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Abstract
Background: Environmental	 pollutants,	 which	 coexist	 with	 allergens,	 have	 been	
associated	 with	 the	 exacerbation	 of	 asthma.	 However,	 the	 underlying	 molecular	
mechanisms	remain	elusive.	We	sought	to	determine	whether	benzo(a)pyrene	(BaP)	
co‐exposure	with	dermatophagoides	group	1	allergen	 (Der	f	1)	can	potentiate	Der	
f	1‐induced	asthma	and	its	underlying	mechanisms.
Methods: The	effect	of	BaP	was	 investigated	 in	Der	 f	1‐induced	mouse	model	of	
asthma,	 including	 airway	 hyper‐responsiveness,	 allergic	 inflammation,	 and	 epithe‐
lial‐derived	cytokines.	The	 impact	of	BaP	on	Der	 f	1‐induced	airway	epithelial	cell	
oxidative	stress	(ROS)	and	cytokine	release	was	further	analyzed.	The	role	of	aryl	hy‐
drocarbon	receptor	(AhR)	signaling	in	BaP‐promoted	Der	f	1‐induced	ROS,	cytokine	
production,	and	allergic	inflammation	was	also	investigated.
Results: Compared	with	Der	f	1,	BaP	co‐exposure	with	Der	f	1	led	to	airway	hyper‐re‐
sponsiveness	and	increased	lung	inflammation	in	mouse	model	of	asthma.	Increased	
expression	of	TSLP,	 IL‐33,	 and	 IL‐25	was	 also	 found	 in	 the	 airways	of	 these	mice.	
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1  | INTRODUC TION

The	prevalence	of	asthma	has	been	increasing	over	the	past	few	de‐
cades,1	and	the	increase	may	be	attributed	to	industrialization‐	and	
urbanization‐generated	environmental	 pollutants.2‐7	 Environmental	
pollutants,	which	coexist	with	allergens,	may	contribute	to	the	exac‐
erbation	of	asthma.	Particularly,	environmental	pollutant,	di(2‐ethyl‐
hexyl)	phthalate	(DEHP),	which	is	commonly	used	as	a	plasticizer,	has	
been	shown	to	enhance	cockroach	allergen–induced	airway	inflam‐
mation.8	 Furthermore,	 prenatal	 exposure	 to	 either	 diesel	 exhaust	

particulates	(DEP)	or	polycyclic	aromatic	hydrocarbons	(PAHs),	which	
are	DEP‐derived	 toxins,	 is	associated	with	a	greater	 risk	of	allergic	
sensitization,	 early	 childhood	 wheeze,	 and	 asthma.9,10	 Moreover,	
co‐exposure	to	DEP	and	house	dust	mite	(HDM)	has	been	shown	to	
exacerbate	allergic	sensitization	and	to	induce	key	characteristics	of	
a	more	severe	asthma.7,11‐14	However,	the	key	components	in	DEPs	
that	are	responsible	for	the	aggravation	of	allergic	response	and	the	
related	underlying	molecular	mechanisms	have	not	been	revealed.

Benzo(a)pyrene	(BaP)	is	a	ubiquitous	environmental	pollutant,	and	
carcinogenic	polycyclic	aromatic	hydrocarbons	 (PAH)	are	generally	
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Moreover,	BaP	co‐exposure	with	Der	f	1	activated	AhR	signaling	with	increased	ex‐
pression	of	AhR	and	CYP1A1	and	promoted	airway	epithelial	ROS	generation	and	
TSLP	and	IL‐33,	but	not	 IL‐25,	expression.	 Interestingly,	AhR	antagonist	CH223191	
or	cells	with	AhR	knockdown	abrogated	the	increased	expression	of	ROS,	TSLP,	and	
IL‐33.	 Furthermore,	 ROS	 inhibitor	 N‐acetyl‐L‐cysteine	 (NAC)	 also	 suppressed	 BaP	
co‐exposure‐induced	expression	of	epithelial	TSLP,	IL‐33,	and	IL‐25.	Finally,	AhR	an‐
tagonist	CH223191	and	NAC	inhibited	BaP	co‐exposure	with	Der	f	1‐induced	lung	
inflammation.
Conclusions: Our	findings	suggest	that	BaP	facilitates	Der	f	1‐induced	epithelial	cy‐
tokine	release	through	the	AhR‐ROS	axis.

K E Y W O R D S

Aryl	hydrocarbon	receptor,	benzo(a)pyrene	(BaP),	dermatophagoides	group	1	allergen	(Der	f	
1),	IL‐25,	IL‐33,	reactive	oxygen	species,	TSLP

G R A P H I C A L  A B S T R A C T
Compared	with	Der	f	1	alone,	BaP	and	Der	f	1	co‐exposure	leads	to	airway	hyperresponsiveness	and	increases	Th2‐associated	lung	
inflammation	in	mouse	model	of	asthma.	AhR	signaling	plays	a	critical	role	in	BaP	and	Der	f	1	co‐exposure‐induced	oxidative	stress	and	
cytokine	expression	in	airway	epithelial	cells.	The	AhR‐ROS	axis	regulates	BaP	and	Der	f	1	co‐exposure‐induced	epithelial	cytokine	
expression	and	allergic	inflammation.	AhR:	Aryl	hydrocarbon	receptor;	BaP:	benzo(a)pyrene;	CLRs:	C‐type	lectin	receptors;	HDM:	house	
dust	mite;	PAR2:	protease‐activated	receptor	2;	ROS:	reactive	oxygen	species.
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derived	from	automobile	exhaust	(eg,	DEP),	cigarette	smoking,	cook‐
ing,	and	industrial	combustion.15	BaP	can	induce	expression	of	sev‐
eral	pro‐inflammatory	cytokines/chemokines	[eg,	IL‐1β,	TNF‐α,	and	
CC	 chemokine	 ligand	 1	 (CCL1)]	 in	 macrophages.16,17	 Exposure	 to	
BaP	 alone	 can	 also	 induce	 oxidative	 stress,	 bronchial	 epithelium	
injury,18,19	and	pulmonary	toxicity	and	inflammation.20	 Intriguingly,	
co‐exposure	to	BaP	with	an	artificial	allergen	ovalbumin	(OVA)	has	
been	 reported	 to	enhance	 the	production	of	 allergen‐specific	 IgE,	
systemic	 Th1/Th2	 reaction,	 and	 airway	 inflammation	 in	mice.21‐23 
However,	the	causal	relationship	and	underlying	molecular	mecha‐
nisms	are	poorly	characterized.

