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ABSTRACT

Background: We have previously demonstrated that benzo(a)pyrene (BaP) co-exposure with
dermatophagoides group 1 allergen (Der f 1) can potentiate Der f 1-induced airway inflammation.
We sought to investigate the molecular mechanisms underlying the potentiation of BaP exposure on
Der f 1-induced airway inflammation.

Methods: BaP co-exposure with Der f 1-induced activation of TGF1 signaling was analyzed in
airway epithelial cells (HBECs) and in asthma mouse model. The role of aryl hydrocarbon receptor
(AhR) and RhoA in BaP co-exposure-induced TGFB1 signaling was investigated. AhR binding sites
in RhoA were predicted and experimentally confirmed by luciferase reporter assays. The role of
RhoA in BaP co-exposure-induced airway hyper-responsiveness (AHR) and allergic inflammation
was examined.

Results: BaP co-exposure potentiates Der f 1-induced TGF1 signaling activation in HBECs and in
the airways of asthma mouse model. The BaP co-exposure-induced the activation of TGFf1
signaling was attenuated by either AhR antagonist CH223191 or AhR knockdown in HBECs.
Furthermore, AhR knockdown led to the reduction of BaP co-exposure-induced active RhoA.
Inhibition of RhoA signaling with fasudil, a RhoA/ROCK inhibitor, suppressed BaP co-exposure-
induced TGFp1 signaling activation. This was further confirmed in HBECs expressing constitutively
active RhoA (RhoA-L63) or dominant negative RhoA (RhoA-N19). Luciferase reporter assays
showed prominently increased promoter activities for the AhR binding sites in the promoter region of
RhoA. Inhibition of RhoA suppressed co-exposure-induced AHR, Th2-associated airway
inflammation and TGFB1 signaling activation in asthma.

Conclusions: Our studies identified a functional axis of AhR-RhoA that regulates TGFfB1 signaling

activation, leading to allergic airway inflammation and asthma.



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

KEYWORDS
Benzo(a)pyrene (BaP), dermatophagoides group 1 allergen (Der f 1), Aryl hydrocarbon receptor,

RhoA, TGFB1.



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Abbreviations

HDM

BaP

Der f1

16HBEC

DEP

AhR

RhoA

BALF

AHR

DRE

House dust mite

Benzo(a)pyrene

Dermatophagoides group 1 allergen
Human bronchial epithelial cell
Diesel exhaust particulates

Aryl hydrocarbon receptor

Ras homolog family member A
Bronchoalveolar lavage fluid
Airway hyper-responsiveness

Dioxin-responsive element
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INTRODUCTION
Air pollution, especially exposure to particulate matter, is one of the major risk factors for the
increased prevalence of childhood asthma worldwide!. High levels of particulate matter [i.e., diesel
exhaust particles (DEP)] can enhance the risk of atopic sensitization and exacerbation of asthma®*.
Especially, prenatal exposure to diesel exhaust particulates (DEP) or DEP-derived polycyclic
aromatic hydrocarbons (PAHs) has been shown to be associated with atopic sensitization, early
childhood wheeze, and asthma®®. Most importantly, DEP co-exposure with house dust mite (HDM)
can exacerbate allergic sensitization and induce key features of asthma’"!!. So far, many
epidemiological and clinical studies have suggested a significant link between exposure to
environmental pollutants and allergens and allergic airway inflammation and asthma. However, the
causal relationship and underlying molecular mechanisms are poorly characterized.
Benzo(a)pyrene (BaP) is one of the large number of polycyclic aromatic hydrocarbons (PAHs)
that are formed during the incomplete combustion of organic matter'?. Mixtures of PAHs including
BaP are ubiquitous in the air because they are generally derived from cigarettes, barbecue grills,
automobile exhausts, and industrial combustion'?!3. Exposure to BaP alone has been shown to
induce oxidative stress, bronchial epithelium injury, and inflammation'*'6. Mechanistically, BaP can
directly activate aryl hydrocarbon receptor (AhR) and induce IL-33 expression and eosinophil
infiltration in a mouse model of allergic airway inflammation'” and elicits T-helper 2-driven pro-
inflammatory responses in a mouse model of allergic dermatitis'®. AhR as a ligand-activated
transcription factor can be activated by small molecules in various diets, metabolites,

microorganisms, and pollutants!'®->*

and plays an important role in the regulation of innate and
adaptive immune responses>>’. Of note, we have recently made a novel finding that BaP co-

exposure with dermatophagoides group 1 allergen (Der f 1) can potentiate Der f 1-induced airway



124  hyper-responsiveness (AHR) and lung inflammation®3. Particularly, BaP co-exposure can promote
125  Der f 1-induced oxidative stress (ROS) and IL-25, IL-33, and TSLP release from airway epithelial
126  cells. Furthermore, BaP exposure activated AhR can promote Der f 1-induced oxidative stress and
127  epithelial cytokine release that contribute to the enhanced allergic airway inflammation. However,
128 the relationship between BaP activated AhR and airway inflammation is still poorly understood.
129 Transforming growth factor f1 (TGFp1) is a pleiotropic regulator of immune responses and
130  plays an important role in cell growth, differentiation, migration, and activation depending on

131  environmental trigger, cell type, and microenvironment*-*. Airway epithelial cells are a major

132 source of pulmonary TGFB1 and activation of TGFf1 signaling is essential in allergen-induced

133 exacerbation of AHR and airway inflammation in asthma®**°, Thus, it is critical to determine the
134  molecular mechanisms regarding the regulation of TGF1 signaling, which may provide novel

135  insights into the mechanisms that lead to allergic airway inflammation. The ras homolog family

136 member A (RhoA) of the Rho family GTPases has been considered to be one of the most promising
137  and novel therapeutic targets for asthma®®. Studies including ours have suggested a positive loop
138  between RhoA/Rho-kinase signaling and TGFB1 that drives airway constriction, airway hyper-

139  responsiveness, and airway remodeling in asthma®’-*, raising the possibility that RhoA/Rho-kinase
140  signaling may be one of the central pathways in regulating allergen-induced TGFf1 activation.

141 In the current study, we demonstrate that BaP co-exposure exacerbates Der f 1 induced TGFf1
142 signaling activation in airway epithelial cells and airways of asthma mouse model. Furthermore, the
143 activation of AhR by BaP co-exposure plays a critical role in Der f 1-induced activation of TGFf1
144  signaling. Importantly, we made novel findings that BaP activated AhR can bind RhoA and regulate
145  RhoA/Rho-kinase activation, and inhibition of RhoA significantly suppresses co-exposure-induced

146 AHR, Th2-associated airway inflammation, and TGFp1 signaling in a mouse model of asthma.
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MATERIALS AND METHODS

Animals

The experimental protocols in this study were reviewed and approved by the Animal Care and Use
Committee in in Peking University Shenzhen Graduate School, and was in accordance with the
guidelines and regulations of the institution. Both male and female C57BL/6 mice aged 6-8 weeks
were purchased from experimental animal center of Guangdong province. Animals were maintained
under specific pathogen-free conditions at the animal facility of Shenzhen University.

Bap co-exposure with Der f 1-induced mouse model of asthma

Generation of asthma mouse model was established as previously described?®. Briefly, both male and
female mice were sensitized and challenged every other week for 6 weeks with intranasal
administrations of 25 pg Der f 1 (Indoor biotechnologies) under isoflurane anesthesia. BaP (Sigma-
Aldrich) was dissolved in borate saline buffer (BBS, Sigma-Aldrich), and intranasally administered
at a concentration of 20uM once every week during Der f 1 sensitization and challenge. In some
cases, mice were pre-treated with Fasudil or Y-27632 at a dose of 30 mg/mL by intraperitoneal
administration 1 h prior to every single BaP treatment. Age- and gender-matched control mice were
treated with PBS.

