compared with that observed in 
healthy subjects (Table 1). Accordingly, the populations of Th2 
main effect cells such as eosinophils, mast cells, and IgE-produc-
ing B cells were increased in peripheral blood in PAH patients. In 
contrast, T reg cell proportion and Foxp3 expression were mark-
edly decreased in peripheral blood in PAH patients (Table  1). 
Similarly, marked elevation of eosinophils, mast cells, basophils, 
and IgE-producing B cells in peripheral blood, bronchoalveolar 
lavage fluid (BALF), and lung tissues was detected in HyOA-in-
duced PAH in mice (Fig. S1, A–F). Interestingly, the frequency of 
CD3+CD4+ T cells in circulation (not depicted) and lung tissues of 
hypoxia-challenged mice were also increased as compared with 
that from control mice (Fig.  1, A and B). Again, expression of 
Th2 cytokines (IL-4, IL-5, and IL-13) was markedly up-regulated 
in lung CD4+ T cells from hypoxia-challenged mice (Fig.  1  C), 
and secretion of these cytokines in the BALF was significantly 
increased in hypoxia-challenged mice (Fig. 1 D). Thus, the results 
indicated that Th2 immune response is exaggerated during the 
progression of PAH.

Expression of CRTH2 is up-regulated in CD4+ T cells isolated 
from patients with PAH and mouse PAH models
PG is an important lipid mediator of inflammation. Thus, we 
examined the mRNA expression of all PG receptors (I-prostanoid 
receptor [IP], E-prostanoid receptor subtypes 1–4 [EP1–EP4], 
D-prostanoid receptor 1 [DP1], CRTH2, thromboxane-prostanoid 
receptor [TP], and PG F2 receptor [FP]) in isolated CD4+ T cells 
from patients with PAH and mouse PAH models. Of these recep-
tors, CRTH2 mRNA levels were increased in CD4+ T cells from 
patients with PAH compared with those from healthy subjects 
(Fig. 1 E), which was confirmed by flow cytometry analysis (Fig. 1, 
F and G). Elevated expression of Crth2 was also observed in CD4+ 
T cells in the lungs from hypoxia-treated mice (Fig. 1 H). More-
over, hematopoietic PG D synthase (H-PGDS) expression in CD4+ 
T cells and PGD2 product in lung tissues from chronic hypox-
ia-challenged mice were also markedly increased compared with 
those in lung tissues from control mice (Fig. 1, H and I).

CRTH2 deficiency ameliorates PA pressure and pulmonary 
arterial remodeling by suppressing Th2 response in mouse 
models induced by hypoxia + SU5416 (HySU)
Given the elevated expression of CRTH2 in circulating CD4+ T 
cells in patients with PAH and lung tissues of hypoxia-induced 
PAH mouse models, we tested whether CRTH2 deletion would 
influence the progression of PAH. After a 3-wk exposure to 
chronic hypoxia (10% O2) with administration of SU5416 (an 
angiogenesis inhibitor; Fig. 2 A), mice developed a significant 
elevation in RV systolic pressure (RVSP; Fig. 2 B) and in the ratio 
of the weight of the free RV wall to the weight of the left ventricu-
lar (LV) wall plus the septum (RV/LV + S; Fig. 2 C) compared with 
that observed in control mice. Intriguingly, CRTH2-deficient 
(CRTH2−/−) mice displayed a significant reduction in RVSP (29.4 
± 0.9 mm Hg vs. 37.8 ± 2.3 mm Hg, P < 0.05; Fig. 2 B) and in RV/
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Table 1. Characteristics of iPAH patients

Parameter iPAH patients (n = 32) Healthy subjects (n = 25) P

General characteristics

Male/female (number) 14/18 12/13 0.75

Age (yr) 33.3 ± 1.4 34.6 ± 2.2 0.73

BMI (kg/m2) 23.0 ± 0.8 23.2 ± 0.5 0.81

Heart rate (beats per min) 82.4 ± 2.1 79.3 ± 2.4 0.34

6MWD (m) 439.6 ± 19.1 — —

mPAP (mm Hg) 54.9 ± 3.5 — —

PCWP (mm Hg) 9.5 ± 0.6 — —

CO (L/min) 4.8 ± 0.4 — —

PVR (WU) 11.2 ± 1.2 — —

mRAP (mm Hg) 9.8 ± 0.9 — —

Proteinsa

IL-4 (pg/ml) 309.1 ± 22.9 168.2 ± 16.9 <0.01

IL-5 (pg/ml) 213.1 ± 13.7 116.6 ± 8.6 <0.01

IL-13 (pg/ml) 255.2 ± 17.3 103.7 ± 11.9 <0.01

Periostin (ng/ml) 54.0 ± 1.2 33.6 ± 1.3 <0.01

IgE (ng/ml) 205.6 ± 11.1 63.2 ± 11.9 <0.01

Blood cells (%)b

CD4+ cells 31.2 ± 1.7 18.9 ± 0.9 <0.01

CD8+ cells 15.2 ± 1.1 13.8 ± 0.7 0.26

CD4/CD8 2.1 ± 0.2 1.4 ± 0.1 <0.01

Eosinophil 3.3 ± 0.3 2.0 ± 0.2 <0.01

Basophil 8.4 ± 1.0 6.1 ± 0.6 0.08

Mast 0.2 ± 0.0 0.1 ± 0.0 <0.01

IlC2 1.2 ± 0.1 1.0 ± 0.1 0.12

B cell 3.5 ± 0.4 1.7 ± 0.2 <0.01

T reg 2.7 ± 0.4 6.6 ± 0.6 <0.01

Gene expression (q-PCR)c

Tbx21 (1.7 ± 0.2) × 10−3 (1.4 ± 0.3) × 10−3 0.48

GATA2 (2.4 ± 0.2) × 10−3 (2.0 ± 0.1) × 10−3 0.22

GATA3 (1.6 ± 0.1) × 10−2 (0.7 ± 0.1) × 10−2 <0.01

RORC (2.5 ± 0.3) × 10−3 (2.3 ± 0.3) × 10−3 0.60

Foxp3 (1.5 ± 0.2) × 10−3 (2.7 ± 0.4) × 10−3 <0.01

IL-4 0.27 ± 0.09 0.02 ± 0.01 <0.01

IL-5 0.21 ± 0.06 0.07 ± 0.01 <0.01

IL-13 0.28 ± 0.05 0.02 ± 0.01 <0.01

IFN-γ 0.22 ± 0.06 0.19 ± 0.04 0.65

TNF-α 0.09 ± 0.01 0.08 ± 0.01 0.73

IL-1β 0.03 ± 0.01 0.03 ± 0.01 0.72

Values are presented as means ± SEMs. 6MWD, 6-min walking distance; BMI, body mass index; iPAH, idiopathic PAH; mPAP, mean pulmonary arterial 
pressure; CO, cardiac output; mRAP, mean right atrial pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; WU, 
Woods units.
aLevels of serum cytokines and IgE in human subjects were evaluated by ELI​SA. For iPAH patients, n = 25; for healthy subjects, n = 18.
bInflammatory cells in peripheral blood of human subjects were analyzed by flow cytometry. For iPAH patients, n = 6–7; for healthy subjects, n = 6–8.
cGene expression in human CD4+ T cells was determined by quantitative PCR (q-PCR). For iPAH patients, n = 6; for healthy subjects, n = 6.
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Figure 1. Circulating Th2 cells and CRTH2 expression in T cells are increased in patients with idiopathic PAH and mice exposed to hypoxia. (A–D) Activated 
Th2 response in lung tissues of chronic hypoxia-challenged mice. (A) Flow cytometric analysis of CD3+CD4+ T cells in lung tissues. (B) Quantification of the frequency 
of CD3+CD4+ T cells in lung tissues. (C) Relative mRNA expression of IL-4, IL-5, and IL-13 in CD4+ T cells in lung tissues. (D) Quantification of IL-4, IL-5, and IL-13 
protein levels in BALF by ELI​SA. In A–D, n = 6–8 mice per group. *, P < 0.05; **, P < 0.01 versus normoxia group. (E) Relative mRNA levels of PG receptors in isolated 
CD4+ T cells from patients with PAH and healthy subjects. Patients, n = 7; healthy subjects, n = 10. *, P < 0.05 versus healthy subjects. (F) CRTH2 expression in CD4+ 
T cells from patients with PAH and healthy subjects by flow cytometry. (G) Quantification of the frequency of CD4+CRTH2+ T cells in white blood cells from patients 
with PAH and healthy subjects. Patients, n = 6; healthy subjects, n = 6. **, P < 0.01 versus healthy subjects. (H) Relative mRNA levels of L-PGDS, H-PGDS, and 
PGD2 receptors (DP1 and CRTH2) in CD4+ T cells isolated from lung tissues of mice exposed to chronic hypoxia. L-PGDS = lipocalin-type PGD2 synthase; H-PGDS = 
hematopoietic PGD2 synthase. (I) PG production in the lung tissues of hypoxia-challenged mice analyzed by LC-MS. In H and I, n = 6–8 mice per group. *, P < 0.05; 
**, P < 0.01 versus normoxia group. All graphs are shown as mean ± SEM. Data are representative of at least two independent experiments. Statistical significance 
was determined using unpaired Student’s t tests. PGF2α, prostaglandin F2α; TxB2, thromboxane B2; PGE2, prostaglandin E2.



