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ABSTRACT	OF	THE	THESIS	
	
	
	

The	Effect	of	House	Dust	Mites	and	Allergic	Airway	Inflammation	on	Lung	Carcinogenesis		
	
	
	
	

by	
	

Natalie	Albasha	
	

Master	of	Science	in	Biology	
	

University	of	California	San	Diego,	2019	
	

Professor	Eyal	Raz,	Chair	
Professor	Douglass	Forbes,	Co-Chair	

	
	

House	Dust	Mite	(HDM)	is	a	common	allergen	that	 induces	asthma	and	allergic	airway	

inflammation.	 Unlike	 other	 lung	 diseases	 such	 as	 chronic	 obstructive	 pulmonary	 disorder	

(COPD),	 the	 relationship	 between	 asthma	 and	 lung	 cancer	 has	 not	 been	 well	 established.	

However,	 our	 studies	 conducted	 on	 HDM	 and	 its	 pro-inflammatory	 effect	 on	 the	 airway	

suggests	that	it	has	potential	to	act	as	a	co-carcinogen	in	mouse	models	that	are	susceptible	to	

lung	 cancer.	We	 have	 confirmed	 this	 finding	 in	 three	mouse	models	 with	 lung	 cancer	 being	

induced	 differently.	 The	 lung	 cancer	 models	 included	 a	 urethane	 chemically-induced	model,	
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another	in	a	mouse	strain	genetically	susceptible	to	lung	cancer	development,	and	the	final	in	a	

genetically	 modified	mouse	model.	 The	mechanism	 behind	 how	 HDM	 increases	 lung	 cancer	

development	still	needs	further	study;	however,	our	data	suggest	that	HDM	cannot	induce	lung	

cancer	 on	 its	 own,	 but	 rather	 acts	 as	 a	 co-carcinogen	 in	 susceptible	mouse	models.	We	 also	

found	 that	 IL-17A	 was	 important	 for	 the	 initiation	 of	 lung	 cancer.	 Furthermore,	 adaptive	

immunity	was	found	to	not	play	a	significant	role	in	the	initiation	of	lung	cancer	development	

but	 may	 impact	 the	 regulation	 of	 the	 growth	 of	 cancer	 cells.	 Finally,	 phosphorylated	 H2AX	

markers	indicated	double	stranded	DNA	breaks	in	immune	cells.	The	consequences	of	this	DNA	

damage	and	their	 impact	on	 lung	cancer	development	will	be	the	subject	of	 future	studies	 in	

the	lab.	
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INTRODUCTION	

Lung	Cancer	

According	to	the	American	Cancer	Association	and	the	World	Health	Organization,	lung	

cancer	takes	the	lead	on	cancer	death	rates	in	the	United	States	at	about	160,000	deaths/year	

and	worldwide	at	1.6	million	deaths/year	(1,2).		It	is	well	established	that	smoking	leads	to	lung	

cancer	development	with	about	80%	of	 lung	cancer	deaths	being	smokers	or	 former	smokers	

(3).	However,	approximately	20%	of	 lung	cancer	deaths	are	made	up	of	non-smokers	and	the	

various	 risk	 factors	 include	 exposure	 to	 radon	 gas,	 asbestos,	 and	 air	 pollution	 (4).	 It	 is	 also	

thought	 that	 chronic	 lung	 diseases	 and	 persistent	 lung	 inflammation	may	 contribute	 to	 lung	

cancer	 development	 for	 many	 of	 those	 non-smokers.	 For	 instance,	 chronic	 obstructive	

pulmonary	disorder	(COPD),	a	chronic	inflammatory	lung	disease,	has	been	shown	to	be	a	risk	

factor	for	lung	cancer	(5).	Other	chronic	lung	diseases’	impacts	are	less	clear	and	still	debated	

such	as	asthma’s	relationship	to	lung	cancer	(6).	

	

Asthma	and	Lung	Cancer	

A	meta-analysis	 study	 conducted	 by	 Qu	 et	 al.	 and	 a	 Cox	 regression	 analyses	 of	 data	

conducted	 by	 Brown	 et	 al.	 showed	 asthma	 to	 be	 positively	 associated	 with	 lung	 cancer	

development	(7,8).	However,	a	meta-regression	and	meta-analysis	conducted	by	Rosenberger	

et	al.	suggested	that	there	was	no	causal	relationship	between	asthma	and	lung	cancer	(6).	On	

the	other	hand,	another	study	looking	at	the	association	between	allergies	and	cancers	found	

an	 inverse	 relationship	between	 the	 two	 (9).	 It	was	hypothesized	 that	 this	maybe	due	 to	 the	

more	active	immune	response	due	to	the	allergy	that	could	help	mitigate	the	development	of	
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cancer	(9).	Therefore,	there	is	no	clear	consensus	on	the	relationship	between	asthma	and	lung	

cancer	 as	 is	 shown	with	 these	 few	 examples.	 The	 reason	 that	 there	 is	 so	much	 controversy	

around	 whether	 asthma	 affects	 the	 risk	 of	 developing	 lung	 cancer	 could	 potentially	 be	

explained	by	the	wide	range	of	disease	heterogeneity	and	severity	 in	asthma.	 It	was	not	until	

recently	 that	 different	 endotypes	 of	 asthma	 were	 discovered	 and	 are	 now	 starting	 to	 be	

considered	 (10).	 Although	 asthma	 is	 historically	 considered	 to	 be	 a	 T	 helper	 2	 (Th2)-type	 of	

disease,	there	are	at	least	two	major	types	of	allergic	asthma	presentation.	One	type	falls	in	line	

with	 classical	 asthma,	expressing	high	Th2	 levels,	which	 lead	 to	 IL-4	and	 IL-5	production,	and	

ultimately	 results	 in	eosinophilic	airway	 inflammation	 (11).	The	other	 type	of	asthma	has	 low	

Th2	levels	but	is	high	in	T	helper	17	(Th17),	which	leads	to	production	of	IL-17A	and	IL-17F	and	

ultimately	results	in	high	neutrophilic	airway	inflammation	(11).	This	distinction	is	important	to	

consider	 because	 of	 the	 immunological	 roles	 that	 Th17	 and	 IL-17	 may	 have	 on	 lung	 cancer	

development.	

	

Th17	and	Lung	Cancer	

Th17	is	a	specific	subset	of	CD4+	T-cells	characterized	mainly	by	the	production	of	the	

cytokine	interleukin-17	(IL-17)	(12).	IL-17	consists	of	a	family	of	six	cytokines:	IL-17A	through	F.	

The	most	well	understood	cytokine	is	IL17-A	and	one	of	its	functions	is	to	act	as	a	mitogen	for	

epithelial	 cells	 (13-15).	 IL-17A	 proliferates	malignant	 cell	 formation	 and	 upregulates	 vascular	

endothelial	 growth	 factor	 (VEGF),	 promoting	 tumor	 angiogenesis	 (16,17).	 Therefore,	 in	 lungs	

that	 are	 lined	 with	 epithelial	 cells,	 IL-17A	 may	 promote	 lung	 cancer	 development	 and	

metastasis	 (18-20).	 	 In	humans,	 it	was	 found	 that	 the	more	dangerous	and	 fatal	 type	of	 lung	
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cancer,	non-small	 cell	 lung	cancer	 (NSCLC)	was	correlated	 to	higher	 IL-17	expression	 (21).	 	 In	

one	mouse	model	study,	NSCLC	metastasis	was	shown	to	 increase	with	IL-17	and	to	decrease	

metastasis	 in	 IL-17	 knockout	 mice	 (22).	 On	 that	 account,	 mouse	 models	 can	 be	 useful	 in	

studying	the	effect	that	asthma	with	a	Th17	inflammatory	response	may	have	on	lung	cancer.	

	

Antigens	in	Asthma	Mouse	Models	

The	model	antigen	used	to	induce	allergic	inflammation	is	important	to	consider	when	

studying	 the	 relationship	 between	 asthma	 and	 lung	 cancer.	 One	 study	 looked	 at	 this	

relationship	 using	 the	widely	 used	 ovalbumin	 (OVA)	mouse	model	 of	 asthma	 (23).	 The	mice	

treated	 with	 OVA	 as	 the	 antigen	 to	 induce	 allergic	 inflammation	 were	 also	 treated	 with	

urethane	to	chemically	induce	lung	carcinogenesis.	Urethane	(ethyl	carbamate)	is	a	carcinogen	

that	 induces	bronchioalveolar	adenomas	and	adenocarcinomas	 in	mice	and	 the	extent	of	 the	

development	 depends	 on	 the	 genetic	 strain	 (24).	 Although	 the	 results	 showed	OVA-induced	

asthma	had	no	effect	on	lung	carcinogenesis,	it	is	important	to	note	that	OVA	is	an	innocuous	

antigen	 that	 induces	 the	 classical	 Th2-type	of	 allergic	 airway	 inflammation	 (25).	 Therefore,	 it	

seems	as	though	asthma	and	allergic	airway	inflammation	does	not	impact	lung	carcinogenesis.	

However,	it	would	be	of	interest	to	use	an	antigen	more	relevant	to	human	that	induces	both	

Th2	and	Th17-	types	of	allergic	airway	inflammation.		

	

House	Dust	Mite	(HDM)	

House	 Dust	 Mite	 (HDM)	 is	 the	 most	 common	 allergen	 to	 cause	 allergic	 asthma	

worldwide	(26,27).		HDM	is	an	indoor	allergen	that	up	to	80%	of	asthmatic	human	patients	are	
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sensitized	 to,	 and	 that	 elicits	 a	 persistent	 inflammatory	 response	 with	 a	 mixture	 of	

predominantly	Th2	but	also	Th17-type	inflammatory	response	(23,28-31).	HDM	is	a	microscopic	

arachnoid	with	only	0.2-0.3	mm	in	length	and	a	translucent	body,	making	it	largely	invisible	to	

the	 human	 eye	 (26,32).	 HDM	 can	 survive	 in	 all	 climates	 including	 high	 altitudes,	 however,	 it	

thrives	in	indoor	environments	such	as	ones	provided	by	homes,	as	implicated	by	their	names.	

It	feeds	on	skin	scales	and	organic	debris	that	is	partially	digested	by	fungi,	making	mattresses,	

carpets,	furniture,	and	bedding	hospitable	environments	for	them	(27).	

