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Abstract
The aryl hydrocarbon receptor (AhR), a transcription factor of the bHLH/PAS family, has

recently been demonstrated to regulate T cell differentiation. Whether AhR activation partici-

pates in allergic airway inflammation remains unknown. In the current study, using a non-

eosinophilic asthmamodel, we demonstrate that 2, 3, 7, 8-tetrachlorodibenzo-P-dioxin

(TCDD), a potent AhR ligand, reduced the airway infiltration of neutrophils, airway hyperre-

sponsiveness and Th17 cytokine expression. Furthermore, stimulation with TCDD promoted

Treg differentiation and inhibited Th17 differentiation. However, the maturation of dendritic

cells may not be inhibited by AhR activation. This study thus indicates a critical role of

TCDD-induced AhR activation in the regulation of non-eosinophilic airway inflammation.

Introduction
Asthma, a complex respiratory disease, is characterized by airway inflammation, bronchial
hyperresponsiveness and airway structural remodeling [1, 2]. It is driven by Th2 and Th17 cell
differentiation and activation, which leads to eosinophilic and neutrophilic airway infiltration,
respectively. Recent studies have demonstrated that neutrophilic airway inflammation primar-
ily occurs in more severe asthma [3, 4, 5]. Dendritic cells play a key role in T cell differentiation
and result in various Th subsets [6]. The functional impairment of regulatory T lymphocytes
(Tregs) boosted the activation of effector T lymphocytes via the production of proinflamma-
tory dendritic cells [7, 8]. Therefore, the effective regulation of T cell differentiation has impor-
tant value in controlling airway inflammation in asthma.

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that belongs
to the bHLH-PAS protein family [9, 10]. All major cell types, including bronchial epithelial
cells, express AhR [11]. AhR activation leads to receptor translocation from the cytosol to the
nucleus and subsequent binding to its dimerization partner, the aryl hydrocarbon receptor
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nuclear translocator (ARNT). The AhR-ARNT complex binds to an enhancer sequence of
drug-metabolizing enzymes, such as cytochrome P450 1A1 (CYP1A1), which is important for
detoxification [12]. AhR activation has recently been demonstrated to play an important role
in immune system regulation [13, 14]. Moreover, several studies have indicated that AhR acti-
vation regulates the differentiation of both Th17 and Tregs [15, 16]. Quintana et al reported
that AhR activation by its ligand 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) induced func-
tional Tregs and suppressed experimental autoimmune encephalomyelitis. Moreover, AhR
activation by 6-formylindolo [3, 2-b] carbazole (FICZ) enhanced Th17 differentiation and
aggravated experimental autoimmune encephalomyelitis in mice [17]. Thus, we hypothesized
that TCDD-induced activation of AhR may play an immunoregulatory role in airway inflam-
mation in asthma.

The current findings demonstrated that TCDD alleviated airway inflammation by decreas-
ing neutrophil recruitment and Th17 cytokine expression. Moreover, stimulation with TCDD
promoted Treg differentiation and inhibited Th17 differentiation. Furthermore, TCDD-
induced activation of AhR enhanced FOXP3 expression but reduced RORγ expression. How-
ever, the maturation of dendritic cells may not be inhibited by AhR activation. Taken together,
our findings indicate a critical role of TCDD-induced AhR activation in the regulation of non-
eosinophilic airway inflammation.

Materials and Methods

Mice
Six week-old female BALB/c mice were purchased from Shanghai SLAC Co. (Shanghai,
China). All mice were maintained under pathogen-free conditions at the animal center of Xin-
hua Hospital. The health of the mice was monitored every other day. All mice were divided
into 3–4 groups, and each group comprised 5 mice. All animal care and handling protocols
were approved by the Institutional Animal Care and Use Committee at Xinhua Hospital
(Shanghai, China). All surgery was performed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering.

