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ABSTRACT	
Fungal	sensitisation,	remodelling	and	the	mycobiome	in	asthma	

Dr	Kerry	Woolnough	

Fungal	sensitisation	and	Allergic	Bronchopulmonary	Aspergillosis	(ABPA)	are	seen	
more	commonly	in	severe	asthma.		Asthmatics	with	ABPA	/	SAFS	have	differing	
disease	trajectories	and	degrees	of	disease	severity.		In	view	of	this	uncertainty,	
this	thesis	has	focused	on	the	role	that	fungal	allergy	and	the	fungal	microbiome	
(mycobiome)	have	on	aspects	of	airway	physiology,	inflammation	and	remodelling.			

This	thesis	suggests	that	asthmatics	with	neutrophilic	airway	inflammation	and	
sensitisation	to	A.	fumigatus	are	at	greater	risk	of	a	reduction	in	lung	function	and	
the	development	of	radiological	abnormalities,	whether	they	fulfil	the	diagnostic	
classification	for	ABPA	or	not.		IgE	sensitisation	to	thermotolerant	filamentous	
fungi,	but	not	total	IgE,	was	associated	with	a	reduction	in	post	bronchodilator	
FEV1	(independent	of	atopic	status),	bronchiectasis,	tree-in-bud	and	collapse	±	
consolidation	in	moderate	to	severe	asthma.			This	suggests	that	current	diagnostic	
classifications	do	not	capture	all	of	those	at	risk	of	adverse	outcomes	due	to	fungal	
sensitisation.			

No	features	of	airway	remodelling	were	found	in	asthmatics	sensitised	to	fungi.		An	
association	was	however	found	between	intraepithelial	mast	cell	infiltration,	an	
increase	in	fungal	load	and	fungal	sensitisation.	

A	‘core’	mycobiome	of	12	species,	belonging	to	the	Ascomycota	and	Basidomycota	
phyla,	were	identified	in	all	compartments	of	the	lung.		A.	fumigatus	was	the	most	
abundant	fungus,	present	in	healthy	controls	and	asthmatics.		Certain	fungi	were	
seen	to	have	a	protective	effect	with	a	reduction	in	reticular	basement	membrane	
thickness	and	epithelial	integrity	associated	with	Cryptococcus	pseudolongus,	
whilst	others	such	as	Aspergillus	striatus	was	associated	with	increased	airway	
smooth	muscle	mass.			

A	new	phenotypic	group	could	not	be	accurately	described.		This	thesis	does,	
however,	show	that	asthmatics	sensitised	to	thermotolerant	filamentous	fungi	are	
at	a	greater	risk	of	adverse	outcomes	and	are	characterised	by	neutrophilic	airway	
inflammation	and	a	high	fungal	load.			
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Chapter	1:	Introduction	

1.1	Asthma	

Asthma	affects	5.4	million	people	and	1	in	12	adults	in	the	UK	(1).		A	

disproportionate	amount	of	the	annual	NHS	healthcare	expenditure	on	asthma	is	

spent	on	the	5-10%	of	those	with	severe	asthma	(~1	billion	pounds);	despite	this	

around	50%	of	this	group	are	still	classified	as	having	uncontrolled	asthma	and	5-

10%	deemed	refractory	to	treatment	(1,	2).		Severe	asthma	is	defined	by	the	

European	Respiratory	Society	and	the	American	Thoracic	Society	as	‘asthma	that	

requires	treatment	with	high	dose	inhaled	corticosteroids	plus	a	second	controller	

medication	and/or	systemic	corticosteroids	to	prevent	it	from	becoming	

“uncontrolled”	or	that	remains	“uncontrolled”	despite	this	therapy’	(3).		Severe	

disease	is	associated	with	a	greater	degree	of	impairment	at	work,	greater	health-

care	utilization	and	a	substantial	loss	of	productivity	(4).		Thus,	there	is	a	need	to	

characterise	patients	better	so	that	we	can	identify	those	at	the	severe	end	of	the	

asthma	spectrum	that	are	more	at	risk	of	adverse	outcomes.			

The	use	of	cluster	analysis	to	identify	phenotypes	of	asthma,	has	allowed	us	to	

group	asthmatics	according	to	their	clinical	(such	as	atopy)	and	inflammatory	

profile	(eosinophilic/neutrophilic/mixed	granulocytic/	paucigranulocytic).		These	

phenotypes	have	then	been	used	to	stratify	patients	into	different	treatment	

groups	and	allowed	more	targeted	and	effective	management	of	this	

heterogeneous	condition	(5).		However,	it	has	previously	been	shown	that	markers	

of	atopy,	blood	eosinophils	and	exhaled	nitric	oxide	(that	help	to	characterise	these	

phenotypes)	do	not	fully	differentiate	mild	from	severe	disease	(2).		Thus,	it	is	

crucially	important	for	us	to	look	at	all	of	the	pathophysiological	mechanisms	

involved	to	help	identify	the	different	characteristics	/	biomarkers	that	affect	

disease	outcomes	so	that	we	can	target	treatment	from	effectively.	

Sensitisation	to	fungi	is	seen	frequently	in	moderate	to	severe	asthma	and	has	

been	associated	with	several	adverse	outcomes.		Environmental	moulds	and	in	

particular	the	non-thermotolerant	fungi	((unable	to	grow	at	37°C)	which	include	

Alternaria	alternata	and	Cladosporium	herbarum)	act	as	aeroallergens	and	have	

previously	been	linked	to	life	threatening	asthma	and	intensive	care	admissions,	
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asthma	deaths	and	exacerbations	requiring	hospital	admission	(6-9).		Although	

many	of	these	studies	relating	spore	concentration	and	sensitisation	status	to	fatal	

asthma	are	now	quite	old	the	literature	does	still	suggest	a	link	between	

sensitisation	status	and	spore	concentration	with	an	increase	of	exacerbations	and	

healthcare	utilisation	(10-12).		Thermotolerant	fungi,	such	as	Aspergillus	

fumigatus,	have	the	ability	to	act	as	both	aeroallergens	and	as	colonises	of	the	

airway.		Sensitisation	to	A.	fumigatus	is	linked	to	reduced	lung	function	and	is	part	

of	the	diagnostic	criteria	for	Allergic	Bronchopulmonary	Aspergillosis	((ABPA)	

table	1),	which	occurs	in	0.7-3.5%	of	asthmatics	(13,	14).		However,	other	than	

specific	IgE,	it	is	unclear	how	these	parameters	of	fungal	sensitisation	are	related	

to	adverse	asthma	outcomes	–	in	terms	of	lung	damage,	airway	inflammation	and	

airway	remodelling.		The	first	study	in	this	thesis	will	focus	on	this	aspect,	looking	

at	how	immunological	markers	of	fungal	sensitisation	are	related	to	adverse	

outcomes	in	asthma.	

1.2	Phenotypes	and	endotypes	

Asthma	is	a	multidimensional	disease.	Many	endogenous,	environmental	and	

behavioural	factors	affect	disease	control.		These	are	reflected	in	the	phenotypes	

and	endotypes	of	asthma	that	have	been	identified.			

Endotyping	is	a	way	of	categorising	patients	into	groups	that	have	similar	clinical	

characteristics	and	pathophysiology;	whereas	phenotypes	create	homogenous	

categories	that	are	grouped	together	by	common	traits	(15).	These	phenotypic	

traits	are	observable	and	reproducible	and	have	been	used	to	identify	groups	of	

asthmatics	that	would	benefit	from	immunotherapy	and	different	treatment	

regimens	(16).	

Anderson	et	al.	first	described	endotypes	as	“subtypes	of	a	condition	linked	by	a	

distinct	functional	or	pathophysiological	mechanism”	(17).		In	addition,	Lotvall	et	

al	proposed	that	an	endotype	should	fulfil	at	least	five	parameters	(defined	as:	

clinical	characteristics,	biomarkers,	lung	physiology,	genetics,	histopathology,	

epidemiology,	and	treatment	response)	(18).		Identification	of	these	endotypes	and	

elucidation	of	their	underlying	pathophysiological	mechanisms	will	allow	new	

biomarkers	/	therapeutic	targets	to	be	identified	and	developed,	such	as	those	
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driven	by	interleukin	18	and	33,	the	interleukin-17-regulatory	T-cell	axis	and	via	

epidermal	growth	factor	receptor	co-amplification	(17).		Much	more	information	is	

required	to	link	genetics,	pathophysiology,	biomarkers	and	clinical	characteristics	

together	to	establish	endotypic	classifications	of	asthma	before	they	can	be	used	in	

routine	clinical	practice.	

1.2.1	The	use	of	cluster	analysis	to	identify	phenotypes	in	asthma.	
Cluster	analysis	has	been	used	in	several	studies	to	phenotype	patients	into	groups	

that	have	common	clinical	and	inflammatory	profiles.		Haldar	et	al	described	4	

distinct	asthma	phenotypes	in	both	primary	and	secondary	care:	(i)	early	onset	

eosinophilic	asthma	with	airways	dysfunction,	(ii)	female,	non-eosinophilic,	but	

with	a	symptom	predominant	presentation,	(iii)	early	onset	asthma	with	minimal	

eosinophilic	disease,	and	(iv)	late	onset	eosinophilic	asthma	(19).		Classifying	

patients	by	these	eosinophilic	profiles	has	also	allowed	corticosteroid	therapy	to	

be	down	titrated	in	the	inflammation-predominant	groups	with	no	consequent	loss	

of	asthma	control	(20).	

The	Severe	Asthma	Research	Programme	(SARP)	identified	five	asthma	

phenotypes,	categorised	by	clinical	characteristics,	measures	of	lung	function,	

corticosteroid	dosage	and	health	care	utilisation	(21).		Further	studies	using	model	

based	clustering	methodology,	such	as	that	by	Siroux	et	al.,	have	also	sub-divided	

asthma	into	phenotypic	groups	based	on	clinical	characteristics.		This	again	

grouped	patients	by	early/late	onset	disease,	atopy	and	severity	of	disease	

(measured	by	medication	usage)	(22).		These	studies	show	the	reproducibility	of	

clustering	and	phenotypes	using	different	cohorts	of	asthmatics.		

1.2.2	The	use	of	phenotypes	to	guide	asthma	management.	
Woodruff	et	al.	have	examined	the	molecular	phenotypes	of	asthma	(23).		

Respiratory	epithelial	gene	expression	of	POSTN,	CLCA1	and	SEPINB2	was	induced	

by	IL-13	to	identify	those	that	had	a	Th2	or	a	non-Th2	molecular	phenotype.		The	

Th2	phenotype	had	a	greater	degree	of	airway	hyperresponsiveness,	eosinophilia,	

thickening	of	the	reticular	basement	membrane	and	epithelial	mucin	gene	

expression	(23).	
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Baines	et	al.	validated	six	sputum	biomarkers:	Charcot-Leydon	crustal	protein	

(CLC);	carboxypeptidase	A3	(CPA3);	deoxyribonuclease	l-like	3	(DNASE	1L3);	

alkaline	phosphatase	tissue-nonspecific	isozyme	(ALPL);	chemokine	receptor	2	

(CXCR2).		These	biomarkers	were	used	to	identify	a	gene	expression	signature	that	

was	able	to	distinguish	between	inflammatory	phenotypes	(eosinophilic,	

neutrophilic	and	paucigranulocytic)	(24).		In	this	study	inhaled	corticosteroids	

(ICS)	suppressed	CLC,	CPA3	and	DNAS1L3	in	eosinophilic	asthma	and	thus	brought	

together	both	inflammatory	and	gene	expression	phenotypes	that	were	able	to	

predict	treatment	response	(24).		Several	studies	have	shown	improvement	in	

outcomes	when	treatments	are	based	on	molecular	and	cellular	phenotypes.		

Bahkta	et	al.	combined	qPCR	expression	of	periostin,	CLCA1	and	SeptinB2	

(previously	recognised	as	a	high-Th2	molecular	phenotype	signature)	into	a	single	

metric	(25).		This	molecular	phenotype,	using	qPCR,	was	able	to	predict	

improvements	in	FEV1	with	ICS	over	an	eight	week	period	(AUC	0.87),	over	that	of	

exhaled	nitric	oxide	and	blood	eosinophils	(25).		