Aryl	 hydrocarbon	 receptor	 (AhR)	 is	 a	 ligand‐activated	 tran‐
scription	 factor	 that	 is	activated	by	small	molecules	provided	by	
the	 diet,	microorganisms,	metabolism,	 and	 pollutants.24‐29	 Upon	
ligand	 binding,	 AhR	 translocates	 from	 cytosol	 to	 the	 nucleus,	
leading	 to	 changes	 in	 target	 gene	 transcription	 (eg,	 cytochrome	
P450	 cyp1a1,	 cyp1b1)	 and	 immunotoxicological	 effects.30‐32 
Furthermore,	 it	 has	 been	 established	 that	 AhR	 is	 critical	 in	 the	
adaptive33	 and	 innate	 immune	 regulation.34,35	 Specifically,	 AhR	
has	 a	 dominant	 effect	 on	 phenotype	 by	 controlling	 the	 expres‐
sion	of	cytokines,	 including	 IL‐10,	 type	 I	 interferons,	 IL‐12,	 IL‐17,	
and	TGF‐β1.27,36‐38	We	have	recently	demonstrated	that	AhR	plays	
an	important	role	in	mediating	allergen‐induced	and	ROS‐depen‐
dent	 degranulation	 and	 IgE‐mediated	 mast	 cell	 activation.39‐41 
Additionally,	 growing	 evidence	 suggests	 that	 airway	 epithelial	
cells	play	a	pivotal	role	in	the	initiation	and	propagation	of	asthma	
by	producing	pathogenic	cytokines	TSLP,	IL‐33,	and	IL‐25,	and	in‐
flammatory	mediators	 in	 response	 to	 environmental	 stimuli.42‐45 
However,	it	still	remains	poorly	understood	whether	AhR	signaling	
provides	a	molecular	pathway	that	mediates	the	effects	of	co‐ex‐
posure	to	BaP	and	common	allergens	on	the	epithelial	release	of	
cytokines	 and	 subsequently	 downstream	 immune	 responses	 in	
asthma.

In	 the	 present	 study,	 we	 investigated	 the	 immunomodulatory	
effects	 of	 BaP	 on	 Der	 f	 1,	 a	 common	 allergen	 in	 human‐induced	
airway	hyper‐responsiveness	 and	 lung	 inflammation.	 Furthermore,	
we	focused	on	airway	epithelial	cells	and	investigated	whether	BaP	
co‐exposure	with	Der	f	1	can	promote	airway	epithelial	cell	oxidative	
stress	and	cytokine	release.	More	importantly,	we	explored	whether	
the	co‐exposure	can	activate	AhR	signaling,	which	subsequently	reg‐
ulates	 the	 co‐exposure‐induced	 oxidative	 stress,	 cytokine	 release,	
and	allergic	inflammation.

2  | MATERIAL S AND METHODS

2.1 | Animals

Six‐	to	eight‐week‐old	C57BL/6	mice	were	purchased	from	experi‐
mental	animal	center	of	Guangdong	province.	Animals	were	main‐
tained	under	specific	pathogen‐free	conditions	at	the	animal	facility	
of	 Shenzhen	 University.	 The	 experimental	 protocols	 in	 this	 study	
were	reviewed	and	approved	by	the	Animal	Care	and	Use	Committee	
in	Shenzhen	University.

2.2 | Bap co‐exposure with Der f 1‐induced mouse 
model of asthma

Generation	of	the	BaP	co‐exposure	with	Der	f	1‐induced	asthma	mouse	
model	was	established	as	previously	described.22,23	Briefly,	mice	were	
sensitized	and	challenged	every	other	week	 for	6	weeks	with	 intra‐
nasal	administrations	of	25	µg	Der	f	1	(Indoor	biotechnologies)	under	
light	isoflurane	anesthesia.	To	assess	the	role	of	BaP	on	Der	f	1‐induced	
allergic	airway	inflammation,	BaP	(Sigma‐Aldrich)	was	dissolved	in	bo‐
rate	saline	buffer	(BBS,	Sigma‐Aldrich),	and	intranasally	administered	
at	a	concentration	of	1	or	20	pmol	once	every	week	during	Der	 f	1	
sensitization	and	challenge	(Figure	1A).	In	some	cases,	mice	were	pre‐
treated	with	CH223191	at	a	dose	of	5	mg/kg	or	N‐acetyl‐L‐cysteine	
(NAC)	at	a	dose	of	1	mmol/kg	dissolved	in	buffered	saline	by	means	of	
intraperitoneal	administration	1	hour	before	BaP	treatment.	Age‐	and	
gender‐matched	control	mice	were	treated	identically	with	BBS.

2.3 | Measurement of airway hyper‐responsiveness

Airway	hyper‐responsiveness	(AHR)	to	methacholine	(Mch)	(Sigma‐
Aldrich)	was	measured	24	hour	after	the	last	challenge	with	whole‐
body	 plethysmography	 (Buxco	 Europe	 Ltd,	 Winchester,	 UK)	 as	
previously	described46	 and	monitored	by	average	enhanced	pause	
(Penh).47	Mice	were	 exposed	 to	 increasing	 doses	 of	methacholine	
(Mch)	at	6.25,	12.5,	25,	50,	and	100	mg/mL	or	PBS.	The	percentage	
curves	for	Penh	values	at	different	Mch	doses	were	plotted,	starting	
with	PBS	stimulation.

2.4 | Bronchoalveolar lavage and Lung histology

Mice	were	killed,	and	bronchoalveolar	lavage	(BAL)	was	performed	
by	 instillation	 of	 0.8	 mL	 of	 PBS	 through	 a	 tracheal	 cannula.	 BAL	
specimens	were	cytocentrifuged	at	150	g	for	5	minutes,	placed	on	
microscope	slides,	and	stained	with	Wright‐Giemsa.	The	total	num‐
ber	 of	 eosinophils,	 neutrophils,	 and	macrophages	was	 determined	
by	counting	200	leukocytes	in	randomly	selected	areas	of	the	slides	
under	a	light	microscopy.	Supernatants	were	collected	and	stored	at	
−80ºC.	Lung	tissues	were	fixed	in	4%	formalin	for	24	hours	and	then	
embedded	 in	 paraffin	wax	 after	 dehydration	 in	 alcohol.	 Lung	 sec‐
tions	were	stained	with	H&E	and	PAS	solution	for	histopathological	
analysis.

2.5 | ELISA

BALF	were	 analyzed	 for	 IL‐4,	 IL‐13,	 IFNγ,	 IL‐17A,	 TSLP,	 IL‐33,	 and	
IL‐25	by	sandwich	ELISA	(Sizhengbo	Inc,	Beijing,	China)	according	to	
the	manufacturer's	manual.	Serum	levels	of	Der	f	1‐specific	IgE	and	
IgG1	were	analyzed	by	ELISA	as	previously	described.48,49

2.6 | Immunofluorescence staining

For	immunofluorescence	staining,	sectioned	lung	tissues	were	first	
blocked	using	5%	w/v	BSA	for	1	hour,	followed	by	incubation	with	
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antibodies	 against	 TSLP	 (GTX85059;	 GeneTex),	 IL‐33	 (AF3626;	
R&D	 Systems),	 IL‐25	 (207710;	 R&D	 Systems),	 and	 EpCAM	 (G8.8;	
ThermoFisher)	 overnight	 at	 4℃.	 Sample	 sections	were	 then	 incu‐
bated	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,	ThermoFisher).	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).	 The	 detection	 of	 intracellular	 superox‐
ide	 in	 lung	 tissues	 was	 carried	 out	 using	 dihydroethidium	 (DHE)	
(ThermoFisher).	To	determine	the	fluorescence	signal	in	tissue	sec‐
tions,	 fluorescent‐positive	 cells	 in	 five	 different	 high‐power	 fields	
from	each	slide	were	quantified	using	ImageJ	v1.50e	(NIH)	and	pre‐
sented	as	mean	fluorescence	intensity	per	square	micrometer.	Two	
to	three	slides	from	each	sample	were	used	for	analysis.