Induction of non-eosinophilic asthma and TCDD treatment
We generated a non-eosinophilic asthma(NEA)model, which indicates that the inflammatory
cells in the airway are not mainly eosinophils, as described by Kim and his colleagues [18]. In
brief, 6-wk-old mice were intranasally sensitized with OVA (75 μg) and LPS (10 μg) (Sigma-
Aldrich) on days 0, 1, 2, and 7 and then challenged with OVA (50 μg) alone on days 14, 15, 21,
and 22. The control group was simultaneously administered PBS. To determine the effect of
TCDD on airway inflammation, the mice were gavaged (10 μg/kg) one day prior to being sensi-
tized and challenged, which reflects a total of eight times (Fig 1A). TCDD (purity 99.1%, 50 μg/
ml in toluene) was purchased from AccuStandard, Inc. and diluted in peanut oil. The control
groups were simultaneously gavaged with peanut oil. Twenty-four h after the last challenge,
the mice were euthanized, and the sera, cBALFs, lungs, spleens and lung-draining mediastinal
lymph nodes were harvested and analyzed.

Measurement of methacholine AHR
Twenty-four hours after the last challenge, measurements of the airway hyper responsiveness
(AHR) were performed using a Buxco’s modular and invasive system (Buxco Electronics Inc.,
NY, USA). Changes in the airway resistance (RL) and lung dynamic compliance (Cdyn) were
measured as described by Amdur and Mead [19]. Briefly, each anesthetized mouse was

TCDD in Asthma

PLOSONE | DOI:10.1371/journal.pone.0150551 March 3, 2016 2 / 12

Competing Interests: The authors have declared
that no competing interests exist.



tracheostomized and intubated with an appropriate cannula and subsequently laid supine
inside the body plethysmograph chamber connected to the ventilator. After a stable baseline
airway pressure (<5% variation over 2.5 min) was achieved, the mice were administered aero-
solized PBS or various concentrations of methacholine (3.125, 6.25, 12.5, or 25 mg/ml) via a jet
nebulizer into the head chamber. The minimum values for the RL and Cdyn were calculated in
response to increasing concentrations of inhaled methacholine; the values were expressed as a
percent change from the baseline value as previously reported [20].

Lung histology
The right lung was removed and immediately fixed in 4% buffered paraformaldehyde for 24 h
at room temperature. Paraffin-embedded sections were created and stained with hematoxylin
and eosin (H&E) or periodic acid-Schiff (PAS). The airway inflammation and mucus produc-
tion were estimated using light microscopy under ×200 magnifications. Samples of the sections
were incubated overnight at 4°C with rabbit-anti-MPO (Abcam) and rabbit-anti-Ly-6G (Gr-1)
(Biolegend) antibody to identify the infiltration of neutrophils. The immunostained sections
were quantitatively characterized via digital image analysis using Image Pro-Plus 6 software.
The percentage of the positive staining area of the airway was counted from 10 randomly
selected fields per section.

Analysis of the sera and BALF
Blood was harvested via cardiac puncture. The serum was collected after 2–3 hours of coagula-
tion and 15 minutes of centrifugation at the speed of 500 g. The tracheas of the mice were

Fig 1. AhR activation by TCDD promoted the expression of CYP1a1 and CYP1b1 genes.Mice were intranasally sensitized with OVA and LPS, and
TCDDwas gavaged one day prior to being sensitized and challenged. (A) Timeline of the OVA/LPS immunization/challenge and the TCDD treatment
protocol. (B) mRNA expression of CYP1a1 and CYP1b1 in spleens was determined via real-time PCR. (C) mRNA expression of CYP1a1 and CYP1b1 in
lungs was determined via real-time PCR. (D) mRNA expression of CYP1a1 and CYP1b1 in lung-draining mediastinal lymph nodes was determined via real-
time PCR. N = 5 per group and *P<0.05, **P<0.01.

doi:10.1371/journal.pone.0150551.g001
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lavaged three times via a catheter with 0.8 ml sterile PBS. The BALF was centrifuged for 5 min-
utes at 300 g, and the supernatant was harvested. The precipitated cells were resuspended in
20 μl PBS for cellular composition using May-Gruenwald Giemsa staining. The supernatants
from the sera and BALF were stored at -80°C until cytokine level analysis.