1.2.3	Cluster-derived	asthma	phenotypes	and	genetic	linkage.		
A	genetic	association	study	with	cluster-derived	asthma	phenotypes	demonstrated	

associations	with	four	single	nucleotide	polypeptides	((SNPs)	rs9851461,	

rs9842772,	rs988812	and	rs1051124)	on	chromosome	3	and	adult	onset	non-

atopic	asthma	(26).		It	also	showed	associations	between	mild	late	onset	non-

atopic	asthma	and	several	SNPs	on	chromosome	6	(rs2579931),	chromosome	7	

(rs10264996,	rs10259042,	rs10230811	and	rs1716296),	chromosome	8	

(rs7834760,	rs13272108)	and	chromosome	11	(rs4576815,	rs7938647)	(26).			

Cluster	analysis	using	clinical	characteristics,	biomarkers	and	genetic	linkage	

analysis	in	these	studies	has	confirmed	the	need	to	sub-group	patients	to	tailor	

therapy	more	effectively.		What	is	not	clear	currently	in	the	literature	is	whether	

classifying	patients	into	existing	diagnostic	groups	(Allergic	Bronchopulmonary	

Aspergillosis/Mycosis	(ABPA/M)	and	Severe	Asthma	with	Fungal	Sensitisation	

(SAFS)	(table	1)),	appropriately	picks	out	those	at	risk	of	adverse	outcomes.		

Clustering	techniques	will	be	used	in	the	first	observational	study	in	this	body	of	

work	to	identify	whether	clustering	by	the	parameters	(eosinophils,	total	IgE,	

specific	IgE	to	fungi	and	A.	fumigatus	IgG)	used	in	these	diagnostic	classifications	in	
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an	asthma	population	that	is	both	sensitised	and	not	sensitised	to	fungi	will	help	to	

distinguish	between	groups	that	are	phenotypically	different	in	terms	of	clinical	

characteristics.		In	addition,	cases	of	ABPA/M,	SAFS	and	outcome	measures	(such	

as	radiological	abnormalities	and	fixed	airflow	obstruction)	will	be	mapped	to	

these	clustered	groups	to	assess	whether	the	extent	of	the	immunological	response	

(in	terms	of	specific	IgE,	total	IgE,	specific	IgG	and	eosinophilia)	is	associated	with	

more	adverse	radiological	and	lung	function	outcomes.	

1.3	Pathogenesis	of	asthma	

1.3.1	Introduction	
Airway	inflammation	in	asthma	is	dependent	on	many	genetic,	immune	and	

environmental	factors.		Both	an	eosinophilic	(Th2-high)	and	a	neutrophilic	(non-

eosinophilic	Th2-low)	molecular	phenotype	have	been	described	(23);	however,	

the	immunopathology	of	asthma	is	complex	resulting	from	an	interplay	between	

multiple	pathways,	involving	Th2,	Th1,	Th17	and	ILC2	cell-induced	mechanisms,	

amongst	others	(see	figure	1.1).		The	airway	epithelial	cells	and	dendritic	cells	play	

a	key	role	in	directing	T	cell	responses	towards	one	of	these	pathways,	influenced	

by	the	co-stimulatory	molecules	and	cytokines	present	within	their	environment	

(27).				Fungi	are	able	to	able	to	become	pathogenic	and	cause	uncontrolled	allergic	

disease	due	to	defects	in	the	innate	immune	mechanism	in	airways	disease	or	

secondary	to	immunosuppression.		Asthma	causes	a	reduction	in	the	mucociliary	

escalator,	mucus	hypersecretion	and	a	disruption	in	epithelial	integrity	(28-30).		

These	allow	fungi	to	inhabit	the	airways	for	a	longer	period	of	time,	evade	the	

alveolar	macrophages	and	cause	allergic	disease.	

1.3.2	Epithelium	
The	epithelium	is	a	key	component	of	the	inflammatory	response	seen	in	asthma.		

Cytotoxic	injury	from	environmental	factors	can	promote	the	release	of	pro-

inflammatory	cytokines	and	chemokines	(figure	1.1).		These	enhance	the	activity	of	

antigen	presenting	cells	and	direct	the	inflammatory	process	towards	an	

eosinophilic	and/or	a	neutrophilic	picture.		The	cell	wall	of	A.	fumigatus	contains	β-

glucans.		These	induce	IL-6	production	from	airway	epithelial	cells,	whilst	

proteases	cause	disruption	in	the	epithelial	cell	barrier	(31,	32).		The	disruption	of	
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the	epithelial	barrier	in	this	way	is,	thus,	an	important	virulence	factor	of	

A.fumigatus	spores	and	hyphae.		

1.3.3	Dendritic	cells	
Dendritic	cells	(DCs)	act	as	antigen	presenting	cells	for	fungal	proteases	and	fungal	

cell	wall	components.		They	can	promote	either	a	Th1	or	a	Th2	allergic	response.		

Their	activation	causes	differentiation	of	naïve	T-cells	into	distinct	T	helper	cell	

subsets	(Th1,	Th2	or	Th1/Th17),	dependant	on	the	nature	of	dendritic	cell	

activation	and	the	expression	of	co-stimulatory	molecules,	resulting	in	either	a	

neutrophilic,	eosinophilc	or	mixed	neutrophilic/eosinophilic	phenotype	(27).		

Innate	activation	of	DCs	occurs	through	antigen	binding	to	the	Toll-like	receptor	4	

((TLR4)	see	below)	and	presenting	it	to	the	T	cell	receptor	via	MHC	class	II	

presentation	(33).		This	is	mediated	by	the	production	of	TSLP	(thymic	stromal	

lymphopoietin),	IL-25,	IL-33,	CCL2	and	CCL20	(33).		These	epithelial	derived	

mediators	drive	the	production	of	IL-5	and	Il-13	to	elicit	a	Th2	response	(34).		

TSLP,	IL-33	and	IL-25	are	also	necessary	for	the	proliferation	and	survival	of	ILC2	

cells;	whilst	mast	cell	derived	prostaglandin	D2	(PGD2)	stimulate	ILC2	cytokine	

production	through	its	CRTh2	receptor	(35).		PGD2	also	acts	to	increase	the	

production	of	IL-4,	IL-5	and	IL-13	from	Th2	cells,	eosinophils	and	basophils	by	

their	CRTh2	receptor,	thus	favouring	a	Th2	phenotype	(36,	37).		

1.3.4	Toll-like	receptors	
Toll-like	receptors	(TLR)	are	antigen	sensitive	pattern	recognition	receptors	that	

can	activate	both	the	innate	and	the	adaptive	arms	of	the	immune	response	(38).		

Exogenous	factors,	such	as	fungal	cell	wall	components,	activate	TLRs	by	acting	as	

pathogen-associated	molecular	patterns	(PAMPs),	whilst	endogenous	products	

(caused	by	oxidative	stress	of	fungal	proteases	on	epithelial	cells)	activate	TLRs	by	

acting	as	Danger-associated	molecular	patterns	(DAMPs)	(39).	

TLR2	and	TLR4	are	found	in	epithelial	and	dendritic	cells	of	asthmatics;	they	can	

recognise	both	bacterial	lipopolysaccharides	(TLR2)	and	allergens	(TLR4)	(39).		

Activation	of	TLR4	stimulates	the	release	of	IL-25,	IL-35	and	TSLP	polarizes	naïve	

lymphocytes	towards	becoming	Th2	cells	(33).		In	addition,	polymorphisms	in	

TLR-9	(allele	C	on	T-1237C)	have	been	shown	to	reduce	its	protective	function	and	

occur	at	increased	frequency	in	those	with	ABPA	(40).	
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1.3.5	Eosinophils	
Eosinophils	are	the	major	effector	cells	of	early	onset	atopic	disease,	as	well	as	late	

onset	non-allergic	asthma.		They	are	dependent	on	the	cytokines	and	chemokines	

produced	from	Th2	(IL-4,	IL-5,	IL-13)	and	ILC2	cells	for	their	maturation,	

recruitment	and	survival	(35,	41).		A	Th2	response	can	be	initiated	by	both	an	

immune	(IgE)	mediated	pathway	and	by	an	innate	mechanism.	An	innate	response	

can	occur	through	activation	of	the	epithelial,	dendritic	and	innate	lymphoid	cells	

(42).		Fungi	activate	both	of	these	pathways.		Fungal	proteases	and	parts	of	the	

fungal	cell	wall	are	recognised	epitopes	for	IgE	that	initiate	a	Th2	response	and	

recruitment	of	eosniphils.		Innate	activation	occurs	through	recognition	of	fungal	

cell	wall	components	(exposed	during	germination)	by	pattern	recognition	

receptors	(PRR)	on	epithelial	cells	and	damage	to	epithelial	barrier	by	proteases.		

Subsequent	recruitment	and	degranulation	of	eosinophils	and	mast	cells	release	

cysteinyl	leukotrienes	(CysLT).		These	act	to	induce	airway	smooth	muscle	

contraction,	increase	vascular	permeability	and	induce	mucus	production	(43).		

The	major	basic	proteins	released	by	eosinophils	contain	preformed	enzymatic	

and	nonenzymatic	cationic	proteins.		These	proteins	directly	cause	airway	

epithelial	damage,	hyperreactivity,	smooth	muscle	hyperplasia	and	subepithelial	

fibrosis	(44).		

1.3.6	Neutrophils	
Engulfment	of	fungi	by	alveolar	macrophages	leads	to	neutrophil	recruitment.		

Neutrophils	are	able	to	attack	hyphae	that	have	evaded	the	alveolar	macrophages	

and	are	key	in	preventing	invasive	disease.		Neutrophilic	airway	inflammation	is	a	

recognised	feature	of	asthmatics	sensitised	to	A.	fumigatus	and	is	also	associated	

with	glucocorticoid	resistance	in	severe	asthma	and	reduced	postbronchodilator	

FEV1	(PBFEV1)	(14,	45).		It	is	driven	by	a	Th17	pathway	(46).		Naïve	(Th0)	T	cell	

activation	and	differentiation	into	Th17	cells	occurs	through	the	binding	of	CD40	

and	CD40L	in	the	presence	of	co-stimulation	with	CD86	on	dendritic	cells	and	the	

influence	of	IL-1β,	IL-6	and	TGFβ	(27,	47).		The	maintenance	of	Th17	activation	is	

dependent	on	the	release	of	IL-23	from	dendritic	cells	and	macrophages	(27).		The	

subsequent	continued	production	of	IL-17A	activates	the	airway	epithelial	cells	to	

release	the	neutrophil	chemoattractants	and	priming	molecules:	IL-6,	IL-8	and	GM-

CSF	(48,	49).		These	cytokines	have	been	linked	to	markers	of	airway	remodelling,	
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as	shown	by	the	effects	of	IL-17A.		IL-17A	has	been	shown	to	increase	migration,	

proliferation	and	survival	of	airway	smooth	muscle	cells,	as	well	as	increasing	

mucin	MUC5B	gene	expression	and	induction	of	CCL28	expression	(B-cell	

chemokine)	by	airway	epithelial	cells	(50).		

Thus,	the	immunopathology	of	severe	asthma	is	complex	and	reliant	on	the	

interplay	between	eosinophils,	mast	cells,	neutrophils,	activated	ILC2	and	airway	

epithelial	cells,	as	well	as	macrophages	and	dendritic	cells.		Patients	with	asthma	

may	have	a	predominant	phenotype,	which	may	respond	differently	to	

immunomodulatory	treatments,	but	it	is	only	when	we	fully	understand	the	

molecular	pathways	behind	these	phenotypes	of	asthma	that	we	will	be	able	to	

target	treatments	more	effectively	to	avoid	remodelling	changes	from	occurring.		It	

is	increasingly	recognised	that	different	clinical	phenotypes	co-exist	in	asthma,	due	

to	activation	of	different	T-cell	subpopulations	at	differing	times	along	the	

inflammatory	cascade	(51).		This	may	account	for	the	predominant	neutrophilic	

picture	on	induced	sputum	seen	on	those	sensitised	to	A.	fumigatus,	despite	the	

well-established	relationship	of	peripheral	blood	eosinophilia	in	the	diagnosis	of	

ABPA	(52,	53).			