Chen et al. 
CRTH2 in pathogenesis of PAH

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20171767

2179

LV + S (32.1 ± 0.8% vs. 39.7 ± 1.5%, P < 0.01; Fig. 2 C). Meanwhile, 
expression of hypoxia-inducible factor 1α (HIF-1α) in lung tis-
sues was examined to further validate hypoxia treatment (Fig. 
S2 A). Moreover, CRTH2 deletion attenuated pulmonary vascular 
remodeling induced by HySU and reduced vascular wall thick-
ness as a result of decreased media (Fig. 2, D and E), with a sig-
nificant decrease in α-smooth muscle actin (α-SMA)–expressing 

cells and remarkable changes in the organization of SMCs (Fig. 2, 
F–H), resulting in an improvement of pulmonary vascular mus-
cularization (Fig. 2 I). CRTH2 deficiency inhibited the excessive 
proliferation of α-SMA–positive cells (Fig. 2, J and K). However, 
we failed to observe notable differences in intimal thickness, 
deposition of extracellular matrix, and size of PAS​MCs of pul-
monary vessels between WT and CRTH2−/− mice (Fig. S2, B–F).

Figure 2. The absence of CRTH2 attenuates the development of chronic HySU-induced PAH in mice. (A) Protocol for HySU-induced PAH in mice. (B) RVSP 
in CRTH2−/− and WT mice after HySU treatment. (C) Fulton index (RV/LV + S) in CRTH2−/− and WT mice after HySU 6 treatment. (D) Representative images of 
H&E staining of lung sections from HySU-treated CRTH2−/− and WT mice. Bar, 20 µm. (E) Quantification of the ratio of pulmonary arterial medial thickness 
to total vessel size (media/CSA) for the HySU treatment models. (F) α-SMA immunostaining of lung sections from HySU-treated CRTH2−/− and WT mice and 
controls. Bar, 20 µm. (G) Quantification of the number of SMCs in PAs from mice treated with HySU. (H) Quantification of the percent layered SMCs in PAs. 
(I) Proportion of nonmuscularized (N), partially muscularized (P), or full muscularized (F) pulmonary arterioles (20–50 µm in diameter) from HySU-treated 
and control mice. (J) Representative images of PCNA and α-SMA immunostaining of the lung tissues from HySU-challenged WT and CRTH2−/− mice. Bar, 20 
µm. (K) Quantification of PCNA-expressing cells in PAs. In A–K, n = 8–10 mice per group. *, P < 0.05; **, P < 0.01 versus WT; and #, P < 0.05 versus control. All 
graphs are shown as mean ± SEM. Data are representative of at least two independent experiments. Statistical analysis was performed using two-way ANO​VA 
followed by a Bonferroni post hoc test and unpaired Student’s t tests.
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As expected, the infiltrated CD4+ T cells around PAs in the 
lungs of CRTH2−/− mice were dramatically reduced (Fig.  3, A 
and B), and the percentage (Fig. 3, C and D) and total number 
(Fig. 3 E) of Th2 cells (CD4+IL-4+ cells) in lung tissues were sig-
nificantly reduced in HySU-treated CRTH2−/− mice as compared 
with that in HySU-treated WT mice. There were no significant 
differences in perivascular infiltration of macrophages (CD68+ 
or Mac-3+ cells) and neutrophils (Ly6G+ cells) in lung tissues of 
WT and CRTH2−/− mice (Fig. S2, G–L). Accordingly, levels of IL-4, 
IL-5, and IL-13, the main cytokines secreted by Th2 cells, were 
notably inhibited in both the serum (Fig. 3 F) and BALF (Fig. 3 G) 
from CRTH2−/− mice after HySU challenge compared with those 
in WT mice. Moreover, CRTH2 deletion strikingly reduced the 
transcription levels of IL-4 and IL-13 (unpublished data) in the 
lungs after HySU treatment. However, we did not detect signif-
icant alterations of the expression of IL-5 and other cytokines 
tested in the lungs of HySU-challenged CRTH2−/− mice (such as 
IFN-γ, TNF-α, and IL-6; unpublished data).

CRTH2 deletion attenuates the development of PAH induced 
by HyOA or Schistosoma mansoni egg in mice
OVA can induce experimental lung diseases in animals by activat-
ing Th2 cells (Gras et al., 2013). We then tested another classical 
mouse PAH model induced by HyOA (Daley et al., 2008; Mizuno 
et al., 2012). After a nearly 5-wk exposure to chronic hypoxia 
(10% O2) with OVA administration (Fig. 4 A), mice developed a 
prominent elevation in RVSP (Fig. 4 B) and in RV/LV + S ratio 
(Fig. 4 C) when compared with that observed in control mice. 
Again, CRTH2−/− mice displayed a remarkable reduction in RVSP 
(31.7 ± 1.1 mm Hg vs. 42.2 ± 1.6 mm Hg, P < 0.01; Fig. 4 B) and in 
RV/LV + S (32.3 ± 1.1% vs. 48.3 ± 1.8%, P < 0.01; Fig. 4 C). Similarly, 
CRTH2 deletion ameliorated pulmonary vascular remodeling 
induced by HyOA (Fig.  4, D and E) through reducing pulmo-
nary SMA-expressing cells in the medial layer (Fig. 4, F–I) but 
not von Willebrand factor (vWF+) endothelial cells in the intima 
(not depicted). Moreover, CRTH2 deficiency reduced PAS​MC 
proliferation in PAs in HyOA-challenged mice (Fig. 4, J and K). 
However, we observed no significant difference in extracellu-
lar matrix accumulation in PAs and PAS​MC size (unpublished 
data) between CRTH2−/− and WT mice after HyOA challenge. 
Also, CRTH2 deletion had no significant influence on histological 
structure and contractile activity of aorta in HyOA-treated mice 
(unpublished data). A marked decrease in CD4+ T cells around PAs 
detected by immunostaining (Fig. 5, A and B) and in the propor-
tions and number of Th2 cells (CD4+IL-4+ cells) in mononuclear 
cells from lung tissues (Fig. 5, C–E) was observed in HyOA-treated 
CRTH2−/− mice compared with that in WT controls, whereas no 
significant change was observed in perivascular macrophages 
and neutrophils in HyOA-treated CRTH2−/− mice (not depicted). 
Th2 cytokines in the serum (Fig. 5 F) and BALF (Fig. 5 G) were 
dramatically inhibited in HyOA-treated CRTH2−/− mice. Among 
Th1, Th2, and Th17 cytokines tested, IL-4 and IL-13 expression 
was also suppressed in lung tissues from CRTH2−/− mice after 
HyOA treatment (unpublished data). Moreover, CRTH2 defi-
ciency significantly reduced the frequencies of Th2 effect cells 
such as mast cells and IgE-producing B cells in BALF, peripheral 
blood, and lung tissues in HyOA-treated mice (Fig. S1, A–F). In 

addition, CRTH2 deletion suppressed expression of GATA3 of T 
cells in HyOA-treated mice without affecting expression of other 
transcription factors, such as Tbx21, GATA2, RORC, and Foxp3 
(unpublished data).

Schistosoma mansoni exposure leads to prototypical Th2 
inflammation, and Schistosomal infection is one of major causes 
of PAH worldwide (Butrous et al., 2008). We investigated the role 
of CRTH2 in Schistosoma mansoni egg–induced PAH in mice as 
previously described (Kumar et al., 2015). Consistently, CRTH2 
deficiency conferred significant protections against Schisto-
soma mansoni egg–induced PAH in mice by suppression of Th2 
immune response (unpublished data). Taken together, these 
results suggest that CRTH2-mediated Th2 immune response may 
contribute to the development of PAH in mice.

Treatment with anti–IL-4 and anti–IL-13 antibodies 
prevents the development of HyOA-induced PAH in WT BM–
reconstituted CRTH2−/− chimeric mice
To test whether CRTH2 deficiency attenuated the progression 
of PAH in mice through suppression of Th2 cytokine secretion, 
we transplanted both CRTH2−/− and WT BM from enhanced 
GFP (EGFP) transgenic mice into irradiated CRTH2−/− recipient 
mice and treated them with anti–IL-4 and anti–IL-13 antibodies. 
Genotyping of both tail biopsy specimens and blood samples 
from the recipient mice confirmed successful BM reconstitution 
(Fig. S3 A), and the efficacy of reconstitution was detected by 
flow cytometry (Fig. S3 B). Anti–IL-4 and/or IL-13 neutralization 
antibodies were infused into mice just after the second OVA chal-
lenge (Fig. S3 C). Clearly, BM replacement rectified the reduced 
CD4+ T cells in the lungs of CRTH2−/− chimeric mice after HyOA 
challenge (Fig. S3, D and E). Consequently, the repressed pro-
tein levels of Th2 cytokines (IL-4 and IL-13) in the serum (Fig. 
S3, F and G) and BALF (Fig. S3, I and J) were also recovered in 
WT→KO group mice, whereas other cytokines remained unal-
tered (IFN-γ, Fig. S3, H and K; TNF-α and IL-6, not depicted). The 
elevated IL-4 and IL-13 levels in both the serum (Fig. S3, F and G) 
and BALF (Fig. S3, I and J) were effectively neutralized in HyOA 
models by anti–IL-4 and anti–IL-13 antibodies. Interestingly, as 
previously reported (Yang et al., 2005), single neutralization of 
IL-4 or IL-13 also reduced the other to a certain degree (Fig. S3, 
F, G, I, and J), which may be because of the synergistic action of 
IL-4 and IL-13.