Cell isolation and culture
The spleens and lung-draining mediastinal lymph nodes were removed from the mice. The tis-
sues were grind in Dhanks balance buffer on a mesh. The suspension was collected and centri-
fuged at a speed of 500 g for 10 minutes. Erythrocytes were lysed using a red blood cell lysis
buffer. The cells were resuspended in RPMI 1640 medium with 10% bovine serum and further
cultured with OVA (0, 10, 30 and 100 μg/ml) for 3 days; the supernatants were analyzed for
cytokine expression by ELISA (eBioscience).

Cell staining and Flow cytometry
For intracellular cytokine analysis, the cells from the spleen and lung-draining mediastinal
lymph node were restimulated with leukocyte activation cocktail (BD Bioscience) 2 μl/ml for
5 hours. The cells were permeabilized and stained with a Cytofix/Cytoperm kit (eBioscience).
CD4-FITC, CD25-PE, and IL-17-PE-Eflour-610 (eBioscience) were used to label Treg and
Th17 cells. The analysis was performed on a BD FACSCalibur (BD Bioscience).

Real time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen), and cDNA was synthesized
using a PrimeScript TM RT reagent kit (Takara). The gene expression was examined with an
ABI 7500 real time PCR system using a SYBR Premix Ex Taq TM II kit. The data were normal-
ized to a reference, Actb. The following primer pairs were used: CYP1a1 forward,
TTCCTGTCCTCCGTTACCTG, and reverse, GCCCTTCTCAAATGTCCTGT. CYP1b1 forward,
GAGAGAGTGCCATC CACCAG, and reverse, GTAGTGACCGAACGCCAGAC. FOXP3 forward,
GCCCATCCAATAAACTGTGG, and reverse, GTATCCGCTTTCTCCTGCTG. RORγ forward,
CCTCCTGCCACCTTGAGTAT, and reverse, TCTGGACCCTGTTCTGGTT.

Measurement of DCmaturation in Lung mononuclear cells
Lung tissue was chopped and incubated in 37°C with 300 μg/ml collagenase (Sigma) and
42 μg/ml of DNase (Sigma). Following digestion for 90 min, lung mononuclear cells were
attained using lymphocyte separation medium (DAKEWE). DCs were isolated from the lung
mononuclear cells using CD11c magnetic beads (Miltenyi Biotec). The cells from each group
of mice were mixed and analyzed. Flow cytometry analyses were performed to identify the
purity of the dendritic cells. CD11c-PE (eBioscience) was used to label the DCs. CD80-FITC,
CD86-PE, and CD83-FITC (eBioscience) were used to measure DC maturation.

Statistical analysis
Statistical analysis was performed using SPSS 17.0 software. The differences between the three
or four groups were determined via one-way ANOVA. A P value<0.05 was considered statisti-
cally significant. “�” denotes P< 0.05 and “��” denotes P< 0.01. The presented data are repre-
sentative of at least three separate and repeated experiments.
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Results

AhR activation by TCDD promotes the expression of CYP1a1 and
CYP1b1 genes
Activated AhR binds to its dimerization partner, which enhances the expression of the target
genes, such as cytochrome P450 1a1 (CYP1a1) and CYP1b1 [12]. To determine whether AhR
was activated by TCDD, we first assessed the CYP1a1 and CYP1b1 gene expression. As shown
in Fig 1B–1D, the expressions of CYP1a1 and CYP1b1 genes were dramatically increased in
the spleens, lungs and lung-draining mediastinal lymph nodes from the TCDD-treatment mice
compared with the non-treatment mice. These findings indicate that AhR was clearly activated
by TCDD treatment.