Total	IgE,	peripheral	blood	eosinophilia,	specific	IgE	and	IgG	to	A.	fumigatus	are	

used	to	diagnose	ABPA	(see	table	1).		Measures	of	these	humeral	responses	to	

fungi	are	the	only	routine	tests	performed	in	clinical	practice	in	an	attempt	to	

screen	for	ABPA	and	in	an	aid	to	monitor	disease	activity.		The	use	of	these	

parameters	suggests	a	multifactorial	pathogenesis.		A	raised	IgG	level	to	a	specific	

fungus	signifies	aTh1	response;	whilst	a	positive	skin	spick	test,	a	raised	specific	

IgE	and	total	IgE	titre	are	indicative	of	a	Th2	response.		This	body	of	work	will	

examine	the	relationship	between	these	parameters	of	fungal	sensitisation	and	

markers	of	airway	inflammation	and	remodelling	in	asthma.	

1.4	ABPA	

1.4.1	Introduction	
	Allergic	Bronchopulmonary	Aspergillosis	/	Mycosis	(ABPA/ABPM)	is	a	condition	

that	was	first	described	in	the	1950’s,	with	several	case	series	establishing	a	set	of	

criteria	for	its	diagnosis	(54-56).		It	was	originally	described	in	asthmatics	with	
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eosinophilic	airway	inflammation	who	were	sensitised	to	A.	fumigatus	and	

presented	with	fleeting	parenchymal	infiltrates	and	progressive	lung	damage	

characterised	by	fixed	airflow	obstruction,	proximal	bronchiectasis	and	lung	

fibrosis	(54).		The	prevalence	of	ABPA	in	asthma	is	stated	to	be	12.9%	(95%	CI	7.9-

18.9%)	by	a	systematic	review	and	meta-analysis	of	21	eligible	studies,	whilst	the	

global	burden	of	ABPA	has	been	estimated	to	exceed	4.8	million	people	using	the	

Global	Initiative	for	Asthma	(GINA)	report	(57,	58).	

A	review	by	Knutsen	et	al	in	2012	presented	a	set	of	criteria	that	was	felt	

necessary	to	be	present	for	a	diagnosis	of	ABPA	in	asthma.		These	were:	(i)	a	

deterioration	in	lung	function,	(ii)	a	positive	skin	test	result	to	an	Aspergillus	

species,		(iii)	serum	total	IgE	≥	1000	ng/mL	(416	IU/mL),	(iv)	raised	specific	IgE	

and	IgG	antibodies	to	the	Aspergillus	species,	and	(v)	the	presence	of	infiltrates	on	

a	chest	x-ray	(13).		However,	features	such	as	bronchiectasis	affecting	the	central	

airways,	the	presence	of	eosinophilia	in	the	peripheral	blood,	precipitating	

antibodies	to	the	Aspergillus	species	and	mucus	plugs	were	not	part	of	the	core	

criteria	but	seen	as	additional	features	to	a	diagnosis	of	ABPA	(13).		This	was	

further	revised	by	the	International	Society	of	Human	and	Animal	Mycology	

(ISHAM)	to	include	a	total	IgE	above	1000IU/ml,	a	raised	specific	IgE	to	A.	

fumigatus	and	at	least	two	of	the	following:		a	peripheral	blood	eosinophilia	>0.5	

x109/l	in	steroid	naïve	patients,	a	raised	IgG	to	A.	fumigatus	or	abnormal	radiology	

consistent	with	ABPA	in	patients	with	asthma	or	cystic	fibrosis	(59).	

1.4.2	Allergic	Bronchopulmonary	Mycosis	(ABPM)	
ABPM	is	diagnosed	when	the	criteria	for	ABPA	is	met	in	the	absence	of	

sensitisation	to	A.	fumigatus,	but	in	the	presence	of	another	fungi	identified	in	

airway	specimens	or	by	sensitisation.		Several	fungi	have	been	associated	with	this	

condition,	including	Alternaria	alternata,	Candida	albicans,	Cryptococcus	

neoformans,	Fusarium	vasinfectum	and	Penicillium	species	(60-64).			

1.4.3	Severe	Asthma	and	Fungal	Sensitisation	(SAFS)	
Severe	Asthma	and	Fungal	Sensitisation	(SAFS)	is	an	additional	diagnostic	group	

that	has	been	introduced	in	order	to	classify	those	with	severe	asthma	who	do	not	

meet	the	total	IgE	cut	off	value	of	>1000	IU/ml	and	evaluate	treatment	outcomes	

to	anti-fungal	therapy	(65).	
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1.4.4	Sensitisation	to	A.	fumigatus	
Asthmatics	that	are	sensitised	to	A.	fumigatus	have	a	greater	degree	of	fixed	

airflow	obstruction	compared	to	those	that	are	not	sensitised	(52).		In	addition,	

radiological	abnormalities,	such	as	bronchiectasis	and	upper	lobe	fibrosis,	do	not	

affect	all	that	are	diagnosed	with	ABPA	nor	those	that	are	sensitised	to	A.	

fumigatus.		A	spectrum	of	disease	exists	is	those	that	are	sensitised	to	fungi,	with	

those	with	a	heightened	immunological	response	seeming	to	be	at	one	end	of	this	

spectrum.		

1.4.5	Conclusion	
It	is,	thus,	unclear	what	relationship	exists	between	these	adverse	features	and	the	

existing	parameters	that	are	used	to	diagnose	ABPA.		Until	this	relationship	is	

examined	further,	relying	on	these	diagnostic	criteria	to	treat	patients	risks	

exposing	individuals	to	known	side	effects	with	unknown	benefits.	

1.5	Biomarkers	

1.5.1	Introduction	
Biomarkers	are	defined	by	the	National	Institute	for	Health	(NIH)	working	group	

as	‘a	characteristic	that	is	objectively	measured	and	evaluated	as	an	indicator	of	

normal	biological	processes,	pathogenic	processes,	or	pharmacologic	responses	to	

a	therapeutic	intervention’(66).		Biomarkers	have	many	uses.		They	are	used	to	(i)	

assess	disease	susceptibility	(e.g.	HLA-DRB1	alleles	are	associated	with	ABPA	

susceptibility	in	cystic	fibrosis(67)),	(ii)	demonstrate	exposure	(e.g.	as	stated	by	

the	World	Health	Organisation	report	on	’Biomarkers	and	Risk	Assessment:	

Concepts	and	Principles’(68)),	(iii)	aid	diagnosis	(e.g.	as	seen	in	ABPA(59)),	(iv)	as	

a	prognostic	marker,	and	(v)	are	key	in	the	monitoring	and	titration	of	

treatment	in	certain	conditions	(e.g.	sputum	eosinophil	counts	are	used	to	guide	

corticosteroid	titration	(20)).		Biomarkers	are	used	in	asthma	to	characterise	

airway	inflammation,	to	assess	disease	severity	and	eligibility	for	treatment.			

The	validity	of	biomarkers	is	often	assumed,	particularly	when	part	of	an	

established	diagnostic	criterion	(69).		The	diagnosis	of	ABPA	in	asthmatics	is	

dependent	on	several	parameters	(total	IgE,	IgE	A.	fumigatus,	IgG	A.	fumigatus,	

blood	eosinophils).		These	parameters	are	currently	used	as	diagnostic	biomarkers	
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upon	which	decisions	are	made	to	commence	high	dose	oral	corticosteroids	and	

antifungal	agents.		It	is,	however,	unclear	as	to	how	these	biomarkers	relate	to	

disease	outcomes.		The	1977	Rosenburg-Patterson	criteria	and	the	recently	

revised	ISHAM	(International	Society	for	Human	and	Animal	Mycology)	working	

group	criteria	for	ABPA	is	reliant	on	the	use	of	these	parameters	as	part	of	its	

obligatory	criteria	and	two	within	the	supportive	criteria	(see	table	1.1)	(55,	59).		

1.5.2	Specific	IgE	to	A.	fumigatus	
Specific	IgE	to	A.	fumigatus	has	been	linked	to	a	reduction	in	post-bronchodilator	

FEV1	and	has	been	part	of	the	diagnostic	classification	for	ABPA	since	it	was	first	

described	(52,	70).		It	has	not	been	identified	as	a	factor	for	lung	function	decline	

and	its	use	quantifiably,	as	a	predictor	of	outcomes,	is	yet	to	be	fully	established.	

1.5.3	Total	IgE	
Total	IgE	is	used	quantifiably	to	differentiate	between	ABPA	and	SAFS	(53,	71).	

Greater	declines	in	IgE	(44%)	do	map	initial	clinical	response	to	steroids,	although	

this	has	only	been	demonstrated	in	those	with	a	very	high	initial	total	IgE	

(≥2500IU/mL),	and	has	not	been	shown	to	predict	clinical	outcomes	(72).		

Differences	in	diagnostic	thresholds	exist	for	the	use	of	total	IgE	in	the	diagnosis	of	

ABPA.		In	a	survey	of	the	AAAAI	members	44.9%	used	≥417	kU/L	and	42%	used	≥	

1000	kU/L	as	the	cut	off	for	a	diagnosis	of	ABPA	(73).	Thus,	as	a	marker	of	disease	

activity,	or	severity,	precise	levels	seem	to	be	of	limited	value.			

1.5.4	IgG	to	A.	fumigatus	
Specific	IgG	to	A.	fumigatus	may	reflect	environmental	exposure	or	colonisation,	

although	its	value	in	differentiating	those	with	or	without	sensitisation	to	A.	

fumigatus	over	the	use	of	specific	IgE	is	questionable.		Very	low	sensitivity	levels	

have	been	calculated	using	latent	class	analysis	for	the	use	of	A.	fumigatus	IgG	

(42.7%)	and	for	peripheral	blood	eosinophilia	(25.5%)	in	the	diagnosis	of	ABPA	

(74).		

1.5.5	Eosinophilia	
Eosinophilia	seems	to	be	well	established	as	a	marker	of	asthma	and	fungal	allergy,	

it	is	not	associated	with	abnormalities	in	lung	function	or	immunological	markers	

of	fungal	allergy	and	thus	seems	to	be	of	limited	use	in	the	diagnosis	of	fungal	

conditions	such	as	ABPA	(75).			In	addition,	sputum	eosinophil	levels	are	often	
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lower	in	those	with	fungal	allergy	suggesting	a	mixed	Th2/Th1-17	immune	

response	(52).			

1.5.6	The	use	of	the	existing	ABPA	criteria	in	predicting	outcomes	
There	is	thus	a	need	to	re-evaluate	the	use	of	these	parameters	in	the	diagnosis	of	

ABPA	to	justify	their	continued	use.			Agarwal	et	al	performed	a	latent	class	

analysis	in	order	to	estimate	the	efficacy	of	the	various	components	used	in	the	

diagnosis	of	ABPA(74).		Total	IgE	was	found	to	have	a	high	sensitivity	(97.1%)	but	

low	specificity	(37.7%),	whereas	peripheral	blood	eosinophilia	(sensitivity	29.5%,	

specificity	93.1%)	and	Aspergillus	precipitins	(sensitivity	42.7%,	specificity	

91.7%)	were	found	to	have	low	sensitivities	but	high	specificities(74).	The	only	

components	that	performed	well	were	those	that	identified	sensitisation	to	A.	

fumigatus	(sensitivity	94.7-100%,	specificity	69.3-79.7%)	and	bronchiectasis	

(sensitivity	91.9%,	specificity	80.9%)(74).			

1.5.7	What	this	study	will	add	
The	observational	study	in	this	body	of	work	will	examine	whether	these	

parameters	(total	IgE,	IgE	A.	fumigatus,	IgG	A.	fumigatus,	eoinophilia),	that	

currently	form	the	basis	of	a		diagnosis	of	ABPA,	appropriately	identify	those	at	

risk	of	adverse	outcomes	(in	terms	of	lung	function	and	lung	function	decline,	

airway	inflammation	and	radiological	abnormalities)	and	thus	assess	the	use	of	

these	parameters	as	diagnostic	biomarkers	for	internal	validity	i.e.	assess	the	

extent	of	correlation	to	clinical	endpoints.	