	

In	 order	 to	 understand	 the	 role	 HDM	 plays	 as	 an	 allergen,	 one	 must	 understand	 its	

constituents.	 Allergic	 components	 called	 Der	 p	 and	 Der	 f,	 which	 have	 protease	 activity,	 are	

highly	concentrated	in	HDM	fecal	matter	(26).	This	fecal	matter	is	airborne	and	as	such	is	easily	

inhalable	when	humans	make	contact	with	their	furniture,	bedding,	and	pillows	(27).	HDM	itself	

can	 also	 be	 inhaled	 and	 is	 composed	 of	 various	 components	 that	 activate	 both	 innate	 and	

adaptive	immunity.	Its	exoskeleton	is	comprised	of	chitin,	fungal	spores,	LPS,	and	Der	p	and	Der	

f	allergens	 (26).	The	chitin	comprises	most	of	 the	 fungal	exoskeleton	and	acts	as	an	adjuvant	

and	 influences	both	adaptive	Th1,	Th2,	and	Th17	 immunity	and	 innate	 immunity	 (26).	Fungal	

spores	on	 the	exoskeleton	consist	of	β-glucans,	which	can	bind	pattern	 recognition	 receptors	

(PRR)	 on	 dendritic	 cells	 (DCs)	 and	 other	myeloid	 cells,	 ultimately	 impacting	 both	 innate	 and	

adaptive	 immunity	 (26).	 Finally,	 extracts	 from	 HDM	 contain	 endotoxin	 and	 gram-negative	

bacteria	that	comprise	LPS	which	activates	innate	immunity	and	in	combination	with	the	rest	of	

the	 HDM	 components,	 influences	 adaptive	 immunity	 (26).	 HDM	 is	 a	 complex	 antigen	 in	

comparison	to	OVA,	and	a	more	realistic	allergy	inducer	in	humans,	making	its	effects	on	lungs	
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interesting	to	study	(26).	However,	the	complexity	of	HDM’s	constituents	and	overlapping	roles	

in	 both	 adaptive	 and	 innate	 immunity	 make	 it	 difficult	 to	 study	 the	 mechanism	 of	 action	

between	HDM,	asthma,	and	lung	cancer.	

	

HDM	and	DNA	Damage	

Another	reason	that	HDM	might	be	of	interest	in	the	relationship	between	asthma	and	

lung	cancer	 is	because	of	 its	potential	 to	 cause	DNA	damage.	One	 lab	 recently	 reported	 that	

HDM	can	induce	DNA	damage	through	reactive	oxygen	and	nitrogen	species	 in	 lung	epithelial	

cells	(33).	The	authors	found	that	HDM	increased	oxidative	damage	in	mouse	lungs	in-vivo	and	

then	 confirmed	 this	 observation	 in-vitro	 (33).	 Through	 this	 oxidative	 reactive	 environment,	

HDM	 was	 also	 found	 to	 induce	 DNA	 double	 stranded	 breaks	 which	 was	 identified	 through	

increased	levels	of	phosphorylated	Histone	2AX	(H2AX),	 in	human	bronchial	epithelial	cells	 in-

vitro.	This	observation	was	confirmed	in	human	asthmatic	lung	tissues,	which	had	higher	levels	

of	apoptosis	and	DNA	repair	proteins	(33).	Additionally,	when	the	presence	of	antioxidants	was	

examined,	it	was	found	that	DNA	damage	by	HDM	could	be	prevented	(34).	Although	most	of	

their	 data	 concluded	 that	 high	 concentrations	 of	 HDM	 induce	 cell	 death	 and	 reduce	 cell	

proliferation,	 the	possible	 induction	of	mutations	 as	 a	 consequence	of	DNA	damage	was	not	

studied.	These	studies	heavily	influenced	our	own	studies	as	we	considered	the	role	mutations	

and	DNA	damage	play	a	in	cancer.	

	

Working	Hypothesis	
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Due	to	the	recent	discovery	that	HDM	can	induce	DNA	damage	in	the	lungs	as	well	as	a	

mixed	Th2/Th17	immunological	response,	we	decided	to	evaluate	its	effect	in	mouse	models	of	

lung	 cancer.	 We	 hypothesized	 that	 chronic	 exposure	 to	 HDM	 may	 promote	 lung	 cancer	

initiation	 and	 progression	 in	 susceptible	 mice	 (i.e.,	 co-exposed	 to	 a	 carcinogen	 such	 as	

urethane,	or	genetically	prone	to	develop	lung	cancer).	
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METHODS	

Animals		

Wild-type	 (WT),	 IL-17A	 Knockout	 (KO),	 and	 Rag2	 KO	mice	 in	 the	 C57BL/6	 background	

were	 originally	 purchased	 from	 the	 Jackson	 laboratory	 and	were	 then	 bred	 in	 our	 vivarium.	

CCSPCre	(35)	and	KrasG12D	(36)	in	the	C57BL/6	background	were	a	gift	from	Dr.	Chen	Dong	(MD	

Anderson	cancer	center).	WT	A/J	mice	were	purchased	from	the	Jackson	Laboratory.	All	mice	

were	 kept	 on	 a	 12-hour	 light,	 12-hour	 dark	 cycle	 with	 standard	 chow	 diet	 and	 water.	 All	

experimental	procedures	performed	on	mice	were	approved	by	the	University	of	California	San	

Diego	Institutional	Animal	Care	and	Use	Committee.	

	

In	vivo	protocols	
	

- House	dust	mite	sensitization	and	challenge	

Mice	were	first	sensitized	intranasally	(i.n)	under	general	anesthesia	(isoflurane)	with	HDM	

(Greer	laboratories	#	XPB82D3A2.5;	50	mg/mouse)	or	its	vehicle	(VEH;	normal	saline)	on	day	0	

and	10,	 and	were	 challenged	 i.n	 twice	a	week	 for	 the	 subsequent	10	weeks	with	HDM	 (12.5	

mg/mouse)	or	with	VEH.	Mice	were	then	challenged	i.n	with	HDM	(12.5	mg/mouse)	or	with	the	

VEH	once	a	week	for	an	additional	4	weeks	(Kras	model)	or	16	weeks	(urethane	model).	Mice	

were	sacrificed	72	h	after	the	last	HDM	challenge	and	the	blood,	bronchoalveolar	lavage	fluid	

(BALF)	and	the	lungs	were	harvested.	

	

- Model	1:	Urethane-induced	lung	cancer	model	
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During	the	10	weeks	of	HDM	challenge,	age-	and	sex-matched	C57BL/6	WT	or	IL-17	KO	mice	

were	injected	intraperitoneally	(i.p)	once	a	week	with	urethane	(Sigma	#	U2500;	1	mg/g	of	BW)	

as	previously	described.	Due	to	their	 increased	susceptibility	to	urethane,	Rag2	KO	mice	were	

treated	 with	 a	 lower	 dose	 of	 urethane	 (0.6	 mg/g	 of	 BW)	 but	 with	 the	 same	 number	 of	

injections.	 All	 the	mice	 were	 sacrificed	 26	 weeks	 after	 the	 first	 urethane	 injection	 and	 lung	

inflammation	and	lung	tumorigenesis	were	analyzed	in	the	different	groups.	

	

- Model	2:	A/J	mouse	spontaneous	lung	cancer	model	

A/J	 are	 derived	 from	Balb/c	mice	 and	 carry	 the	 pulmonary	 adenoma	 susceptibility	 allele,	

have	 high	 rates	 of	 Kras	 mutation,	 and	 have	 a	 relatively	 high	 spontaneous	

adenoma/adenocarcinoma	 incidence.	 We	 have	 exposed	 age-	 and	 sex-	 matched	 A/J	 mice	 to	

HDM	 or	 VEH	 for	 10	 weeks	 (from	 9	 weeks	 to	 19	 weeks	 of	 age)	 as	 described	 above	 and	 the	

occurrence	of	lung	tumors	was	evaluated.		

	

- Model	3:	Kras-induced	lung	cancer	model	

Mice	 expressing	 an	 oncogenic	 K-ras	 mutation	 (G12D)	 in	 clara	 (club)	 cells	 develop	

spontaneous	 lung	tumors	 (36).	We	have	generated	these	mice	by	crossing	K-rasG12D	 fl/fl	mice	

(36)	with	clara	cell	secretory	protein	 (CCSP)	cre+	mice	 in	order	to	specifically	 induce	K-rasG12D	

expression	in	Clara	cells,	which	account	for	70%	of	the	airway	epithelium	(35).The	resulting	K-

rasG12D+	 CCSPcre+	 bitransgenic	 mice	 were	 exposed	 to	 HDM	 or	 VEH	 as	 described	 above	 for	 9	

weeks	 (from	5	weeks	 to	14	weeks	of	age)	and	 the	occurrence	of	 lung	 tumors	was	evaluated.	
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The	 tumor	 load	 in	 each	mouse	was	 determined	 on	H&E-stained	 lung	 tissue	 using	 Image	 Pro	

Premier	10.0	software	and	expressed	as	percentage	of	total	lung	tissue.	

	

Bronchoalveolar	lavage	fluid	(BALF)	cellularity	analysis	

The	 lungs	 of	mice	were	 inflated	with	 1	ml	 of	 PBS	 and	 BALF	was	 recovered	 and	 spun	

down.	The	cells	were	counted	and	loaded	on	slides	by	cytospin	for	Giemsa	Wright	staining.	The	

slides	 were	 examined	 using	 light	 microscopy	 and	 BALF	 cellularity	 analysis	 was	 performed	

according	to	standard	protocols	(BALF	protocol).	

	

Flow	Cytometry	Analysis	

In	 some	 experiments,	 the	 lungs	 of	 C57BL/6	 and	 A/J	 mice	 were	 perfused	 by	 cardiac	

perfusion	using	1mM	EDTA	containing	HBSS	after	removal	of	BAL	cells	by	lavage	with	PBS.	Lung	

tissues	were	 incubated	at	37	°C	 for	30	minutes	 in	the	digestion	solution	(collagenase	type	1A	

0.5	mg/ml	 in	HBSS	 containing	 5%	 FCS,	 100	U/ml	 penicillin	 and	 100	 μg/ml	 streptomycin)	 and	

passed	 through	 a	 100μm	 strainer.	 The	 cells	 were	 resuspended	 at	 the	 desired	 concentration	

(e.g.,	 1x106	 into	 100	 μL	 of	 PBS/2%	 FBS)	 in	 presence	 of	 anti-mouse	 CD16/CD32	 (Fc	 Block;	 BD	

Biosciences)	 antibody	 and	 were	 stained	 for	 30	 min	 at	 4	 °C	 with	 antibodies	 against	 CD45	

(eBioscience)	 and	 phosphorylated	 histone	 H2AX	 (gH2AX;	 Cell	 signaling),	 a	 pan	 immune	 cell	

marker	and	a	marker	of	DNA	repair	 following	double-stranded	DNA	breaks	 (37),	 respectively.	