Measurement of airway hyper-responsiveness

Airway hyper-responsiveness (AHR) was measured 24 h after the last challenge with whole-body
plethysmography (Buxco Europe Ltd, Winchester, UK) as previously described®®. Briefly, mice were
exposed to increasing doses of methacholine (Mch) (Sigma-Aldrich, St Louis, USA) at 6.25, 12.5,
25, 50, and 100 mg/mL or PBS. Tests at two different concentrations were temporally separated to
allow the respiratory intensity to drop back to baseline. The percentage curves for Penh values at

different Mch doses were plotted, starting with PBS stimulation.
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Broncheoalveolar lavage

Mice were sacrificed and broncheoalveolar lavage (BAL) was performed by instillation of 0.8 ml of
PBS through a tracheal cannula. BAL samples were centrifuged at 1500 rpm for 5 min at 4°C.
Supernatants were collected and stored at -80°C for cytokine analysis, and cells were stained for the
analysis of cellular compositions by Wright-Giemsa staining on microscope slides. The total number
of eosinophils, neutrophils, and macrophages was determined by counting 200 leukocytes in
randomly selected areas of the slides under a light microscopy.

Lung pathology

The whole lung was fixed in 4% formalin for 24 h and embedded in paraffin after dehydration in
alcohol. Lung sections (3 pM) were stained with hematoxylin and eosin (H&E) and PAS solution for
histopathological analysis following the protocols as previously described?®,

Cytokine determination

IL-4, IL-5, IL-13, IFNy, IL-17A, IL-25, IL-33, TSLP, and TGFB1 in BALFs were measured by
ELISA (Sizhengbo Inc. Beijing, China) according to the manufacturer’s instructions.

HDM-specific IgE, IgG1, and IgG2a detection

The levels of Der f 1-specific IgE, IgG1, and IgG2a in serum samples were determined by a standard
ELISA as previously described®®. Briefly, five-fold diluted serum was loaded in HDM-coated 96
well plate overnight at 4°C, followed by blocking and then adding biotinylated IgE, 1gG1, IgG2a for
2 h, respectively. After washing, the plate was added the streptavidin-labeled horseradish peroxidase
(HRP; 1:5000 dilution) and measured with a microplate reader at 450 nm and corrected by 540 nm.
Immunofluorescence staining

Sectioned lung tissues were first blocked using 5% w/v BSA for 1 hour, followed by incubation with
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the primary antibodies against Smad3 (EP568Y, Abcam), phospho-Smad3 (ab52903; Abcam), TGFB1
(Ab179695; Abcam), RhoA-GTPase (26904; New East Biosciences), AhR (Ab84833; Abcam) and
EpCAM (G8.8; ThermoFisher), respectively, overnight at 4°C. Sample sections were then incubated
with secondary antibodies conjugated with Alexa Fluor dyes (ThermoFisher) at room temperature for
1 hour. Isotype-matched negative control antibodies (R&D Systems) were used under the same
conditions. Nuclei were counterstained with 6-diamidino-2-phenylindole, dihydrochloride (DAPI,
Solarbio, Beijing, China). Sections were mounted with the ProLong Gold Anti-fade Kit (Molecular
Probes) and observed with a Nikon Eclipse Ti-U microscope equipped with a DS-Fi2 camera
(Nikon). To determine the fluorescence signal in tissue sections, fluorescent-positive cells in five
different high-power fields from each slide were quantified using ImageJ v1.50e (NIH) and
presented as mean fluorescence intensity per square micrometer. Two to three slides from each
sample were used for analysis.

Western blotting

Western blotting was performed as previously described?®. Briefly, collected cells were lysed in RIPA
buffer (Sigma-Aldrich) containing Protease and Phosphatase Inhibitor Cocktails (Solarbio Inc.
Beijing China). Protein concentration was measured using a BCA Protein Assay kit (Pierce).
Aliquots of 30-50 pg protein samples were used for SDS-PAGE electrophoresis and then transferred
to a polyvinylidene difluoride membrane (Invitrogen). After blocking with 5% non-fat milk in TBST,
the membrane was incubated with anti-RhoA GTPase (New East Bioscience, PA), AhR (Abcam),
phosphor-Smad3 (Abcam) and total Smad3 (Abcam) or anti-B-actin antibodies. Detailed information
are included in the Online Repository (Table S1). Blots were visualized with an HRP-conjugated
secondary antibody (Sizhengbo Inc. Beijing, China) and ECL Western blotting detection system (GE

Life Sciences). Relative protein expression was determined by densitometric analysis using ImageJ
9
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(NIH).

Cell culture and transfection

Human bronchial epithelial cells (16HBECs) were purchased from Haoge biological company
(Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were maintained at
37°C in a humidified atmosphere at 5% CO». 16HBCEs were transfected with a plasmid expressing a
constitutively active RhoA (RhoA-L63) or a dominant negative RhoA (RhoA-N19) or empty vector
(EV) as previously described®’. The efficiency of transfection was determined by Western blotting.
AhR activity determination

The AhR reporter plasmids expressing the GFP gene under the control of the dioxin-responsive
element (DRE) sequence (PGL3-6xDRE (WT)-GFP, PGL3-6xDRE (mut)-GFP) were generated as
illustrated in Fig E, 1. Both AhR reporter plasmids were transfected into 16 HBECs and cultured for
24 h. The 16HBEC:s containing the Aryl hydrocarbon receptor DRE reporter plasmid were stimulated
with different doses of BaP (0.01-10 uM) or Der f 1 (7.5-60 pg/mL) or combined BaP (1 uM) and
Der £ 1 (30 pg/mL) for 24 h, and then lysed. Supernatants were harvested and plated in a 96-well
plate for the quantification of GFP with the Multi-Mode Microplate Reader (BioTek, US). The
results were normalized on the basis of the negative GFP of the control.

Plasmid construction

The RhoA promoter construct was generated as previously described*!. Briefly, five constructs
containing different truncated lengths of the RhoA promoter regulatory sequences were generated
with mouse genomic DNA and the forward and reverse primers incorporating Mlul and Xhol sites at
the 5" and 3’ ends, respectively. Both the amplified DNA products and pGL3-Basic Vector (Promega)

were digested by Mlul and Xhol enzymes, and then linked by using ClonExpress II kit (Vazyme).
10
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The QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to generate
the constructs for site-directed mutation. All of the above constructs were verified by sequencing. All
primers used are listed in Supplementary Table E2.

Luciferase reporter assays

For luciferase reporter assays of promoter activity, |6HBECs were transfected with RhoA promoter
plasmids and pGL3-basic (RiboBio) using Lipofectamine 2000 (Thermo Fisher Scientific) for 24 h,
and then treated with BaP (1 uM). After 24 h, these transfected and treated I6HBECs were lysed
using RIPA buffer (Solarbio Beijing, China) and centrifuged. The supernatants were used for the
measurement of luciferase activity in a Multi-Mode Microplate Reader (BioTek, US). The promoter
activity was presented as a fold change in related to the luciferase activity of empty plasmid.
Statistical analysis

All data were analyzed with Graph Pad Prism version 5.1 software (GraphPad Software, La Jolla,
CA) and are expressed as mean = SEM. Statistical significance for normally distributed samples was
assessed using an independent two-tailed Student’s ¢ test or with one-way ANOVA one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test. A p-value <0.05 were considered
statistically significant for all analyses. All experiments in vitro were performed two or more times

independently under identical or similar conditions.