1.6	Fungal	sensitisation	in	asthma	&	components	

1.6.1	Introduction	
Specific	IgE	and	skin	prick	tests	to	fungal	allergens	are	used	to	measure	

sensitisation	status	and	are	part	of	the	diagnostic	criteria	for	both	ABPA	and	SAFS.		

Discordance	exists	between	these	tests,	although	cross-reactivity	between	

different	fungal	genera	does	account	for	some	of	this	discordance	(76-78).		The	

majority	of	fungal	extracts	that	are	used	to	produce	specific	IgEs	use	crude	extracts	

that	have	been	shown	to	cross-react	both	between	and	within	species	(79).		

Allergen	extracts,	that	are	used	in	the	production	of	the	reagents	for	skin	prick	

testing	and	specific	IgE,	are	a	mixture	of	extracted	non-allergenic	and	allergenic	
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proteins,	polysaccharides	and	lipids	(80).		A	high	degree	of	allergen	content	

variability	has	been	seen	with	extracts	of	A.	fumigatus	both	within	and	between	

manufacturers	(81).			

The	mechanism	for	radiological	abnormalities	associated	with	allergic	fungal	

airway	disease	is	uncertain	but	may	relate	to	chronic	low	grade	colonization	of	the	

airways	with	thermotolerant	fungi	leading	to	a	persistent	allergic	stimulus	

promoting	viscid	mucus	secretion	and	chronic	small	airway	obstruction	(82).		

1.6.2	Testing	of	fungal	sensitisation	and	the	use	on	components.	
Filamentous	fungi	such	as	A.	fumigatus	contain	many	proteins	and	carbohydrates	

that	act	as	allergens.		Allergy	testing	contain	many	crude	extracts	from	non-

allergenic	and	allergenic	proteins,	polysaccharides	and	lipids,	which	cross-react	

both	between	and	within	species	(77,	78)	(79)	(80).		It	is	possible	however	that	it	

is	not	the	overall	IgE	response	to	A.	fumigatus	extracts	that	determines	whether	

adverse	features	occur	in	this	subtype	of	asthma,	but	the	specific	allergen	to	which	

the	IgE	is	directed.	For	example	some	fungal	allergens	cross-react	with	human	

proteins	potentially	causing	an	autoreactive	allergic	response	that	could	increase	

the	risk	of	tissue	damage.			

1.6.3	Molecular	based	allergy	diagnostics	
Molecular-based	allergy	(MA)	diagnostics	benefit	from	being	standardized,	have	a	

low	degree	of	variability	and	have	been	developed	from	either	recombinant	or	

purified	native	molecules	(80).			Asp	F1-13,	Asp	F15-18,	Asp	F22	&	23,	Asp	F27-29	

and	Asp	F34	have	all	been	recognised	and	approved	by	the	WHO-IUIS	Allergen	

Nomenclature	Subcommittee	as	allergens	of	A.	fumigatus	(83).		However,	only	rAsp	

f1-4	and	rAsp	f6	are	commercially	available	with	the	ImmunoCAP®	system	from	

Phadia	(see	table	1.2).		Asp	F1,	2	and	4	are	species-specific	major	allergens,	whilst	

Asp	F3	and	Asp	F6	are	homologous	proteins	seen	in	other	genera	(84-88).		A	

number	of	studies	have	demonstrated	the	utility	of	A.	fumigatus	components	in	the	

diagnostic	separation	between	ABPA	and	sensitisation	to	A.	fumigatus,	although	

some	of	these	studies	do	seem	to	show	conflicting	results	as	to	which	components	

are	the	most	specific.		rAsp	F3,	rAspF4	and	rAsp	F6	have	been	demonstrated	to	be	

specific	markers	for	ABPA	in	both	cystic	fibrosis	and	asthma	(87,	89-92);	whilst	

rAsp	F1	and	2	have	also	been	shown	as	diagnostic	markers	of	ABPA	with	AUC	
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values	of	0.75	and	0.78	respectively	in	a	Japanese	asthma	population	(93).		In	

addition,	rAsp	F1-3	and	rAsp	F6	components	have	been	quantifiably	linked	to	

flares	compared	to	remission	episodes	of	ABPA	(90).		Although	these	studies	have	

shown	that	components	can	be	used	to	achieve	diagnostic	separation	between	

ABPA	and	those	sensitised	to	A.	fumigatus,	it	is	still	unclear	in	what	way	these	

components	are	related	to	adverse	outcome	measures	in	terms	of	a	reduction	in	

FEV1	and	radiological	abnormalities.		

1.7	Fungi	and	the	fungal	microbiome	(mycobiome).	

1.7.1	Fungi	
Studies	on	global	fungal	diversity	have	estimated	that	there	are	between	1.5	and	3	

million	species	(94)	and	as	many	as	10	phyla	present	in	the	fungal	kingdom	(95)	

(see	figure	1.2	(reproduced	from	Heitman	(96)).		The	ability	of	fungi	to	inhabit	

different	environments	often	dictates	their	ability	to	act	as	commensal	organisms,	

allergens	or	pathogens.		Most	mesophilic	fungi,	such	as	A.	alternata	and	C.	

herbarum,	(cultured	at	18-22°C,	but	unable	to	grow	at	body	temperatures)	are	

aeroallergens	(82).		Thermotolerant	fungi	(with	representatives	from	all	major	

fungal	lineages	including	the	Ascomycota	and	Basidiomycota	phyla)	grow	at	37°C	

and	are	able	to	both	colonise	the	airway	and	act	as	aeroallergens	(82).		The	

filamentous	fungi	A.	fumigatus	and	the	yeast	C.	albicans	are	the	most	commonly	

encountered	fungi	in	this	group.			

1.7.2	Pathogenicity	of	fungi	
Fungi	are	ubiquitous	to	our	environment	and	are	found	in	many	parts	of	the	

human	body,	kept	in	check	by	our	host	defences.		A.	fumigatus	is	are	able	to	cause	

disease	in	hosts	where	there	is	disruption	in	the	innate	immune	system	and	the	

epithelial	barrier,	predisposing	patients	with	airway	diseases	to	chronic	

pulmonary	aspergillosis	and	ABPA	(such	as	those	with	asthma,	cystic	fibrosis	and	

COPD),	or	in	the	immunocompromised	host	where	diseases	such	as	invasive	

aspergilllosis	are	seen	more	commonly	(97,	98).		Asthma	has	been	associated	with	

both	a	disruption	in	the	epithelial	barrier	and	an	increase	in	the	expression	of	toll-

like	receptors	(particularly	TLR2	&	4)	by	epithelial	cells,	which	increases	

susceptibility	to	fungi	pathogenicity	(99).			
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1.7.3	The	use	of	culture,	qPCR	and	HTS	in	detecting	fungi	
The	pathogenic	role	of	fungi	is	currently	reliant	on	their	detection	from	culture	and	

quantitative	PCR	(qPCR).		However,	this	approach	is	biased	towards	those	fungi	

which	can	be	cultured	and	where	primers	have	been	developed.		Thus,	the	role	of	

fungi	in	disease	and	health	has	been	difficult	to	fully	appreciate	with	the	use	of	

these	techniques	alone.		Selective	culture	media	has	increased	the	number	of	fungi	

that	are	able	to	be	identified	from	respiratory	samples,	however,	the	yield	from	

culture	is	still	relatively	low	and	biased	towards	those	fungi	that	grow	easily	(100).		

Alternative	techniques	such	as	qPCR	are	limited	by	the	number	of	assays	that	have	

been	developed	for	specific	fungi	and	cannot	evaluate	fungal	burden	or	diversity	

(101).			Molecular	techniques	such	as	high	throughput	sequencing	(HTS)	provide	a	

culture	independent	platform	with	the	ability	of	mapping	niche	specific	

microbiomes.		This	technology	has	been	used	extensively	in	evaluating	the	

diversity	of	the	gastrointestinal	microbiome	in	both	health	and	disease	and	has	

started	to	reveal	differences	in	the	diversity	of	the	mycobiome	in	those	with	cystic	

fibrosis	and	in	lung	transplant	recipients	(102-106).			Studies	in	asthma	have	

shown	fungal	diversity	to	be	increased	in	ABPA	and	an	increase	in	the	relative	

abundance	of	Aspergillus	compared	to	mild	asthmatics	(107);	however,	it	is	

currently	unclear	what	role	different	fungi	have	in	the	different	compartments	of	

the	lung	and	also	how	it	is	related	to	different	clinical	characteristics	in	asthma.		

1.7.4	What	this	study	will	add	to	the	current	understanding	of	the	mycobiome	in	asthma	
The	aim	of	the	mycobiome	component	of	this	thesis	is	to	examine	the	diversity	of	

fungi	that	are	present	in	the	different	compartments	of	the	lung	in	healthy	

individuals	and	in	asthmatics,	and	subsequently	evaluate	the	relationship	between	

the	mycobiome	and	clinical	characteristics	in	asthma.	

1.8	Lung	function	and	lung	function	decline	in	asthma.	

The	rate	of	lung	function	decline	is	greater	in	asthma.		In	males	this	is	50ml/year,	

compared	to	a	healthy	control	population	of	35ml/year,	independent	of	age	and	

atopic	status	(108).		In	addition,	a	15-year	follow-up	study	has	provided	further	

evidence	that	asthma	is	associated	with	a	greater	decline	in	FEV1	in	both	genders,	

irrespective	of	smoking	status	(p<0.001)	(109).		Newby	et	al	demonstrated	a	

decline	of	-25.7mL/year	in	post-bronchodilator	FEV1	in	severe	asthma,	with	a	
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more	accelerated	rate	of	decline	(-40.9mL/year)	noted	in	those	with	a	highly	

fluctuant	eosinophilia	level	(110).		In	addition,	exacerbation	rate	has	also	been	

linked	to	excess	in	lung	function	decline.		Those	with	frequent	exacerbations	have	

been	shown	to	have	an	excess	of	16.9mL/year	decline	in	FEV1,	over	those	with	

well-controlled	asthma	(111).	

1.8.1	Lung	function	and	lung	function	decline	in	asthmatics	sensitised	to	A.	fumigatus	
Asthmatics	that	are	sensitised	to	A.	fumigatus	have	a	reduced	post-bronchodilator	

FEV1	(52).		Thus,	it	would	be	expected	that	these	asthmatics	also	have	an	

accelerated	rate	of	lung	function	decline,	compared	to	a	matched	population.		It	is	

currently	unclear	whether	this	is	the	case	or	not.		Previous	studies	suggest	that	

changes	in	airway	inflammation	and/or	remodelling	changes	have	a	central	role	to	

play	in	lung	function	decline	in	asthma.		Airway	eosinophilia,	exacerbation	rates,	

and	airway	wall	CD8+	T-cell	infiltration	have	all	been	shown	to	be	associated	with	

lung	function	decline	(110-112).		In	addition,	genetic	polymorphisms	have	also	

been	significantly	associated	with	an	excess	decline	in	lung	function,	such	as	the	

S_2	allele	of	ADAM33	(p<0.05)	(113).		The	first	part	of	this	thesis	will	examine	how	

the	parameters	used	to	indicate	fungal	sensitisation	are	related	to	lung	function	

decline	in	asthma.			

1.9	Radiological	abnormalities	in	asthmatics	sensitised	to	fungi.	

High-resolution	computer	tomography	(HRCT)	scans	enable	us	to	visualise	

morphological	abnormalities	affecting	the	large	and	small	airways.		Radiological	

abnormalities	have	been	detected	in	71.9%	of	asthmatics	(114).		Bronchial	wall	

thickening	is	a	prominent	feature	of	asthma	and	is	seen	in	62%	of	those	attending	

a	difficult	asthma	clinic	(115).		Comparator	studies	show	asthmatics	to	have	a	

1.48mm	thicker	bronchial	wall	than	those	with	chronic	obstructive	pulmonary	

disease	and	a	2.34mm	thicker	bronchial	wall	than	healthy	controls	(p<0.001)	

(116).		Bronchiectasis	is	seen	as	a	feature	of	airway	remodelling	and	has	been	

reported	in	36%	of	asthmatics	(117).			