2.7 | Cell culture

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%	CO2.

2.8 | RT‐PCR

Total	 RNA	was	 extracted	 using	 an	 RNeasy	 Plus	Mini	 kit	 (Qiagen),	
and	 cDNA	 templates	 were	 synthesized	 with	 SuperScript	 II	 (Life	
Technologies).	Real‐time	PCR	(RT‐PCR)	was	performed	using	C1000	
Touch	PCR	machine	(Bio‐RAD).	Data	were	analyzed	using	the	2−ΔΔCT 
method	as	described	by	Livak	and	Schmittgen50	 and	expressed	as	
fold	 change	 relative	 to	 untreated	 control.	 The	mRNA	 levels	 were	
normalized	 to	 the	 internal	 control	 gene	β‐actin.	 Primer	 sequences	
used	are	included	in	the	Online	Repository	(Table	S1).

2.9 | Western blotting

Cells	were	collected	and	 lysed	 in	RIPA	buffer	 (Sigma‐Aldrich)	con‐
taining	 Protease	 and	 Phosphatase	 Inhibitor	 Cocktails	 (Roche).	
Protein	 concentration	was	measured	 using	 a	BCA™	Protein	Assay	
kit	 (Pierce).	Aliquots	 of	 30‐50	µg	protein	 samples	were	 separated	
by	electrophoresis	on	10%	SDS‐polyacrylamide	gels	and	then	elec‐
trophoretically	 transferred	 to	 a	 methanol‐pretreated	 PVDF	mem‐
brane	(Invitrogen).	After	blocking	with	5%	nonfat	milk	in	TBST,	the	

membrane	 was	 incubated	 with	 anti‐AhR	 (Abcam,	 ab23672),	 anti‐
CYP1A1	 (Abcam,	 ab23672),	 anti‐TSLP	 (GeneTex,	 85059),	 anti‐33	
(Santa	Cruz,	4E9),	anti‐IL‐25	(Abcam,	Q9H293),	and	anti‐β‐actin	an‐
tibodies.	Detailed	information	is	 included	in	the	Online	Repository	
(Table	 S2).	Blots	were	 visualized	with	 an	HRP‐conjugated	 second‐
ary	 antibody	 (Santa	 Cruz)	 and	 Western	 blotting	 analysis	 system	
Multiskan	Go	 (Thermo	 scientific).	 Relative	 protein	 expression	was	
determined	by	densitometric	analysis	using	ImageJ	(NIH).

2.10 | Detection of intracellular reactive 
oxygen species

Intracellular	reactive	oxygen	species	were	quantified	with	Reactive	
Oxygen	Species	Assay	Kit	(Beyotime	Institute	of	Biotechnology)	as	
previously	 described.48,51	 Briefly,	 cells	 were	 cultured	 with	 dihyd‐
rodichlorofluorescein	diacetate	(DCF‐DA)	in	serum‐free	medium	at	
37˚C	for	20	minutes	and	then	added	BaP	(1.0	µmol/L)	or/and	Der	f	1	
(30	µg)	in	the	presence	or	absence	of	NAC	(1.0	µmol/L)	for	1	hours.	
The	DCF	 fluorescence	was	quantitated	with	 a	Multiskan	Go	plate	
reader	 (Thermo),	with	an	excitation	wavelength	of	488	nm	and	an	
emission	wavelength	of	525	nm,	and	normalized	with	the	total	pro‐
tein content.

2.11 | Statistical analysis

Data	are	expressed	as	means	±	SEM.	Statistical	significance	for	nor‐
mally	distributed	samples	was	assessed	using	an	independent	two‐
tailed	 Student's	 t	 test	 or	 with	 ANOVA.	 Non‐normally	 distributed	
samples	were	analyzed	by	Wilcoxon	rank‐sum	test.	All	analyses	were	
performed	 with	 GraphPad	 Prism	 version	 5.1	 software	 (GraphPad	
Software).	A	P‐value	<	0.05	was	considered	statistically	significant	
for	all	analyses.

3  | RESULTS

3.1 | BaP co‐exposure exacerbates Der f 1‐induced 
lung inflammation

To	determine	whether	BaP	co‐exposure	can	exacerbate	Der	f	1‐in‐
duced	lung	inflammation,	we	generated	a	mouse	model	of	asthma	as	
illustrated	in	Figure	1A.	AHR	to	inhaled	Mch	was	analyzed	to	evalu‐
ate	 changes	 in	 airway	 resistance	 in	 response	 to	 allergen	exposure	
and	challenge.	Although	both	BaP	and	Der	f	1	alone	failed	to	induce	
airway	 hyper‐responsiveness	 (AHR),	 BaP	 co‐exposure	 with	 Der	 f	
1	 induced	a	 strong	and	 significant	 increase	 in	 airway	 reactivity	 to	
inhaled	Mch	 as	 compared	 to	Der	 f	 1	 (Figure	 1B).	Next,	we	 found	

FIGURE 1 BaP	co‐exposure	exacerbates	Der	f	1‐induced	lung	inflammation.	A,	Protocol	for	the	generation	of	mouse	model	of	asthma.	W:	
week.	Filled	red	circles	represent	the	day	for	Der	f	1	treatment.	B,	Effect	of	Der	f	1	and	BaP	on	airway	hyper‐responsiveness	(AHR)	was	
monitored	by	average	Penh.	Methacholine	concentration	was	increased	from	6.25	to	100	mg/mL).	C,	Paraffin	tissue	sections	of	lung	were	
stained	with	H&E	(upper	panel)	and	periodic	acid‐Schiff	(PAS,	lower	panel).	D,	ELISAs	for	serum	levels	of	Der	f	1‐specific	IgE	and	IgG1.	E,	
Bronchoalveolar	lavage	(BAL)	total	inflammatory	cells	and	eosinophil	cells	as	assessed	by	Wright‐Giemsa	staining.	F,	ELISAs	for	BAL	levels	of	
Th1/Th2/Th17	cytokines.	Data	represent	mean	±	SEM	(n	=	6‐8/group).	*P	<	0.05,	**P	<	0.01
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increased	recruitment	of	inflammatory	cells	to	the	lungs,	with	dense	
peri‐bronchial	cell	infiltrates	and	goblet	cell	hyperplasia	on	histologi‐
cal	examination	after	BaP	co‐exposure	with	Der	f	1	(Figure	1C,	H&E	
and	PAS)	 as	 compared	with	Der	 f	 1‐treated	mice.	Moreover,	mice	
exposed	to	BaP	and	Der	f	1	also	showed	increased	serum	titers	of	
Der	f	1‐specific	IgE	and	IgG1	(Figure	1D).	Total	and	differential	cell	
counts	of	BAL	fluid	samples	indicated	increased	number	of	total	in‐
flammatory	cells	with	a	 significant	eosinophil	 recruitment	 into	 the	
lungs	(Figure	1E).	In	addition,	BAL	fluids	from	mice	exposed	to	BaP	
and	Der	f	1	showed	higher	levels	of	IL‐4	and	IL‐13,	but	no	changes	
for	IFNγ	and	IL‐17A,	when	compared	with	these	from	Der	f	1‐treated	
mice	(Figure	1F).	Collectively,	these	results	suggest	that	BaP	co‐ex‐
posure	 exacerbates	 Der	 f	 1‐induced	 airway	 hyper‐responsiveness	
and	Th2‐associated	lung	inflammation.