11



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

RESULTS

BaP co-exposure exacerbates Der f 1 induced TGFf1 signaling activation

Airway epithelial cells are one of the major sources of TGFB1 and activation of TGFf1 signaling
plays an important role in the allergen-induced AHR and airway inflammation in asthma®**>. Thus,
we investigated whether BaP alone or co-exposure can induce or exacerbate TGFB1 production in
the airway epithelial cells. As expected, BaP exposure significantly induced TGF1 production in
16HBEC: in a dose (Figure 1A) and time (Figure 1B)-dependent response. Furthermore, Der f 1
exposure can also induce TGFB1 production, which was further potentiated by BaP co-exposure (20
pmol) in I6HBECs (Figure 1C). To confirm the BaP co-exposure-induced TGFB1 expression in
airway epithelial cells, we detected TGFp1 in the airway epithelial cells of asthma mouse model by
co-immunofluorescent staining TGFB1 with epithelial cell marker EpCAM. As expected, a
significant increased expression was observed for TGFB1 in the airway epithelial cells of either BaP
or Der f 1-treated mice (Figure 1D, E), which was further enhanced in mice when exposed to both
BaP and Der f 1. Of note, the same pattern was observed for Smad3, downstream to TGFp1
signaling (Figure 1D, F). Collectively, these results suggest that BaP co-exposure can potentiate

Der f 1-induced epithelial TGFB1 release and signaling activation.

BaP co-exposure promotes BaP-induced AhR activity

BaP is one of the ligands to AhR!”. We have previously shown that BaP can induce expression of
AhR and its major downstream gene CYPIA1 in 16HBECs?®. Here, we extended to examine
whether BaP exposure alone or co-exposure can directly induce activation of AhR signaling by
transfecting an AhR-DRE reporter plasmid (Figure 2A). The GFP gene under control of a tandem

repeats of the dioxin-responsive element (DRE) (PGL3-6xDRE (WT)-GFP, PGL3-6xDRE (mut)-
12
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GFP). The PGL3-6xDRE (WT)-GFP or PGL3-6xDRE (mut)-GFP plasmid was transduced in
16HBECs and cultured for 24 h, and then treated with different doses of BaP (0.01-10 uM), Der f 1
(7.5-60 pg/mL). BaP exposure induced AhR activation as assessed by luciferase activity in a dose-
dependent manner (Figure 2B). By contrast, a dose-dependent AhR activation was not noted for
Der f 1 exposure (Figure 2C). Of interest, the cultures treated with both BaP and Der f 1 showed
significant increase in AhR activation in relative to those treated with BaP alone (Figure 2D),
indicating that BaP co-exposure can enhance BaP-induced AhR activity in the airway epithelial

cells.

AhR is critical in BaP co-exposure induced TGFp1 signaling activation

We further investigated whether active AhR plays a role in TGFB1 release from airway epithelial
cells. I6HBECs were pre-treated with AhR antagonist CH223191 and then exposed to either BaP or
Der f 1, or combined for 24 h, levels of TGFB1 in supernatants were measured. Of note, BaP co-
exposure-induced TGFB1 production was almost completely blocked in CH223191 pre-treated
16HBEC:s (Figure 3A). To further understand the role of AhR in TGFp1 secretion, AhR in
16HBECs was knocked down by siRNA and confirmed by Western blotting (Figure 3B).
Consistent with the findings with AhR antagonist CH223191, levels of TGFB1 were reduced in
AhR deficient 16HBECs after exposed to BaP alone or BaP co-exposure with Der f 1 (Figure 3C).
Furthermore, the Western blotting illustrated that BaP alone or co-exposure induced expression of
phosphorylated Smad3 (p-SMAD?3), which was reduced in 16HBECs with AhR knockdown
(Figure 3D, E). These findings imply that AhR activation is essential in mediating BaP-induced

airway epithelial TGFB1 release and signaling activation.
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RhoA mediates the regulation of AhR on BaP co-exposure induced TGFp1 production

To explore the underlying mechanisms as for how AhR activation regulates TGFp1 secretion and
signaling activation, we specifically investigated whether RhoA/Rho-kinase signaling plays a role
in BaP co-exposure-induced epithelial TGFB1 release and signaling activation. Previous studies
have suggested a feed forward connection between RhoA signaling and TGFP1°7#, raising the
possibility that RhoA/Rho-kinase signaling may function as a central player in connecting the
upstream BaP-induced AhR activation with downstream TGFB1 production. To test whether AhR,
upstream to RhoA, is involved in regulating BaP co-exposure-induced active RhoA, we performed
western blot analysis to detect the expression of active RhoA inl6HBECs with or without AhR
knockdown. Increased expression of active RhoA (RhoA-GTP) was detected in I6HBECs after
exposed to either BaP (1uM) or Der f 1 (30pug/mL) alone or in combination (Figure 4A, B). Of
note, the increased expression of RhoA-GTP was clearly reduced in I6HBECs with AhR
knockdown, particularly in BaP or co-exposure-treated 16HBECs, suggesting that AhR regulates
BaP or co exposure-induced RhoA/Rho-kinase activation in 16HBECs. Next, we examined the role
of active RhoA in BaP co-exposure-induced downstream TGFB1 production by using fasudil, a
selective RhoA/ROCK inhibitor*?. Pretreatment of 16HBECs with fasudil showed a dose-
dependent inhibition in BaP-induced TGFf1 secretion (Figure 4C). The inhibition was observed not
only for BaP, but also for Der f 1 or BaP co-exposure-induced TGFf1 secretion (Figure 4D). To
further confirm the role of active RhoA in regulating TGF1 secretion and signaling activation, we
used 16HBECs expressing either a constitutively active RhoA (RhoA-L63) or dominant-negative
(RhoA-N19) (Figure 4E). Compared to I6HBECs, 16HBECs expressing RhoA-L63 secreted higher
levels of TGFB1 in response to BaP alone or BaP co-exposure with Der f 1 (Figure 4F). In contrast,

no clear change was noted for TGFB1 secretion in 16HBECs expressing RhoA-N19 (Figure 4G).
14
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The same patterns were observed for p-SMAD3 in 16HBECs expressing RhoA-L63 or RhoA-N19
(Figure 4H, I). Collectively, these results suggest that RhoA may play an important role in
mediating the regulation of AhR on BaP co-exposure-induced TGFB1 production and signaling

activation.

AhR directly binds RhoA and participates the BaP-induced RhoA activity

To determine whether AhR regulates RhoA activation through a direct interaction with RhoA, we
searched for the AhR-binding sites (T/CGCGTG, Figure 5A) in the promoter region of RhoA by
using in silico analysis with BiBiServ RNAhybrid, a program that predicts multiple potential
binding sites*’. Eight putative AhR binding sites were predicted that may affect transcriptional
activation (Figure 5B). To confirm the significance of these binding sites, we performed luciferase
reporter assays with luciferase reporter vector pGL-3 basic with various truncated fragments of the
RhoA promoter containing AhR binding sites (Figure 5C). A total of five different truncated lengths
of the RhoA promoter regulatory sequences were amplified and the PCR products were cloned into
the pGL3-basic vector. All fragments showed a better response to BaP as compared to those with
pGL3-basic vector. Of these, fragments containing AhR-binding site 6-8 and site 7-8 showed
prominently increased promoter activity. To confirm the significance of binding sites in regulating
promoter activity of RhoA, we mutated the binding site 6 or 7 and examined their effects on
promoter activity. Compared to wild-type, the fragment containing mutated binding site 6 or site 7
showed significantly reduced promoter activity (Figure 5D). Furthermore, we examined the co-
localization between AhR and RhoA in the lung tissues of asthma mouse model (Figure SE) and
found a clear overlapping between AhR and RhoA-GTP in the airways of either BaP or Der f'1

alone or co-exposure-treated mice, supporting that there might be an interaction between AhR and
15
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RhoA. Collectively, these findings indicate that AhR may regulate BaP-induced RhoA activity in

the airways via directly binding the promoter region of RhoA.