Radiological	abnormalities	have	also	been	associated	with	deranged	lung	function.		

Bronchiectasis,	mosaic	attenuation	and	air	trapping	are	more	common	in	

asthmatics	with	moderate	to	severe	airflow	obstruction	and	in	those	with	lower	
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FEF25-75	percentages	(116).		The	use	of	quantitative	computer	tomography	(QCT)-

derived	morphometry	and	densitometry	has	also	shown	a	relationship	between	a	

reduction	in	lung	function,	airway	remodelling	and	radiological	abnormalities.		

Airway	wall	thickness	and	percentage	wall	area	have	been	positively	correlated	

with	epithelial	thickness,	whilst	airway	smooth	muscle	percentage	is	correlated	

with	mean	luminal	area	(118,	119).		QCT	has	also	shown	that	features	such	as	air	

trapping	are	associated	with	increased	vascularity,	impairment	in	lung	function	

and	proximal	airway	narrowing	(percentage	wall	area)	(118,	120).		

1.9.1	Radiological	abnormalities	in	asthmatics	with	ABPA	
Bronchiectasis,	centrilobular	nodules	and	mucoid	impaction	occur	more	

commonly	in	patients	with	ABPA,	compared	to	those	with	asthma	(121).		

Bronchiectasis	is	seen	as	more	diffuse,	affecting	a	greater	number	of	lobes	(≥	5	

lobes)	and	characteristically	of	a	more	central	distribution	than	those	with	

idiopathic	bronchiectasis,	although	when	used	as	a	diagnostic	feature	this	has	

limited	sensitivity	(37%)	(121,	122).		In	addition,	Menzies	et	al	demonstrated	a	

greater	degree	of	airflow	limitation	and	an	increased	hazard	ratio	(2.01	(95%	CI	

1.26-3.22),	p=0.005)	of	developing	bronchiectasis	associated	with	sensitisation	to	

A.	fumigatus	(123).			

Features	of	mucoid	impaction,	specifically	the	presence	of	high	attenuation	mucus	

(HAM)	are	related	to	frequent	relapses	of	ABPA	(odds	ratio	7.38	(95%CI	3.21-17)),	

are	associated	with	higher	immunological	markers	and	are	seen	more	frequently	

in	patients	with	ABPA	(121,	124-126).			The	appearance	of	tree-in-bud	

abnormalities	(centrilobular	nodules	with	or	without	linear	opacities)	is	also	noted	

to	be	present	in	those	with	ABPA.		It	is	seen	on	86%	of	HRCT	scans	performed	on	

patients	with	confirmed	ABPA,	whilst	fleeting	shadows	has	previously	been	

reported	in	up	to	66%	of	patients	(127,	128).		Interstitial	fibrosis	that	has	a	

predilection	for	the	upper	lobes	is	characteristic	of	ABPA	but	its	frequency	in	

patients	sensitised	to	fungi	remains	unreported.			

The	frequency	of	these	radiological	abnormalities	is	well	documented	in	asthma;	

however,	few	studies	to	date	have	investigated	the	relationship	of	these	

abnormalities	with	markers	of	inflammation	and	fungal	sensitisation.		Although,	
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there	is	a	mounting	degree	of	research	correlating	quantitative	CT	indices	with	

asthma	severity	and	some	aspects	of	airway	remodelling,	these	indices	have	not	

been	validated	as	surrogate	markers	for	all	aspects	of	airway	remodelling.		

Therefore,	rather	than	relying	on	quantitative	CT	indices	as	an	outcome	variable,	

existing	radiological	markers	of	established	airway	inflammation,	obstruction	and	

damage	will	be	used	as	outcome	variables.		The	cross-sectional	study	(study	1,	

chapter	4)	will	report	the	presence	of	these	radiological	abnormalities	in	

asthmatics	with	and	without	sensitisation	to	fungi	and	the	associations	of	these	

abnormalities	with	the	parameters	used	to	diagnose	patients	with	ABPA	and	

characterise	those	with	asthma.		

1.10	Airway	inflammation	and	remodelling	in	asthma	

Airway	remodelling	is	known	to	occur	in	some	individuals	with	asthma.		It	is	a	

complex	process	involving	a	variety	of	mechanisms	and	is	dependent	on	the	host	

response	to	various	physical,	infective	and	inflammatory	stimuli	(129,	130).		The	

spectrum	of	clinical	presentation	and	the	resultant	presence	or	absence	of	

structural	and	remodelling	changes	reflect	the	heterogeneity	of	asthma	and	the	

variety	of	mechanisms	involved	in	this	process	(130).		In	vitro,	in	vivo	murine	and	

human	studies	have	provided	evidence	for	the	involvement	of	a	variety	of	

inflammatory	pathways	in	the	remodelling	process	involving	eosinophils,	

neutrophils,	epithelial	cells,	mast	cells	and	myofibroblasts	(129,	131).		However,	

the	exact	underlying	aetiology	and	cellular	mechanisms	involved	in	the	process	of	

airway	remodelling	remain	unclear.		

Smooth	muscle	hypertrophy,	subepithelial	collagen	deposition	and	fibrosis,	mucus	

gland	hyperplasia,	vascular	remodelling	and	epithelial	damage	are	the	

histopathological	hallmarks	of	airway	remodelling	(132).		Airway	smooth	muscle	

cells	cause	bronchoconstriction,	but	also	have	an	immunomodulatory	role,	in	

which	expression	of	chemokines	and	cytokines	are	linked	to	submucosal	

inflammation	(133).		An	increase	in	airway	smooth	muscle	mass	has	been	

associated	with	airway	hyperresponsiveness,	asthma	severity	and	an	increased	

likelihood	of	dying	from	asthma,	particularly	when	these	changes	are	most	marked	

in	the	larger	airways	(134-136).			
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1.10.1	Mast	cell	infiltration	of	airway	smooth	muscle	
Activated	mast	cell	infiltration	of	the	airway	smooth	muscle	(ASM)	bundle	is	noted	

to	be	a	pro-inflammatory	feature	of	asthma,	as	indicated	by	increased	levels	of	IL-4	

and	IL-13	secretion	by	the	ASM	bundle	and	also	by	immunohistochemistry	studies	

(137,	138).		The	presence	of	mast	cells	in	the	ASM	bundle	is	associated	with	airway	

smooth	muscle	proliferation	and	a	more	contractile	phenotype,	as	indicated	by	an	

increase	in	ASM	TGF-	β1	secretion	and	α–smooth	muscle	actin	(139).	

Mast	cells	are	an	important	source	of	vascular	endothelial	growth	factor	(VEGR)	

and	immunohistochemistry	studies	have	demonstrated	an	association	between	

vascular	area	and	the	number	of	VEGR	positive	mast	cells	(140).		Angiogenesis	

(promoted	by	VEGF)	causes	infiltration	of	inflammatory	cells	and	increased	airway	

wall	oedema	(141).		This	is	thought	to	play	a	central	role	in	the	pathophysiology	of	

asthma	and	airway	remodelling.			

1.10.2	Subepithelial	fibrosis	
Subepithelial	fibrosis	results	from	increased	deposition	of	collagens	I,	III	and	V,	

lumican	and	biglycan	at	the	level	of	the	lamina	reticularis	(142,	143).		This	causes	

thickening	of	the	reticular	basement	membrane	(RBM).		RBM	thickness	is	

associated	with	an	increase	in	the	numbers	of	mast	cells	in	bonchoalveolar	lavage	

fluid,	an	increase	in	sputum	eosinophil	counts	and	bronchial	hyper-reactivity	

(144).		Thus,	supporting	the	relationship	between	airway	inflammation,	structural	

changes	and	airway	physiology	(144).		In	addition,	the	presence	of	both	mast	cells	

and	eosinophils	in	endobrochial	biopsies	have	been	associated	with	increased	

laminin	and	tenascin	deposition,	and	thereby	RBM	thickness,	further	suggesting	a	

link	between	these	inflammatory	cells	and	airway	remodelling	in	asthma	(145).			

1.10.3	Eosinophils	
Eosinophils	produce	many	pro-fibrogenic	molecules	and	cytokines.		Eosinophilic	

cationic	proteins	induce	both	the	fibrolast	release	of	TGF-β	from	fibroblasts	and	

the	release	of	matrix	metalloproteinases	and	platelet-derived	growth	factor	from	

epithelial	cells	(146,	147).			These	suggest	potential	mechanisms	in	which	

eosinophils	promote	structural	changes	to	the	airway	in	asthmatics.	
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1.10.4	Airway	epithelium	
Sputum	and	endobronchial	biopsy	studies	have	shown	evidence	of	epithelial	

shedding	as	a	consistent	feature	of	asthma	(148,	149).		In	addition,	mucus	gland	

hyperplasia	in	the	epithelial	layer	results	in	overproduction	of	mucous	and	mucous	

plugging	in	the	peripheral	airways.		This	has	been	linked	to	both	asthma	severity	

and	fatal	asthma	(136,	150).		

Although,	some	of	these	remodelling	changes	(such	as	airway	smooth	muscle	

hypertrophy)	have	been	linked	to	asthma	severity	and	a	decline	in	lung	function	

(151),	we	do	not	know	how	these	changes	differ	in	those	asthmatics	that	are	

sensitised	to	fungi	compared	to	those	that	are	not	sensitised	to	fungi.		The	second	

study	in	this	thesis	aims	to	explore	this	area	further	by	comparing	endobronchial	

biopsies	from	asthmatics	that	are	sensitised	to	fungi	compared	to	those	that	are	

not	sensitised	to	fungi,	when	matched	for	disease	severity.	

1.11	Statistics	

Exploratory	data	analysis	uses	statistical	techniques	to	look	for	associations	and	is	

important	in	generating	hypotheses.		It	does	not	allow	the	attribution	of	causality,	

but	is	very	useful	when	analysing	a	large	dataset	and	in	creating	more	

homogenous	groups.		This	body	of	work	will	necessitate	a	variety	of	statistical	

techniques.		Univariate	and	multivariate	statistical	analysis	will	be	used	to	look	for	

associations	and	significant	differences	between	population	groups.		Modelling	

techniques	will	be	used	to	analyse	differences	in	lung	function	decline	data.		

Factor	and	cluster	analysis	are	multivariate	statistical	techniques	that	allow	

individuals	to	be	classified	into	groups	on	the	basis	of	certain	chosen	variables.		

This	type	of	classification	was	chosen	so	that	we	could	elicit	whether	individuals	

grouped	by	certain	immunological	variables	differed	in	terms	of	their	clinical	

characteristics	and	outcome	measures.	

1.11.1	Factor	analysis	

The	main	objective	of	factor	analysis	is	to	reduce	a	set	of	variables	into	a	core	

group	by	analysing	the	interrelationships	of	the	variables	with	one	another,	based	

on	shared	variance.		There	are	two	techniques	available:	Exploratory	Factor	

Analysis	(explores	the	dataset	for	patterns)	and	Confirmatory	Factor	Analysis	
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(used	to	confirm	hypotheses)	(152).		Exploratory	Factor	Analysis	will	be	used	in	

this	project.	

In	essence,	factor	analysis	utilises	techniques	used	in	regression	and	correlation,	

whilst	taking	into	account	the	variance	of	the	variable	as	it	relates	to	all	the	other	

variables,	to	evaluate	these	interrelationships.		These	components	add	to	the	

‘weight’	of	the	variable	to	allow	similar	variables	to	be	grouped	together	into	

factors.		Factor	loading	scores	are	determined	by	the	‘weight’	of	the	variable	–	

when	measured	graphically	as	vectors	this	is	seen	as	the	cosine	of	the	angle	

between	a	variable	and	a	factor	(which	in	part	reflects	its	correlation	coefficient)	

(152).	The	highest	factor	loading	scores	of	these	variables	are	then	used	to	

determine	which	of	the	variables	should	be	used	to	represent	each	domain	(153).		

In	addition	to	this	process	certain	variables	that	are	felt	to	be	better	clinical	

discriminators	may	also	be	used,	instead	of,	or	in	addition	to,	those	with	the	

highest	factor	loading	scores	as	the	input	variables	in	order	to	perform	cluster	

analysis.	