3.2 | BaP exacerbates Der f 1‐induced 
oxidative stress

Our	recent	studies	have	demonstrated	that	cockroach	allergen	can	
induce	ROS	production	in	mouse	model	of	asthma	and	airway	epi‐
thelial	cells,	leading	to	increased	COX‐2	expression.48	To	extend	our	
findings,	we	examined	whether	Der	f	1	can	induce	ROS	generation,	
and	whether	BaP	co‐exposure	can	enhance	Der	f	1‐induced	ROS	ex‐
pression	in	the	mouse	model	of	asthma.	Both	BaP	and	Der	f	1	alone	
can	 induce	ROS	 generation	 in	 the	mouse	 lung	 tissues	 (Figure	 2A,	
B),	but	BaP	co‐exposure	can	 further	enhance	 the	Der	 f	1‐induced	
ROS	 response.	 This	 finding	 was	 also	 confirmed	 by	 the	 direct	 de‐
tection	of	ROS	expression	 in	airway	epithelial	 cells	 (16HBECs).	As	
expected,	 ROS	 production	was	 increased	 in	 16HBECs	 after	 treat‐
ment	with	either	BaP	or	Der	f	1	(Figure	2C),	and	Der	f	1‐induced	ROS	
generation	was	further	enhanced	by	BaP	co‐exposure.	As	expected,	

no	increased	ROS	was	observed	in	cells	pretreated	with	ROS	inhibi‐
tor	NAC	(N‐acetyl‐L‐cysteine).	Taken	together,	these	results	suggest	
that	Der	f	1	can	 induce	ROS	generation,	which	can	be	further	en‐
hanced	by	BaP	co‐exposure.

3.3 | BaP promotes Der f 1‐induced epithelial 
cytokine release

Next,	we	investigated	whether	BaP	or	Der	f	1	exposure	can	induce	
epithelial	 cytokine	 production,	 and	whether	BaP	 co‐exposure	 can	
further	 enhance	 this	 response.	 No	 significant	 changes	 for	 TSLP,	
IL‐33,	 and	 IL‐25	 were	 observed	 in	 either	 BaP‐	 or	 Der	 f	 1‐treated	
mice,	 but	 significant	 increases	were	 found	 in	 the	 airway	epithelial	
cells	of	mice	after	exposure	to	the	combination	of	BaP	and	Der	f	1	as	
assessed	by	co‐immunofluorescent	staining	with	EpiCaM,	a	marker	
for	epithelium	(Figure	3A,	B).	These	findings	were	further	supported	
by	 the	analyses	of	TSLP	and	 IL‐25	 levels	 in	BAL	 fluids	of	mice	ex‐
posed	to	BaP	and	Der	f	1	as	compared	to	Der	f	1	alone	(Figure	3C).	
IL‐33	 showed	 the	 same	 trend,	 but	 statistically	 no	 significance.	 To	
further	confirm	BaP‐induced	cytokine	secretion	in	airway	epithelial	
cells,	16HBECs	were	 treated	with	BaP	alone	 (0.01	 to	1.0	μmol/L).	
We	found	a	dose‐dependent	response	for	TSLP	and	IL‐33,	but	not	
for	IL‐25	and	the	inflammatory	cytokine	IL‐1β,	and	GM‐CSF,	in	BaP‐
treated	16HBECs	(Figure	4A).	Furthermore,	we	found	that	Der	f	1	
(30	μg/mL)	alone	induced	TSLP,	IL‐33,	IL‐25,	IL‐1β,	and	GM‐CSF	se‐
cretion	 release	 from	16HBECs,	 and	BaP	 co‐exposure	 (1.0	μmol/L)	
promoted	Der	f	1‐induced	TSLP	and	IL‐33,	but	not	other	tested	cy‐
tokines	(Figure	4B).	To	further	validate	these	findings,	we	cultured	
16HBECs	with	 an	 air‐liquid	 interface	 (ALI)	 culture	method	 as	 pre‐
viously	described.52	Similarly,	either	BaP	alone	or	co‐exposure	can	
induce	TSLP	and	IL‐33,	but	not	IL‐25	expression,	in	the	ALI	cultured	

F I G U R E  2  BaP	exacerbates	
Der	f	1‐induced	oxidative	stress.	
A,	Representative	images	of	
dihydroethidium‐stained	(DHE‐
stained)	lung	tissues	of	BaP	and	Der	
f	1‐treated	mice.	Scale	bar:	100	μm.	B,	
Quantitative	data	for	ROS	expression	
as	expressed	by	DHE	fold	change.	Data	
represent	mean	±	SEM	(n	=	6‐8/group),	
**P	<	0.01	(compared	to	PBS	control),	
†P	<	0.05,	††P	<	0.01	(Compared	to	Der	
f	1).	C,	Detection	of	intracellular	ROS	
production	with	Reactive	Oxygen	Species	
Assay	Kit	in	BaP	and	Der	f	1‐treated	
16HBECs	in	the	absence	(black	bar)	or	
presence	of	NAC	(red	bar)	(n	=	3).	The	
dihydrodichlorofluorescein	diacetate	
(DCF‐DA)	fluorescence	was	quantitated	
with	a	Multiskan	Go	plate	reader	and	
normalized	with	the	total	protein	content.	
Data	represent	mean	±	SEM.	**P	<	0.01
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16HBECs	(Figure	S1).	Collectively,	these	results	suggest	that	BaP	co‐
exposure	can	potentiate	Der	f	1‐induced	epithelial	cytokine	produc‐
tion,	particularly	TSLP	and	IL‐33.

3.4 | Aryl hydrocarbon receptor activation by BaP 
mediates cytokine expression

AhR	 activation	 has	 been	 recently	 shown	 to	 be	 critical	 in	mediating	
DEP‐induced	 production	 of	 IL‐33,	 IL‐25,	 and	TSLP	 in	 allergic	 severe	
asthma.45	To	determine	whether	AhR	signaling	can	also	be	activated	
by	BaP	and	plays	a	role	in	mediating	BaP	co‐exposure‐induced	upregu‐
lation	of	TSLP	and	IL‐33	expression,	we	investigated	the	BaP	co‐expo‐
sure‐induced	activation	of	AhR	signaling.	16HBECs	were	treated	with	
BaP,	and	expression	of	AhR	and	its	major	downstream	gene	CYP1A1	
was	assessed.	As	expected,	BaP	induced	significantly	 increased	AhR	
with	 the	strongest	expression	at	1	hour	 (Figure	S2A).	Similar	 results	
were	observed	for	CYP1A1	with	the	strongest	expression	at	24	hours	
(Figure	S2B).	The	BaP‐induced	expression	of	AhR	and	CYP1A1	was	
further	 confirmed	 by	 Western	 blotting	 (Figure	 S2C,	 D).	 Next,	 we	