Inhibition of RhoA suppresses BaP co-exposure-induced AHR and airway inflammation
Given that AhR can regulate RhoA activation, we examined whether RhoA plays a role in BaP co-
exposure-induced AHR and airway inflammation by using RhoA inhibitors fasudil and Y-27632 in
our mouse model of asthma as illustrated in Figure 6A. BaP co-exposure induced an increased
airway resistance when compared with either BaP or Der f 1 alone. Of note, the increased airway
resistance was significantly inhibited by either fasudil or Y-27632 treatment (Figure 6B).
Consistently, histological analysis demonstrated that BaP co-exposure increased airway
inflammation as assessed by peribronchial inflammation (H&E, upper panel) and goblet cell
hyperplasia (PAS, lower panel) (Figure 6C). Of interest, the increased lung inflammation was
significantly abrogated when these BaP co-exposure challenged mice were pre-treated with either
fasudil or Y-27632 treatment. The same pattern was also observed for total cell counts in BAL
samples, particularly eosinophils and macrophages (Figure 6D), and serum levels of Der f'1
specific IgE, IgG1, and IgG2a (Figure 6E). The results suggest that inhibition of RhoA suppresses

Bap co-exposure-induced AHR and airway inflammation.

Inhibition of RhoA suppresses BaP co-exposure-induced cytokine release

We have specifically investigated whether RhoA participates in the regulation of cytokine
production. As compared to Der f 1 alone, we found that BaP co-exposure enhanced the production
of IL-4, IL-5, IL13, IFNy, IL-17, and IL-10 in BAL samples. As expected, the increase cytokine

release was remarkably inhibited in mice pre-treated with either fasudil or Y-27632 as compared to
16
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vehicle control (Figure 7A). Furthermore, we detected whether inhibition of RhoA can affect BaP
co-exposure induced epithelial cytokine release. We found higher levels of IL-25, IL-33, TSLP, and
TGFp1 in BAL samples of BaP co-exposure-treated mice as compared to those pre-treated with Der
f 1. Of note, all of these increased cytokines were remarkably inhibited by either fasudil or Y-27632
(Figure 7B), indicating that inhibition of RhoA suppresses BaP co-exposure-induced airway

epithelial-derived cytokine release.

Inhibition of RhoA suppresses BaP co-exposure-induced TGF1 signaling in a mouse model
of asthma.

We further confirmed the role of RhoA in TGFp expression and signaling activation in the airway
epithelium of asthma mouse model by co-immunostaining with epithelial marker EpCAM. Notably,
BaP co-exposure enhanced TGFB1 expression in the airway epithelial cells (Figure 7C, D). The
increased expression was significantly reduced in those treated with either fasudil or Y-27632.
Similar pattern was also observed for p-Smad3 (Figure 7C, E). BaP co-exposure promoted p-
Smad3 expression, which was inhibited by either fasudil or Y-27632 treatment. Together, the data
provide a mechanistic explanation for the role of AhR-regulated RhoA activation in epithelial cell
TGFp1 release, signaling activation, and subsequently Th2 —associated allergic airway

inflammation.

17



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

DISCUSSION
It is evident that environmental pollutants can bind different allergens and facilitate them
transporting into deep airways****. DEP exposure has been shown to increase allergen
concentration and their potential for driving asthma attacks’-'!. Particularly, epidemiological studies
have suggested that allergic children with early-life exposure to high levels of DEPs showed a
higher prevalence of asthma compared with those non-allergic children*®. These findings were
supported by studies from asthma mouse models that DEP co-exposure can exacerbate HDM-
induced IgE, inflammatory cells, and Th2/Th17 cytokines*®*’. However, the underlying
mechanisms as for how DEP exposure enhances allergen-induced airway inflammation remain
largely unknown. Airway epithelium lining the upper and lower respiratory tract forms the first line
of defense of the airway and lungs against inhaled pathogens and environmental pollutants*->°. We
and others have previously demonstrated that environmental pollutants can promote allergen-
induced release of ROS and epithelial-derived cytokines (e.g., IL-25, IL-33, and TSLP) that can
enhance DC maturation and type 2 innate lymphoid cells (ILC2) and Th2 responses®®>1>2,
Furthermore, AhR, as a dioxin receptor and environmental sensor, has been suggested to mediate
DEP component-induced oxidative stress, epithelial cytokine release, Th17 immune responses, and
allergic airway inflammation®®*’. In the current study, we made a novel finding that BaP co-
exposure can enhance Der f 1-induced TGFB1 release and signaling activation that may contribute
to the exacerbation of allergic airway inflammation. Most importantly, we identified a functional
axis of AhR-RhoA that regulates epithelial TGFp1 release and signaling activation.

TGFp1 regulates fundamental cell biological functions, including cell growth, differentiation,
migration, and activation?®>4, There is increasing evidence to demonstrate that TGFp1 is one of the

major immune-regulatory cytokines from airway epithelial cells that recruits various immune cells
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to the airways and interact with them to regulate AHR and airway inflammation in asthma**-°. On
one hand, TGFB1 can modulate lineage differentiation of T cells into different effector T cell
subsets>. On the other hand, TGFP1 is a cofactor of innate lymphoid cells to induce type-2 airway
inflammation and key features of allergic diseases®>**. Thus, it is pivotal to determine how the
increased TGFp1 production is regulated, which offers novel insights into the mechanisms that lead
to allergic airway inflammation. Here we demonstrated that BaP co-exposure could promote Der f
I-induce TGFp1 production in the airway epithelial cells by using human primary bronchial
epithelial cells and mouse models of asthma. Furthermore, the increased expression was also
observed for p-Smad3, a downstream molecule of canonical TGFf signaling, indicating that BaP
co-exposure can potentiate Der f 1-induced epithelial TGFB1secretion and signaling pathway
activation.

Next, we explored how AhR regulates TGFB1 activation and signaling pathway. AhR as a
ligand-activated transcription factor senses and responds to environmental stimuli and regulates
normal cell development and innate and adaptive immune responses'®?’. Our previous studies have
suggested that AhR controls mast cell growth and activation®®, cockroach allergen-induced immune
responses in human fibroblast®S, and allergic airway inflammation in a mouse model of asthma**.
Furthermore, we found that BaP exposure can activate AhR that subsequently leads to a promotion
of Der f 1-induced oxidative stress and IL-25, IL-33, and TSLP release from epithelium?®. Our
findings were supported by some of other studies that BaP can directly induce AhR activation that
contributes to the pro-inflammatory response in respiratory allergy through enhancing IL-33
expression and eosinophil infiltration'”. Our current study further confirmed that BaP can directly
activate AhR in 16HBECs as determined by a DRE-GFP reporter containing the GFP gene under

control of a DRE tandem repeats®’. GFP is only expressed when AhR ligands bind to DRE.
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Intriguingly, we noted that BaP co-exposure showed clearly increased activation of AhR,
suggesting a synergistic effect between BaP and Der f 1. However, the underlying mechanisms as
for how both BaP and Der f 1 induce increased AhR activation still remain to be determined.
Furthermore, we illustrated that AhR activated by BaP modulates TGFB1 release from airway
epithelial cells. In particular, BaP co-exposure enhanced Der f 1-induced levels of TGFB1 in
16HBECs, but which were attenuated by AhR antagonist CH223191 or reduced in 16HBECs with
AhR knockdown. The same result was observed for p-Smad3. Collectively, our findings provided
evidence that active AhR is critical in controlling the activation of the TGFB1/Smad3 signaling axis
in airway epithelial cells.