Finally,	the	cells	were	analyzed	on	an	Accuri	C6	flow	cytometer	and	data	were	computed	using	

FlowJo	software	(TreeStar).	
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Isolation	of	mRNA	and	qRT-PCR	

One	 lung	 lobe	 out	 of	 5	 was	 snap-frozen	 in	 liquid	 nitrogen	 and	 stored	 at	 -	 80°C	 until	

further	 processing.	 Isolation	 of	 total	 RNA	was	 carried	 out	with	 the	 RNeasy	Mini	 Kit	 (Qiagen)	

following	the	manufacturers	protocol.	One	μg	of	RNA	sample	was	used	for	reverse	transcription	

and	cDNA	synthesis	using	qScript	cDNA	superMix	(Quanta	Biosciences).	Quantitative	real-time	

PCR	 (q-PCR)	 was	 performed	 on	 an	 AB7300	 (Applied	 Bisosytems)	 using	 PerfeCTa	 SYBR	 Green	

FastMix	 (Quanta	 Biosciences)	 according	 to	 the	manufacturer’	 instructions.	 q-PCR	 primers	 for	

specific	target	genes	were	designed	based	on	their	reported	sequences	and	synthesized	by	IDT	

Technologies.		

	

Histological	analysis	

Four	 lung	 lobes	 out	 of	 5	 were	 fixed	 in	 4%	 buffered	 formalin	 for	 24h	 and	 stored	 in	

histological	 grade	70%	ethanol.	 The	 samples	were	 then	brought	 to	 the	UCSD	Moores	Cancer	

Center	 for	 paraffin	 embedding	 and	 sectioning.	 The	 fixed	 lungs	were	 cut	 into	 4	mm	 sections,	

placed	on	glass	slides,	and	stained	with	hematoxylin	and	eosin	(H&E).	H&E	slides	were	scanned	

on	a	AT2	Aperio	Scan	Scope	 (Leica	Biosystems)	and	digitalized	 images	were	used	 to	calculate	

lung	 tumor	 number	 (i.e.,	multiplicity)	 and	 load	 (sum	 of	 adenoma	 surface	 areas)	 with	 Aperio	

viewer	 software	 (Leica	 Biosystems).	 These	 images	 were	 then	 reviewed	 by	 a	 pathologist	 (Dr.	

Valeria	Estrada	M.D.,	Assistant	Director	Tissue	Technology	Shared	Resources	at	UCSD	Moores	

Cancer	Center)	who	was	blinded	to	the	procedures.	

	

Statistical	Analysis	
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Data	are	presented	as	mean	±	SEM.	The	statistical	significance	between	two	groups	was	

determined	using	unpaired	Student	 t-test	with	 two-tailed	p-values.	The	statistical	 significance	

between	 more	 than	 two	 groups	 was	 determined	 using	 one-way	 ANOVA	 with	 post	 hoc	

Bonferroni’s	test.	All	statistics	were	computed	using	PRISM	software	(GraphPad).	
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RESULTS	

We	first	employed	a	widely	used	mouse	model	of	lung	cancer	induced	by	the	carcinogen	

urethane.	Urethane	(ethyl	carbamate)	is	a	naturally	occurring	substance	that	is	formed	during	

many	fermentation	processes.	Urethane	is	also	a	natural	constituent	of	tobacco	and	is	present	

in	tobacco	smoke	(38).	Urethane	alone	is	sufficient	to	induce	lung	carcinogenesis	in	mice,	and	

importantly,	 urethane-induced	 lung	 tumors	 in	mice	 closely	 recapitulate	 human	 lung	 cancers,	

and	in	particular	adenocarcinomas	associated	with	tobacco	smoke	(39,40).	We	have	examined	

whether	 chronic	 HDM	 exposure	 makes	 wild-type	 (WT)	 C57BL/6	 mice	 more	 sensitive	 to	

urethane-induced	 lung	 tumorigenesis	 following	 an	 experimental	 protocol	 detailed	 below	 in	

Figure	1.	

 

Figure	1.	Schematic	overview	of	the	study	design.	See	also	Materials	and	Methods	section	for	
further	details.	
	

We	 found	 that	 WT	 mice	 treated	 with	 HDM	 +	 urethane	 developed	 severe	 lung	

inflammation	 as	 indicated	 by	 the	 increase	 in	 lung	 weight	 and	 cellularity	 in	 bronchoalveolar	

lavage	 fluid	 (BALF;	 Fig.	 2A,	 B).	 These	 mice	 also	 developed	 more	 lung	 tumors	 than	 VEH	 +	

urethane-treated	mice	(Fig.	3B,	C).	To	investigate	the	role	of	IL-17	in	this	model,	we	subjected	

Time (days)
10 12 170

i.n sensitization

VEH or HDM
50 µg/mouse

75 84 194

Urethane 1 mg/g BW i.p
1x/week x 10 weeks

i.n challenge

2x/week x 10 weeks

VEH or HDM
12.5 µg/mouse

i.n challenge

1x/week x 16 weeks

VEH or HDM
12.5 µg/mouse

91 19114 19 7773

Analysis

C57BL/6 mice
WT or IL-17A KO

(26 weeks)
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IL-17A	 KO	 mice	 to	 the	 same	 experimental	 protocol.	 Interestingly,	 IL-17A	 KO	 mice	 also	

developed	lung	inflammation	(Fig.	2A,	B)	but	only	very	few	and	lung	tumors	(Fig.	3B,	C).	

	

Histopathological	evaluation	of	lung	tumors	revealed	that	in	all	the	groups,	most	lesions	

have	the	characteristics	and	papillary	morphology	of	lung	adenomas	(Fig.	3A).	Our	pathologist	

(Dr.	Valeria	Estrada,	M.D)	also	found	that	25%	of	WT	mice	treated	with	HDM	+	urethane	had	

some	lesions	with	the	characteristic	morphology	of	adenocarcinomas	(Fig.	4A,	B).		

 

 

Figure	2.	Inflammatory	effect	of	chronic	HDM	exposure	in	WT	and	IL-17A	KO	mice	co-treated	
with	urethane.	 (A)	 Lung	weight	normalized	 to	body	weight	 (BW).	 (B)	 Bronchoalveolar	 lavage	
(BAL)	total	cell	count.	WT	+	vehicle	(VEH;	n	=	9),	WT	+	HDM	(n	=	8),	IL-17A	KO	+	VEH	(n	=	9)	and	
IL-17A	KO	+	HDM	(n	=	10).	n.s:	not	significant,	**	P	<	0.01,	****	P	<	0.0001	(one-way	ANOVA	
with	post	hoc	Bonferroni’s	test).	
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Figure	3.	Effect	of	chronic	HDM	exposure	on	the	development	of	 lung	tumors	 in	WT	and	IL-
17A	 KO	mice	 co-treated	with	 urethane.	 (A)	 Representative	 pictures	 of	 H&E	 staining	 of	 lung	
sections	of	WT	and	IL-17A	KO	mice	treated	with	urethane	and	with	VEH	or	HDM.	One	lobe	per	
mouse	is	shown	(overview	insets)	but	four	lobes	were	used	for	tumor	quantification.	The	lower	
panels	show	the	boxed	regions	at	higher	magnification	with	lesions	that	have	the	characteristic	
and	papillary	morphology	of	microadenomas	(<	1mm	in	diameter).	 (B)	Tumor	multiplicity	 i.e.,	
number	of	papillary	adenomas	per	mouse	(4	lung	lobes).	(C)	Tumor	load;	i.e.,	sum	of	adenoma	
surface	areas	per	mouse	(4	lung	lobes).	The	parameters	in	B	and	C	were	measured	on	3	H&E-
stained	step	sections	of	4	lung	lobes	for	each	mouse.	WT	+	vehicle	(VEH;	n	=	9),	WT	+	HDM	(n	=	
8),	IL-17A	KO	+	VEH	(n	=	9)	and	IL-17A	KO	+	HDM	(n	=	10).	n.s:	not	significant,	*	P	<	0.05,	***	P	<	
0.001,	****	P	<	0.0001	(one-way	ANOVA	with	post	hoc	Bonferroni’s	test).	
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Figure	4.	Lung	tumor	incidence	in	the	different	experimental	groups.	(A)	Incidence	of	lung	
tumors	in	the	different	experimental	groups	26	weeks	after	the	first	urethane	injection.	(B)	
Adenocarcinoma	found	in	a	WT	mouse	treated	with	HDM	+	urethane.	A	representative	picture	
of	H&E	staining	of	one	lobe	of	the	lung	of	this	mouse	is	shown.	The	right	panel	shows	the	boxed	
region	at	higher	magnification.		
	

	 Since	 recent	 studies	 indicated	 that	pulmonary	 inflammation	plays	a	 critical	 role	 in	 the	

initiation	 and	 progression	 of	 lung	 cancer	 (41,42),	 we	 further	 examined	 the	 pulmonary	

inflammatory	 response	 to	 HDM.	 A	more	 thorough	 analysis	 of	 lung	 sections	 (H&E	 staining	 as	

shown	in	Fig.	3),	revealed	that	WT	mice	treated	with	HDM	+	urethane	developed	severe	airway	

inflammation	with	increased	immune	cell	infiltration	in	the	lung	parenchyma.	
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	 In	 line	 with	 the	 increased	 total	 cell	 count	 in	 the	 BALF	 of	 mice	 treated	 with	 HDM	 +	

urethane	 (Fig.	 2B),	 Giemsa	 Wright	 staining	 and	 differential	 cell	 count	 of	 the	 BALF	 revealed	

increased	 numbers	 of	 lymphocytes,	 monocytes/macrophages,	 eosinophils	 and	 neutrophils	 in	

the	BALF	of	mice	 treated	with	HDM	+	urethane	compared	with	VEH	+	urethane-treated	mice	

(Fig.	5).	