Similarly, WT→KO mice developed significant increases in 
RVSP and RV/LV + S, compared with KO→KO mice, and these 
increases were notably offset by neutralization of IL-4 or IL-13, 
even further by their combination (Fig. S4, A and B). Pulmonary 
arterial remodeling was also more severe in WT→KO mice than 
in KO→KO mice (Fig. S4, C and D), along with increased SMA+ 
cells and PAS​MC proliferation in PAs (Fig. S4, E–H). Again, deple-
tion of IL-4 or IL-13 attenuated the pathological remodeling of 
PAs (Fig. S4, C–F) and inhibited the increased PAS​MC prolifer-
ation (Fig. S4, G and H) in WT→KO mice. Moreover, treatment 
with IL-4 and IL-13 dual antibodies retarded the progression of 
HyOA-induced PAH in mice more efficiently than treatment with 
each single antibody (Fig. S4). Therefore, these results suggested 
that CRTH2-mediated secretion of IL-4 and IL-13 is implicated in 
the progression of PAH in mice.
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Adoptive transfer of CD4+ T cells facilitates the progression of 
HyOA-induced PAH in CRTH2−/− mice
CD4+ T cell activation was reduced in HySU- and HyOA-chal-
lenged CRTH2−/− mice with much lower PA pressure compared 
with those in WT mice (Figs. 2, 3, 4, and 5). We next investigated 
whether infusion of additional purified normal CD4+ T cells 

(Fig. 6 A) could reproduce the severe CD4+ T cell infiltration in 
the lungs and HyOA-induced PAH in CRTH2−/− mice. No signif-
icant change in RVSP and RV/LV + S ratio was observed after 
WT CD4+ cell infusion in WT mice (Fig.  6, B and C), whereas 
WT CD4+ T cell transfer to CRTH2−/− mice markedly augmented 
RVSP and RV/LV + S ratio comparable to these in vehicle-treated 

Figure 3. CRTH2 deletion suppresses Th2 immune responses in the lungs of HySU-treated mice. (A) Representative immunostaining images of CD4 
(green) and SMA (red) in the lung sections from HySU-treated WT and CRTH2−/− mice. Bar, 20 µm. (B) Quantification of perivascular CD4+ cells in the lungs 
as shown in A. (C–E) Representative flow cytometry charts (C) and quantification of the frequency (D) and number (E) of CD4+IL-4+ cells in lung tissues from 
HySU-challenged WT and CRTH2−/− mice. (F and G) Quantification of IL-4, IL-5, and IL-13 levels in the peripheral blood (F) and BALF (G) by ELI​SA. In A–G, n = 
8–10 mice per group. *, P < 0.05; **, P < 0.01 versus WT; and #, P < 0.05 versus control. Data are shown as mean ± SEM and are representative of at least two 
independent experiments. Statistical analysis was performed using a two-way ANO​VA followed by a Bonferroni post hoc test and unpaired Student’s t test.
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Figure 4. Disruption of CRTH2 receptor ameliorates the progression of HyOA-induced PAH in mice. (A) Protocol for HyOA-induced PAH in mice. (B and 
C) Effect of CRTH2 deletion on RVSP (B) and RV/LV + S ratio (C) in WT and CRTH2−/− mice after HyOA treatment. (D) Representative images of H&E staining of 
lung sections from HyOA-treated CRTH2−/− and WT mice. Bar, 20 µm. (E) Quantification of the ratio of pulmonary arterial medial thickness to total vessel size 
(media/CSA) for the HyOA treatment models. (F) SMA immunostaining of pulmonary vessels (20–50 µm in diameter). Bar, 20 µm. (G and H) Quantification of 
the number (G) and percentage (H) of layered SMCs in PAs from HyOA-treated mice. (I) Proportion of nonmuscularized (N), partially muscularized (P), or full (F) 
muscularized pulmonary arterioles (20–50 µm in diameter) from HyOA-treated mice. (J) Representative images of PCNA (green) and SMA (red) immunostaining 
of lung tissues from HyOA-treated mice. Bar, 20 µm. (K) Quantification of PCNA+ cells in PAs. In A–K, n = 8–12 mice per group. *, P < 0.05; **, P < 0.01 versus 
WT; and #, P < 0.05 versus control. All data are expressed as mean ± SEM derived from two independent experiments. P values were calculated using two-way 
ANO​VA followed by a Bonferroni post hoc test or unpaired Student’s t test.
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CRTH2−/− mice after HyOA challenge (Fig.  6, B and C). More-
over, exacerbated pulmonary arterial remodeling was detected 
in CRTH2-deficient mice by infusion of additional WT CD4+ T 
cells, as evidenced by thickening of the medial layer of PAs with 
more SMA+ cells (Fig. 6, D–F). In addition, PAS​MC proliferation 

in pulmonary vessels was augmented in HyOA-treated CRTH2−/− 
mice by infusion of extra WT CD4+ T cells (Fig. 6, G and H). As 
expected, WT CD4+ cell infusion in CRTH2−/− mice restored the 
Th2 response in lung tissues after HyOA challenge. This included 
increased CD4+ cell infiltration in perivascular regions (Fig. 6, 

Figure 5. CRTH2 knockout reduces Th2 immune responses in the lungs of HyOA-treated mice. (A) Representative immunostaining images of CD4 (green) 
and SMA (red) in lung sections from HyOA-treated WT and CRTH2−/− mice. Bar, 20 µm. (B) Quantification of perivascular CD4+ cells in lung tissues as shown in 
A. (C–E) Representative flow cytometry charts (C) and quantification of the frequency (D) and number (E) of CD4+IL-4+ cells in lung tissues from HyOA-treated 
WT and CRTH2−/−mice. (F and G) Quantification of IL-4, IL-5, and IL-13 levels in peripheral blood (F) and BALF (G) by ELI​SA. In A–G, n = 8–12 mice per group. *, 
P < 0.05; **, P < 0.01 versus WT; and #, P < 0.05 versus control. Representative data are shown as mean ± SEM derived from two independent experiments. 
Statistical significance was determined using two-way ANO​VA followed by a Bonferroni post hoc test or unpaired Student’s t tests.
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G and I) and elevated Th2 cytokine secretion in the peripheral 
blood (Fig. 6 J) and BALF (Fig. 6 K). WT CD4+ cells infusion in WT 
mice increased IL-13 levels in serum but not in BALF (Fig. 6 K). In 
addition, adoptive transfer of CRTH2−/− CD4+ cells had no effect 
on RVSP and RV/LV + S ratio in both CRTH2−/− and WT mice after 
HyOA challenge (Fig. 6, L–N).

Dual neutralization of IL-4 and IL-13 (Fig.  7  A) effectively 
depleted the elevated levels of IL-4 and IL-13 in in serum and 
BALF of CRTH2+/+ CD4+ T cell–infused CRTH2−/− mice (Fig. 7, B 
and C) and reduced recruitment of IgE-producing B cells and 
mast cells in lungs in CRTH2+/+ CD4+ T cell–infused CRTH2−/− 
mice (not depicted). Again, neutralizing anti–IL-4 and anti–IL-13 
antibodies significantly attenuated the increased RVSP (Fig. 7 D) 
and RV/LV + S ratio (Fig. 7 E) and reversed pulmonary arterial 
wall thickness (Fig. 7, F and G) and muscularization (Fig. 7, H–J) 
in CRTH2+/+ CD4+ T cell–infused CRTH2−/− mice. Collectively, 
adoptive transfer of CRTH2-expressing CD4+ T cells reproduced 
PAH pathological alterations in CRTH2−/− mice as in WT mice, 
which was reversed by anti–IL-4/IL-13 dual neutralizing anti-
bodies, highlighting the role of CRTH2 in the regulation of che-
motactic migration and Th2 cytokine secretion of CD4+ T cells 
that contributed to pulmonary arterial remodeling and pulmo-
nary hypertension.

Th2 cell–derived IL-4 and IL-13 promote PAS​MC proliferation 
via STAT6 activation
IL-4 and IL-13 activate many common signaling pathways such 
as STAT6 phosphorylation (p-STAT6) through binding their own 
receptors (IL-4Rα, IL-13Rα1, or IL-13Rα2; Jiang et al., 2000). 
IL-4– and IL-13–mediated STAT6 signaling is implicated in the 
proliferation of vascular SMCs (Wei et al., 2000). The expres-
sion of IL-4Rα, IL-13Rα1, and IL-13Rα2 is up-regulated in PAs 
upon HyOA treatment (Fig. 8 A). p-STAT6 expression was dra-
matically reduced in lung tissues (Fig. 8 B) and in PAs (Fig. 8 C) 
from HyOA-treated CRTH2−/− mice compared with that in WT 
mice. Moreover, CRTH2+/+ BMT restored p-STAT6 expression in 
PAs in CRTH2−/− mice after HyOA challenge, but this up-regula-
tion of p-STAT6 expression in PAs in CRTH2−/− mice was atten-
uated by infusion of neutralization antibodies against IL-4 and 
IL-13 (Fig. 8 D).