To further address the relative contribution of AhR in the activation of the TGFB1/Smad3
signaling axis, we studied its underlying mechanisms by focusing on RhoA/Rho-kinase signaling.
RhoA is a nucleotide-dependent protein, switching between an inactive form, GDP-bound, and an
active form, GTP-bound RhoA, and has been shown to regulate various biological functions,
including cell differentiation, differentiation, recruitment, and apoptosis®®>*>?. An increased
expression and activation of RhoA have been associated with asthma®®-%3. Importantly, several
studies including ours have suggested a feed forward circuit between RhoA signaling and TGFf1
that drives airway constriction, airway hyper-responsiveness, and airway remodeling in asthma®’.
Thus, it is possible that RhoA/Rho-kinase signaling may function as a central player in connecting
the upstream BaP-induced AhR activation with downstream TGFf1 production and signaling
activation. This was, indeed, supported by our several observations. First of all, we showed that
BaP co-exposure induced increased activation of RhoA/Rho-kinase signaling when compared with
either BaP or Der f 1 alone. Next, we provided evidence that BaP exposure induces activation of

RhoA/Rho-kinase signaling through AhR. Eight putative AhR binding sites in the promoter region
20



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

of RhoA were predicted by using in silico analysis. These AhR binding sites were validated by
luciferase reporter assays with different truncated fragments of the RhoA promoter. All fragments
showed an increased promoter activity in response to BaP treatment. The relative role of AhR
binding sites in BaP-induced promoter activity was further confirmed by using the RhoA fragments
containing the mutated binding sites. Additionally, we found a co-locolization between AhR and
RhoA-GTP in the airways of asthma mouse model, indicating a possible interaction between AhR
and RhoA-GTP. Of interest, we demonstrated for the first time that Der f 1 alone can also induce
the activation of RhoA/Rho-kinase signaling. While the reason is unknown, further studies would
be of interest to determine whether Der f 1 either directly activate RhoA or induce RhoA activation
through its possible receptor PAR2, C-type lectin receptors (CLRs) or Toll-like receptors (TLRs).
Lastly, we provided evidence that active RhoA/Rho-kinase signaling is critical in BaP-induced
TGFp1 production and signaling activation. RhoA/ROCK inhibitor fasudil significantly inhibited
BaP co-exposure induced TGFf1 secretion from airway epithelial cells. This finding was further
confirmed in 16HBECs expressing a constitutively active RhoA-L63. 16HBECs expressing RhoA-
L63 secreted higher levels of TGFB1 in response to BaP alone or BaP co-exposure with Der £ 1.
These findings suggest that active RhoA/Rho-kinase signaling modulates BaP co-exposure-induced

3740 our studies

TGFp1 production and signaling activation. Together with the previous findings
suggest that the increased TGFf1 signaling activation (e.g, p-Smad3) may, in turn, promote RhoA
activation. Collectively, these findings imply that BaP promotes RhoA activation through AhR,
thereby leading to the activation of the TGFB1/Smad3 signaling axis. Importantly, our findings
provided further evidence that there may be a feed forward connection between RhoA activation

and TGFp1 signaling activation (See graphic summary).

In light of the significance of active RhoA in the activation of the TGFB1/Smad3 signaling
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axis, our further study explored the potential in therapeutically translating these findings into the
treatment of allergic asthma. Thus, we specifically investigated the role of RhoA in BaP co-
exposure-induced AHR and allergic airway inflammation in asthma by using RhoA inhibitors.
Previous studies have demonstrated that RhoA/Rho-kinase plays an important role in regulating
airway inflammation, which may be through affecting differentiation, recruitment, and activation of
various inflammatory cells (e.g. eosinophils, macrophages, mast cells and T cells) in the
pathogenesis of asthma’*®®>%*, Of these, RhoA was showed to control Th17 cell differentiation and
house dust mite-induced allergic airway inflammation®?. Our findings provided further evidence
that active RhoA/Rho-kinase signaling is pivotal in BaP co-exposure-induced AHR and Th2-
associated inflammation by using RhoA inhibitors fasudil and Y-27632. One of the striking
findings is that inhibition of active RhoA/Rho-kinase signaling suppresses the BaP co-exposure-
induced increased activation of the TGFf1/Smad3 signaling pathway by both in vitro and in vivo
studies. These results provide a mechanistic explanation for the role of RhoA/Rho-kinase signaling
in AHR, Th2-associated allergic airway inflammation, and activation of the TGF1/Smad3
signaling pathway.

In summary, we have demonstrated that BaP co-exposure exacerbates Der f 1 induced
activation of the TGFB1/Smad3 signaling axis in airway epithelial cells. Mechanistically, AhR is
critical in controlling the BaP co-exposure-induced activation of the TGF1/Smad3 signaling axis.
Furthermore, we provided novel evidence that RhoA/Rho-kinase signaling plays an important role
in connecting the upstream BaP-induced AhR activation with downstream TGFB1 production and
signaling activation, and there is a feed forward connection between RhoA activation and TGFp1
signaling activation. Our further study revealed that inhibition of active RhoA/Rho-kinase signaling

significantly suppressed BaP co-exposure-induced AHR, Th2-associated airway inflammation, and
22



508  airway epithelial cytokine release in a mouse model of asthma (Figure 8). Collectively, our studies
509 identified a functional axis of AhR-RhoA that regulates the activation of the TGFf1/Smad3
510 signaling, thereby leading to the development of allergic airway inflammation and asthma.
511  Blockage of the AhR-RhoA axis represents a promising novel therapeutic approach for treatment of
512  allergic asthma.

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530
23



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

ACKNOWLEDGEMENTS

This study was supported by grants from The National Natural Science Fund (No. U1801286,
31770984, 81803202, 81929001, 31900667), Guangdong Province Science and Technology
Planning Project (N0.2017B020226006), Guangdong Province Natural Science Fund
(2020A1515010029, 2019A1515110010), Shenzhen Science and Technology Peacock Team
Project (No.KQTD20170331145453160), Shenzhen Scientific Technology Basic Research Projects
(No.JCYJ20160328144536436, GIHZ20190822095605512), Shenzhen Nanshan District Pioneer
Group Research Funds (No. LHTD20180007), and the US National Institutes of Health (NIH)

(ROIAT141642).

Author contributions

E.W., W.T., D.D. performed experiments, analyzed data, and review the manuscript. E.W. and P.G.
wrote the manuscript. S.H., Z. L., P.G. designed and supervised the study, and wrote the
manuscript. L.Y., D.S., D.X. and P.Y. provided intellectual input and aided in the experimental

design. All authors read and approved the final version of the manuscript.

24



553

554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

REFERENCES

1.

10.

I1.

12.

13.

14.

15.

Murrison LB, Brandt EB, Myers JB, Hershey GKK. Environmental exposures and
mechanisms in allergy and asthma development. The Journal of clinical investigation.
2019;129(4):1504-1515.