 

Figure	5.	Analysis	of	BALF	cellularity	 in	WT	mice	26	weeks	after	 the	 first	urethane	 injection	
and	72h	after	the	last	HDM	or	VEH	challenge.	(A)	Representative	images	of	Cytospin	slides	and	
BALF	cell	 count	 in	mice	 treated	with	VEH	or	HDM.	 (B)	Bronchoalveolar	 lavage	 (BAL)	 total	 cell	
count	and	differential	cell	count.	WT	+	Vehicle	(VEH;	n	=	9),	WT	+	HDM	(n	=	8).	*	P	<	0.05,	***	P	
<	0.001,	****	P	<	0.0001	(one-way	ANOVA	with	post	hoc	Bonferroni’s	test).	
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	 To	further	evaluate	lung	inflammation	in	these	mice,	we	used	one	liquid	nitrogen	snap-

frozen	lobe	of	the	right	lung	and	analyzed	the	expression	of	various	pro-	and	anti-inflammatory	

cytokines	 by	 qRT-PCR.	 As	 shown	 below	 in	 Figure	 6A,	 we	 found	 a	 significant	 increase	 in	

expression	of	IL-10,	IL-13,	IL-33,	TGFb1	and	IFNg	mRNA	levels	in	the	lungs	of	WT	mice	treated	

with	 HDM	 +	 urethane	 compared	 with	 VEH	 +	 urethane-treated	 mice.	 However,	 we	 did	 not	

observe	an	increase	in	IL-17A	mRNA	or	its	inducers	such	as	IL-1b,	IL-6	or	IL-23	at	this	late	time	

point	 (26	 weeks).	 Additionally,	 IL17A,	 IL-1b,	 and	 IL-6	 protein	 levels	 were	 not	 significantly	

different	 between	 VEH/HDM	 groups	 as	measured	 through	 an	 ELISA	 performed	 on	 BALF	 and	

blood	 serum	 (data	 not	 shown).	 One	 possible	 explanation	 for	 this	 could	 be	 that	 long-term	

exposure	 to	 HDM	 drives	 the	 induction	 of	 immunological	 tolerance	 to	 HDM	 antigens	 as	

previously	reported	by	others	(43).	 Interestingly,	 in	addition	to	cytokines,	we	found	increased	

mRNA	 expression	 of	 several	 cell	 proliferation	 markers	 (e.g.,	 cyclin	 D1,	 c-Myc)	 and	 genes	

involved	in	the	DNA	damage	response	(e.g.,	Parp1,	Dnapkcs)	 in	the	lungs	of	HDM	+	urethane-

treated	mice	(Fig.	5B	and	5C).		
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Figure	 6.	 Increased	 expression	 of	 pro-	 and	 anti-inflammatory	 cytokines,	 cell	 proliferation	
markers	 and	 DNA	 damage	 response	 genes	 in	 the	 lungs	 of	 WT	 mice	 treated	 with	 HDM	 +	
urethane.	 The	 relative	 mRNA	 expression	 level	 of	 several	 (A)	 pro-	 and	 anti-inflammatory	
cytokines.	(B)	Cell	proliferation	markers	and	(C)	DNA	damage	response	genes	were	analyzed	by	
qRT-PCR	 in	 lung	homogenates	of	WT	mice	 treated	with	urethane	and	with	VEH	or	HDM.	The	
expression	level	of	GAPDH,	a	housekeeping	gene,	in	the	VEH	group	was	used	as	reference	and	
assigned	 to	 the	 value	 of	 1.	 Because	 the	 severe	 lung	 inflammation	 in	 HDM-treated	 mice	 as	
compared	 to	 VEH-treated	mice	may	 affect	 the	 normalization	 of	 some	 of	 our	 qPCR	 data,	 we	
used	 Cytokeratin	 19,	 an	 epithelial	 cell-specific	 gene,	 instead	 of	 an	 ubiquitous	 housekeeping	
gene	such	as	GAPDH	to	assess	the	expression	of	epithelial	cell	markers	in	B	and	C.	Mean	±	SEM	
(n	=	8-9	mice/group);	n.s:	not	significant,	*	P	<0.05,	**	P	<0.01,	***	P	<0.001,	****	P	<0.0001	
(two-tailed	Student’s	t-test).	
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 To	 evaluate	 the	 potential	 contribution	 of	 adaptive	 immunity	 to	 the	 tumor-promoting	

effect	of	HDM,	we	treated	Rag2	KO	mice,	which	lack	mature	T	and	B	cells,	with	urethane	and	

with	or	without	HDM,	and	compared	the	number	of	lung	tumors	in	the	two	different	groups	26	

weeks	after	the	first	urethane	injection	as	described	for	WT	mice	in	Figure	1.	However,	because	

of	their	 increased	susceptibility	to	urethane,	Rag2	KO	mice	were	treated	with	a	lower	dose	of	

urethane	 than	 the	one	used	 in	WT	mice	 (see	Materials	 and	Methods).	We	 found	 that	HDM-

induced	 inflammation	 (increased	 lung	 weight	 and	 increased	 total	 cell	 count	 in	 BALF)	 was	

completely	 inhibited	 in	Rag2	KO	mice	 (Fig.	 7A	 and	7B).	Nevertheless,	we	 still	 observed	more	

tumors	in	Rag2	KO	mice	treated	with	HDM	+	urethane	as	compared	with	control	mice	treated	

with	VEH	+	urethane	 (Fig.	7D-E).	However,	 the	effect	of	HDM	on	the	 tumor	 load	 (the	sum	of	

tumor	 surface	 areas	 per	 mouse)	 in	 these	 animals	 was	 abolished.	 Taken	 together	 these	

observations	 suggest	 that	 adaptive	 immunity	 is	 dispensable	 for	 the	 effect	 of	 HDM	on	 tumor	

initiation	but	rather	important	for	its	effect	on	tumor	growth.	



	 20	

 
Figure	7.	Effect	of	chronic	HDM	exposure	in	Rag2	KO	mice	co-treated	with	urethane.	Age-	and	
sex-matched	Rag2	KO	mice	were	randomly	assigned	to	two	groups	and	were	treated	with	HDM	
or	with	the	VEH	for	26	weeks	in	presence	of	low	dose	urethane	co-treatment.	(A)	Lung	weight.	
(B)	Bronchoalveolar	lavage	(BAL)	total	cell	count.	(C)	Representative	pictures	of	H&E	staining	of	
lung	 sections.	 (D)	 Average	number	of	 lung	 tumors	 areas	per	mouse,	 as	measured	on	3	H&E-
stained	step	sections	of	4	lung	lobes	for	each	mouse.	Mean	±	SEM	(n	=	9	mice/group);	n.s:	not	
significant,	**	P	<0.01	(two-tailed	Student’s	t-test).	
	
	 Next	 we	 asked	 the	 question	 of	 whether	 HDM	 accelerates	 the	 growth	 of	 urethane-

induced	tumors	or	if	it	leads	to	the	formation	of	new	tumors.	To	test	whether	HDM	alone	can	

induce	 lung	 tumor	 formation	 in	 the	absence	of	urethane,	we	 treated	WT	C57BL/6	mice	with	

HDM	or	VEH	for	26	weeks	as	described	in	Figure	1	but	without	urethane	co-treatment,	and	we	

assessed	 lung	 inflammation	 and	 tumor	 incidence	 as	 described	 above.	We	 found	 that	 chronic	
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exposure	to	HDM	alone	induces	lung	inflammation	as	judged	by	the	increase	in	lung	weight	and	

cellularity	in	the	BALF	(Fig.	6A,	B),	but	it	is	not	sufficient	to	induce	lung	tumor	development	in	

WT	C57BL/6	mice,	at	least	within	the	26-week	follow-up	period	(Fig.	6C,	D).		

 

 

Figure	 8.	 Effect	 of	 chronic	 HDM	 exposure	 in	WT	 C57BL/6	mice	 in	 absence	 of	 urethane	 co-
treatment.	 Age-	 and	 sex-matched	 wild-type	 C57BL/6	 mice	 were	 randomly	 assigned	 to	 two	
groups	and	were	treated	with	HDM	or	VEH	for	26	weeks	in	absence	of	urethane	co-treatment.	
(A)	 Lung	weight	normalized	 to	body	weight	 (BW).	 (B)	BAL	 total	cell	 count.	 (C)	Representative	
pictures	of	H&E	staining	of	lung	sections.	(D)	Average	number	of	lung	adenomas	per	mouse	as	
measured	on	3	H&E-stained	step	sections	of	4	lung	lobes	for	each	mouse.	Mean	±	SEM	(n	=	6-7	
mice/group);	n.s:	not	significant,	*	P	<0.05,	****	P	<0.0001	(two-tailed	Student’s	t-test).	
	
	
	 Because	 C57BL/6	 mice	 are	 resistant	 to	 spontaneous	 and	 carcinogen-induced	 lung	

tumors	 (44),	we	next	evaluated	the	effect	of	chronic	exposure	to	HDM	alone	 in	a	 lung	tumor	

susceptible	mouse	strain.	A/J	mice	carry	the	pulmonary	adenoma	susceptibility	allele,	have	high	

rates	 of	 Kras	 mutation,	 and	 have	 a	 relatively	 high	 spontaneous	 adenoma/adenocarcinoma	

incidence	(45,46).	We	exposed	age-	and	sex-	matched	A/J	mice	to	HDM	or	VEH	for	10	weeks	as	

shown	 below	 in	 Figure	 8A	 and	 we	 evaluated	 the	 occurrence	 of	 lung	 tumors	 in	 the	 two	

experimental	groups.	We	identified	that	chronic	exposure	to	HDM	alone	is	sufficient	to	induce	

the	formation	of	lung	adenomas	in	A/J	mice	(Fig.	8B-F).	
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Figure	9.	Effect	of	chronic	HDM	exposure	in	absence	of	urethane	treatment	in	the	lung	tumor	
susceptible	A/J	mouse	strain.	 (A)	 Schematic	 	overview	 	of	 	 the	 	 study	 	design.	Age-	and	sex-
matched	wild-type	A/J	mice	were	randomly	assigned	to	two	groups	and	were	treated	with	HDM	
or	VEH	for	10	weeks	in	absence	of	urethane	co-treatment.	(B)	Lung	weight	normalized	to	body	
weight	 (BW).	 (C)	 BAL	 total	 cell	 count.	 (D)	 Representative	 pictures	 of	 H&E	 staining	 of	 lung	
sections.	 (E)	Average	 number	 of	 lung	 adenomas	 per	mouse.	 (F)	Average	 tumor	 load	 (sum	of	
adenoma	 surface	 areas)	 per	 mouse.	 The	 parameters	 in	 E	 and	 F	 were	 measured	 on	 3	 H&E-
stained	step	sections	of	4	lung	lobes	for	each	mouse.	Mean	±	SEM	(n	=	7	mice/group);	n.s:	not	
significant,	*	P	<0.05,	**	P	<0.01,	***	P	<0.001,	****	P	<0.0001	(two-tailed	Student’s	t-test).		
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 To	 further	 evaluate	 the	effect	of	HDM	on	 tumor	 initiation	 in	A/J	mice,	we	performed	

another	 experiment	 at	 an	 earlier	 time	 point	 in	 order	 to	 evaluate	 the	 effect	 of	 short-term	

exposure	 to	 HDM	 that	 precedes	 the	 formation	 of	 lung	 tumors.	 To	 evaluate	 the	 potential	

induction	of	DNA	damage	by	HDM,	we	treated	a	small	cohort	of	A/J	mice	with	HDM	or	VEH	(n	=	