Next, we examined whether CRTH2-mediated Th2 cells 
directly promote PAS​MC proliferation through IL-4 and IL-13 
using a coculture system in hypoxic atmosphere (1% O2/5% 
CO2). Purified CD4+ T cells were induced to differentiate to 
Th2 cells in culture. CRTH2 agonist 13,14-dihydro-15-keto 
PGD2 (DK-PGD2) boosted IL-4 and IL-13 secretion in Th2 cells 
(Fig.  8  E). Interestingly, the culture medium from DK-PGD2–
stimulated Th2 cells significantly accelerated PAS​MC growth 
compared with untreated Th2 cell control medium, which was 
completely blocked by IL-4 and IL-13 neutralization (Fig. 8 F). 
Proliferating cell nuclear antigen (PCNA) and SMA immunos-
taining also indicated that IL-4 and IL-13 antibodies abrogated 
the enhanced proliferation of PAS​MCs in DK-PGD2–stimulated 
Th2 cell medium (Fig. 8, G and H). Similarly, a STAT6 inhibitor 
(AS1517499) also efficiently prevented the increased prolifera-
tion of PAS​MCs cocultured with DK-PGD2–stimulated Th2 cells 
(Fig. 8, I and J).

CRTH2 inhibitor CAY10595 and neutralizing anti–IL-4 and anti–
IL-13 antibodies protects against HyOA-induced PAH in mice
We then tested the effect of CRTH2 inhibitor CAY10595 on pro-
gression of HyOA-induced PAH in mice. As shown in Fig. S5, 
CAY10595 administration (Fig. S5 A) dramatically reduced RVSP 
(Fig. S5 B) and RV/LV + S ratio (Fig. S5 C) and suppressed PA 
remodeling (Fig. S5, D–G) in HyOA-treated mice. Consistently, 
CAY10595 treatment also decreased perivascular infiltration 
of CD4+ T cells in lung tissues (Fig. S5, H and I) and Th2 cyto-
kine secretion in both serum (Fig. S5 J) and BALF (Fig. S5 K) in 
HyOA-challenged mice. These results indicate that CRTH2 inhib-
itor can alleviate the progression of PA remodeling and PAH 
induced by HyOA by suppression of Th2 activity.

Then we assayed the effect of CRTH2 inhibitor CAY10595 and 
neutralizing antibodies of IL-4 and IL-13 on established PAH 
induced by HyOA in mice. CAY10595 administration (Fig. 9 A) 
significantly alleviated the established PAH with declining RVSP 
(Fig. 9 B) and RV/LV + S ratio (Fig. 9 C) and reduced PA remod-
eling (Fig. 9, D–F). In addition, similar protective effects were 
observed on established PAH in mice by using neutralizing anti-
bodies of IL-4 and IL-13. The mice treated with neutralizing anti–
IL-4 and anti–IL-13 antibodies (Fig. 9 G) displayed reduced RVSP 
(Fig. 9 H) and ratio of RV/LV + S (Fig. 9 I), as well as attenuated 
PA remodeling (Fig. 9, J–L). Taken together, CRTH2 receptor may 
be a promising therapeutic target for PAH.

Discussion
Increased numbers of CD4+ Th cells are observed in the lungs of 
patients with PAH (Savai et al., 2012). Here we found that Th2, not 
Th1, immune responses were elevated in the plasma of patients 
with idiopathic PAH, and the expression of the Th2 surface che-
moattractant receptor, CRTH2, was also increased in CD4+ T cells 
in patients with idiopathic PAH and PAH mouse models. Genetic 
ablation or pharmacological inhibition of CRTH2 ameliorated 
experimental PAH in mice by reducing Th2 immune responses. 
CRTH2+/+ BMT and T cell adoptive transfer facilitated HyOA-in-
duced PAH in mice through enhancing Th2 immune reaction 
and IL-4/IL-13 secretion. Thus, CRTH2-mediated Th2 activation 
contributed to the development of PAH, especially allergy-asso-
ciated PAH. These observations indicate that inhibition of CRTH2 
receptor may be a promising therapeutic strategy for PAH.

Perivascular inflammatory infiltrates, including macrophages, 
dendritic cells, and T and B cells, are often observed along with 
pulmonary vascular lesions in the lungs of patients with severe 
pulmonary hypertension (Price et al., 2012). Similar pulmonary 
inflammatory alterations occur in experimental PAH models such 
as monocrotaline-treated rats (Dorfmüller et al., 2003; Ito et al., 
2007) and mice exposed to hypoxia (Frid et al., 2006). Likewise, 
mean perivascular inflammation score is correlated with intima 
plus media remodeling in the lungs of patients with idiopathic 
PAH (Stacher et al., 2012). Beside immune cell infiltration in the 
lungs, elevated serum levels of cytokines (IL-1β, IL-6, and IL-8) 
and chemokines (MCP-1 and RAN​TES) were also reported in 
patients with idiopathic PAH (Rabinovitch et al., 2014). We found 
marked increases of circulating CD3+CD4+ T cells and proin-
flammatory Th2 cytokines (IL-4, IL-5, and IL-13) in patients with 
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Figure 6. Adoptive transfer of CRTH2+/+ CD4+ T cells exaggerates HyOA-induced PAH in CRTH2−/− mice. (A) Schematic representation of the protocol 
for administration of CRTH2+/+ CD4+ T cells to WT and CRTH2−/− mice. (B and C) Effect of adoptive transfer of CRTH2+/+ CD4+ T cells on RVSP (B) and RV/LV + 
S ratio (C) of WT and CRTH2−/− mice. (D and E) Representative images of H&E staining (D) and SMA (red) immunostaining (E) of lung sections of HyOA-treated 
CRTH2−/− mice after CRTH2+/+ CD4+ T cell infusion. Bars, 20 µm. (F) Quantification of the ratio of pulmonary arterial medial thickness to total vessel size (media/
CSA). (G) Representative images of PCNA (green, top) and CD4 (green, bottom) immunostaining in lung tissues from HyOA-treated mice after CRTH2+/+CD4+ 
T cell infusion. Bars, 20 µm. (H) Quantification of PCNA+ cells in PAs. (I) Quantification of perivascular infiltration of CD4+ cells in the lungs in HyOA-treated 
mice after CRTH2+/+ CD4+ T cell infusion. (J and K) Quantification of secretion levels of IL-4 and IL-13 in the serum (J) and BALF (K) from HyOA-treated mice 
after CRTH2+/+ CD4+ T cell infusion. In A–K, n = 8–10 mice per group. *, P < 0.05; **, P < 0.01 versus vehicle; and #, P < 0.05 versus WT. (L) The protocol for 
administration of CRTH2−/− CD4+ T cells to WT and CRTH2−/− mice. (M and N) Effect of adoptive transfer of CRTH2−/− CD4+ T cells on RVSP (M) and RV/LV 
+ S ratio (N) of WT and CRTH2−/− mice; n = 6–8 mice per group. Data are presented as mean ± SEM and are representative of two independent experiments. 
Statistical significance was determined using two-way ANO​VA followed by a Bonferroni post hoc test and unpaired Student’s t tests.
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Figure 7. Neutralization of IL-4 and IL-13 reversed infusion of CRTH2+/+ CD4+ T cells exaggerated PAH in CRTH2−/− mice. (A) Schematic representation 
of the protocol for administration of CRTH2+/+ CD4+ T cell–infused CRTH2−/− mice to induce PAH. (B and C) Protein levels of IL-4 and IL-13 in the serum (B) and 
BALF (C) from HyOA-treated mice after CRTH2+/+ CD4+ T cell infusion with or without dual neutralization of IL-4 and IL-13. (D and E) Effect of neutralization of 
IL-4 and IL-13 on RVSP (D) and RV/LV + S ratio (E) in CRTH2+/+ CD4+ T cell-infused CRTH2−/− mice. (F) Representative images of H&E staining and SMA (red) 
immunostaining of PAs of CRTH2+/+ CD4+ T cell–infused mice with or without dual neutralization of IL-4 and IL-13. Bar, 20 µm. (G) Quantification of the ratio 
of pulmonary arterial medial thickness to total vessel size (media/CSA) for the CRTH2+/+ CD4+ T cell–infused mice with or without dual neutralization of IL-4 
and IL-13. (H and I) Quantification of the number (H) and percentages (I) of layered SMCs in PAs from CRTH2+/+ CD4+ T cell–infused mice with or without dual 
neutralization of IL-4 and IL-13. (J) Proportion of nonmuscularized (N), partially muscularized (P), or full muscularized (F) pulmonary arterioles (20–50 µm in 
diameter) from CRTH2+/+ CD4+ T cell–infused mice with or without dual neutralization of IL-4 and IL-13. In A–J, n = 8–10 mice per group. *, P < 0.05; **, P < 0.01 
as indicated. All graphs are shown as mean ± SEM. Data are representative of at least two independent experiments. Statistical significance was determined 
using unpaired Student’s t tests.
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Figure 8. Th2-mediated IL-4 and IL-13 by CRTH2 activation promotes PAS​MC proliferation through STAT6. (A) Relative mRNA expression of receptors of 
IL-4 and IL-13 (IL-4Rα, IL-13Rα1, and IL-13Rα2) in PAs from HyOA-treated mice. (B) Western blot analysis of phosphorylation of STAT6 (p-STAT6) in PAs isolated 
from HyOA-treated WT and CRTH2−/− mice. (C) Representative immunostaining images of SMA (green) and p-STAT6 (red) in lung tissues from HyOA-treated 
PAH mouse models. Bar, 20 µm. (D) Representative immunostaining images of SMA (green) and p-STAT6 (red) in lung tissues of BM-reconstructed mice with 
or without dual neutralization of IL-4 and IL-13. Bar, 20 µm. In A–D, n = 6–8 mice per group. *, P < 0.05; **, P < 0.01 as indicated. (E) IL-4 and IL-13 levels in 
the culture medium of Th2 cells treated with CRTH2 agonist DK-PGD2. n = 4. *, P < 0.05; **, P < 0.01 as indicated. (F) Growth curve of PAS​MCs cultured with 
DK-PGD2–treated Th2 cell medium with or without dual neutralization of IL-4 and IL-13. n = 6. *, P < 0.05; **, P < 0.01 as indicated. (G) Representative images 
of PCNA (green) and SMA (red) immunostaining of PAS​MCs cultured with DK-PGD2–treated Th2 cell medium with or without dual neutralization of IL-4 and 
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idiopathic PAH. Indeed, pulmonary hypertension also occurs in 
some chronic infectious diseases such as schistosomiasis and HIV 
(Bigna et al., 2016; Gavilanes et al., 2016) and immune disorders 
such as systemic sclerosis (Radstake et al., 2009), systemic lupus 
erythematosus (Bonelli et al., 2009), and Sjögren’s syndrome 
(Flament et al., 2016). Therefore, inflammation and dysregulated 
immunity may contribute to the development of PAH, and antiin-
flammation therapy may represent one promising option for the 
treatment of severe PAH (Voelkel et al., 2016).