TCDD-induced AhR activation alleviates non-eosinophilic airway
inflammation and airway hyperresponsiveness
The AhR is expressed in lung tissue [21, 22], and AhR activation plays a key role in the inflam-
matory reaction [17]. Thus, we investigated the regulatory function of TCDD in non-eosino-
philic airway inflammation. Six-wk-old mice were intranasally sensitized with OVA and LPS,
and TCDD was gavaged one day prior to being sensitized and challenged. The lung histology
was analyzed via HE or PAS staining. As shown in Fig 2A and 2B, the inflammatory cells and
mucus production were not significantly different in the lungs between the control and TCDD
alone groups. However, these variables were substantially decreased in the lungs from the
TCDD-treatment OVA/LPS sensitized mice compared with the non-treatment mice. Further-
more, we analyzed the neutrophil infiltration in the lungs by MPO and Gr-1 staining. As
shown in Fig 2C and 2D, the neutrophil infiltration was also significantly decreased in the
lungs from the TCDD-treatment OVA/LPS sensitized mice compared with the non-treatment
mice. A quantitative analysis indicated the same results (Fig 2E). Through an analysis of the
cellular composition in BALF, we determined that eosinophils and neutrophils were both sig-
nificantly decreased in the TCDD-treatment group compared with the non-treatment group
(Fig 3A and 3B). When challenged with various concentrations of methacholine, the RL was
significantly decreased, whereas the Cdyn was significantly increased in the TCDD-treatment
group compared with the non-treatment group (Fig 3C). Taken together, these findings suggest
that TCDD-induced AhR activation prevents the development of allergen-induced non-eosin-
ophilic airway inflammation and airway hyperresponsiveness.

TCDD-induced AhR activation inhibits Th17 cytokine expression
Cytokines play an important role in the modulation of the immune response, and Th17 has
been demonstrated to evoke neutrophil recruitment [23]. Thus, we subsequently investigated
whether TCDD-induced AhR activation has an impact on Th17 cytokine expression in non-
eosinophilic airway inflammation. As shown in Fig 4A, the expression of IL-17 was signifi-
cantly reduced in the serum and BALF from the TCDD-treatment group compared with the
non-treatment group. Moreover, the production of IL-4, a Th2 cytokine, was significantly
decreased compared with the non-treatment group. However, IL-10, an important pleiotropic
immunoregulatory cytokine, which inhibits pro-inflammatory cytokine synthesis [24], was sig-
nificantly increased compared with the non-treatment group. Consistently, following ex vivo
OVA restimulation, the splenocytes and lung-draining mediastinal lymph node cells from the
TCDD-treatment mice also exhibited substantially decreased IL-17 and IL-4 production and
significantly increased IL-10 production (Fig 4B). Collectively, these findings indicate that
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TCDD-induced AhR activation regulates non-eosinophilic airway inflammation, potentially
through the inhibition of pro-inflammatory cytokine synthesis.

TCDD-induced AhR activation regulates Th17 and Treg differentiation
AhR activation plays an important role in the regulation of the immune system [13, 14]; thus,
we subsequently investigated whether TCDD-induced AhR activation was involved in T cell
differentiation in non-eosinophilic airway inflammation. Cells from the spleens and lung-
draining mediastinal lymph nodes were restimulated with leukocyte activation cocktail 2 μl/ml
for 5 hours, and the intracellular cytokine expression patterns were assessed. The lymphocytes
from the OVA/LPS sensitized mice exhibited induced IL-17-producing cells and reduced CD4
+CD25+Tregs. Following TCDD treatment, the IL-17-producing cells were substantially
decreased and the CD4+CD25+Treg cells were significantly increased (Fig 5A–5D), which is
consistent with a previous report by Singh et al [25]. Furthermore, we assessed the gene expres-
sion in the lymphocytes from the spleens that were restimulated with leukocyte activation