3-4	mice/group)	for	15	days	as	shown	in	Figure	9A.	We	then	determined	by	flow	cytometry	the	

number	 of	 cells	 positive	 for	 CD45	 (a	 pan	 immune	 cell	 marker)	 and	 phosphorylated	 histone	

H2AX	 (gH2AX;	 a	marker	of	DNA	 repair	 following	double-stranded	DNA	breaks	 (DSBs)	 (37))	 as	

described	in	the	Materials	and	Methods	section.	In	line	with	the	results	from	Chan	et	al	(33,34),	

we	observed	that	HDM	induces	double-strand	breaks	in	the	lungs	in	vivo.	However,	in	contrast	

to	their	findings,	we	observed	that	the	vast	majority	of	the	DSBs	are	 in	CD45+	(immune)	cells	

and	not	in	CD45-	(non-immune)	cells,	which	include	lung	epithelial	cells	(Fig.	10B,	C).		
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Figure	 10.	 Effect	 of	 Short-Term	HDM	Exposure	 in	 A/J	mice.	 (A)	 Schematic	 overview	 of	 	 the		
study		design.	Age-	and	sex-matched	wild-type	A/J	mice	were	randomly	assigned	to	two	groups	
and	were	 treated	with	HDM	or	 VEH	 for	 15	 days.	 (B)	 Representative	 plots	 of	 flow	 cytometry	
staining	for	CD45	and	gH2AX	in	lung	tissue	and	in	the	BALF.	(C)	Average	%	of	CD45+gH2AX+	and	
CD45-gH2AX+	per	mouse.	Mean	±	SEM	(n	=	3-4	mice/group);	n.s:	not	significant,	***	P	<0.001,	
****	P	<0.0001	(two-tailed	Student’s	t-test).		
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Finally,	 to	 more	 fully	 evaluate	 the	 potential	 clinical	 significance	 of	 our	 mouse	 data	

generated	 in	 the	 urethane-induced	 lung	 cancer	 model	 and	 in	 the	 spontaneous	 lung	 cancer	

model	in	A/J	mice,	we	have	evaluated	the	effect	of	chronic	HDM	exposure	in	K-rasG12D+	CCSPcre+	

mice	that	are	genetically	engineered	to	develop	 lung	tumors	 (36).	K-ras	mutation	 is	 the	most	

common	driver	mutation	in	patients	with	non-small-cell	lung	cancer	(NSCLC)	and	confers	a	poor	

prognosis	(47,48).	We	treated	age-	and	sex-matched	treated	K-rasG12D+	CCSPcre+	mice	with	HDM	

or	VEH	for	9	weeks	following	a	protocol	similar	to	the	one	described	in	Figure	9A	for	A/J	mice,	

and	evaluated	the	occurrence	of	 lung	tumors	 in	the	two	experimental	groups.	As	observed	 in	

previous	mouse	models,	chronic	HDM	exposure	induces	severe	lung	inflammation	(Fig.	11A,	B).	

Interestingly,	 HDM	 also	 increases	 the	 tumor	 load	 in	 this	 model.	 Because	 of	 the	 diffuse	

infiltrative	 nature	 of	 the	 lung	 tumors	 in	 this	 model,	 the	 tumor	 load	 in	 each	 mouse	 was	

determined	 on	 H&E-stained	 lung	 tissue	 using	 an	 image	 analysis	 software	 (see	Materials	 and	

Methods).	Tumor	load	in	this	model	was	expressed	as	percentage	of	total	lung	tissue	(Fig.	11C,	

D).		
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Figure	11.	Effect	of	chronic	HDM	exposure	in	the	K-rasG12D+	CCSPcre+	model.	(A)	Age-	and	sex-
matched	K-rasG12D+	CCSPcre+	mice	were	randomly	assigned	to	two	groups	and	were	treated	with	
HDM	or	VEH	for	9	weeks	in	absence	of	urethane	co-treatment.	(B)	Lung	weight	normalized	to	
body	 weight	 (BW).	 (C)	 Representative	 pictures	 of	 H&E	 staining	 of	 lung	 sections.	 The	 lower	
panels	 are	 the	 same	 images	as	above	panels	 after	 software	analysis	of	 tumor	area.	 The	area	
within	 the	 blue	 borders	 was	 considered	 positive	 for	 lung	 tumor,	 which	 include	 papillary	
hyperplasia,	 adenomas,	 and	adenocarcinomas.	 (D)	Average	 tumor	area	per	mouse	 calculated	
on	H&E	slides	as	shown	in	C.	The	parameters	in	C	and	D	were	measured	on	3	H&E-stained	step	
sections	 of	 4	 lung	 lobes	 for	 each	 mouse.	 Mean	 ±	 SEM	 (n	 =	 11-12	 mice/group);	 n.s:	 not	
significant,	*	P	<0.05,	**	P	<0.01,	***	P	<0.001,	****	P	<0.0001	(two-tailed	Student’s	t-test).		
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Collectively,	our	data	suggest	that	the	effects	of	HDM	are	not	limited	to	the	induction	of	

allergic	airway	inflammation	and	asthma.	Indeed,	we	found	in	three	different	mouse	models	of	

lung	cancer	that	HDM	promotes	 lung	tumor	development.	 In	addition,	our	data	suggests	that	

innate	 and	 adaptive	 immunity	 may	 play	 complementary	 roles	 in	 promoting	 lung	 tumor	

initiation	and	growth,	respectively.	Finally,	we	identify	that	HDM	induces	DNA	damage	in	lung	

immune	cells.	 Its	physiological	consequence	and	the	targeted	cell	population(s)	 in	our	models	

will	be	the	subject	of	future	investigations	in	the	lab.	Therefore,	our	study	may	have	identified	a	

novel	role	for	HDM	as	a	potential	respiratory	carcinogen	or	co-carcinogen.	
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DISCUSSION	
	

	 Since	 it	 is	 one	 of	 the	most	 fatal	 cancers,	 identifying	 new	 risk	 factors	 to	 prevent	 lung	

cancer	 is	 important.	The	 long	establishment	of	 lung	cancer’s	association	with	 smoking	 is	well	

understood,	however,	the	other	risk	factor	for	the	lung	cancer,	including	those	responsible	for	

lung	 cancer	 death	 in	 non-smokers	 are	 less	 understood.	 In	 the	 current	 literature,	 asthma’s	

relationship	to	lung	cancer	is	controversial,	however	recent	discovery	about	asthma	endotypes	

may	explain	this	controversy	(10).	Similarly	the	type	of	antigen	used	in	mouse	models	to	study	

the	potential	association	between	asthma	and	the	risk	of	lung	cancer	is	important.	For	instance,	

OVA	produces	 a	 strong	 Th2	 inflammatory	 response	while	HDM	elicits	 a	mixture	of	 Th17/Th2	

inflammatory	 response	 (25).	 Therefore	 the	 fact	 that	 no	 association	 was	 found	 by	 using	 the	

OVA-model	of	asthma	and	the	urethane	model	of	lung	cancer	may	be	imputed	to	the	innocuity	

of	 OVA	 as	 an	 antigen	 (23).	 We	 employed	 the	 same	 model	 of	 lung	 of	 cancer	 and	 a	 similar	

protocol	 to	 induce	asthma	and	airway	 inflammation	but	with	HDM	as	 the	antigen	 instead	of	

OVA	and	actually	found	an	increase	in	tumor	development	compared	with	control	mice	treated	

with	urethane	alone.	This	finding	could	potentially	be	explained	by	the	fact	that	HDM	is	a	more	

potent	antigen	than	OVA	due	to	 its	complex	structure	and	by	 its	capacity	to	 induced	a	mixed	

Th2/Th17	inflammatory	response.	

	

	 HDM	 is	 a	 complex	 organism	 that	 is	 widely	 prevalent	 in	 the	 environment,	 and	 largely	

known	for	its	ability	to	induce	asthma.	However,	our	studies	have	shown	that	the	effect	of	HDM	

is	not	limited	to	inducing	asthma	and	that	it	can	also	promote	lung	cancer	development	in	mice	

that	are	susceptible	to	lung	cancer.	Through	studying	several	mouse	strains,	we	found	HDM	to	
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act	as	a	co-carcinogen	to	inducing	lung	cancer.	We	studied	the	impact	HDM	had	on	three	lung	

cancer	models,	one	was	a	chemically-induced	model	through	urethane	in	WT	C57BL/6	mice,	the	

second	was	the	A/J	mouse	strain	which	is	genetically	susceptible	to	develop	spontaneous	lung	

cancer,	and	the	last	was	C57BL/6	mice	which	were	genetically	modified	to	express	an	oncogenic	

form	of	K-ras	(K-rasG12D)	in	lung	epithelial	cells.	In	all	three	of	these	models,	we	compared	the	

effect	 of	 intranasal	 treatment	 with	 HDM	 or	 its	 vehicle	 (control	 saline)	 and	 found	 that	 HDM	

consistently	increased	tumor	multiplicity.	In	order	to	see	whether	HDM	acts	as	a	carcinogen	on	

its	 own,	 we	 treated	WT	 C57BL/6	mice	 with	 VEH	 and	 HDM	 in	 the	 absence	 of	 urethane,	 and	

found	that	although	 it	was	 inducing	severe	 lung	 inflammation,	 it	was	not	able	 to	 induce	 lung	

tumors	within	the	follow-up	period	(26	weeks).	Interestingly,	we	got	different	data	when	using	

a	different	mouse	strain.	Indeed,	we	found	that	HDM	alone	was	able	to	stimulate	the	gross	of	

lung	 adenomas	 in	A/J	mice	within	 10	weeks	of	 treatment.	 The	difference	 in	 results	 between	

C57BL/6	 and	 A/J	 mice	 can	 most	 likely	 be	 explained	 by	 the	 fact	 that	 C57BL/6	 and	 A/J	 are	

respectively,	 resistant	and	susceptible	 to	 the	development	of	 lung	 tumors	 (44).	Our	data	and	

the	previous	studies	led	us	to	conclude	that	HDM	cannot	induce	lung	cancer	in	mice	on	its	own,	

but	acts	as	a	co-carcinogen	in	susceptible	mice.		