We and others (Harbaum et al., 2016) observed that patients 
with idiopathic PAH present with elevated circulating Th2 lym-
phocytes. Depletion of CD4+ T cells or Th2 immune response 
markedly ameliorates pulmonary arterial muscularization 
through suppression of Th2 cytokines, IL-4 and IL-13 (Daley et 
al., 2008). Interestingly, TGF-β–mediated Th2 immune response 
facilitates pulmonary hypertension caused by Schistosoma man-
soni in mice (Graham et al., 2013). Double deficiency in Th2 cyto-
kines, IL-4 and IL-13, attenuates the development of experimental 
Schistosoma-induced pulmonary hypertension in mice (Kumar 
et al., 2015). IL-13 signals through the heterodimer receptor com-
plex comprised IL-4Rα and IL-13Rα1, whereas IL-13Rα2 receptor 
acts as a competitive nonsignaling decoy receptor (Rael and 
Lockey, 2011). In experimental PAH models, both pharmacologi-
cal inhibitor and genetic deficiency attenuate pulmonary arterial 
remodeling (Daley et al., 2008; Kumar et al., 2015). In contrast, 
lung-specific IL-13 transgenic mice spontaneously develop PAH 
phenotypes (Cho et al., 2013). Moreover, IL-13Rα1–deficient mice 
do not develop PAH, whereas IL-13Rα2–deficient mice have exac-
erbated pulmonary arterial remodeling and pulmonary hyper-
tension in response to Schistosoma mansoni eggs (Graham et al., 
2010). Consistently, IL-13Rα2 mediates inhibition of human PAS​
MC proliferation in vitro through suppression of endothelin-1 
production (Hecker et al., 2010). We and others observed that 
IL-13 promotes PAS​MC proliferation, probably through IL-13Rα1 
receptor (Graham et al., 2010). CRTH2-a receptor for PGD2, pref-
erentially expressed in Th2 cells, mediates PGD2-dependent 
chemotaxis and Th2 cell migration (Hirai et al., 2001). We found 
that CRTH2 ablation protects against both HySU- and HyOA-in-
duced severe PAH in mice by suppressing Th2 infiltration and 
activity, and CRTH2+/+ BMT or CRTH2+/+ CD4+ T cell adoptive 
transfer promotes the development of HyOA-induced PAH in 
CRTH2−/− mice, which is reversed by dual neutralization of IL-4 
and IL-13. These observations suggest IL-4 and IL-13 may medi-
ate the effects of CRTH2 on PAH pathogenesis. Meanwhile, Th2 
cytokines also drive airway inflammatory reaction in allergic 
asthma (Barnes, 2018), and genome-wide association studies also 
link innate immune pathway and Th2 activation with pathogen-
esis of asthma and allergic diseases (Ober and Yao, 2011). Despite 
common pathological features in both asthma and PAH, such as 

inflammation, smooth muscle constriction, and SMC prolifera-
tion, allergy exposure leads to remodeling of both bronchi and 
pulmonary vessels in rodents (Rydell-Törmänen et al., 2008a,b). 
BMPR2 mutations were observed in ∼80% of familial and 15% 
of idiopathic PAH patients (Germain et al., 2013). Hypomorphic 
expression of BMPR2 increases sensitivity of immune response 
to a mild antigen and facilitates PAH development (Park et al., 
2013). Vasoactive intestinal peptide deficiency results in both 
asthma (Szema et al., 2006) and PAH phenotypes (Said et al., 
2007), again by modulating NFAT-mediating T cell function 
(Said et al., 2010).

Th2 activation promotes B cell through IL-4 to produce IgE 
antibodies, which in turn activate mast cells and eosinophils 
(Thiriou et al., 2017). Indeed, animal studies show eosinophils and 
mast cells are involved in pathogenesis of some forms of pulmo-
nary hypertension, such as IL-33 or allergy-induced PAH (Weng 
et al., 2011; Ikutani et al., 2018) and flow-associated PAH (Dahal et 
al., 2011; Bartelds et al., 2012). CRTH2, an orphan receptor on Th2 
cells, is also expressed in eosinophils (Nagata et al., 1999a), mast 
cells (Moon et al., 2014), and human ILC2 (Wojno et al., 2015), 
which may contribute to allergy-induced PAH. Indeed, CRTH2 
deficiency significantly suppresses the recruitment of IgE-pro-
ducing B cells and mast cells in lungs, BALF, and peripheral blood 
in HyOA-treated mice. Adoptive transfer of CD4+ T cells replicates 
histological and hemodynamic alterations of HyOA-induced PAH 
in CRTH2−/− mice with augmented infiltration of IgE-producing 
B cells and mast cells in lungs, and neutralization of Th2 cyto-
kines markedly alleviates established pulmonary hypertension 
induced by HyOA treatment in mice and significantly decreases 
T cell adoptive transfer-triggered infiltration of mast cells and 
IgE-producing B cells in lung tissues in HyOA-treated mice. These 
observations indicate the suppressed pulmonary recruitment of 
both IgE-producing B cells and mast cells is attributed to, at least 
partially, the reduced Th2 activity in CRTH2−/− mice. However, 
linage-specific excision using Cre recombinase may be required 
to directly dissect CRTH2 role in Th2 cells from other inflamma-
tory cells in pathogenesis of PAH in mice.

In summary, we found that CRTH2 receptor is up-regulated 
in circulating CD4+ T cells in patients with idiopathic PAH and 
CRTH2-mediated Th2 activation facilitates PAH pathogenesis 
in experimental PAH mouse models. Therefore, CRTH2 chemo-
kine receptor may serve as a promising therapeutic target 
for severe PAH.