Fig 2. TCDD-induced AhR activation reduced non-eosinophilic airway inflammation. (A) Lung histology was analyzed via HE staining. (B) Lung
histology was analyzed via PAS staining. (C) Lung histology was analyzed via neutrophilic marker-MPO staining. (D) Lung histology was analyzed via
neutrophilic marker-Gr-1 staining. (E) Quantitative analysis of neutrophil infiltration in the lungs. The percentage of the positive staining area of the airway
was counted from 10 randomly selected fields per section. *P<0.05.

doi:10.1371/journal.pone.0150551.g002
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cocktail for 5 hours. The RORγmRNA expression was significantly decreased and FOXP3 was
significantly increased in the lymphocytes from the mice treated with TCDD compared with
the non-treatment mice (Fig 6A and 6B). Thus, TCDD-induced AhR activation may inhibit
Th17 differentiation but enhance Treg differentiation.

TCDD-induced AhR activation may not inhibit dendritic cell maturation
Dendritic cells (DCs) play an important role in the induction of tolerance or allergic sensitiza-
tion to allergens [6]; thus, we investigated the maturation of dendritic cells in non-eosinophilic
airway inflammation. DCs were isolated from lung mononuclear cells using magnetic activated
cell sorting (MACS). Flow cytometry analyses confirmed that the proportion of CD11c+ cells
was greater than 70% (Fig 7A). Furthermore, the flow cytometry analysis indicated that the
expression CD80, CD86 and CD83 on dendritic cells was significantly induced in the OVA/
LPS sensitized mice. However, the expression levels were not substantially different following
TCDD treatment (Fig 7B). Therefore, dendritic cell maturation may not be inhibited by AhR
activation.

Discussion
Recently, AhR activation has been demonstrated to regulate T cell differentiation [13, 14]. In
the present study, we demonstrate that TCDD-induced AhR activation reduced non-eosino-
philic airway inflammation via the inhibition of Th17 differentiation and IL-17 expression and
the promotion of Treg differentiation and IL-10 production. Furthermore, our findings indi-
cate that AhR activation may not inhibit dendritic cell maturation in a non-eosinophilic
asthma model.

Fig 3. TCDD-induced AhR activation reduced non-eosinophilic airway inflammation and airway hyperresponsiveness. (A-B) Total cells and cellular
composition in BALF were assessed using cytospin with May-Gruenwald Giemsa staining. (C) Airway responsiveness to aerosolized methacholine was
evaluated using a Buxco’s modular and invasive system. Changes in RL and Changes in Cdyn. N = 5 per group and *P<0.05, **P<0.01.

doi:10.1371/journal.pone.0150551.g003
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Non-eosinophilic asthma, which is mainly characterized by neutrophilic airway inflamma-
tion, is an important inflammatory subtype of asthma. It is associated with steroid-resistance
[26]. Following an antigen challenge, a substantial number of mucus production and inflam-
matory cells, including both eosinophils and neutrophils, infiltrated into the lung tissue in the
OVA/LPS sensitized mice. However, TCDD administration reversed allergen-induced non-
eosinophilic airway inflammation. In addition, the airway hyperresponsiveness was substan-
tially decreased by treatment with TCDD. These findings collectively suggest that TCDD-
induced AhR activation alleviates the severity of non-eosinophilic asthma.

Allergic asthma has traditionally been associated with the imbalance of Th1 and Th2 cell
differentiation, which results in eosinophilic airway inflammation. However, recent experi-
mental and clinical evidence indicates that severe asthma is more prone to neutrophilic airway
inflammation, which is related to Th17 cell responses [23]. Eosinophilic airway inflammation,
which is driven by type-2 immune responses, is characterized by the production of IL-4, IL-5,
and IL-13, whereas neutrophilic airway inflammation, which is driven by type-17 immune

Fig 4. TCDD-induced AhR activation enhanced IL-10 expression and inhibited IL-17 and IL-4 expression. (A) Cytokine expression in the serum and
BALF was determined via ELISA. (B) Cytokine expression from the OVA-specific T cells was determined via ELISA. N = 5 per group and *P<0.05, **P<0.01.