	

	 HDM	is	made	up	of	fungal	and	bacterial	constituents	with	protease	activity	(26).	Thus,	

exploring	why	we	observed	 increased	 lung	cancer	 is	not	a	 simple	 task.	The	 recent	distinction	

between	endotypes	of	asthma	along	with	the	difference	in	lung	cancer	development	between	

treatment	with	either	OVA	or	HDM	as	an	antigen	led	us	to	explore	the	effects	that	the	Th17/IL-

17	inflammatory	response	may	have	had.	Based	on	previous	studies	and	the	function	of	IL-17A	
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as	 a	mitogen	 for	 epithelial	 cells,	 it	 seemed	 to	 be	 a	 potential	 culprit	 for	 the	 increase	 in	 lung	

cancer	incidence	(13-15).	For	this	reason,	we	decided	to	examine	if	knocking	out	IL-17A	in	mice	

would	 impact	 lung	cancer	development.	When	WT	mice	were	 treated	with	HDM	+	urethane,	

there	was	an	increase	in	tumor	multiplicity	and	tumor	load	as	compared	to	mice	treated	with	

VEH	 +	 urethane.	 However,	 when	 IL-17	 KO	mice	 were	 used,	 both	 the	 HDM/VEH	 +	 urethane	

groups	had	 little	 to	no	 tumors.	 Therefore,	 our	data	 suggest	 that	 IL-17A	promote	 lung	 cancer	

development	in	this	model.	This	finding	is	in	agreement	with	other	studies	that	have	explored	

the	role	of	 IL-17A	in	other	mouse	models	of	 lung	cancer	(21,22,49).	However,	 it	 is	not	known	

whether	 it	plays	a	 role	 in	 the	 initiation	and/or	 the	growth	phase	of	 tumor	development.	Our	

data	 also	 do	 not	 allow	 us	 to	 conclude	 whether	 the	 tumor-promoting	 effect	 of	 HDM	 is	

dependent	on	 IL-17A	because	the	deletion	of	 IL-17A	reduces	the	formation	of	all	 the	tumors,	

including	 those	 in	 VEH	 +	 urethane-treated	 mice.	 Therefore,	 it	 is	 unclear	 whether	 HDM	 or	

urethane	requires	this	factor.	

	

	 We	measured	the	levels	of	IL-17A	in	both	experimental	groups	at	26	weeks	of	age	and	

found	no	significant	difference	 in	 lung	tissue	by	qRT-PCR	and	 in	 the	BAL	and	serum	by	ELISA.	

Considering	the	data	from	our	IL-17A	KO	mice,	it	is	plausible	that	IL-17A	has	to	be	present	at	an	

earlier	 time	 point	 than	 the	 one	 we	 looked	 at.	 Our	 data	 leads	 us	 to	 believe	 that	 IL-17A	 is	

important	 for	 the	 initiation	of	 lung	cancer	as	opposed	 to	 the	growth	of	 the	cancer	cells.	This	

theory	aligns	with	an	observation	that	we	made	with	the	IL-17A	KO	mice.	Although	there	were	

very	 few	 lung	 tumors	 in	 these	mice,	when	 there	were,	 their	 average	 size	was	 similar	 to	 the	

average	size	of	the	tumors	found	in	WT	mice	(data	not	shown).	This	leads	us	to	speculate	that	
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IL-17A’s	presence	is	necessary	in	order	to	initiate/facilitate	the	formation	of	these	tumor	cells.	

Future	experiments	will	evaluate	the	effect	of	HDM	on	the	induction	of	IL-17A	at	an	earlier	time	

point	 (e.g.,	 2-3	weeks),	which	 precede	 lung	 tumor	 formation.	 Although	 it	 has	 been	 reported	

that	HDM	can	induce	a	Th17	inflammatory	response,	the	cells	that	produce	IL-17	are	not	clearly	

defined.	To	identify	the	cellular	source(s)	of	IL-17A	in	response	to	HDM	exposure,	we	will	treat	

IL-17A	eGFP	 reporter	mice	 that	we	are	currently	breeding	 in	our	vivarium	with	HDM	or	VEH,	

and	we	will	determine	the	number	of	GFP+	DCs,	macrophages,	neutrophils,	NK	cells,	abT	cells	

(CD4	 and	 CD8),	 gdT	 cells	 and	 ILC3	 by	 flow	 cytometry	 as	 previously	 described	 (50).	 Further	

studies	 will	 also	 be	 conducted	 in	 A/J	 mice	 that	 allow	 us	 to	 focus	 on	 HDM’s	 effects	 in	 the	

absence	of	urethane	 for	 example	using	 IL-17A	neutralizing	 antibodies.	 The	 shorter	 latency	of	

tumor	development	 in	 this	model	 (10	weeks)	will	 also	allow	us	 to	determine	whether	 IL-17A	

neutralization	using	antibodies	affects	preferentially	the	initiation	and/or	the	growth	phase	of	

lung	cancer	development	in	response	to	HDM.		

	

	 Due	 to	 the	 complexity	 of	 HDM’s	 components,	 both	 innate	 and	 adaptive	 immune	

mechanisms	 are	 being	 activated	 during	 the	 allergic	 inflammation.	 To	 understand	 the	 role	 of	

adaptive	immunity	in	lung	cancer	development,	we	used	Rag2	KO	mice	and	treated	them	with	

HDM/VEH	 and	 urethane.	 Rag2	 KO	 mice	 are	 known	 to	 develop	 significantly	 more	 epithelial	

tumors	(35%	gastrointestinal,	15%	lung),	even	when	raised	on	broad-spectrum	antibiotics	 in	a	

pathogen-free	facility	(51).	In	accordance	with	this	phenomenon,	we	found	that	a	lower	dose	of	

urethane	 was	 necessary	 in	 order	 to	 induce	 tumor	 formation	 in	 these	 mice.	 The	 increase	 in	

tumor	multiplicity	but	 lack	of	effect	on	tumor	 load	suggested	that	adaptive	 immunity	did	not	
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play	a	role	in	the	initiation	of	the	tumor	development,	but	that	it	is	important	for	the	regulation	

of	tumor	growth.	It	has	been	shown	that	long-term	exposure	to	HDM	can	cause	an	increase	in	

Foxp3+	regulatory	T	cells	in	the	lungs	(43).	Immunosuppression	by	Foxp3+	regulatory	T	cells	can	

lead	to	the	inhibition	of	cancer	immunosurveillance	by	cytotoxic	T-cells,	which	can	suppress	the	

immune	 system	 from	detecting	 cancerous	 cells,	 and	 allow	 cancer	 cells	 to	 proliferate	 (52,53).	

Some	of	our	own	preliminary	data	also	found	increased	Foxp3	mRNA	by	qRT-PCR	(preliminary	

data	not	shown)	and	may	in	part	explain	how	the	absence	of	regulatory	T-cells	absence	in	Rag2	

KO	mice	abolished	the	effect	of	HDM	on	tumor	 load	as	observed	 in	WT	mice.	Ultimately,	our	

studies	showed	that	adaptive	 immunity	 is	not	 important	 for	 lung	tumor	 initiation	as	Rag2	KO	

mice	 treated	with	HDM	+	urethane	still	develop	more	 lung	 tumors	control	mice	 treated	with	

VEH	+	urethane.	Therefore,	we	assume	that	T	cells	are	not	the	main	the	cellular	source	of	 IL-

17A	in	the	initiation	phase	of	lung	cancer	development	in	our	model.	However,	it	is	likely	that	

adaptive	immunity	plays	a	role	in	later	stages	such	as	the	growth	of	lung	cancer	cells.		

	

	 Other	studies	have	shown	that	 long-term	exposure	to	HDM	to	increase	IL-10+	alveolar	

macrophages	 (43).	 This	 falls	 in	 line	 with	 our	 own	 data	 where	 increased	 macrophages	 were	

found	 in	 BALF	 and	 was	 the	 predominant	 type	 of	 immune	 cell	 present	 in	 the	 BALF.	 Recent	

studies	have	 shown	 that	macrophages	play	 important	 roles	 in	 lung	cancer	development	 (54).	

Two	 studies	 have	 shown	 that	 the	 depletion	 of	 alveolar	 macrophages	 led	 to	 decreased	

adenocarcinomas	 in	 chemically-induced	 lung	 cancer	 mouse	 models,	 including	 the	 urethane	

model	 that	 we	 used	 (54,55).	 Macrophages	 have	 various	 functions	 that	 include	 pro-

inflammatory	cytokine	secretion	or	anti-inflammatory	activity	by	secretion	of	cytokines	such	as	
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IL-10	 and	 TGFb.	 These	 two	 opposite	 functions	 of	macrophages	 often	 classify	 them	 into	 two	

categories,	M1	 are	 “classically	 activated”	 and	 pro-inflammatory,	 while	M2	 are	 “alternatively	

activated”	 and	 anti-inflammatory	 (56).	 It	was	 reported	 that	 depletion	of	M1	macrophages	 in	

the	 early	 stages	 of	 cancer	 development	 lead	 to	 less	 tumor	 initiation	 while	 depletion	 of	M2	

macrophages	in	late	stages	led	to	reduced	tumor	angiogenesis	and	tumor	progression	(54).	Our	

own	data	 found	an	 increase	 in	 IL-10	and	TGFb	mRNA	by	qRT-PCR,	which	are	markers	 for	M2	

macrophages.	 We	 will	 therefore	 further	 investigate	 whether	 the	 inflammatory	 response	

induced	by	HDM	promotes	M2	macrophages	differentiation.	