investigated	whether	BaP	co‐exposure	can	potentiate	Der	f	1‐induced	
activation	of	AhR	signaling.	Intriguingly,	we	found	that	Der	f	1	alone,	
similar	 to	BaP,	 activated	AhR	 signaling	 as	defined	by	RT‐PCR	analy‐
ses	of	AhR	and	CYP1A1	expression,	and	BaP	co‐exposure	potentiated	
Der	f	1‐induced	activation	of	AhR	signaling	(Figure	5A).	The	co‐expo‐
sure‐induced	activation	was	antagonized	by	CH223191	(0.1	μmol/L),	
a	 selective	AhR	antagonist.	The	Western	blotting	 showed	 the	 same	
pattern	as	RT‐PCR	(Figure	5B).	To	determine	whether	AhR	is	involved	
in	BaP	co‐exposure‐induced	epithelial	cytokine	expression,	16HBECs	
were	pretreated	with	AhR	antagonist	CH223191	and	then	exposed	to	
BaP	and	Der	 f	1.	Expression	of	TSLP,	 IL‐33,	 and	 IL‐25	was	analyzed	
by	Western	blotting	 (Figure	5C).	Similar	 to	the	previous	results,	BaP	
co‐exposure	promoted	the	expression	of	epithelial	TSLP	 (Figure	5D)	
and	IL‐33	(Figure	5E)	as	compared	to	Der	f	1	alone,	and	the	increased	
expression	was	almost	completely	blocked	by	CH223191	treatment.	
However,	no	further	 increase	was	observed	for	 IL‐25	(Figure	5F).	To	
further	validate	the	role	of	AhR	in	mediating	BaP	co‐exposure‐induced	
increased	TSLP	and	IL‐33	expression,	AhR	in	16HBECs	was	knocked	
down	by	 siRNA	 and	 confirmed	 by	Western	 blotting	 (Figure	 6A).	 As	

F I G U R E  3  BaP	promotes	Der	f	1‐induced	epithelial	cytokine	release.	A,	Representative	image	of	double	immunofluorescence	staining	
with	the	primary	antibodies	against	TSLP	(green,	upper),	IL‐25	(green,	middle),	and	IL‐33	(green,	lower)	with	EpiCAM	(red)	in	the	mouse	lung	
tissues.	Nuclei	were	counterstained	with	DAPI,	n	=	6/group.	Scale	bar:	100	μm.	B,	Quantification	data	for	cytokine	expression.	C,	ELISAs	for	
BAL	levels	of	epithelial‐derived	cytokines	(TSLP,	IL‐25,	and	IL‐33).	Data	represent	mean	±	SEM	(n	=	6‐8/group).	*P	<	0.05,	**P	<	0.01
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expected,	AhR	knockdown	significantly	blocked	the	BaP‐induced	TSLP	
(Figure	6B)	and	IL‐33	(Figure	6C)	expression	as	detected	by	RT‐PCR,	but	
no	change	was	noted	for	IL‐25	(Figure	6D).	Furthermore,	the	Western	
blotting	 illustrated	 that	 16HBECs	with	AhR	 knockdown	 showed	 re‐
duced	TSLP	expression	after	exposure	 to	BaP	alone	or	co‐exposure	
(Figure	6E,	F).	The	same	trend	was	observed	for	IL‐33,	but	no	statisti‐
cal	significance	 (Figure	6E,	G).	Similarly,	AhR	knockdown	showed	no	
change	for	IL‐25	(Figure	6E,	H).	These	results	imply	that	AhR	activation	
may	play	a	pivotal	role	in	mediating	BaP‐induced	production	of	airway	
epithelial	TSLP	and	IL‐33	in	asthma.

3.5 | Aryl hydrocarbon receptor mediates BaP‐
induced cytokine expression through ROS

To	 explore	 the	 underlying	 mechanism	 by	 which	 AhR	 mediates	
BaP‐promoted	epithelial	 cytokine	production,	we	 investigated	 the	
regulation	of	AhR	on	ROS	generation,	and	then	examined	whether	
ROS	plays	a	role	in	the	exacerbation	of	cytokine	expression.	To	de‐
termine	 whether	 AhR	 regulates	 ROS	 generation,	 16HBECs	 were	
treated	with	BaP	or	BaP	co‐exposure	in	the	presence	or	absence	of	
CH223191.	The	 intracellular	ROS	was	measured	with	 the	 reactive	
oxygen	species	assay.	Similar	to	our	previous	findings,	BaP‐	and	Der	
f	 1‐induced	ROS	 generation,	which	was	 further	 enhanced	 by	BaP	

co‐exposure.	 Interestingly,	 the	 increased	ROS	 generation	was	 sig‐
nificantly	 inhibited	by	CH223191	 (Figure	7A).	These	findings	were	
further	supported	by	AhR	knockdown	in	16HBECs	(Figure	7B).	The	
BaP	 co‐exposure‐induced	 ROS	 generation	was	 almost	 completely	
abolished	in	AhR	knockdown	16HBECs.	Finally,	to	examine	whether	
ROS	is	involved	in	BaP‐induced	exacerbation	of	epithelial	cytokine	
expression,	 16HBECs	were	pretreated	with	NAC	 (1.0	μmol/L)	 and	
then	treated	with	BaP,	Der	f	1,	or	co‐exposure.	We	found	that	BaP,	
Der	 f	1,	and	co‐exposure	 induced	TSLP	expression,	which	was	re‐
markably	suppressed	by	NAC	(Figure	7C,	D).	Furthermore,	the	BaP	
co‐exposure‐induced	 expressions	 of	 IL‐33	 (Figure	 7D)	 and	 IL‐25	
(Figure	 7	 E)	were	 also	 inhibited	 by	NAC.	 These	 results	 imply	 that	
AhR	signaling	regulates	ROS	generation,	which	is	critical	in	BaP	co‐
exposure‐induced	increased	expression	of	TSLP,	IL‐33,	and	IL‐25	in	
the	airway	epithelial	cells.

3.6 | Functional role of the aryl hydrocarbon 
receptor‐ROS axis in BaP co‐exposure‐induced lung 
inflammation

Given	the	significance	of	the	AhR‐ROS	axis	in	mediating	BaP	co‐ex‐
posure‐induced	cytokine	production	in	airway	epithelial	cells,	we	
further	investigated	whether	the	AhR‐ROS	axis	 is	also	important	

F I G U R E  4   In	vitro	analysis	of	epithelial	cell	cytokine	release	in	BaP‐	and	Der	f	1‐treated	16HBECs.	A,	Levels	of	TSLP,	IL‐33,	IL‐25,	IL‐1β,	
and	GM‐CSF	in	culture	supernatants	of	BaP‐treated	16HBECs	as	detected	by	ELISA	(n	=	3).	B,	Levels	of	TSLP,	IL‐33,	IL‐25,	IL‐1β,	and	GM‐
CSF	in	culture	supernatants	of	either	BaP	or	Der	f	1	alone	or	combination‐treated	16HBECs	by	ELISA	(n	=	3).	Data	represent	mean	±	SEM.	
*P	<	0.05,	**P	<	0.01	(compared	to	control).	†P	<	0.05	(compared	to	Der	f	1)
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in	BaP	co‐exposure‐induced	lung	inflammation	in	a	mouse	model	
of	asthma.	The	asthma	mouse	model	was	generated	as	illustrated	
in	Figure	1A;	AhR	antagonist	CH223191	or	ROS	inhibitor	NAC	was	
administered	by	means	of	intraperitoneal	injection	1	hour	before	
BaP	 treatment.	We	 found	 that	 treatment	with	either	CH223191	
or	 NAC	 before	 BaP	 co‐exposure	 significantly	 suppressed	 AHR	
(Figure	8A)	and	lung	inflammation,	including	recruitment	of	inflam‐
matory	cells	to	the	lungs	with	goblet	cell	hyperplasia	on	histologic	
examination	 (Figure	8B,	H&E	and	PAS).	 Similar	 effects	were	ob‐
served	for	serum	levels	of	Der	f	1‐specific	IgE	and	IgG1	(Figure	8C)	
and	 number	 of	 total	 inflammatory	 cells,	 specifically	 eosinophils	
(Figure	8D),	and	 levels	of	 IL‐4	and	 IL‐13	 in	BAL	 fluid	 (Figure	8E).	
Furthermore,	treatment	with	CH223191	significantly	suppressed	
increased	lung	tissue	ROS	caused	by	BaP	co‐exposure	(Figure	8F,	
G).	Taken	together,	the	results	suggest	that	the	AhR‐ROS	axis	may	
play	a	critical	role	in	BaP	co‐exposure‐induced	lung	inflammation.