Factor	rotation	(oblique	or	orthogonal)	is	used	to	ensure	that	the	variables	

differentially	and	maximally	load	onto	one	factor	thus	preventing	ambiguity	(154).		

Oblique	rotation	permits	the	factors	to	correlate,	whilst	orthogonal	rotation	

maintains	factor	independence.		Varimax	is	an	orthogonal	type	of	rotation	that	

optimally	loads	variables	with	a	higher	factor	loading	score,	thus	this	method	of	

rotation	was	chosen	due	to	its	higher	discriminatory	ability	(152).	

1.11.2	Cluster	analysis	

Cluster	analysis	uses	algorithms	to	differentiate	subjects	into	groups	on	the	basis	

of	a	set	of	input	variables.		It	is	a	multivariate	technique,	performed	on	parametric	

data,	and	is	an	objective	way	of	classifying	individuals	based	on	equally	weighted	

variables,	helping	to	reduce	selection	bias	(155,	156).		Delineating	these	subgroups	

(or	clusters)	can	be	useful	in	uncovering	different	patterns	of	disease,	clinical	

presentations	and	be	helpful	in	identifying	those	more	at	risk	of	adverse	outcomes.		

To	enable	clearer	cluster	patterns	to	be	generated	a	prior	exploratory	factor	

analysis	is	often	performed	to	reduce	the	number	of	input	variables	into	a	core	set.	
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1.11.3	Different	types	of	cluster	analysis	
Many	different	methods	of	cluster	analysis	exist.		Clustering	can	be	either	nested	

(hierarchical,	which	allows	subclusters)	or	un-nested	(partitioned,	where	

overlapping	clusters	are	identified).		Each	of	these	methods	utilise	different	

algorithms	to	differentiate	clusters.		This	may	be	on	the	basis	of	distance	or	

density,	or	by	means	of	properties	or	objective	function	(where	each	cluster	shares	

the	same	property/function)	(155).		The	three	most	commonly	used	clustering	

algorithms:		

• K-means		

• Hierarchical		

• Density-based	clustering	

K-means	is	a	partitioning	clustering	technique,	where	a	centroid	(central	point)	is	

used	to	separate	clusters	into	a	predetermined	number	of	groups.		Hierarchical	

clustering	yields	nested	clusters,	which	are	visualised	as	a	dendrogram.		Ward’s	

method	produces	a	hierarchical	analogue	of	k-means,	and	is	often	used	in	the	

initial	stages	of	a	K-means	cluster	analysis	to	determine	the	number	of	clusters	

present.		Density-based	cluster	analysis	includes	any	core	point	within	a	specified	

radius	to	cluster	groups	together	and	eliminates	outliers	as	noise	(155).	

1.11.4	Hierarchical	versus	k-means	cluster	analysis	
Hierarchical	clustering	is	based	on	(Euclidean)	distance,	whilst	k-means	cluster	

analysis	uses	a	single	mean	vector	to	differentiate	between	clusters	(154,	156).		

Thus,	k-means	allows	for	more	defined	clusters	to	be	characterised,	whilst	

hierarchical	clustering	maybe	be	more	subjective	depending	on	the	visual	

interpretation	of	the	dendrogram	and	the	chosen	cut-off	level	used	for	the	number	

of	clusters	present.		Problems	may	occur	with	k-means	cluster	analysis	when	

clusters	differ	significantly	in	terms	of	size,	density	or	when	the	shape	of	the	

clusters	are	non-globular	(155).	

Cluster	analysis	will	be	used	in	analysis	of	the	large	observational	study	(study	1)	

to	establish	whether	patients	who	are	sensitised	to	fungi	can	be	grouped	and	see	

whether	they	differ	in	terms	of	clinical	characteristics	and	outcome	variables.		
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1.11.3	Linear	modelling	

Linear	mixed-effects	models	have	previously	been	used	to	analyse	lung	function	

decline	data	in	asthmatics	(110).		This	type	of	analysis	is	very	similar	to	a	

regression	analysis	in	that	it	is	used	to	evaluate	the	relationship	between	a	

response	variable	and	independent	variables,	but	the	addition	of	a	mixed	model	

allows	repeated	measure	to	be	inputted	from	a	longitudinal	dataset	(157).		

Random	and	fixed	effects	models	can	both	be	used,	where	the	explanatory	

variables	are	treated	as	if	they	arose	from	random	(vary	over	time	e.g.	FEV1)	or	

non-random	(fixed,	that	do	not	vary	over	time	e.g.	height)	causes.		Components	of	

both	are	present	in	the	linear	mixed-effects	model.		This	model	was	therefore	used	

to	analyse	the	effects	of	different	sensitisation	patterns	on	serial	measures	of	post-

bronchodilator	FEV1.	

1.11.4	Power	calculations	

Power	effect	size	
A	power	calculation	is	used	to	determine	that	the	study	sample	size	is	sufficient	to	

detect	genuine	differences	between	groups.		Thus,	it	limits	the	chance	of	type	II	

errors	occurring	(158).		To	calculate	the	sample	size	requires	several	pre-

requisites.		These	include:	power,	effect	size,	an	estimate	of	the	variability	of	the	

data	and	the	significance	level	(159).		

Minimal	important	difference	variability	
The	power	of	a	study	is	conventionally	set	to	at	least	80%,	thus,	limiting	the	chance	

that	the	study	will	detect	a	difference	when	none	exists	(158).		The	size	of	the	

difference	between	two	variables-	the	effect	size,	can	be	measured	in	several	ways	

(for	example	by	using	Cohen’s	d;	odds	ratios;	Pearson’s	r	correlation	coefficient);	

whilst	the	minimal	important	difference	is	multidimensional	and	is	usually	

determined	by	consensus	opinion	amongst	experts	(158).		

Measures	of	variability	(e.g.	standard	deviation	/	confidence	intervals)	from	

existing	studies	with	similar	outcome	points	are	used	and	are	important	in	

reducing	the	margin	or	error	(160).			
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Significance	level	
The	significance	level	that	the	study	is	set	to	also	affects	the	sample	size,	with	

lower	significance	levels	reducing	type	I	statistical	errors	but	increasing	sample	

size	(158).		A	positive	result	at	a	≤5%	significance	level	will	reliably	reject	the	null	

hypothesis	in	95%	of	the	population	studied	and	this	is	commonly	used	in	many	

studies.	 	
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Tables	&	figures	
Table	1.1	Diagnostic	classification	allergic	bronchopulmonary	aspergillosis	
((ABPA)	as	defined	by	the	Rosenberg-Patterson	criteria	and	the	International	
Society	for	Human	and	Animal	Mycology	(ISHAM)	working	group)	and	Severe	
Asthma	with	Fungal	Sensitivity	(SAFS)	(55,	59,	71).	

Rosenberg-Patterson	criteria	 ISHAM	criteria	 SAFS	

Primary	criteria	(1-6	
suggestive,	all	7	definite):	

1. Episodic	bronchial	
obstruction			

2. Peripheral	eosinophilia			

3. Positive	immediate	skin	
test	to	Aspergillus			

4. Positive	preciptin	test	to	
Aspergillus			

5. Increased	total	serum	IgE			

6. History	of	transient	or	
fixed	lung	infiltrates			

7. Proximal	bronchiectasis			

Secondary	(supportive)	
criteria:	

1. Brown	plugs/flecks	in	
sputum			

2. Positive	late	skin	test	to	
Aspergillus		 

Primary	criteria	
(obligatory)	

1.	Asthma	or	cystic	
fibrosis	

2.	Total	IgE	>	1000	IU/mL	

3.	Positive	skin	prick	test	
or	IgE	to	A.	fumigatus	

Supportive	criteria	(≥2):	

a)	Positive	IgG	or	
precipitins	to	A.	fumigatus	

b)	Raised	eosinophil	
count	

c)	Radiological	features	of	
ABPA	

Primary	criteria:	

1.	Severe,	poorly	
controlled,	asthma	

2.	Positive	skin	prick	test	
to	fungi	or	IgE	to	any	
fungi	>0.4kU/L	

3.	Total	IgE	<1000	kU/L	
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Table	1.2		Commercially	available	recombinant	components	for	A.	fumigatus,	
produced	by	Phadia	(ImmunoCAP®	rAsp	f1-4,	rAsp	f6)	(161).	

A.	fumigatus	components	 Biological	function	

rAsp	f1	 Ribonuclease	–	inhibits	eukaryotic	protein	synthesis.		
Produced	after	germination	(162).	

rAsp	f2	 Fibrinogen	binding	protein	

rAsp	f3	 Peroxisomal	protein	-	inactivates	reactive	oxygen	species	
and	protects	the	fungi	from	immune	attack.	

rAsp	f4	 Unknown	

rAsp	f6	 Magnesium	superoxide	dismutase	
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Figure	1.1		The	role	of	Th1,	Th2	and	Th17	pathways	in	the	pathophysiology	of	
airway	inflammation	in	asthma.		Fungi	stimulate	the	inflammatory	process	via	
proteolytic	allergens,	presenting	to	the	alveolar	macrophages	and	by	PAMPs/	
DAMPs	recognition.		In	addition,	damage	to	the	airway	epithelium	occurs	directly	
from	proteolytic	fungal	enzymes	and	other	environmental	stimuli.		This	initiates	an	
innate	immune	response	by	activating	ILC2	cells,	alveolar	macrophages	and	
invariant	natural	killer	T	cells.		The	release	of	airway	epithelium	derived	TSLP	
induces	dendritic	cell	(DC)	maturation	(upregulating	co-stimulatory	molecules	and	
MHC	II),	whilst	IL-25	and	IL-33	stimulate	ILC2	cells	to	produce	Th2	cytokines.		The	
cytokine	milieu	present	during	the	presentation	of	antigen	from	the	DC	to	a	naïve	T	
cell	(Th0)	directs	the	immune	response	towards	a	Th2,	Th1	or	a	Th17	pathway	
with	subsequent	activation	of	effector	cells	(basophils,	mast	cells,	eosinophils	and	
neutrophils).		In	addition	an	adaptive	immune	response	can	occur	from	the	
presentation	of	antigen	to	memory	B	cells	and	the	binding	of	allergens	to	specific	
IgE	on	mast	cells.		The	cyokines,	growth	factors	and	mediators	produced	by	these	
pathways	and	effector	cells	lead	to	the	chronic	inflammatory	and	remodelling	
changes	seen	in	asthma.		Abbreviations:	LPS	=	lipopolysaccharides;	PAMPS/DAMPS	=	
pathogen-associated	/	damage-associated	molecular	patterns;	PGD2	=	prostaglandin	D2;	
TSLP	=	thymic	stromal	lymphopoietin;	DC	=	dendritic	cell;	TGFβ		=	transforming	growth	
factor	β;	IFNγ	=	interferon	γ;	GM-CSF	=	granulocyte	macrophage	colony-stimulating	factor;	
TNFα	=	tumour	necrosis	factor	α;	MMP	=	matrix	metalloproteinase;	NE=neutrophil	
elastase;	ROS	=	reactive	oxygen	species;	ASM	=	airway	smooth	muscle.	
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Figure	1.2	Microbial	pathogens	present	within	the	fungal	kingdom	(from	Heitman	

J.	(96)).		Fungi	are	eukaryotic	organisms	and	have	similar	biosynthetic	pathways	to	

mammalian	cells.		They	obtain	energy	from	organic	matter	either	as	saprophytes,	

parasites	or	as	mutualists.		There	are	an	estimated	1.5-3	million	species	within	the	

fungal	kingdom	and	the	majority	are	microscopic.		There	are	two	subkingdoms:	

the	Microporidia	and	Dikarya	subkingdom.		The	Dikarya	subkingdom	contains	the	

Ascomycota	and	Basidomycota	phyla.		A	further	7	phyla	are	recognised.		Most	of	

the	species	that	are	encountered	clinically	belong	to	either	the	Ascomycota	and	the	

Basidomycota	phyla.		
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Chapter	2:	Hypotheses	

HYPOTHESES	

v I	hypothesise	that	sensitisation	status	itself	is	more	useful	than	the	

diagnostic	term	of	ABPA	for	identifying	those	at	risk	of	declining	lung	

function	and	radiological	abnormalities.	