	

	 Inflammation	has	been	shown	to	act	synergistically	with	DNA	damage	in	order	to	induce	

mutations	driving	cancer	development	(57).	Due	to	recent	studies	showing	that	HDM	induces	

double	stranded	DNA	breaks	in	lung	epithelial	cells	in-vitro	and	in-vivo	(33),	we	also	evaluated	

the	 possible	 induction	 of	 DNA	 damage	 in	 our	models.	 Surprisingly	 enough,	 after	 performing	

flow	cytometry,	we	 found	 that	most	of	 the	double	 stranded	DNA	breaks,	as	 indicated	by	 the	

phosphorylation	of	H2AX,	were	found	in	immune	cells.	Future	studies	in	the	lab	will	investigate	

what	type	of	immune	cells	were	exhibiting	the	DNA	damages,	and	our	preliminary	data	that	is	

not	shown	points	in	the	direction	of	macrophages.	The	consequences	of	the	DNA	damages	as	

well	as	 the	component(s)	within	HDM	that	 is	 (are)	 responsible	 for	 its	 tumor	promoting	effect	

will	be	the	subject	of	future	investigations	in	the	lab.	
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CONCLUSION	

	 The	 relationship	 between	 lung	 cancer	 and	 asthma	 as	 a	 chronic	 lung	 disease	 and	 risk	

factor	is	not	well	understood.	HDM	is	one	of	the	most	common	allergens	and	is	a	major	cause	

of	allergic	rhinitis	and	asthma,	and	as	our	data	suggest,	a	potential	respiratory	carcinogen	or	co-

carcinogen.	If	our	data	generated	in	mice	are	confirmed	in	humans,	chronic	HDM	exposure	may	

present	a	new	risk	factor	for	developing	lung	cancer	in	susceptible	individuals	(e.g.,	smokers	or	

individuals	exposed	to	other	environmental	carcinogens).	This	new	finding	may	have	important	

implications	for	 lung	cancer	prevention	efforts	especially	 in	 individuals	sensitized	to	HDM	and	

exposed	to	other	air	pollutants.	These	studies	may	also	lay	down	the	foundation	for	preventive	

HDM	immunotherapy	strategies	for	at-risk	populations.	Finally,	our	investigations	may	further	

demonstrate	the	therapeutic	potential	of	blocking	IL-17A	for	the	treatment	of	lung	cancer.	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	



	 35	

REFERENCES	
	
1.	 Torre	LA,	Siegel	RL,	Ward	EM,	Jemal	A.	Global	Cancer	Incidence	and	Mortality	Rates	and	

Trends--An	Update.	Cancer	Epidemiol	Biomarkers	Prev	2016;	25:16-27	
	
2.	 Siegel	RL,	Miller	KD,	Jemal	A.	Cancer	Statistics,	2017.	CA	Cancer	J	Clin	2017;	67:7-30	
	
3.	 Warren	GW,	Alberg	AJ,	Kraft	AS,	Cummings	KM.	The	2014	Surgeon	General's	report:	

"The	health	consequences	of	smoking--50	years	of	progress":	a	paradigm	shift	in	cancer	
care.	Cancer	2014;	120:1914-1916	

	
4.	 Hubaux	R,	Becker-Santos	DD,	Enfield	KS,	Lam	S,	Lam	WL,	Martinez	VD.	Arsenic,	asbestos	

and	radon:	emerging	players	in	lung	tumorigenesis.	Environ	Health	2012;	11:89	
	
5.	 Takiguchi	Y,	Sekine	I,	Iwasawa	S,	Kurimoto	R,	Tatsumi	K.	Chronic	obstructive	pulmonary	

disease	as	a	risk	factor	for	lung	cancer.	World	J	Clin	Oncol	2014;	5:660-666	
	
6.	 Rosenberger	A,	Bickeboller	H,	McCormack	V,	Brenner	DR,	Duell	EJ,	Tjonneland	A,	Friis	S,	

Muscat	JE,	Yang	P,	Wichmann	HE,	Heinrich	J,	Szeszenia-Dabrowska	N,	Lissowska	J,	
Zaridze	D,	Rudnai	P,	Fabianova	E,	Janout	V,	Bencko	V,	Brennan	P,	Mates	D,	Schwartz	AG,	
Cote	ML,	Zhang	ZF,	Morgenstern	H,	Oh	SS,	Field	JK,	Raji	O,	McLaughlin	JR,	Wiencke	J,	
LeMarchand	L,	Neri	M,	Bonassi	S,	Andrew	AS,	Lan	Q,	Hu	W,	Orlow	I,	Park	BJ,	Boffetta	P,	
Hung	RJ.	Asthma	and	lung	cancer	risk:	a	systematic	investigation	by	the	International	
Lung	Cancer	Consortium.	Carcinogenesis	2012;	33:587-597	

	
7.	 Brown	DW,	Young	KE,	Anda	RF,	Giles	WH.	Asthma	and	risk	of	death	from	lung	cancer:	

NHANES	II	Mortality	Study.	J	Asthma	2005;	42:597-600	
	
8.	 Qu	YL,	Liu	J,	Zhang	LX,	Wu	CM,	Chu	AJ,	Wen	BL,	Ma	C,	Yan	XY,	Zhang	X,	Wang	DM,	Lv	X,	

Hou	SJ.	Asthma	and	the	risk	of	lung	cancer:	a	meta-analysis.	Oncotarget	2017;	8:11614-
11620	

	
9.	 Kozlowska	R,	Bozek	A,	Jarzab	J.	Association	between	cancer	and	allergies.	Allergy	

Asthma	Clin	Immunol	2016;	12:39	
	
10.	 Kuruvilla	ME,	Lee	FE,	Lee	GB.	Understanding	Asthma	Phenotypes,	Endotypes,	and	

Mechanisms	of	Disease.	Clin	Rev	Allergy	Immunol	2018.	
	
11.	 Desai	M,	Oppenheimer	J.	Elucidating	asthma	phenotypes	and	endotypes:	progress	

towards	personalized	medicine.	Ann	Allergy	Asthma	Immunol	2016;	116:394-401	
	
12.	 Tesmer	LA,	Lundy	SK,	Sarkar	S,	Fox	DA.	Th17	cells	in	human	disease.	Immunol	Rev	2008;	

223:87-113	
	



	 36	

13.	 Inoue	D,	Numasaki	M,	Watanabe	M,	Kubo	H,	Sasaki	T,	Yasuda	H,	Yamaya	M,	Sasaki	H.	IL-
17A	promotes	the	growth	of	airway	epithelial	cells	through	ERK-dependent	signaling	
pathway.	Biochem	Biophys	Res	Commun	2006;	347:852-858	

	
14.	 Wu	L,	Chen	X,	Zhao	J,	Martin	B,	Zepp	JA,	Ko	JS,	Gu	C,	Cai	G,	Ouyang	W,	Sen	G,	Stark	GR,	

Su	B,	Vines	CM,	Tournier	C,	Hamilton	TA,	Vidimos	A,	Gastman	B,	Liu	C,	Li	X.	A	novel	IL-17	
signaling	pathway	controlling	keratinocyte	proliferation	and	tumorigenesis	via	the	
TRAF4-ERK5	axis.	The	Journal	of	experimental	medicine	2015;	212:1571-1587	

	
15.	 Wang	K,	Kim	MK,	Di	Caro	G,	Wong	J,	Shalapour	S,	Wan	J,	Zhang	W,	Zhong	Z,	Sanchez-

Lopez	E,	Wu	LW,	Taniguchi	K,	Feng	Y,	Fearon	E,	Grivennikov	SI,	Karin	M.	Interleukin-17	
receptor	a	signaling	in	transformed	enterocytes	promotes	early	colorectal	
tumorigenesis.	Immunity	2014;	41:1052-1063	

	
16.	 Sfanos	KS,	Bruno	TC,	Maris	CH,	Xu	L,	Thoburn	CJ,	DeMarzo	AM,	Meeker	AK,	Isaacs	WB,	

Drake	CG.	Phenotypic	analysis	of	prostate-infiltrating	lymphocytes	reveals	TH17	and	
Treg	skewing.	Clin	Cancer	Res	2008;	14:3254-3261	

	
17.	 Kryczek	I,	Banerjee	M,	Cheng	P,	Vatan	L,	Szeliga	W,	Wei	S,	Huang	E,	Finlayson	E,	Simeone	

D,	Welling	TH,	Chang	A,	Coukos	G,	Liu	R,	Zou	W.	Phenotype,	distribution,	generation,	
and	functional	and	clinical	relevance	of	Th17	cells	in	the	human	tumor	environments.	
Blood	2009;	114:1141-1149	

	
18.	 Joerger	M,	Finn	SP,	Cuffe	S,	Byrne	AT,	Gray	SG.	The	IL-17-Th1/Th17	pathway:	an	

attractive	target	for	lung	cancer	therapy?	Expert	Opin	Ther	Targets	2016;	20:1339-1356	
	
19.	 Marshall	EA,	Ng	KW,	Kung	SH,	Conway	EM,	Martinez	VD,	Halvorsen	EC,	Rowbotham	DA,	

Vucic	EA,	Plumb	AW,	Becker-Santos	DD,	Enfield	KS,	Kennett	JY,	Bennewith	KL,	Lockwood	
WW,	Lam	S,	English	JC,	Abraham	N,	Lam	WL.	Emerging	roles	of	T	helper	17	and	
regulatory	T	cells	in	lung	cancer	progression	and	metastasis.	Mol	Cancer	2016;	15:67	

	
20.	 Wu	F,	Xu	J,	Huang	Q,	Han	J,	Duan	L,	Fan	J,	Lv	Z,	Guo	M,	Hu	G,	Chen	L,	Zhang	S,	Tao	X,	Ma	

W,	Jin	Y.	The	Role	of	Interleukin-17	in	Lung	Cancer.	Mediators	Inflamm	2016;	
2016:8494079	

	
21.	 Chen	X,	Wan	J,	Liu	J,	Xie	W,	Diao	X,	Xu	J,	Zhu	B,	Chen	Z.	Increased	IL-17-producing	cells	

correlate	with	poor	survival	and	lymphangiogenesis	in	NSCLC	patients.	Lung	Cancer	
2010;	69:348-354	

	
22.	 Li	Q,	Han	Y,	Fei	G,	Guo	Z,	Ren	T,	Liu	Z.	IL-17	promoted	metastasis	of	non-small-cell	lung	

cancer	cells.	Immunol	Lett	2012;	148:144-150	
	



	 37	

23.	 Doris	K,	Karabela	SP,	Kairi	CA,	Simoes	DC,	Roussos	C,	Zakynthinos	SG,	Kalomenidis	I,	
Blackwell	TS,	Stathopoulos	GT.	Allergic	inflammation	does	not	impact	chemical-induced	
carcinogenesis	in	the	lungs	of	mice.	Respir	Res	2010;	11:118	