4  | DISCUSSION

Here,	 we	 provide	 evidence	 that	 environmental	 pollutants,	 which	
coexist	 with	 allergens,	 contribute	 to	 the	 exacerbation	 of	 asthma.	
Particularly,	we	 investigated	whether	BaP	can	enhance	Der	 f	1‐in‐
duced	airway	hyper‐responsiveness,	lung	inflammation,	and	oxidative	
stress.	Moreover,	we	explored	the	underlying	molecular	mechanisms	
by	studying	the	role	of	AhR	signaling	in	mediating	BaP	and	Der	f	1	
co‐exposure‐induced	oxidative	stress	and	epithelial	cytokine	release.	
Furthermore,	we	examined	 the	 functional	 significance	of	 the	AhR‐
ROS	axis	in	BaP	and	Der	f	1	co‐exposure‐induced	lung	inflammation.	
Our	study	suggests	for	the	first	time	that	AhR	signaling	regulates	BaP	
co‐exposure‐induced	 epithelial	 cytokine	 release,	 particularly	 TSLP	
and	IL‐33,	through	regulation	of	ROS	generation.

Allergic	 asthma	 has	 been	 associated	 with	 the	 expression	 of	
Th2	 genes	 characterized	 by	 increased	 eosinophilic	 inflammation,	

F I G U R E  5  BaP	co‐exposure	with	Der	f	1‐induced	aryl	hydrocarbon	receptor	activation	mediates	TSLP	and	IL‐33	expression.	A,	BaP	co‐
exposure‐induced	activation	of	AhR	signal	was	assessed	with	the	expression	of	AhR	and	CYP1A1	by	qRT‐PCR.	Expression	was	defined	by	
fold	change	in	relative	to	control.	N	=	3.	B‐C,	Representative	immunoblots	for	BaP	co‐exposure‐induced	expression	of	AhR,	CRP1A1	(B),	and	
epithelial	cytokines	(C)	in	16HBECs.	Quantitative	data	were	obtained	by	densitometric	analysis	for	the	expression	of	AhR	and	CRP1A1	(B),	
and	TSLP	(D),	IL‐33	(E),	and	IL‐25	(F)	relative	to	expression	of	β‐actin.	Data	represent	mean	±	SEMs	of	at	least	two	independent	experiments.	
*P	<	0.05,	**P	<	0.01	
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IgE	 production,	 and	 Th2	 cytokine	 expression	 (eg,	 IL‐4,	 IL‐5,	 and	
IL‐13).48,53	Air	pollution	has	been	considered	as	one	of	the	most	im‐
portant	environmental	factors	for	asthma.54	Exposure	to	traffic	pol‐
lution	particulate	matter,	predominantly	DEPs,	has	been	shown	to	
increase	the	risk	of	asthma.11,55	However,	experimental	studies	sug‐
gest	that	DEP	alone	had	no	effect	on	the	major	phenotypes	of	aller‐
gic	asthma.56	By	contrast,	DEP	co‐exposure	with	HDM	exacerbated	
allergic	responses,	including	airway	hyper‐responsiveness,	increased	
levels	of	allergen‐specific	IgE,	and	accumulations	of	eosinophils	and	
Th2/Th17	cells.7,11,12,56	These	findings	were	well	supported	by	our	
findings	in	this	study.	Specifically,	we	used	BaP,	a	major	DEP	compo‐
nent,	and	Der	f	1,	the	highly	related	and	major	natural	allergen	puri‐
fied	from	HDM,57	but	not	heterogeneous	mixture	of	DEP	or	HDM.	
By	using	BaP	and	Der	f	1,	we	found	very	similar	results	that	neither	
BaP	nor	Der	f	1	alone	had	any	effect	on	airway	hyper‐responsive‐
ness	and	 lung	 inflammation,	but	BaP	co‐exposure	with	Der	 f	1‐in‐
duced	airway	hyper‐responsiveness,	accumulation	of	cell	infiltrates,	
particularly	eosinophils,	 and	 increased	mucus	production	and	BAL	
Th2	 cytokines.	 Furthermore,	 it	 has	 been	 suggested	 that	 low‐dose	
BaP	(≤1	pM)	can	enhance	allergic	airway	inflammation	by	facilitating	

Th2	responses,	and	a	high	BaP	dose	(20	pM)	may	contribute	to	ac‐
tivating	both	Th1	and	Th2	responses.23	Thus,	both	low	dose	(1	pM)	
and	high	dose	(20	pM)	were	applied	to	our	mouse	model.	We	found	
that	both	low	dose	and	high	dose	of	BaP	co‐exposure	enhanced	Der	
f	1‐induced	Th2,	but	not	Th1	and	Th17	responses,	in	a	dose‐depen‐
dent	manner.	These	findings	raise	the	possibility	that	BaP	alone	may	
induce	either	Th1	or	Th2	responses	depending	on	the	levels	of	BaP	
exposure,	but	BaP	co‐exposure	with	Der	f	1	induces	a	Th2	immune	
response	and	Th2‐associated	lung	inflammation	irresponsive	of	lev‐
els	of	exposure.

The	significance	of	our	study	is	that	 it	provides	a	potential	 link	
between	exposure	to	environmental	pollutants	and	allergens	and	the	
development	or	worsening	of	allergic	asthma.	The	airway	epithelium	
is	the	lung's	first	line	of	defense	against	inhaled	allergens	and	pollut‐
ants	and	plays	an	important	role	in	the	innate	immune	responses.58 
It	 is	 recognized	 that	 epithelial‐derived	 cytokines	 IL‐33,	 IL‐25,	 and	
TSLP	 enhance	Th2‐associated	 lung	 inflammation,	 airway	 remodel‐
ing,	and	pathological	changes	that	are	associated	with	asthma.42‐44 
A	recent	study	suggested	that	these	cytokines	can	activate	type	2	
innate	lymphoid	cells	(ILC2),	which	directly	secrete	Th2	cytokines.59 