doi:10.1371/journal.pone.0150551.g004
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responses, is characterized by the production of IL-17. Consistent with the cellular profiles in
BALF, the production of the Th2 and Th17 cytokines was substantially decreased in the serum
and BALF from the TCDD-treatment mice. The same results were demonstrated via the ex
vivo OVA restimulation of lung-draining mediastinal lymph node cells and splenocytes. Thus,

Fig 5. TCDD-induced AhR activation promoted Treg differentiation and inhibited Th17 differentiation. Cells from the spleens and lung-draining
mediastinal lymph nodes were restimulated with leukocyte activation cocktail for 5 hours. (A-B) Five hours later, CD4+CD25+ cells were analyzed via cell
surface staining. (C-D) IL-17-producing cells were analyzed via intracellular staining. The numbers within the quadrants indicate the percentage of positive
cells in the total cells; the percentage of positive cells in the CD4+ cells (Treg% and Th17%) was subsequently calculated. N = 5 per group and *P<0.05,
**P<0.01.

doi:10.1371/journal.pone.0150551.g005

Fig 6. TCDD-induced AhR activation promoted FOXP3 expression and inhibited RORγ expression.Cells from the spleens were restimulated with
leukocyte activation cocktail for 5 hours. (A) mRNA expression of FOXP3 in lymphocytes was determined via real-time PCR. (B) mRNA expression of RORγ
in lymphocytes was determined via real-time PCR. N = 5 per group and *P<0.05, **P<0.01.

doi:10.1371/journal.pone.0150551.g006
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TCDD-induced AhR activation alleviates non-eosinophilic airway inflammation potentially
via the inhibition of both Th2-type and Th17-type immune responses. Furthermore, using
flow cytometry, we demonstrated that IL-17-producing cells were substantially decreased and
CD4+CD25+Tregs were significantly increased following TCDD treatment. Moreover, we
have tentatively identified these cells as Tregs in the absence of FoxP3 staining. The RT-PCR
results indicated that the mRNA expression of RORγ was significantly decreased and FOXP3
was significantly increased in the lymphocytes restimulated via a leukocyte activation cocktail
from the mice treated with TCDD compared with the non-treatment mice. Therefore, TCDD-
induced AhR activation substantially affects the immunoregulatory function of non-eosino-
philic asthma. These findings are consistent with a recent report that TCDD ameliorated colitis
via the up-regulation of Tregs and down-regulation of Th17 cells [25].

Fig 7. Effect of TCDD-induced AhR activation on the maturation of dendritic cells. Lung mononuclear cells were harvested using lymphocyte
separation medium. DCs were isolated from lung mononuclear cells using CD11c magnetic beads (Miltenyi Biotec). (A) Flow cytometry analyses were
performed to determine the purity of the dendritic cells. (B) Frequencies of CD80+, CD86+, and CD83+ cells on dendritic cells were determined via flow
cytometry.

doi:10.1371/journal.pone.0150551.g007
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Dendritic cells (DCs) are important for the initiation of T cell-dependent immunity, and
AhR activation has been demonstrated to affect DC functions [27]. Finally, we investigated the
effect of TCDD-induced AhR activation on DC maturation in non-eosinophilic airway inflam-
mation. DCs were isolated from lung mononuclear cells using magnetic activated cell sorting
(MACS). However, the expressions of CD80, CD86 and CD83 on dendritic cells were not sig-
nificantly changed by TCDD-induced AhR activation, which suggests that DC maturation may
not be inhibited by AhR activation. Previous studies have demonstrated that the chemotactic
migration of DCs also plays an important role in the immune pathogenesis of asthma [28];
thus, whether AhR activation disturbs the chemotactic migration of DCs requires further
investigation.

In conclusion, our study demonstrates that TCDD-induced AhR activation inhibits the
development of non-eosinophilic airway inflammation by regulating the differentiation of
Th17 and Tregs. These findings may provide a new therapeutic approach for non-eosinophilic
asthma.
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