	
24.	 Gurley	KE,	Moser	RD,	Kemp	CJ.	Induction	of	Lung	Tumors	in	Mice	with	Urethane.	Cold	

Spring	Harb	Protoc	2015;	2015:pdb	prot077446	
	
25.	 Kumar	RK,	Herbert	C,	Foster	PS.	The	"classical"	ovalbumin	challenge	model	of	asthma	in	

mice.	Current	drug	targets	2008;	9:485-494	
	
26.	 Gregory	LG,	Lloyd	CM.	Orchestrating	house	dust	mite-associated	allergy	in	the	lung.	

Trends	Immunol	2011;	32:402-411	
	
27.	 Miller	JD.	The	Role	of	Dust	Mites	in	Allergy.	Clin	Rev	Allergy	Immunol	2018.	
	
28.	 Swirski	FK,	Sajic	D,	Robbins	CS,	Gajewska	BU,	Jordana	M,	Stampfli	MR.	Chronic	exposure	

to	innocuous	antigen	in	sensitized	mice	leads	to	suppressed	airway	eosinophilia	that	is	
reversed	by	granulocyte	macrophage	colony-stimulating	factor.	J	Immunol	2002;	
169:3499-3506	

	
29.	 Johnson	JR,	Wiley	RE,	Fattouh	R,	Swirski	FK,	Gajewska	BU,	Coyle	AJ,	Gutierrez-Ramos	JC,	

Ellis	R,	Inman	MD,	Jordana	M.	Continuous	exposure	to	house	dust	mite	elicits	chronic	
airway	inflammation	and	structural	remodeling.	Am	J	Respir	Crit	Care	Med	2004;	
169:378-385	

	
30.	 Hashimoto	T,	Akiyama	K,	Kobayashi	N,	Mori	A.	Comparison	of	IL-17	production	by	helper	

T	cells	among	atopic	and	nonatopic	asthmatics	and	control	subjects.	Int	Arch	Allergy	
Immunol	2005;	137	Suppl	1:51-54	

	
31.	 Cosmi	L,	Maggi	L,	Santarlasci	V,	Capone	M,	Cardilicchia	E,	Frosali	F,	Querci	V,	Angeli	R,	

Matucci	A,	Fambrini	M,	Liotta	F,	Parronchi	P,	Maggi	E,	Romagnani	S,	Annunziato	F.	
Identification	of	a	novel	subset	of	human	circulating	memory	CD4(+)	T	cells	that	produce	
both	IL-17A	and	IL-4.	J	Allergy	Clin	Immunol	2010;	125:222-230	e221-224	

	
32.	 Cinteza	M,	Daian	C.	House	dust	mite	-	the	paradox.	Maedica	(Buchar)	2014;	9:313-315	
	
33.	 Chan	TK,	Loh	XY,	Peh	HY,	Tan	WN,	Tan	WS,	Li	N,	Tay	IJ,	Wong	WS,	Engelward	BP.	House	

dust	mite-induced	asthma	causes	oxidative	damage	and	DNA	double-strand	breaks	in	
the	lungs.	J	Allergy	Clin	Immunol	2016;	138:84-96	e81	

	
34.	 Chan	TK,	Tan	WSD,	Peh	HY,	Wong	WSF.	Aeroallergens	Induce	Reactive	Oxygen	Species	

Production	and	DNA	Damage	and	Dampen	Antioxidant	Responses	in	Bronchial	Epithelial	
Cells.	J	Immunol	2017;	199:39-47	

	



	 38	

35.	 Li	H,	Cho	SN,	Evans	CM,	Dickey	BF,	Jeong	JW,	DeMayo	FJ.	Cre-mediated	recombination	
in	mouse	Clara	cells.	Genesis	2008;	46:300-307	

	
36.	 Moghaddam	SJ,	Li	H,	Cho	SN,	Dishop	MK,	Wistuba,	II,	Ji	L,	Kurie	JM,	Dickey	BF,	Demayo	

FJ.	Promotion	of	lung	carcinogenesis	by	chronic	obstructive	pulmonary	disease-like	
airway	inflammation	in	a	K-ras-induced	mouse	model.	Am	J	Respir	Cell	Mol	Biol	2009;	
40:443-453	

	
37.	 Yuan	J,	Adamski	R,	Chen	J.	Focus	on	histone	variant	H2AX:	to	be	or	not	to	be.	FEBS	Lett	

2010;	584:3717-3724	
	
38.	 Zimmerli	B,	Schlatter	J.	Ethyl	carbamate:	analytical	methodology,	occurrence,	formation,	

biological	activity	and	risk	assessment.	Mutat	Res	1991;	259:325-350	
	
39.	 Meuwissen	R,	Berns	A.	Mouse	models	for	human	lung	cancer.	Genes	and	Development	

2005;	19:643-664	
	
40.	 Tuveson	DA,	Jacks	T.	Modeling	human	lung	cancer	in	mice:	similarities	and	

shortcomings.	Oncogene	1999;	18:5318-5324	
	
41.	 Shi	L,	Wang	L,	Hou	J,	Zhu	B,	Min	Z,	Zhang	M,	Song	D,	Cheng	Y,	Wang	X.	Targeting	roles	of	

inflammatory	microenvironment	in	lung	cancer	and	metastasis.	Cancer	Metastasis	Rev	
2015;	34:319-331	

	
42.	 Gomes	M,	Teixeira	AL,	Coelho	A,	Araujo	A,	Medeiros	R.	The	role	of	inflammation	in	lung	

cancer.	Adv	Exp	Med	Biol	2014;	816:1-23	
	
43.	 Bracken	SJ,	Adami	AJ,	Szczepanek	SM,	Ehsan	M,	Natarajan	P,	Guernsey	LA,	Shahriari	N,	

Rafti	E,	Matson	AP,	Schramm	CM,	Thrall	RS.	Long-Term	Exposure	to	House	Dust	Mite	
Leads	to	the	Suppression	of	Allergic	Airway	Disease	Despite	Persistent	Lung	
Inflammation.	Int	Arch	Allergy	Immunol	2015;	166:243-258	

	
44.	 O'Donnell	EP,	Zerbe	LK,	Dwyer-Nield	LD,	Kisley	LR,	Malkinson	AM.	Quantitative	analysis	

of	early	chemically-induced	pulmonary	lesions	in	mice	of	varying	susceptibilities	to	lung	
tumorigenesis.	Cancer	Lett	2006;	241:197-202	

	
45.	 Ryan	J,	Barker	PE,	Nesbitt	MN,	Ruddle	FH.	KRAS2	as	a	genetic	marker	for	lung	tumor	

susceptibility	in	inbred	mice.	J	Natl	Cancer	Inst	1987;	79:1351-1357	
	
46.	 Lin	L,	Festing	MF,	Devereux	TR,	Crist	KA,	Christiansen	SC,	Wang	Y,	Yang	A,	Svenson	K,	

Paigen	B,	Malkinson	AM,	You	M.	Additional	evidence	that	the	K-ras	protooncogene	is	a	
candidate	for	the	major	mouse	pulmonary	adenoma	susceptibility	(Pas-1)	gene.	Exp	
Lung	Res	1998;	24:481-497	

	



	 39	

47.	 Karnoub	AE,	Weinberg	RA.	Ras	oncogenes:	split	personalities.	Nat	Rev	Mol	Cell	Biol	
2008;	9:517-531	

	
48.	 Villaruz	LC,	Socinski	MA,	Cunningham	DE,	Chiosea	SI,	Burns	TF,	Siegfried	JM,	Dacic	S.	The	

prognostic	and	predictive	value	of	KRAS	oncogene	substitutions	in	lung	
adenocarcinoma.	Cancer	2013;	119:2268-2274	

	
49.	 Chang	SH,	Mirabolfathinejad	SG,	Katta	H,	Cumpian	AM,	Gong	L,	Caetano	MS,	

Moghaddam	SJ,	Dong	C.	T	helper	17	cells	play	a	critical	pathogenic	role	in	lung	cancer.	
Proc	Natl	Acad	Sci	U	S	A	2014;	111:5664-5669	

	
50.	 Bozinovski	S,	Seow	HJ,	Chan	SP,	Anthony	D,	McQualter	J,	Hansen	M,	Jenkins	BJ,	

Anderson	GP,	Vlahos	R.	Innate	cellular	sources	of	interleukin-17A	regulate	macrophage	
accumulation	in	cigarette-	smoke-induced	lung	inflammation	in	mice.	Clin	Sci	(Lond)	
2015;	129:785-796	

	
51.	 Vesely	MD,	Kershaw	MH,	Schreiber	RD,	Smyth	MJ.	Natural	innate	and	adaptive	

immunity	to	cancer.	Annu	Rev	Immunol	2011;	29:235-271	
	
52.	 Kachler	K,	Holzinger	C,	Trufa	DI,	Sirbu	H,	Finotto	S.	The	role	of	Foxp3	and	Tbet	co-

expressing	Treg	cells	in	lung	carcinoma.	Oncoimmunology	2018;	7:e1456612	
	
53.	 Kim	CH.	FOXP3	and	its	role	in	the	immune	system.	Adv	Exp	Med	Biol	2009;	665:17-29	
	
54.	 Zaynagetdinov	R,	Sherrill	TP,	Polosukhin	VV,	Han	W,	Ausborn	JA,	McLoed	AG,	McMahon	

FB,	Gleaves	LA,	Degryse	AL,	Stathopoulos	GT,	Yull	FE,	Blackwell	TS.	A	critical	role	for	
macrophages	in	promotion	of	urethane-induced	lung	carcinogenesis.	J	Immunol	2011;	
187:5703-5711	

	
55.	 Fritz	JM,	Tennis	MA,	Orlicky	DJ,	Lin	H,	Ju	C,	Redente	EF,	Choo	KS,	Staab	TA,	Bouchard	RJ,	

Merrick	DT,	Malkinson	AM,	Dwyer-Nield	LD.	Depletion	of	tumor-associated	
macrophages	slows	the	growth	of	chemically	induced	mouse	lung	adenocarcinomas.	
Front	Immunol	2014;	5:587	

	
56.	 Mantovani	A,	Sozzani	S,	Locati	M,	Allavena	P,	Sica	A.	Macrophage	polarization:	tumor-

associated	macrophages	as	a	paradigm	for	polarized	M2	mononuclear	phagocytes.	
Trends	Immunol	2002;	23:549-555	

	
57.	 Kiraly	O,	Gong	G,	Olipitz	W,	Muthupalani	S,	Engelward	BP.	Inflammation-induced	cell	

proliferation	potentiates	DNA	damage-induced	mutations	in	vivo.	PLoS	genetics	2015;	
11:e1004901	

 