Khreis H, Kelly C, Tate J, Parslow R, Lucas K, Nieuwenhuijsen M. Exposure to traffic-
related air pollution and risk of development of childhood asthma: A systematic review and
meta-analysis. Environ Int. 2017;100:1-31.

Hassoun Y, James C, Bernstein DI. The Effects of Air Pollution on the Development of
Atopic Disease. Clin Rev Allergy Immunol. 2019;57(3):403-414.

Xu X, Zhang J, Yang X, Zhang Y, Chen Z. The Role and Potential Pathogenic Mechanism
of Particulate Matter in Childhood Asthma: A Review and Perspective. J Immunol Res.
2020;2020:8254909.

Finkelman FD. Diesel exhaust particle exposure during pregnancy promotes development
of asthma and atopy. J Allergy Clin Immunol. 2014.

Jedrychowski WA, Perera FP, Maugeri U, et al. Intrauterine exposure to polycyclic aromatic
hydrocarbons, fine particulate matter and early wheeze. Prospective birth cohort study in 4-
year olds. Pediatr Allergy Immunol. 2010;21(4 Pt 2):e723-732.

Acciani TH, Brandt EB, Khurana Hershey GK, Le Cras TD. Diesel exhaust particle
exposure increases severity of allergic asthma in young mice. Clinical and experimental
allergy : journal of the British Society for Allergy and Clinical Immunology.
2013;43(12):1406-1418.

Brandt EB, Biagini Myers JM, Acciani TH, et al. Exposure to allergen and diesel exhaust
particles potentiates secondary allergen-specific memory responses, promoting asthma
susceptibility. The Journal of allergy and clinical immunology. 2015;136(2):295-303 €297.
Wu JZ, Ge DD, Zhou LF, Hou LY, Zhou Y, Li QY. Effects of particulate matter on allergic
respiratory diseases. Chronic Dis Transl Med. 2018;4(2):95-102.

Zhang X, Chen X, Weirauch MT, et al. Diesel exhaust and house dust mite allergen lead to
common changes in the airway methylome and hydroxymethylome. Environ Epigenet.
2018;4(3):dvy020.

Bolcas PE, Brandt EB, Zhang Z, Biagini Myers JM, Ruff BP, Khurana Hershey GK.
Vitamin D supplementation attenuates asthma development following traffic-related
particulate matter exposure. The Journal of allergy and clinical immunology.
2019;143(1):386-394 e383.

Infante PF. The IARC october 2009 evaluation of benzene carcinogenicity was incomplete
and needs to be reconsidered. Am J Ind Med. 2011;54(2):157-164.

Zhou S, Hwang BCH, Lakey PSJ, Zuend A, Abbatt JPD, Shiraiwa M. Multiphase reactivity
of polycyclic aromatic hydrocarbons is driven by phase separation and diffusion limitations.
Proceedings of the National Academy of Sciences of the United States of America.
2019;116(24):11658-11663.

Qamar W, Khan R, Khan AQ, et al. Alleviation of lung injury by glycyrrhizic acid in
benzo(a)pyrene exposed rats: Probable role of soluble epoxide hydrolase and thioredoxin
reductase. Toxicology. 2012;291(1-3):25-31.

Cui Y, Yang S. Overexpression of Annexin Al protects against benzo[a]pyrene-induced
bronchial epithelium injury. Molecular medicine reports. 2018;18(1):349-357.

25



597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ali R, Shahid A, Ali N, Hasan SK, Majed F, Sultana S. Amelioration of Benzo[a]pyrene-
induced oxidative stress and pulmonary toxicity by Naringenin in Wistar rats: A plausible
role of COX-2 and NF-kappaB. Hum Exp Toxicol. 2017;36(4):349-364.

Tajima H, Tajiki-Nishino R, Watanabe Y, Kurata K, Fukuyama T. Activation of aryl
hydrocarbon receptor by benzo[a]pyrene increases interleukin 33 expression and eosinophil
infiltration in a mouse model of allergic airway inflammation. Journal of applied
toxicology : JAT. 2020.

Tajima H, Tajiki-Nishino R, Watanabe Y, Fukuyama T. Direct activation of aryl
hydrocarbon receptor by benzo[a]pyrene elicits T-helper 2-driven proinflammatory
responses in a mouse model of allergic dermatitis. Journal of applied toxicology : JAT.
2019;39(7):936-944.

Das DN, Naik PP, Mukhopadhyay S, et al. Elimination of dysfunctional mitochondria
through mitophagy suppresses benzo[a]pyrene-induced apoptosis. Free radical biology &
medicine. 2017;112:452-463.

Nguyen LP, Bradfield CA. The search for endogenous activators of the aryl hydrocarbon
receptor. Chemical research in toxicology. 2008;21(1):102-116.

Gutiérrez-Vazquez C, Quintana FJ. Regulation of the Immune Response by the Aryl
Hydrocarbon Receptor. Immunity. 2018;48(1):19-33.

Quintana FJ, Basso AS, Iglesias AH, et al. Control of T(reg) and T(H)17 cell differentiation
by the aryl hydrocarbon receptor. Nature. 2008;453(7191):65-71.

Bessede A, Gargaro M, Pallotta MT, et al. Aryl hydrocarbon receptor control of a disease
tolerance defence pathway. Nature. 2014;511(7508):184-190.

Moura-Alves P, Fae K, Houthuys E, et al. AhR sensing of bacterial pigments regulates
antibacterial defence. Nature. 2014;512(7515):387-392.

Kimura A, Naka T, Nakahama T, et al. Aryl hydrocarbon receptor in combination with Stat1l
regulates LPS-induced inflammatory responses. The Journal of experimental medicine.
2009;206(9):2027-2035.

Shinde R, Hezaveh K, Halaby MJ, et al. Apoptotic cell-induced AhR activity is required for
immunological tolerance and suppression of systemic lupus erythematosus in mice and
humans. Nature immunology. 2018;19(6):571-582.

Veldhoen M, Hirota K, Westendorf AM, et al. The aryl hydrocarbon receptor links TH17-
cell-mediated autoimmunity to environmental toxins. Nature. 2008;453(7191):106-109.
Wang E, Liu X, Tu W, et al. Benzo(a)pyrene facilitates dermatophagoides group 1 (Der f 1)-
induced epithelial cytokine release through aryl hydrocarbon receptor in asthma. Allergy.
2019;74(9):1675-1690.

Batlle E, Massague J. Transforming Growth Factor-beta Signaling in Immunity and Cancer.
Immunity. 2019;50(4):924-940.

Gorelik L, Fields PE, Flavell RA. Cutting edge: TGF-beta inhibits Th type 2 development
through inhibition of GATA-3 expression. J Immunol. 2000;165(9):4773-4777.

Chen W, Jin W, Hardegen N, et al. Conversion of peripheral CD4+CD25- naive T cells to
CD4+CD25+ regulatory T cells by TGF-beta induction of transcription factor Foxp3. The
Journal of experimental medicine. 2003;198(12):1875-1886.

Gao P, Zhou Y, Xian L, et al. Functional effects of TGF-betal on mesenchymal stem cell
mobilization in cockroach allergen-induced asthma. J Immunol. 2014;192(10):4560-4570.
Denney L, Byrne AJ, Shea TJ, et al. Pulmonary Epithelial Cell-Derived Cytokine TGF-

26



642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

betal Is a Critical Cofactor for Enhanced Innate Lymphoid Cell Function. Immunity.
2015;43(5):945-958.