Materials and methods
Animals
8–10-wk-old male mice were used in all experiments in this 
study. Both WT (CRTH2+/+) and CRTH2 KO (CRTH2−/−) mice were 

IL-13. Bar, 200 µm. (H) Quantification of PCNA+SMA+ PAS​MCs as shown in G for five to six independent experiments. (I) Representative images of PCNA 
(green) and SMA (red) immunostaining of PAS​MCs cultured with DK-PGD2–treated Th2 cell medium with or without STAT6 inhibitor AS1517499. Bar, 200 µm. 
(J) Quantification of PCNA+SMA+ PAS​MCs in I for five to six independent experiments. *, P < 0.05; **, P < 0.01 as indicated. All graphs are shown as mean ± 
SEM. Data are representative of at least two independent experiments. Statistical significance was determined using two-way ANO​VA followed by a Bonferroni 
post hoc test and unpaired Student’s t tests.
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Figure 9. Pharmacological inhibition of CRTH2 receptor or dual neutralization of IL-4 and IL-13 attenuates established PAH in mice. (A) Protocol for 
administration of CRTH2 inhibitor CAY10595 to mice after induced by HyOA. (B and C) Effect of CAY10595 administration on RVSP (B) and RV/LV + S ratio 
(C) of PAH-established mice. Before, before CAY10595 treatment; After, after CAY10595 treatment; CAY, CAY10595. (D and E) Representative images of H&E 
staining (D) and SMA (red) immunostaining (E) of lung sections of PAH-established mice treated with CAY10595 or equivalent volume of vehicle. Bars, 20 
µm. (F) Quantification of the ratio of pulmonary arterial medial thickness to total vessel size (media/CSA) in PAs from PAH-established mice after CAY10595 
treatment. In A–F, n = 8–10 mice per group. *, P < 0.05; **, P < 0.01 versus vehicle (dash); #, P < 0.05 versus before CAY10595 treatment (Before). (G) Protocol 
for administration of neutralization antibodies of IL-4 and IL-13 to mice after being induced by HyOA. Before, before neutralizing treatment; After, after neu-
tralizing treatment. (H and I) Effect of neutralization of IL-4 and IL-13 on RVSP (H) and RV/LV + S ratio (I) of PAH-established mice. (J and K) Representative 
images of H&E staining (J) and SMA (red) immunostaining (K) of lung sections of PAH-established mice treated with neutralization antibodies of IL-4 and IL-13 
or equivalent volume of vehicle. Bars, 20 µm. (L) Quantification of the ratio of pulmonary arterial medial thickness to total vessel size (media/CSA) in PAs from 
PAH-established mice after neutralization of IL-4 and IL-13. In G–L, n = 8–10 mice per group. *, P < 0.05; **, P < 0.01 versus vehicle (dash); #, P < 0.05 versus 
before neutralizing treatment (Before). All graphs are shown as mean ± SEM. Data are representative of at least two independent experiments. Statistical 
significance was determined using two-way ANO​VA followed by a Bonferroni post hoc test and unpaired Student’s t tests.
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maintained on a C57BL/6 genetic background. WT littermates 
were generated as experimental controls from CRTH2 recep-
tor heterozygous matings. All the mice were housed in specific 
pathogen-free conditions at the animal facility of the Institute 
for Nutritional Sciences, Chinese Academy of Sciences. All ani-
mal experiments were performed according to Guidelines of the 
Institutional Animal Care and Use Committee of the Institute for 
Nutritional Sciences, Chinese Academy of Sciences.

Reagents
SU5416 (a VEG​FR2 inhibitor) and OVA were purchased from 
Sigma-Aldrich. DK-PGD2 and CAY10595 (CRTH2 inhibitor) were 
obtained from Cayman Chemical. Anti–IL-4 and anti–IL-13 anti-
bodies were purchased from R&D Systems. AS1517499 (a STAT6 
inhibitor) was purchased from MedChemExpress.

Study population
Patients with PAH were recruited from outpatients in the Depart-
ment of Pulmonary Medicine of Shanghai Ruijin Hospital from 
August 2014 to May 2017 (Table 1). All patients were given diag-
noses based on the criteria for PAH according to the European 
Society of Cardiology/European Respiratory Society (ESC/ERS) 
guidelines for the diagnosis and treatment of pulmonary hyper-
tension. All patients with PAH were diagnosed for the first time 
without any drug therapies. Subjects with tumor, autoimmune 
diseases, renal/liver dysfunction, or respiratory tract infection 
within 4 wk were excluded from the study. Age-matched healthy 
volunteers were recruited from the social crowd. This study was 
supported by the Ethics Committee of the Institute for Nutri-
tional Sciences, Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences, and the Ethics Committee of Ruijin 
Hospital, Shanghai Jiao Tong University School of Medicine. All 
participants provided written informed consent.

Chronic HySU-induced PAH in mice
8–10-wk-old WT and CRTH2−/− male mice received a single 
weekly subcutaneous injection of SU5416 that was suspended in 
carboxymethylcellulose solution (0.5% [wt/vol] carboxymethyl-
cellulose sodium, 0.9% [wt/vol] sodium chloride, 0.4% [vol/vol] 
polysorbate80, and 0.9% [vol/vol] benzyl alcohol in deionized 
water), as previously reported (Ciuclan et al., 2011). Experimental 
animals were exposed to chronic hypoxia (10% O2) in a ventilated 
chamber for 3 wk (Wang et al., 2013). Control mice received vehi-
cle instead of SU5416 and remained in a normoxic environment. 
At the end of the treatment, mice were anesthetized, hemody-
namic changes were detected, and samples were collected.

Chronic HyOA-induced PAH model in mice
8-wk-old WT and CRTH2−/− male mice received a single intra-
peritoneal injection of OVA (Sigma-Aldrich) that was diluted to 
1 mg/ml in 0.15 M sterile saline (Sigma-Aldrich) and complexed 
with Alum (Imject Alum; Thermo Fisher Scientific; final dose, 
50 µg OVA and 2 mg Alum) on the first day of the first 2 wk of 
treatment, as shown in Fig. 4 A. Then, the animals were chal-
lenged with aerosolized OVA for 30 min at a concentration of 
10 mg/ml twice per week on the first and last day of each week 
during the treatment period (Daley et al., 2008; Mizuno et al., 

2012). Experimental animals were exposed to chronic hypoxia 
(10% O2) in a ventilated chamber for ~5 wk. Control mice received 
vehicle and remained in a normoxic environment. At the end of 
the treatment period, hemodynamic indexes were detected, and 
samples were collected.

BMT
Allogeneic BMT was conducted as previously described (Zhao et 
al., 2011; Shi et al., 2014; Yang et al., 2014). In short, donor WT and 
CRTH2−/− mice with EGFP were euthanized, and BM cells were 
collected from femurs and tibias by flushing. After a total of 9.5 
Gy of total body irradiation administered in three bursts (one 3.5-
Gy dose and two 3-Gy doses administered 1.5 h apart) from a 137Cs 
source (MDS Nordion), recipient mice were injected with 5 × 106 
BM cells from donor mice in 200 µl of sterilized PBS through the 
tail vein to reconstitute the hematopoietic system.

Adoptive transfer of CD4+ cells
WT or CRTH2−/− CD4+ cells from mouse spleens were puri-
fied by means of magnetic cell sorting. For adoptive transfer, 
conducted as reported (Shi et al., 2014), 4 × 106 isolated cells 
were injected through the tail vein to WT or CRTH2−/− mice 2 d 
before OVA challenge.

CAY10595 treatment
CRTH2 antagonist CAY10595 (Cayman Chemical) was dissolved 
in Tween80/ethanol/tap water (5:5:90 vol/vol/vol). HyOA-chal-
lenged male mice (8 wk old) were given CAY10595 (5 mg/kg body 
weight) daily by oral gavage at days 18–30 as shown in Fig. S5 A, 
or after the rodent PAH model established as shown in Fig. 9 A. 
Control group mice were treated with the same volume of vehicle.

Analysis of RVSP and right heart hypertrophy (RV/LV + S)
Before the measurements, the mice were color coded to obscure 
the genotype. After mice were anesthetized, a left parasternal 
incision was made; then the ribs were partially resected, a 1.4-F 
microtip pressure transducer catheter (Millar Instruments) 
was carefully inserted into the RV, and RVSP was continuously 
monitored for 5 min using a PowerLab data acquisition system 
(AD Instruments). RV hypertrophy was assessed by Fulton index 
measurements (weight of RV/LV + S).

IL-4 and IL-13 immunoneutralization
The BM-reconstituted mice or CD4 T cell–transferred mice were 
intraperitoneally injected with neutralizing antibodies against 
IL-4 (0.5 mg per mouse; Mabalirajan et al., 2008) and IL-13 (0.5–1 
mg per mouse; Daley et al., 2008) or control IgG protein just after 
the second OVA challenge per week as shown in Fig. S3 C and 
Fig.  7 A or after the PAH established with the same timing as 
shown in Fig. 9 G.