	

v I	hypothesise	that	a	reduction	in	post-bronchodilator	FEV1	is	associated	

with	sensitisation	to	thermotolerant	yeasts,	non-thermotolerant	fungi	and	

thermotolerant	fungi,	independent	of	atopic	status.	

	

v I	hypothesise	that	the	frequency	of	radiological	abnormalities	(namely	

bronchiectasis,	bronchial	wall	thickening,	tree-in-bud,	mucus	plugging,	

lobar	collapse	and	fibrosis)	is	increased	in	asthmatics	sensitised	to	fungi	

compared	to	those	that	were	not	sensitised	to	fungi.		

	

v I	hypothesise	that	the	use	of	principle	component	analysis	and	cluster	

analysis	to	identify	immunological	and	inflammatory	variables	will	

characterise	different	phenotypes	of	asthmatics,	which	are	unique	to	those	

that	are	sensitised	to	fungi.		This	will	demonstrate	that	a	spectrum	of	

disease	exists	and	that	those	diagnosed	with	ABPA	are	not	a	homogenous	

group.	

	

v I	hypothesise	that	sensitisation	status	to	thermotolerant	fungi	are	

important	in	identifying	those	at	risk	of	a	decline	in	post-bronchodilator	

FEV1	over	time.	

	

v I	hypothesise	that	remodelling	changes,	specifically	an	increase	in	airway	

smooth	muscle	hypertrophy	and	in	reticular	basement	membrane	
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thickness,	will	be	seen	in	asthmatics	that	are	sensitised	to	thermotolerant	

fungi.		

	

v I	hypothesise	that	the	use	of	high	throughput	sequencing	to	characterise	the	

fungal	microbiome	will	show	predominance	towards	the	fungi	that	subjects	

are	sensitised	to	and	that	a	specific	signature	will	arise	in	those	that	have	a	

greater	degree	of	remodelling	changes.		 	
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Chapter	3:	Methods	

3.	1	INTRODUCTION	

An	observational	study	(chapter	4)	was	undertaken	to	capture	a	large	population	

of	asthma	patients	that	are	sensitised	to	fungi,	along	with	a	control	group	not	

sensitised	to	fungi.		The	objective	was	to	examine	the	relationship	between	serum,	

blood	and	sputum	biomarkers	of	fungal	sensitisation	and	outcome	data	(reduction	

in	post-bronchodilator	(PB)	FEV1	with	different	sensitisations	pattern,	PBFEV1	

decline	and	radiological	markers	of	lung	damage).		A	second	prospective	study	

(chapter	5	and	6)	was	performed	to	examine	the	relationship	between	

sensitisation	to	fungi	in	asthma	and	remodelling	changes	using	

immunohistochemistry.		This	study	was	also	performed	to	map	the	mycobiome	in	

different	compartment	of	the	lung	and	relate	this	with	clinical	characteristics	in	

healthy	individuals	and	asthma.			

The	methods	used	in	the	clinical	characterisation	and	the	laboratory	sample	

processing	methods	are	described	in	this	chapter.		Study	specific	methodology	is	

described	separately	in	each	of	the	following	chapters	(chapters	4,	5	and	6).	

3.	2	CLINICAL	CHARACTERISATION	

Asthma	Control	Questionnaire	

The	Asthma	Control	Questionnaire	(ACQ)	was	originally	developed	and	validated	

by	Juniper	and	colleagues	(163).		It	is	a	validated	measure	of	the	adequacy	of	

asthma	control,	with	strong	discriminative	and	evaluative	properties	(163).		The	

components	of	the	questionnaire	are	shown	in	table	3.1,	and	the	score	

interpretation	is	described	in	table	3.2.				The	ACQ	score	is	associated	with	

measures	of	bronchial	hyperresponsiveness	and	sputum	eosinophilia,	and	is	able	

to	predict	future	risk	of	exacerbations	(164,	165).		Use	of	the	ACQ	is	recommended	

by	international	guidance	to	assess	asthma	control	and	as	an	outcome	measure	in	

clinical	trials	(166,	167).		Four	versions	of	the	ACQ	exist:	the	original	7-item	ACQ	

and	the	three	shortened	versions.		These	are	the	ACQ-5,	ACQ-6a	and	ACQ-6b.		ACQ-

7	is	the	original	version	and	contains	all	of	the	components	in	the	table.	Three	

additional	shortened	versions	have	also	been	developed:	ACQ-5	(omits	measures	
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of	FEV1	and	the	short-acting	beta	2	agonist	(SABA)	question),	ACQ-6a	(omits	only	

the	SABA	component)	and	ACQ-6b	(omits	FEV1	assessment).		Wyrwich	et	al	

demonstrated	good	validation,	agreement	and	correlation	across	all	four	these	

versions	(Cronbach	alphas	≥	0.82;	test-retest	intraclass	correlation	coefficients	

≥0.75;	r	≥0.97),	although	ACQ-6a	had	better	concordance	with	GINA	and	NHBLI	

criteria	for	classifying	asthma	control	(168,	169).		In	addition,	the	ACQ-6a	score	

consistently	demonstrated	strong	concordance	values	with	the	original	ACQ-7	

Juniper	questionnaire	(kappa	values	0.84	–	0.92)	(168).		It	is	for	this	reason	that	

the	ACQ-6a	was	chosen	as	a	method	to	evaluate	asthma	control.	

Spirometry	

Spirometry	was	undertaken	according	to	standardised	methods	using	a	dry	

bellows	spirometer	(Vitalograph	Ltd,	Maids	Moreton,	UK)(170).		The	best	of	three	

acceptable	post-bronchodilator	(twenty	minutes	post	inhalation	of	400μg	of	

salbutamol)	manoeuvres	to	achieve	an	FEV1	and	FVC	within	0.150L	were	recorded	

(as	percentage	predicted).			Criteria	for	an	acceptable	blow	to	measure	FEV1	and	

FVC	was	taken	as	an	effort	that	was	from	maximal	inspiration,	a	smooth	

continuous	exhalation	and	one	in	which	a	plateau	was	reached	in	the	volume-time	

curve	(exhalation	for	≥	6	seconds	with	a	volume	change	of	<0.025L	for	≥	1	second)	

to	fulfil	the	end	of	test	criteria	(170).		

Methacholine	Challenge	testing	

Measurement	of	airway	hyperresponsiveness	was	assessed	by	performing	a	

methacholine	challenge	testing	(PC20)	in	subjects	with	a	FEV1	greater	than	1	litre	in	

accordance	with	published	guidelines	(171).		A	two-minute	tidal	breathing	

protocol	was	used	administering	0.9%	saline	and	then	incremental	concentrations	

of	methacholine	(0.03-16mg/ml)	delivered	via	a	nebuliser.		Each	incremental	dose	

was	delivered	five	minutes	apart	with	an	FEV1	measured	at	30	and	90	seconds	post	

nebuliser.		The	percentage	drop	in	FEV1	from	baseline	was	calculated,	if	this	

exceeded	20%	the	protocol	was	terminated	and	the	prior	concentration	of	

methacholine	is	noted	as	the	result	(171).	

Sputum	Induction	
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Induced	sputum	was	used	to	obtain	differential	cell	counts.		Sputum	induction	was	

carried	out	in	accordance	with	published	methods	(172).		A	baseline	FEV1	is	

measured	prior	to	administration	of	200μg	of	salbutamol.		If	a	repeat	FEV1	is	>60%	

predicted	after	20mins	then	7mls	of	3%	saline	is	given	using	an	ultrasonic	

nebuliser,	tidal	breathing	and	a	nose	clip.		The	FEV1	is	repeated,	if	a	<10%	drop	is	

noted	then	increasing	concentrations	of	saline	are	used	(4%	and	then	5%),	if	a	10-

20%	drop	is	seen	then	the	same	concentration	of	saline	is	nebulised	post-

expectoration.		If	a	>20%	drop	in	FEV1	occurs	then	the	procedure	is	terminated.		

To	reduce	the	risk	of	contamination	of	the	induced	sputum	with	upper	airway	

contents	the	mouth	is	rinsed	with	water	and	swallowed	and	the	nose	in	blown	

prior	to	the	procedure	(172).		

Measures	of	atopy	/	sensitisation	

Atopy	is	defined	by	the	American	Academy	of	Allergy,	Asthma	and	Immunology	

(AAAAI)	as	the	genetic	tendency	to	develop	allergic	disease.		A	heightened	

immunological	response	and	clinical	worsening	of	disease	upon	exposure	to	an	

allergen	manifest	it.	

Atopic	status	was	based	on	either	a	positive	skin	prick	test	(>3mm	above	negative	

control;	ALK-Abelló,	Høsholm,	Denmark)	or	a	positive	specific	IgE	(>0.35kU/L)	to	

Dermatophagoides	pteronyssinus,	dog,	cat,	grass	pollen	or	tree	pollen.	Serum	

specific	IgE	to	Aspergillus	fumigatus,	Penicillium	chrysogenum,	Candida	albicans,	

Alternaria	alternata	and	Cladosporium	herbarum	was	used	to	designate	

sensitisation	to	fungi	(specific	IgE	>0.35kU/L;	UniCAP250	system	(Pharmacia,	

Milton	Keynes,	United	Kingdom)).		

The	term	‘fungal	sensitisation’	is	used	to	define	a	group	who	have	any	positive	

specific	IgE	to	fungi	or	positive	skin	prick	test	result	to	fungi.		Asthmatics	in	this	

thesis	that	are	specifically	sensitised	to	certain	fungi,	such	as	A.	fumigatus,	will	be	

stated	as	such.		Those	that	are	sensitised	to	a	group	of	fungi,	such	as	the	

themotolerant	group	(see	methods	section,	chapter	4),	will	be	stated	specifically.	
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3.3	BRONCHOSCOPY	

The	use	of	bronchoscopy	to	obtain	airway	specimens	such,	as	bronchoalveolar	

lavage	(BAL)	samples	and	endobronchial	biopsies	(EBB),	is	deemed	a	safe	and	

acceptable	research	technique	in	both	healthy	volunteers	and	asthmatics	with	an	

FEV1	>70%	predicted	(173,	174).		Fibreoptic	bronchoscopy	was	performed	in	the	

morning,	as	a	day	procedure,	in	accordance	with	national	guidelines	under	

conscious	sedation	with	midazolam	(175).			Asthmatics	received	a	pre-medication	

of	2.5-5mg	of	nebulised	salbutamol.		Topical	lignocaine	was	used	to	anaesthetise	

the	nose	(2%	gel),	oropharynx	(10%	spray),	vocal	cords	and	the	tracheobronchial	

tree	(2%	solution	administered	via	the	bronchoscope).		A	20ml	wash	was	obtained	

during	bronchoscopy	using	warmed	0.9%	saline;	BAL	was	performed	by	using	

sequential	60ml	aliquots	of	warmed	0.9%	saline	instilled	into	the	right	middle	lobe	

up	to	a	maximum	0f	180mls.		Five	endobronchial	biopsies	were	taken	from	the	

subsegmental	carinae	of	the	right	middle	or	lower	lobes.		Subjects	were	observed	

for	a	period	of	2	hours	following	bronchoscopy	and	were	discharged	once	safe	

swallowing	had	returned.			

3.4	RADIOLOGY	

Helical	thin	section	computer	tomography	(CT)	scans	of	the	whole	thorax	

(including	both	inspiratory	and	expiratory	phases)	were	obtained	using	a	Siemens	

Somaton	Definition	AS	plus	spiral	scanner	(Siemens	Healthcare,	Knoxville,	TN).		

Scans	were	performed	in	a	caudio-cranial	direction	using	1mm	thickness	slices	at	

0.7mm	intervals.	

The	clinical	radiology	report	was	scored	(blinded	to	any	of	the	immunological	

data)	for	the	presence	or	absence	of	bronchiectasis,	bronchial	wall	thickness,	air	

trapping,	tree-in-bud,	mucoid	impaction,	collapse/	consolidation	or	fibrosis	(see	

table	3.3	for	definitions).	Fleeting	shadows	were	recognised	by	their	presence	on	

serial	chest	x-rays.	