XuT, Zhou Y, Qiu L, et al. Aryl Hydrocarbon Receptor Protects Lungs from Cockroach
Allergen-Induced Inflammation by Modulating Mesenchymal Stem Cells. J Immunol.
2015;195(12):5539-5550.

Lyons JJ, Liu Y, Ma CA, et al. ERBIN deficiency links STAT3 and TGF-beta pathway
defects with atopy in humans. The Journal of experimental medicine. 2017;214(3):669-680.
Zhang Y, Saradna A, Ratan R, et al. RhoA/Rho-kinases in asthma: from pathogenesis to
therapeutic targets. Clin Transl Immunology. 2020;9(5):e01134.

Ke X, Do DC, Li C, et al. Ras homolog family member A/Rho-associated protein kinase 1
signaling modulates lineage commitment of mesenchymal stem cells in asthmatic patients
through lymphoid enhancer-binding factor 1. The Journal of allergy and clinical
immunology. 2019;143(4):1560-1574 ¢1566.

Shaifta Y, MacKay CE, Irechukwu N, et al. Transforming growth factor-f3 enhances Rho-
kinase activity and contraction in airway smooth muscle via the nucleotide exchange factor
ARHGEF1. J Physiol. 2018;596(1):47-66.

Ojiaku CA, Cao G, Zhu W, et al. TGF-1 Evokes Human Airway Smooth Muscle Cell
Shortening and Hyperresponsiveness via Smad3. Am J Respir Cell Mol Biol.
2018;58(5):575-584.

Mohamed JS, Boriek AM. Stretch augments TGF-B1 expression through RhoA/ROCK1/2,
PTK, and PI3K in airway smooth muscle cells. American Journal of Physiology-Lung
Cellular and Molecular Physiology. 2010;299(3):L413-L424.

Wang C, Wang Y, Ma SR, et al. Berberine inhibits adipocyte differentiation, proliferation
and adiposity through down-regulating galectin-3. Sci Rep. 2019;9(1):13415.

Nagumo H, Sasaki Y, Ono Y, Okamoto H, Seto M, Takuwa Y. Rho kinase inhibitor HA-
1077 prevents Rho-mediated myosin phosphatase inhibition in smooth muscle cells. Am J
Physiol Cell Physiol. 2000;278(1):C57-65.

Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R. Fast and effective prediction of
microRNA/target duplexes. RNA. 2004;10(10):1507-1517.

Knox RB, Suphioglu C, Taylor P, et al. Major grass pollen allergen Lol p 1 binds to diesel
exhaust particles: implications for asthma and air pollution. Clinical and experimental
allergy : journal of the British Society for Allergy and Clinical Immunology.
1997;27(3):246-251.

Joubert Al, Geppert M, Johnson L, et al. Mechanisms of Particles in Sensitization, Effector
Function and Therapy of Allergic Disease. Frontiers in immunology. 2020;11:1334.

Brandt EB, Biagini Myers JM, Acciani TH, et al. Exposure to allergen and diesel exhaust
particles potentiates secondary allergen-specific memory responses, promoting asthma
susceptibility. The Journal of allergy and clinical immunology. 2015;136(2):295.
Castaneda AR, Vogel CFA, Bein KJ, Hughes HK, Smiley-Jewell S, Pinkerton KE. Ambient
particulate matter enhances the pulmonary allergic immune response to house dust mite in a
BALB/c mouse model by augmenting Th2- and Th17-immune responses. Physiol Rep.
2018;6(18):e13827.

Qiu L, Zhang Y, Do DC, et al. miR-155 Modulates Cockroach Allergen- and Oxidative
Stress-Induced Cyclooxygenase-2 in Asthma. J Immunol. 2018;201(3):916-929.

Cao Y, Chen M, Dong D, Xie S, Liu M. Environmental pollutants damage airway epithelial

27



687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

730

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

cell cilia: Implications for the prevention of obstructive lung diseases. Thorac Cancer-
2020;11(3):505-510.

Zhang Y, Do DC, Hu X, et al. CaMKII Oxidation Regulates Cockroach Allergen-Induced
Mitophagy in Asthma. The Journal of allergy and clinical immunology. 2020.

Bleck B, Tse DB, Curotto de Lafaille MA, Zhang F, Reibman J. Diesel exhaust particle-
exposed human bronchial epithelial cells induce dendritic cell maturation and polarization
via thymic stromal lymphopoietin. J Clin Immunol. 2008;28(2):147-156.

De Grove KC, Provoost S, Hendriks RW, et al. Dysregulation of type 2 innate lymphoid
cells and TH2 cells impairs pollutant-induced allergic airway responses. The Journal of
allergy and clinical immunology. 2017;139(1):246-2570000.

Oh SA, Li MO. TGF-beta: guardian of T cell function. J Immunol. 2013;191(8):3973-3979.
Trinh HKT, Ulambayar B, Cao TBT, Yang EM, Lee SH, Park HS. Transforming growth
factor-betal and eosinophil-derived neurotoxins contribute to the development of work-
related respiratory symptoms in bakery workers. World Allergy Organ J.
2019;12(9):100058.

Zhou Y, Tung HY, Tsai YM, et al. Aryl hydrocarbon receptor controls murine mast cell
homeostasis. Blood. 2013;121(16):3195-3204.

Zhou Y, Mirza S, Xu T, et al. Aryl hydrocarbon receptor (AhR) modulates cockroach
allergen-induced immune responses through active TGFbetal release. Mediators of
inflammation. 2014;2014:591479.

Berghard A, Gradin K, Pongratz I, Whitelaw M, Poellinger L. Cross-coupling of signal
transduction pathways: the dioxin receptor mediates induction of cytochrome P-4501A1
expression via a protein kinase C-dependent mechanism. Mol Cell Biol. 1993;13(1):677-
689.

Zhou X, Florian MC, Arumugam P, et al. RhoA GTPase controls cytokinesis and
programmed necrosis of hematopoietic progenitors. The Journal of experimental medicine.
2013;210(11):2371-2385.

Loirand G. Rho Kinases in Health and Disease: From Basic Science to Translational
Research. Pharmacological reviews. 2015;67(4):1074-1095.

Wettschureck N, Offermanns S. Rho/Rho-kinase mediated signaling in physiology and
pathophysiology. J Mol Med (Berl). 2002;80(10):629-638.

Goto K, Chiba Y, Sakai H, Misawa M. Mechanism of inhibitory effect of prednisolone on
RhoA upregulation in human bronchial smooth muscle cells. Bio/ Pharm Bull.
2010;33(4):710-713.

Yang JQ, Kalim KW, Li Y, Zheng Y, Guo F. Ablation of RhoA impairs Th17 cell
differentiation and alleviates house dust mite-triggered allergic airway inflammation.
Journal of leukocyte biology. 2019;106(5):1139-1151.

Zolotareva O, Saik OV, Konigs C, et al. Comorbidity of asthma and hypertension may be
mediated by shared genetic dysregulation and drug side effects. Scientific reports.
2019;9(1):16302.

Yan J, Lai C-HH, Lung S-CC, et al. Industrial PM2.5 cause pulmonary adverse effect
through RhoA/ROCK pathway. The Science of the total environment. 2017;599-600:1658-
1666.