RNA extraction and real-time PCR
Total RNA from isolated CD4+ T cells from peripheral blood of 
patients with PAH and lung tissues from mouse PAH models 
was extracted by RNeasy Mini kit (Qiagen). Total RNA from lung 
homogenates was extracted by using TRIzol reagent (Invitro-
gen), according to the manufacturer’s protocols. In brief, total 
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RNA (1 µg) was reverse-transcribed to cDNA by using Reverse 
Transcription Reagent kits (Takara Bio Inc.), according to the 
manufacturer’s instructions. The resulting cDNA was amplified 
with 40 cycles by real-time PCR. Each sample was analyzed in 
triplicate and normalized to a reference RNA within the sam-
ple. Sequences of primers for real-time PCR analysis for human 
samples were as follows: Fw-IL-4: 5′-TCT​TTG​CTG​CCT​CCA​AGA​
ACAC-3′, Re-IL-4: 5′-GGT​TCC​TGT​CGA​GCC​GTT​TC-3′; Fw-IL-13: 
5′-CCT​GAT​CAA​CGT​GTC​AGG​CT-3′, Re-IL-13: 5′-TGA​ACT​GTC​CCT​
CGC​GAA​AA-3′; Fw-TNF-α: 5′-TCT​TCT​CGA​ACC​CCG​AGT​GA-3′, 
Re-TNF-α: 5′-ATG​AGG​TAC​AGG​CCC​TCT​GA-3′; Fw-DP1: 5′-ATG​
CGC​AAC​CTC​TAT​GCG​AT-3′, Re-DP1: 5′-GCG​CGA​TAA​ATT​ACG​GGC​
AG-3′; Fw-EP1: 5′-CAC​CTT​CTT​TGG​CGG​CTC​TC-3′, Re-EP1: 5′-CTC​
CAG​CAG​ATG​CAC​GACA-3′; Fw-TP: 5′-GGT​CTT​CAT​CGC​CCA​GAC​
AG-3′, Re-TP: 5′-CAC​GCG​CAA​GTA​GAT​GAG​CA-3′; Fw-β-actin: 
5′-GAG​AAA​ATC​TGG​CAC​CAC​ACC-3′, Re-β-actin: 5′-GGA​TAG​CAC​
AGC​CTG​GAT​AGC​AA-3′. Fw-IL-5: 5′-TCT​ACT​CAT​CGA​ACT​CTG​
CTGA-3′, Re-IL-5: 5′-CCC​TTG​CAC​AGT​TTG​ACT​CTC-3′; Fw-IL-1β: 
5′-AGC​TAC​GAA​TCT​CCG​ACC​AC-3′, Re-IL-1β: 5′-CGT​TAT​CCC​ATG​
TGT​CGA​AGAA-3′; Fw-IFN-γ: 5′-TCG​GTA​ACT​GAC​TTG​AAT​GTC​
CA-3′, Re-IFN-γ: 5′-TCG​CTT​CCC​TGT​TTT​AGC​TGC-3′; Fw​-IP:​5′​
-GTC​AGG​TCT​GCT​CTG​GTC​TG​-3′, Re-IP: 5′-GCT​CTT​GGA​GTG​GCT​
TGG​TA-3′; Fw-CRTH2: 5′-CCT​CTG​TGC​CCA​GAG​CCC​CAC​GATG-3′, 
Re-CRTH2: 5′-CAC​GGC​CAA​GAA​GTA​GGT​GAA​GAAG-3′; Fw-EP2: 
5′-CGA​TGC​TCA​TGC​TCT​TCGC-3′, Re-EP2: 5′-GGG​AGA​CTG​CAT​
AGA​TGA​CAGG-3′; Fw-EP3: 5′-CGC​CTC​AAC​CAC​TCC​TAC​AC-3′, 
Re-EP3: 5′-GAC​ACC​GAT​CCG​CAA​TCC​TC-3′; Fw-EP4: 5′-CCG​GCG​
GTG​ATG​TTC​ATC​TT-3′, Re-EP4: 5′-CCC​ACA​TAC​CAG​CGT​GTA​GAA-
3′; Fw-FP: 5′-AAG​TCC​AAG​GCA​TCG​TTT​CTG-3′, Re-FP: 5′-TGA​CTC​
CAA​TAC​ACC​GCT​CAAT-3′; Fw​-Tbx21:​5′​-TGA​CTG​CCT​ACC​AGA​ATG​
CC​-3′, Re-Tbx21: 5′-ATT​GAC​AGT​TGG​GTC​CAG​GC-3′; Fw-GATA2: 
5′-CGC​TGT​CGT​CCG​AAC​CAT-3′, Re-GATA2: 5′-TCC​ATG​TAG​
TTG​TGC​GCC​AG-3′; Fw-GATA3: 5′-AGT​TGC​CGT​TGA​GGG​TTT​
CA-3′, Re-GATA3: 5′-TCC​GAG​CAC​AAC​CAC​CTT​AG-3′; Fw-RORC: 
5′-CCC​ACA​GAG​ACA​GCA​CCG​AG-3′, Re-RORC: 5′-AGA​CGA​CTT​
GTC​CCC​ACA​GA-3′; Fw-Foxp3: 5′-CCT​CCA​GGA​CAG​GCC​ACA​
TT-3′, Re-Foxp3: 5′-ATT​TGC​CAG​CAG​TGG​GTA​GG-3′.Sequences 
of primers for real-time PCR analysis for mouse samples were 
as follows:​Fw​-IL​-4: 5′-CTC​GAA​TGT​ACC​AGG​AGC​CA-3′, Re-IL-4: 
5′-TCG​TTG​CTG​TGA​GGA​CGT​TT-3′; Fw–lipocalin-type PG D syn-
thase (L-PGDS): 5′-TGG​TTC​CGG​GAG​AAG​AAA​GC-3′, Re-L-PGDS: 
5′-TGG​TGC​CTC​TGC​TGA​ATA​GC-3′; Fw-CRTH2: 5′-CAA​TCT​CCC​
GGA​GCA​AGG​TG-3′, Re-CRTH2: 5′-CCA​GGT​AAC​TCC​TCG​ATG​
GC-3′; Fw-IL-4Rα: 5′-ATG​CAT​CCC​GAG​GAA​CAG​TG-3′, Re-IL-
4Rα: 5′-AGC​CAT​TCG​TCG​GAC​ACA​TT-3′; Fw-TNFα: 5′-AAA​CCA​
CCA​AGT​GGA​GGA​GC-3′, Re-TNFα: 5′-ACA​AGG​TAC​AAC​CCA​TCG​
GC-3′; Fw-β-actin: 5′-GTA​CCA​CCA​TGT​ACC​CAG​GC-3′, Re-β-ac-
tin: 5′-AAC​GCA​GCT​CAG​TAA​CAG​TCC-3′; Fw-IL-5: 5′-AGC​AAT​
GAG​ACG​ATG​AGG​CT-3′, Re-IL-5: 5′-GTA​CCC​CCA​CGG​ACA​GTT​
TG-3′; Fw-IL-6: 5′-TAG​TCC​TTC​CTA​CCC​CAA​TTT​CC-3′, Re-IL-6: 
5′-TTG​GTC​CTT​AGC​CAC​TCC​TTC-3′; Fw-IL-13: 5′-CCT​GGC​TCT​
TGC​TTG​CCT​TGG-3′, Re-IL-13: 5′-TCT​TGT​GTG​ATG​TTG​CTCA-3′; 
Fw-IFN-γ: 5′-ATG​AAC​GCT​ACA​CAC​TGC​ATC-3′, Re-IFN-γ: 5′-CCA​
TCC​TTT​TGC​CAG​TTC​CTC-3′; Fw-H-PGDS: 5′-GGA​AGA​GCC​GAA​
ATT​ATT​CGCT-3′, Re-H-PGDS: 5′-ACC​ACT​GCA​TCA​GCT​TGA​CAT-
3′; Fw-DP1: 5′-GCT​TTC​TGT​GCG​CTC​CCC​TTTG-3′, Re-DP1: 5′-CAT​
CCG​GAA​TAC​TGA​AGT​CCTG-3′; Fw-IL-13Rα1: 5′-AGC​GTC​TCT​GTC​

GAA​AAT​CTCT-3′, Re-IL-13Rα1: 5′-GAG​TGC​AAT​TTG​GAC​TGG​
CTC-3′; Fw-IL-13Rα2: 5′-TGG​CAG​TAT​TTG​GTC​TGC​TCT-3′, Re-IL-
13Rα2: 5′-CAA​GCC​CTC​ATA​CCA​GAA​AAA​CA-3′.

Western blotting
The protein concentrations of lung homogenates were deter-
mined by using a Pierce BCA Protein Assay Kit (Pierce). Equal 
quantities of proteins were denatured and resolved by 10% SDS-
PAGE, transferred to nitrocellulose membranes, incubated with 
5% skimmed milk for 1–1.5 h, and then incubated with primary 
antibodies overnight at 4°C. Primary antibodies were diluted as 
follows: phospho-STAT6 (pY641; 1:500; Santa Cruz Biotechnol-
ogy), STAT6 (1:1,000; ABclonal), HIF-1α (1:1,000; Cell Signaling 
Technology), and GAP​DH (1:2,000; Cell Signaling Technology), 
used as the load control. The membranes were then incubated 
in HRP-labeled secondary antibody in blocking buffer for 2 h at 
room temperature. Blots were developed by using an enhanced 
chemiluminescence reagent (Thermo Fisher Scientific).

Histological analysis
When hemodynamic measurements were over, the pulmonary 
circulatory system was flushed with chilled PBS, and the heart, 
aorta, and lung tissues were collected. The RV was carefully dis-
sected from the heart and weighed. RV hypertrophy was eval-
uated by normalizing the weight of the RV to the weight of the 
LV plus septum (RV/LV + S). The left lungs were placed in liquid 
nitrogen for preparation of homogenates, and the lower lobes of 
the right lungs and aortas were fixed with 4% paraformaldehyde 
for 24 h. The slides (5 µm thickness) were stained with H&E for 
morphological analysis after paraffin embedding and sectioning. 
Pulmonary vascular remodeling was quantified by accessing the 
medial wall thickness and the percentage of muscularization. 
To assess the medial wall thickness, 20–25 muscular arteries, 
categorized as being 20–50 µm and 50–100 µm in diameter, 
from each lung were randomly outlined by an observer blinded 
to mouse genotype or pharmacological treatment. The degree 
of medial wall thickness, presented as a ratio of medial area to 
cross-sectional area (media/CSA; Lu et al., 2015), was analyzed 
by using ImageJ (National Institutes of Health) or Image-pro 
plus (Media Cybernetics). To evaluate the degree of muscular-
ization, 30–50 intraacinar vessels at a size between 20 and 50 
µm in each mouse were categorized as nonmuscular, partially 
muscular, or fully muscular, as previously reported (Ciuclan et 
al., 2011). The degree of muscularization was expressed as the 
proportion of nonmuscular, partially muscular, or fully muscular 
arteries to total pulmonary vessels. Masson’s trichrome staining 
was performed according to the manufacturer’s instructions 
(Sigma-Aldrich).