F I G U R E  6  Aryl	hydrocarbon	receptor	activation	mediates	BaP‐promoted	Der	f	1‐induced	epithelial	cytokine	expression.	A,	AhR	
knockdown	was	confirmed	by	Western	blotting	and	quantified	by	densitometric	analysis	for	AhR.	B‐D,	RT‐PCR	analysis	for	the	expression	
of	TSLP	(B),	IL‐33	(C),	and	IL‐25	(D)	in	BaP‐treated	16HBECs	with	or	without	AhR	knockdown.	E,	Representative	immunoblots	for	BaP	co‐
exposure	with	Der	f	1‐induced	cytokine	expression	in	16HBECs	with	or	without	AhR	knockdown.	F‐H,	Quantitative	data	were	obtained	
by	densitometric	analysis	for	the	expression	of	TSLP	(F),	IL‐33	(G),	and	IL‐25	(H)	relative	to	β‐actin.	Data	represent	mean	±	SEMs	of	two	
independent	experiments.	*P	<	0.05,	**P	<	0.01	[Color	figure	can	be	viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Thus,	it	is	tempting	to	speculate	that	BaP	co‐exposure	may	challenge	
airway	epithelial	cells	to	release	cytokines,	leading	to	the	activation	
of	ILC2	that	contributes	to	tissue	eosinophilia,	airway	hyper‐respon‐
siveness,	and	Th2‐associated	 lung	 inflammation.	 Indeed,	we	found	
increased	expression	of	TSLP,	IL‐33,	and	IL‐25	in	mice,	particularly	in	
the	airway	epithelial	layer,	after	exposure	to	BaP	and	Der	f	1.	These	
findings	were	well	supported	by	several	previous	reports,	including	
the	 upregulation	 of	 TSLP,	 IL‐33,	 and	 IL‐25	 in	DEP‐treated	 primary	
bronchial	epithelial	cells,45	and	in	asthmatic	epithelium.60‐62	A	very	
recent	 study	 reported	 that	 allergen	challenge	highly	 increased	ex‐
pression	of	 IL‐25,	 IL‐33,	 and	TSLP	 in	 the	bronchial	 epithelium	and	
submucosa	that	correlate	with	the	extent	of	the	late	phase	of	airway	
obstruction.63	Thus,	these	molecules	may	be	considered	as	poten‐
tial	molecular	 targets	 for	 the	 inhibition	of	allergen‐induced	airway	
inflammation	and	obstruction.	 Indeed,	neutralization	of	TSLP	with	
an	anti‐TSLP	mAb	has	been	shown	to	reverse	airway	inflammation,	

prevent	 structural	 alterations,	 and	 decrease	 airway	 hyper‐respon‐
siveness	and	TGF‐β1 level.64	Taken	together,	these	findings	demon‐
strate	that	these	epithelial‐derived	cytokines	may	play	a	pivotal	role	
in	the	initiation	of	Th2‐associated	lung	inflammation	in	BaP	co‐expo‐
sure‐induced	allergic	asthma.

One	of	the	central	goals	of	this	study	is	to	explore	the	molecu‐
lar	mechanisms	underlying	the	BaP	co‐exposure‐induced	epithelial	
cytokine	release.	AhR	is	a	receptor	and	transcription	factor	that	 is	
critical	in	xenobiotic	metabolism65	and	has	a	key	function	in	immu‐
nity.	Our	previous	studies	suggest	a	critical	role	for	AhR	in	mediating	
allergen‐induced	 and	 ROS‐dependent	 degranulation	 and	 IgE‐me‐
diated	mast	 cell	 activation.39‐41	Our	data	 in	 this	 study	provide	ev‐
idence	 that	AhR	 is	 a	 key	molecular	 regulator	 for	BaP	and	allergen	
co‐exposure‐induced	 TSLP	 and	 IL‐33	 expression.	 In	 particular,	we	
found	 that	 BaP	 co‐exposure	 exacerbated	Der	 f	 1‐induced	 the	 ac‐
tivation	of	AhR	signaling	as	determined	by	expression	of	AhR	and	

F I G U R E  7  Aryl	hydrocarbon	receptor	mediates	BaP‐induced	ROS	generation	that	is	critical	in	BaP	co‐exposure‐induced	epithelial	
cytokine	expression.	A‐B,	Detection	of	intracellular	ROS	production	with	Reactive	Oxygen	Species	Assay	Kit	in	BaP	and	Der	f	1‐treated	
16HBECs	in	the	absence	or	presence	of	CH223191	(A)	or	16HBECs	with	or	without	AhR	knockdown	(B).	n	=	3.	**P	<	0.01	(compared	to	
control).	†P	<	0.05.	C,	Representative	immunoblots	for	BaP	co‐exposure‐induced	expression	of	epithelial	cytokine	expression	in	16HBECs	
with	or	without	NAC.	D‐F,	Quantitative	data	were	obtained	by	densitometric	analysis	for	the	expression	of	TSLP	(D),	IL‐33	(E),	and	IL‐25	
(F)	relative	to	β‐actin.	Data	represent	mean	±	SEMs	of	two	independent	experiments.	*P	<	0.05,	**P	<	0.01	[Color	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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CYP1A1.	Furthermore,	BaP	co‐exposure	also	enhanced	Der	f	1‐in‐
duced	TSLP	and	 IL‐33	expression	 in	airway	epithelial	cells,	and	 in‐
triguingly,	 the	 increased	 expression	 was	 significantly	 inhibited	 by	
AhR	antagonist	CH223191	or	impaired	in	cells	with	AhR	knockdown.	
These	data	 indicate	 that	AhR	activation	may	be	essential	 in	medi‐
ating	BaP‐promoted	Der	f	1‐induced	TSLP	and	 IL‐33	expression	 in	
the	airway	epithelial	cells.	 Interestingly,	although	BaP	co‐exposure	
potentiated	Der	f	1‐induced	IL‐25	expression	in	the	airway	epithelial	
cells	of	asthma	mouse	model,	this	was	not	found	by	in	vitro	analysis.	
Particularly,	there	was	no	dose‐dependent	induction	in	BaP‐treated	
16HBECs,	and	also	no	potentiation	for	BaP	co‐exposure	with	Der	f	
1	for	IL‐25.	However,	we	found	that	Der	f	1	alone	can	induce	IL‐25	
expression,	representing	that	there	may	be	distinct	mechanisms	for	
the	 regulation	 of	 TSLP,	 IL‐33,	 and	 IL‐25	 production	 in	BaP	 or	Der	
f	1‐treated	airway	epithelial	cells.