28



731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

FIGURE LEGENDS

Figure 1. BaP co-exposure exacerbates Der f 1 induced TGFB1 signaling activation. A-B, Levels of
TGFB1 in supernatants of I6HBECs treated with BaP at varying doses (0.001-1uM, A) and
different times (6-24h, B). C, Levels of TGFp1 in supernatants of 16HBECs treated with BaP
(1uM) and Der f'1 (30pg/mL) alone or in combination. D, Representative immunofluorescence
images of TGFpB1 (green) and p-SMAD?3 (green) expression in the airway epithelial cells (EpCAM,
red) of asthma mouse model. E-F, Quantitative analysis of TGFB1 (E) and p-Smad3 (F) florescent
signal (n=6 mice/group). (A-C). Data represent mean + SEM of three independent experiments.
*p<0.05, **p <0.01, and ***p<0.001.

Figure 2. BaP co-exposure promotes Der f 1 induced AhR activity. A, Schematic of experimental
workflow for AhR reporter plasmid. B-D, Relative AhR activity in BaP (B), Der f 1 (C), and BaP +
Der f'1 (D) treated 16HBECs that were transfected with AhR reporter plasmid. AhR activity was
assessed by GFP quantification and expressed as fold changes in relative to control. Data represent
mean + SEM of three independent experiments. *p<0.05, **p <0.01, and ***p<0.001.

Figure 3. AhR mediates BaP co-exposure induced TGFf1 signaling activation. A, Levels of
TGFp1 in supernatants of I6HBECs treated with BaP (1uM) and Der f 1 (30pg/mL) alone or in
combination in the presence or absence of CH223191 (10uM). B, Western blot analysis of AhR
knockdown in 16HBECs. C, Levels of TGFB1 in supernatants of I6HBECs with or without AhR
knockdown after exposed to BaP (1uM) and Der f 1 (30pg/mL) alone or in combination. D,
Western blot analysis of p-Smad3 expression in BaP co-exposure treated 16HBECs with or without
AhR knockdown. E, Quantitative analysis of western blots in (D). Data represent mean = SEM of
at least three independent experiments. *p<0.05, **p <0.01, and ***p<0.001.

Figure 4. RhoA mediates the regulation of AhR on BaP co-exposure induced TGFB1 production
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and signaling activation. A, Western blot analysis of RhoA expression in BaP (1uM) and Der f 1
(30pg/mL) or combination treated 16HBECs with or without AhR knockdown. B, Quantitative
analysis of Western blots in (A). C, Levels of TGF1 in supernatants of BaP-treated I6HBECs
with or without fasudil at varying doses (0.03 to 0.3uM). D, Levels of TGFB1 in supernatants of
BaP co-exposure-treated 16HBECs in the presence or absence of fasudil (0.3uM). E, Western blot
analysis of RhoA expression in I6HBECs expressing either a constitutively active RhoA (RhoA-
L63) or dominant-negative (RhoA-N19). F-G, Levels of TGFf1 in supernatants of BaP (1uM), Der
f1 (30pg/mL), and co-exposure-treated I6HBECs expressing either RhoA-L63 (F) or RhoA-N19
(G). H-J, Western blot analysis of p-Smad3 expression in BaP (1uM), Der £ 1 (30pg/mL), and co-
exposure-treated 16HBECs expressing either RhoA-L63 (H, I) or RhoA-N19 (H, J). Data represent
mean + SEM of at least three independent experiments. *p<0.05, **p <0.01, and ***p<0.001.
Figure 5. AhR directly binds RhoA and participates the BaP-induced RhoA activity. A, Sequence
of AhR binding site. B, Eight putative AhR binding sites in the promoter region of RhoA. C,
Luciferase reporter assays with luciferase reporter vector pGL-3 basic (empty) or containing
serially truncated fragments of the RhoA promoter (AhR reporter) in I6HBECs. D, Luciferase
reporter assays with luciferase reporter vector pGL-3 basic containing wild-type or mutated
truncated fragments in 16HBECs. E, Representative immunofluorescence images of co-localization
of AhR and RhoA in lung tissues of mouse model. Data represent mean + SEM of at least two
independent experiments. *p<0.05, **p <0.01, and ***p<0.001.

Figure 6. Inhibition of RhoA suppresses BaP co-exposure-induced AHR and Th2-associated airway
inflammation. A, Protocol for BaP (20 uM) and Der f 1 (25ug) co-exposure induced mouse model
of asthma in the presence or absence of Fasudil or Y-27632 (30 mg/mL, i.p.). B, Lung resistance in

response to increasing concentrations of methacholine using the forced oscillation technique
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(FlexiVent, SCIREQ). C, Histological examination of mouse paraffin lung sections stained with
hematoxylin and eosin (H&E, upper panel) and Periodic acid—Schiff (PAS, lower panel) staining.
D, Bronchoalveolar lavage (BAL) fluid total and differential (eosinophil, neutrophil, and
macrophage) cell counts. E, Serum levels of HDM specific IgG1, IgG2a, and IgE. Data represent
mean £ SEM (n=6/group). *p<0.05, **p <0.01, and ***p<0.001.

Figure 7. Inhibition of RhoA suppresses BaP co-exposure-induced cytokine production. A-B,
Levels of Th1/Th2/Th17 inflammatory cytokines (A) and airway epithelial cell derived cytokines
(B) in the BAL samples of mice treated with either Fasudil or Y-27632. C, Representative
immunofluorescence images of TGFB1 (green, upper panel) and p-Smad3 (Green, lower panel)
expression in the airway epithelial cells (EpCAM, red) of asthma mouse model. D-E, Quantitative
analysis of TGFB1 (D) and pSmad3 (E) florescent signal. Data represent mean = SEM (n=6/group).
*p<0.05, **p <0.01, and ***p<0.001.

Figure 8. Graphic summary. BaP co-exposure exacerbates Der f 1-induced activation of

TGFB1/Smad3 signaling through the AhR-RhoA axis in epithelial cells.
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Figure 8
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Figure E1
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TABLE E1. Antibodies used for western blot and immunofluorescence

Antibody Clone Species Application Source

Epi-CAM G8.8 Rat IF (1:100) ThermoFisher

RhoA-GTPase 26904 Mouse IF (1:50) New East
WB (1:500) Bioscience

AhR Ab84833 Rabbit IF (1:50) Abcam
WB (1:1000)

p-Smad3 Ab52903 Rabbit IF (1:50) Abcam
WB (1:1000)

Smad3 Ab40854 Rabbit WB (1:1000) Abcam

TGFp1 Ab170874 Rabbit IF (1:50) Abcam

GAPDH 5174S Rabbit WB (1:2000) CST

B-actin 3700 mouse WB (1:2000) CST

GAPDH, /F, Immunofluorescence; WB, Western blotting



TABLE E2. Primers used for RhoA luciferase reporter assay

Primers Sequencing

RhoA-F1 CGAGCTCTTACGCGTGCTAGCgagtagcagaacccagtgtag
RhoA-F2 CGAGCTCTTACGCGTGCTAGCagatcagaccacagccttge
RhoA-F3 CGAGCTCTTACGCGTGCTAGC ctggtgagggtcctaagggac
RhoA-F4 CGAGCTCTTACGCGTGCTAGCcgttagtgcgcacgegtaaac
RhoA-F5 CGAGCTCTTACGCGTGCTAGCtgcttgcttaagggatgagtg
RhoA-R1 CTTACTTAGATCGCAGATCTCGAGgagggtagcgcgagagage
R4-Mut-F gtgggocctacttcgecgaacaagaagagttggecagttc

R4-Mut-R gaactgccaactcttcttgttcgcgaagtaggecccac

R5-Mut-F ggttttgcttttagggcaaagacgggctectgage

R5-Mut-R gctcaggagceccgtetttgecctaaaagcaaaacc