Aortic ring assay
Mice aortas were separated and transferred immediately to 
Kreb’s buffer (containing 4.7 mmol/L KCl, 118 mmol/L NaCl, 2.5 
mmol/L CaCl2, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 11 mmol/L 
glucose, and 25 mmol/L NaHCO3), cleared of fat and connective 
tissues while keeping the endothelium intact, cut into 2–3-mm 
rings, fixed on isometric force transducers (model 610 M; Danish 
Myo Technology) in a 5-ml organ bath, and gassed with 95% O2 
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and 5% CO2 under an initial resting tension of 3 mN. Data were 
recorded using the PowerLab/8sp data acquisition system (AD 
Instruments). After 60 min of incubation in oxygenated Krebs 
solution at pH 7.4 and 37°C, rings contractility was tested three 
times in high-K+ mediums (60 mM KCl) to stabilize the contrac-
tion. Cumulative concentration–response curves of acetylcholine 
(10−9–10−5 mol/L) were constructed with a phenylephrine pre-
contraction (1 μmol/L).

Immunofluorescence staining
For immunofluorescence staining, the frozen sections (7 µm) or 
deparaffinized and dehydrated sections (5 µm) from tissues or 
glass coverslips with cells were fixed in cold acetone and washed 
with PBS (0.15 M, pH 7.4). The samples were treated with PBS 
containing 0.25% Triton X-100 for 10 min for permeabilization 
and then incubated with 3% BSA/PBS for 0.5–1 h to block non-
specific binding of the antibodies. Next, the slides were incu-
bated with primary antibodies specific to mouse α-SMA (diluted 
1:500; Sigma-Aldrich), CD4 (diluted 1:50; eBioscience), CD68 
(diluted 1:200; AbDSerotec), Mac-3 (diluted 1:100; eBioscience), 
Ly6G (diluted 1:100; eBioscience), EGFP (diluted 1:1,000; Abcam), 
PCNA (diluted 1:1,000; Cell Signaling Technology), and pY641-
STAT6 (diluted 1:100; Santa Cruz Biotechnology) overnight at 
4°C. Slides were then washed with PBS three times and incu-
bated with secondary antibodies conjugated with Alexa Fluor 
488, Alexa Fluor 594, or Alexa Fluor 633 (Invitrogen) for 1–2 h 
at room temperature. Prolong Gold antifade reagent with DAPI 
(Invitrogen) was used to mount and counterstain the slides. All 
of the fluorescence images were captured under a laser-scanning 
confocal microscope (Olympus) at 200× and 400×. All images 
were analyzed with ImageJ (National Institutes of Health) or 
Image-Pro Plus software (Media Cybernetics).

ELI​SA
Cytokine levels in serum, BALF supernatants, and cell culture 
medium were assayed by using ELI​SA, according to the manu-
facturer’s instructions (R&D Systems).

PG extraction and analysis
Lung tissues were homogenized and centrifuged, and the 
supernatant (500 µl) was collected for PG extraction after pro-
tein quantification. An internal standard (2 µl) was added into 
each sample with 40 μl citric acid (1 M) and 5 μl of 10% butyl-
ated hydroxytoluene. Subsequently, the sample was vigorously 
shaken with 1 ml solvent (normal hexane: ethylacetate, 1:1) for 1 
min. After centrifugation (6,000 g) for 10 min, the supernatant 
organic phase was collected and dried by a gentle stream of nitro-
gen, dissolved in 100 µl of 10% acetonitrile in water, and passed 
through small centrifugal filters with a 0.2-µm nylon membrane 
before analysis by liquid chromatography–tandem mass spec-
trometry. Finally, PG production was normalized to total protein.

Flow cytometric analysis
Human PBMCs and mouse white blood cells from blood, BALF, 
and lung tissues were analyzed by using a BD flow cytometer 
(FACScan; BD Biosciences). Total viable leukocyte number was 
determined with the trypan blue exclusion method (>90%). In 

brief, the cells were harvested and incubated for ∼30 min on ice 
with 1% BSA in PBS containing primary antibodies. For human 
samples, primary antibodies were diluted as follows: FITC-CD3 
(1:100; Miltenyi Biotec), PE-CD4 (1:100; Miltenyi Biotec), 
FITC-CD4 (1:500;eBioscience), PE/Cy7-CD4 (1:200; eBioscience), 
APC-CD8 (1:100; Miltenyi Biotec), APC/Cy7-CCR3 (1:200; Bioleg-
end), FITC-CD123 (1:200; Biolegend), Brilliant Violet 421-CD49d 
(1:200; Biolegend), APC-HLA-DR (1:200; Biolegend), APC-c-kit 
(1:200; Biolegend), PE-FcεRIα (1:200; eBioscience), eFluor 450-
CD127 (1:200; Biolegend), PE/Cy7-CRTH2 (1:200), Brilliant Vio-
let 421-CRTH2 (1:200; Biolegend), FITC-CD19 (1:200; Biolegend), 
eFluor 450-B220 (1:200; eBioscience), PE/Cy7-IgE (1:200; Bioleg-
end), APC-CD25 (1:200; Biolegend), and PE-Foxp3 (1:200; eBio-
science). For mouse samples, primary antibodies were diluted 
as follows: eFluor 450-CD3 (1:500; eBioscience), FITC-CD4 
(1:500; eBioscience), PE/Cy7-CD4 (1:200; eBioscience), PE-CD8 
(1:500; eBioscience) and PE/Cy7-IL-4 (1:200;eBioscience), PE/
cy7-Siglec-F (1:200; eBioscience), FITC-CCR3 (1:200; Biolegend), 
PE-CD123 (1:200; Biolegend), PE-c-kit (1:200; Biolegend), Alexa 
Fluor 647-FceRIα (1:200; Biolegend), APC-CD19 (1:500; eBiosci-
ence), PE-IgE (1:200; Biolegend), APC-CD25 (1:200; eBioscience), 
and eFluor 450-FoxP3 (1:200; eBioscience). The cells were then 
washed twice before analysis. FCS files were exported and ana-
lyzed using FlowJo8.3.3 software (Tree Star Inc.).

Cell culture
6-wk-old mice were euthanized by CO2 overexposure. Proximal 
PAs were aseptically isolated from the lung lobe and placed in 
DMEM (Gibco) at room temperature. After removing adhering 
fat, connective tissues, and endothelial cells, the dissected media 
of the PAs was then cut into small pieces (1–2 mm2) and covered 
by autoclaved glass coverslips in cell culture dishes. Primary 
mouse PAS​MCs were cultured in DMEM/F-12 (Gibco) supple-
mented with 20% FBS, 2 mM L-glutamine,100 U/ml penicillin, 
and 0.1 mg/ml streptomycin at 37°C and 5% CO2. The PAS​MCs 
were identified by positive immunostaining with antibodies 
against α-SMA (Sigma-Aldrich). Cells at passages 3–6 were used 
in experiments, and each experiment was repeated at least three 
times with different preparations. For hypoxic exposure, PAS​
MCs were seeded in culture dishes placed in a hermetic tank with 
1% O2/5% CO2 (Weisel et al., 2014).

Purified CD4+ T cells were isolated from the spleens of 
6–8-wk-old mice by magnetic-activated cell sorting kit (STE​
MCE​LL Technologies). CD4+ T cells were differentiated into Th2 
cells in vitro as previously described (Li et al., 2011). PAS​MCs 
were cocultured with Th2 cells by adding medium of Th2 cells 
to culture dishes. The proliferation of PAS​MCs was detected by a 
cell-counting kit (CCK-8; Dojindo Laboratories), according to the 
manufacturer’s instructions.

Statistical analysis
Data analysis was performed using GraphPad Prism version 5.0. 
All data are expressed as the mean ± SEM. Two-tailed unpaired 
Student’s t test and one- or two-way ANO​VA with Bonferroni 
post hoc analyses were used for comparisons between differ-
ent groups. P < 0.05 was considered statistically significant. 
All experiments and sample sizes were designed with adequate 
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power according to the literature (Bonnet et al., 2017) and our 
previous studies. Randomization and blind analyses were used 
whenever possible.

Online supplemental material
Fig. S1 shows the effect of CRTH2 deficiency on Th2 response-as-
sociated cell response in lung tissue, BALF, and peripheral blood 
in HyOA-induced mice. Fig. S2 displays pathological alterations 
of HySU-induced PAH in CRTH2−/− and WT mice. Figs. S3 and 
S4 show effects of CRTH2+/+ BMT on Th2 immune response and 
pulmonary hypertension in HyOA-treated CRTH2−/− mice. Fig. 
S5 shows the therapeutic effect of CRTH2 inhibitor on HyOA-in-
duced PAH in mice.
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