It	 is	well	 documented	 that	 exposure	 to	 environmental	 pollut‐
ants	 (eg,	 PM2.5)	 can	 induce	 an	 oxidative	 stress	 and	 impair	 lung	
function	 in	 asthmatic	 patients.66‐70	ROS	 are	 important	mediators	
that	 may	 contribute	 to	 oxidative	 damage	 and	 chronic	 inflamma‐
tion	 in	allergic	diseases.	 71,72	The	airways	of	asthma	patients	and	
allergen‐challenged	mice	contain	high	levels	of	ROS	that	appear	to	
contribute	to	asthma.73,74	Intriguingly,	we	found	that	environmen‐
tal	allergens	 (eg,	 cockroach	allergen)	can	 induce	ROS	production,	
particularly	mitochondrial‐derived	ROS,	by	inducing	COX‐2	expres‐
sion	in	airway	epithelial	cells.48	 In	this	study,	we	provide	not	only	
supporting	evidence	 that	both	BaP	and	Der	 f	1	alone	can	 induce	
ROS	generation,	but	 also	a	novel	evidence	 that	BaP	co‐exposure	
further	 enhanced	Der	 f	 1‐induced	ROS	production	 in	 our	mouse	
model	 or	 airway	 epithelial	 cells	 in	 vitro,	 further	 supporting	 that	
ROS	may	be	key	mediators	in	mediating	BaP	co‐exposure‐induced	
epithelial	 TSLP,	 IL‐33,	 and	 IL‐25	 release	 and	 lung	 inflammation.	
However,	the	source	of	ROS	still	remains	unknown.	Mitochondrial	
ROS	is	important	for	promoting	asthma	because	mitochondrial	tar‐
geted	 antioxidant	mitoTEMPO	 showed	 protection	 from	 allergen‐
induced	asthma.48,73,75,76	Additionally,	NADPH	oxidase	may	also	be	
important.73 p40phox,	a	NADPH	oxidase	subunit,	has	been	recently	
identified	to	be	a	novel	transcriptional	target	of	AhR.77	Thus,	future	
studies	are	needed	to	determine	how	and	where	ROS	is	generated	
and	possible	mechanisms	in	response	to	environmental	pollutants	
or	allergens.	Additionally,	we	found	that	both	BaP	and	Der	f1	alone	
induced	remarkable	ROS	generation,	but	did	not	see	the	apparent	
release	 of	 TSLP,	 IL‐33,	 and	 IL‐25	 in	 lung.	 Although	 the	 reason	 is	
not	 clear,	we	 postulate	 that	 either	 BaP‐	 or	Der	 f	 1‐induced	 ROS	
are	not	sufficient	to	trigger	cytokine	production,	but	exposure	of	
airway	epithelial	 cells	 to	 combined	BaP	and	Der	 f	1	 can	produce	
larger	amounts	of	ROS	that	cause	oxidative	damages	in	DNA,	lipids,	

proteins,	and	other	cellular	components,	leading	to	the	production	
of	TSLP,	 IL‐33,	and	IL‐25.	Thus,	 it	would	be	of	 interest	to	confirm	
the	hypothesis	and	investigate	the	underlying	mechanisms	regard‐
ing	the	ROS‐induced	expression	of	epithelial	TSLP,	IL‐33,	and	IL‐25	
in	the	future.

Most	importantly,	we	tested	our	hypothesis	that	AhR	signaling	
as	 an	 upstream	may	 control	 ROS	 generation,	 and	 the	 increased	
ROS	may	subsequently	regulate	downstream	immune	responses.	
As	 hypothesized,	 we	 found	 that	 BaP	 co‐exposure‐induced	 in‐
creased	 ROS	 generation	was	 significantly	 inhibited	 in	 the	 pres‐
ence	of	AhR	antagonist	CH223191	or	cells	with	AhR	knockdown.	
Furthermore,	 we	 demonstrated	 that	 ROS	 is	 involved	 in	 the	 up‐
regulation	 of	 BaP	 co‐exposure‐induced	 increased	 expression	 of	
TSLP,	IL‐33,	and	IL‐25.	These	studies	support	our	novel	hypothesis	
that	the	AhR‐ROS	axis	may	be	critical	 in	regulating	BaP	and	Der	
f	1	co‐exposure‐induced	epithelial	cytokine	expression	and	sub‐
sequently	Th2‐associated	lung	inflammation.	Indeed,	our	asthma	
mouse	model	demonstrated	that	treatment	with	either	CH223191	
or	NAC	before	BaP	co‐exposure	significantly	suppressed	AHR	and	
lung	inflammation	with	reduced	levels	of	Th2	cytokines.	However,	
a	recent	study	demonstrated	that	AhR	can	bind	to	the	promoter	
sites	of	IL‐33,	IL‐25,	and	TSLP	in	cultured	primary	human	epithelial	
cells	using	chromatin	 immunoprecipitation	assay,45	 implying	that	
AhR	may	directly	regulate	IL‐33,	IL‐25,	and	TSLP.	Thus,	while	we	
believe	that	the	AhR‐ROS	axis	may	be	a	key	pathway	in	the	reg‐
ulation	of	TSLP	and	IL‐33	expression,	other	mechanisms	are	also	
possible	 for	 the	 AhR‐involved	 regulation	 of	 epithelial	 cytokine	
release.

In	summary,	our	findings	provide	evidence	that	BaP	can	enhance	
Der	 f	 1‐induced	 airway	 hyper‐responsiveness,	 lung	 inflammation,	
and	 oxidative	 stress.	 Specifically,	 we	 identified	 TSLP,	 IL‐33,	 and	
IL‐25	 as	major	 epithelial‐derived	 cytokines	 that	 play	 a	 pivotal	 role	
in	the	 initiation	of	Th2‐associated	 lung	 inflammation	 in	BaP	co‐ex‐
posure‐induced	 allergic	 asthma.	 Furthermore,	 we	 suggest	 a	 novel	
mechanism	by	which	BaP	co‐exposure	with	Der	f	1	can	activate	AhR	
signaling,	which	may	control	ROS	generation	and	TSLP	and	IL‐33	ex‐
pression.	Alternatively,	Der	f	1,	through	its	receptor	(s)	[eg,	PAR2,	C‐
lectin	receptors	(CLRs)],	may	promote	the	BaP‐induced	ROS	through	
AhR	signaling	and	subsequently	IL‐25.	These	increased	expressions	
of	 TSLP,	 IL‐33,	 and	 IL‐25	will	 lead	 to	 Th2‐associated	 inflammation	
through	either	ILC2	or	DCs	(See	graphic	summary).	Taken	together,	
our	findings	provide	supporting	evidence	that	BaP	facilitates	Der	f	
1‐induced	epithelial	cytokine	release	through	the	AhR‐ROS	axis.	Our	
data	open	 the	door	 to	 future	 studies	 targeting	 the	AhR‐ROS	axis,	
which	may	yield	therapeutic	approaches	for	the	treatment	of	allergic	
inflammation	and	asthma.

F I G U R E  8  Aryl	hydrocarbon	receptor	antagonist	or	ROS	inhibitor	suppresses	BaP	co‐exposure‐induced	lung	inflammation.	A,	Effect	
of	CH223191	or	NAC	on	BaP	co‐exposure‐induced	airway	hyper‐responsiveness	(AHR)	as	detected	by	average	Penh.	B,	Paraffin	tissue	
sections	of	lung	were	stained	with	H&E	(upper	panel)	and	periodic	acid‐Schiff	(PAS,	lower	panel).	C,	ELISAs	for	serum	levels	of	Der	f	1‐
specific	IgE	and	IgG1.	D,	Bronchoalveolar	lavage	(BAL)	total	inflammatory	cells	and	eosinophil	cells	as	assessed	by	Wright‐Giemsa	staining.	E,	
ELISA	analyses	for	BAL	levels	of	Th1/Th2/Th17	cytokines.	F,	Representative	images	of	dihydroethidium‐stained	(DHE‐stained)	mouse	lung	
tissues	and	quantitative	data	for	ROS	expression	as	expressed	by	DHE	fold	change.	Data	represent	mean	±	SEM	(n	=	6/group),	*P	<	0.05,	
**P	<	0.01,	***P	<	0.001
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