3.5	LABORATORY	SAMPLE	PROCESSING	

	 Sputum	processing	
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In	the	second,	prospective,	study	induced	sputum	was	spilt	for	fungal	DNA	

extraction	and	differential	cell	counts	in	a	class	II	laminar	flow	hood.		Sputum	

processing	is	performed	in	accordance	with	published	literature	(176).		A	

mucolytic	agent	allows	separation	of	the	cellular	plugs	from	saliva	in	order	to	

reduce	squamous	cell	contamination.		This	cellular	plug	is	then	placed	in	0.1%	

dithiothreitol	(4	x	the	weight	of	the	sputum	plug)	and	vortexed.		An	equal	volume	

of	the	phosphate	buffered	saline	(PBS)	is	added	prior	to	filtration	(48µm	nylon	

gauze	(pre-wet	with	PBS))	and	centrifuged	for	10	minutes.		10μl	of	0.4%	trypan	

blue	is	added	to	10μl	of	the	pellet,	flooded	onto	a	haemocytometer	and	the	

following	calculated:	%	leukocyte	viability,	%	squamous	cells	and	total	cell	count.		

Cytopsins	are	then	prepared	in	order	to	perform	differential	cell	counts	with	a	

Zeiss	Axioscope	40	at	40x	objective	lens	magnification.	
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	 Bronchoscopy	samples	

Figure	3.1	illustrates	the	processing	steps	for	the	bronchoalveolar	lavage	(BAL),	

brushes	and	wash	samples	obtained	at	bronchoscopy.	

Biopsy	processing	and	immunohistochemistry	

The	endobronchial	biopsies	are	embedded	in	glycolmethacrylate	(GMA)	using	

acetone	fixation	(figure	3.2).		This	allowed	for	better	epitope	preservation,	reduced	

tissue	shrinkage	(GMA	is	a	water-miscible	resin),	whilst	the	physical	support	of	the	

polymerised	resin	would	maintain	the	tissue	morphology	of	the	small	biopsies	and	

allowed	for	cutting	at	2µm	(177).	

Biopsy	fixation	is	performed	by	immediate	placement	of	the	biopsy	in	acetone	

(containing	protease	inhibitors)	at	-20°C	for	12	hours	(178).		This	is	then	replaced	

with	acetone	at	room	temperature	for	15	minutes.		Following	fixation,	processing	

occurs	by	placing	the	biopsy	in	methyl	benzoate	for	15	minutes	and	then	5%	

methyl	benzoate	in	GMA	for	2	hours	at	4°C.		This	step	is	then	repeated.		The	

embedding	process	is	further	described	in	figure	5.		The	GMA	blocks	were	cut	into	

2µm	sections	and	floated	for	60	seconds	in	0.2%	ammonia	solution	prior	to	placing	

them	onto	a	slide.	

The	DAKO	EnVisionTM	FLEX	system	(DakoK8023)	was	used	for	the	

immunohistochemistry	(figure	6).		This	polymeric,	immunoenzymatic,	method	of	

staining	was	chosen	because	of	the	ability	of	the	dextran	polymer	backbone	to	bind	

enzyme	molecules	(horseradish	peroxidase)	to	an	antibody	(179).		This	reduces	

background	staining	and	the	number	of	steps	in	comparison	to	convention	

techniques	(179).			A	peroxidase	blocking	agent	was	applied	to	each	section	for	10	

minutes	(to	block	endogenous	enzymes)	prior	to	applying	the	primary	mouse	and	

rabbit	antibodies	for	60	minutes	at	room	temperature	(figure	3.3).		The	primary	

antibodies	used	were:	(i)	smooth	muscle	actin,	(ii)	mast	cell	tryptase,	(iii)	major	

basic	protein,	(iv)	neutrophil	elastase.		IgG1	and	antibody	diluent	were	used	as	the	

negative	controls.		The	optimum	antibody	titres	are	listed	in	table	3.4.		Three	wash	

buffer	cycles	were	performed	before	and	after	adding	the	horse	radish	peroxidase	

(HRP)	to	each	section	for	30	minutes.	The	HRP	substrate,	3,3’	diaminobenzidine	
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tetrahydrochloride	(DAB),	was	applied	for	predetermined	reaction	times	(see	table	

3.4),	producing	a	brown	stain.	

3.6	BIOPSY	ANALYSIS	

Digital	images	of	the	biopsy	sections	were	acquired	on	a	Carl	Zeiss	Axio	Imager	z2	

(with	AxioCam	HRC)	microscope	at	x20	magnification.		Slides	and	images	were	

stored	under	the	subject’s	study	number	to	enable	blinding.		Zeiss	Zen	Imaging	

software	(Zen	Pro	2012)	was	used	to	map	the	morphology	of	the	biopsy	sections.		

The	total	area	and	the	different	morphological	areas	(epithelium,	smooth	muscle	

and	lamina	propria)	were	mapped	on	two	non-contiguous	sections	taken	>10µm	

apart	and	an	average	of	each	tissue	compartment	area	were	calculated.		All	non-

structural	areas	(including	blood	vessels)	were	mapped	and	subtracted	from	these	

area	measurements.		Measurements	were	made	in	mm2	and	performed	on	slides	

stained	with	(i)	smooth	muscle	actin	and	(ii)	haematoxylin	and	eosin	(H&E).		

Nucleated	mast	cells,	neutrophils	and	eosinophils	were	counted	at	x40	

magnification	in	each	of	these	areas	and	expressed	per	mm2.		Reticular	basement	

membrane	thickness	(RBMT)	was	measured	on	intact	epithelium	at	x40	

magnification.		50	measurements	were	taken	20µm	apart	and	the	average	value	of	

these	and	of	the	two	non-contiguous	sections	were	taken	as	the	RBMT	for	that	

biopsy.	

3.7	HIGH	THROUGHPUT	SEQUENCING	METHODOLOGY	

High	throughput	sequencing	(HTS)	was	used	to	evaluate	the	abundance	of	fungi	in	

different	compartments	of	the	airway.		DNA	extraction	was	performed	on	the	

pellet	component	of	centrifuged	samples:	(i)	endobronchial	wash,	(ii)	protected	

brushings	and	(iii)	bronchoalveolar	lavage.		Barcoded	Internal	Transcriber	(ITS)	

region	3	and	4	primers(180)	were	selected	to	amplify	the	ITS2	region	of	the	

nuclear	ribosomal	operon,	using	a	dual	index	nested	PCR	approach.		Further	

details	of	the	study	specific	methodology	used	are	described	in	the	Mycobiome	

chapter	(chapter	6).		
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3.8	STATISTICAL	METHODS	

Power	calculation	and	sample	size	

(i)	STUDY	1:	Post-bronchodilator	FEV1,	lung	function	decline	and	radiological	

abnormalities	in	asthmatics	sensitised	to	fungi	(Chapter	4).	

The	power	calculation	was	based	on	previous	studies	that	compared	sensitization	

and	culture	results	to	A.	fumigatus	and	post-bronchodilator	FEV1	(%	predicted)	as	

the	primary	outcome	measure	(14,	52).		The	power	calculation	assumed	that	the	

data	was	parametric	and	was	based	on	a	25%	Standard	Deviation	(SD).	It	was	

powered	at	the	80%	level	and	was	calculated	with	the	statistics	package	‘R’.		A	4	

group	ANOVA	calculated	on	an	n=300,	based	on	a	24%	SD	to	detect	a	5%	

difference	between	groups	and	powered	at	the	80%	level.	

	(ii)	STUDY	2:	REMODELLING	CHANGES	IN	ASTHMATICS	SENSITISED	TO	FUNGI	

AND	THE	FUNGAL	MICROBIOME	IN	ASTHMA	(chapter	5).	

We	could	not	do	power	calculations	for	exacerbation	frequency	due	to	the	

nonparametric	nature	of	this	data.	No	data	exists	on	pathological	and	radiological	

markers	of	airway	damage	in	this	cohort	of	patients	and	we	were	thus	unable	to	do	

power	calculations	based	on	these	variables.		

The	sample	size	necessary	to	detect	differences	in	inflammatory	cell	counts	and	

remodeling	changes	were	based	on	a	study	by	Richmond	et	al	(181).		A	sample	size	

of	n=14	was	sufficient	to	achieve	80%	power	and	a	significance	level	of	5%.		To	

evaluate	differences	between	groups	an	n=20	per	group	would	be	required	to	

allow	for	a	20%	dropout	rate.	

(iii)	Study	3:	DESCRIPTION	OF	THE	MYCOBIOME	IN	ASTHMA	(chapter	6).	

The	mycobiome	study	is	a	preliminary	study	using	specific	primers	to	evaluate	the	

abundance	of	fungi	in	the	different	compartments	of	the	lung	and	thus	a	power	

calculation	could	not	be	performed.		

Univariate	analysis	
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Data	was	analysed	using	SPSS	for	Windows	(version	22;	SPSS,	Inc.,	Chicago	IL),	

GraphPad	(version	6;	GraphPad	software	Inc.,	La	Jolla,	CA)	and	SAS	version	9.4	

(www.sas.com).		Descriptive	statistics	were	expressed	as	mean	(standard	

deviation	(SD)	and	95%	confidence	intervals	(95%	CI))	or	median	(interquartile	

range).	Two	group	analyses	were	analysed	via	an	independent	t-test	and	a	

Bonferroni-corrected	one-way	analysis	of	variance	for	multiple	groups.		Two	group	

analyses	were	performed	using	the	Mann-Whitney	test	and	the	Dunn-corrected	

Kruskall-Wallis	test	was	used	for	multiple	group	comparisons	for	non-parametric	

data.	

	 Correcting	for	multiple	comparisons	

A	Bonferroni	correction	was	used	to	reduce	the	chance	of	type	I	errors	due	to	

multiple	comparisons	between	variables.	

Multivariate	analysis	

Data	underwent	logarithmic	and	z-transformation	in	order	to	perform	multivariate	

analyses	and	to	remove	problems	with	unequal	variance	during	cluster	analysis.		

Principle	component	analysis	was	performed	as	a	means	of	performing	a	factor	

analysis	to	identify	the	highest	loading	immunological	variables.		This	also	reduced	

the	number	of	immunological	variables	into	a	core	set.		A	varimax	rotation	was	

used	in	the	generation	of	the	factor	analysis	and	a	cut	off	value	of	>0.75	was	

applied	to	determine	the	factors	that	would	represent	each	domain.			

Cluster	analysis	was	performed	in	order	to	map	clinical	characteristics	to	

immunological	variables	and	to	see	how	these	variables	clustered	together.		The	

SPSS	two-step	algorithm	was	used	to	estimate	the	number	of	clusters	within	the	

studied	population	(182).		This	estimate	was	used	to	specify	the	number	of	

clusters	present	in	a	K-means	cluster	analysis,	which	was	used	as	the	principle	

clustering	technique.	

Linear	modelling	used	in	analysis	of	lung	function	decline	

Longitudinal	post-bronchodilator	FEV1	measurements	were	collected	over	a	3-5	

year	period	at	a	stable	visit	(6	weeks	post	exacerbation)	to	calculate	lung	function	
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decline.		Linear	modelling	allowed	the	input	of	these	repeated	measures	to	be	used	

in	a	‘regression	type’	analysis.		Information	based	criteria	was	used	to	assess	the	

quality	of	the	model	with	regards	to	‘fit’.		Akaike	information	criterion	(AIC)	and	its	

corrected	version	(AICc),	and	Bayesian	Information	Criteria	(BIC)	are	part	of	this	

evaluation	criteria	and	use	-2LogLikelihood	to	evaluate	model	fit	(table	3.5)	(183).				

A	generalised	linear	model	was	run	first	(fixed	effect	model).		Transformed	

variables	were	used	to	improve	model	fit.		A	random	effect	for	time	and	a	random	

intercept	to	produce	a	mixed	effects	model	improved	model	fit	further	(see	table	

3.5).		Thus	the	model	used	in	the	lung	function	decline	analysis	was	a	mixed	effects	

model	with	components	that	were	both	fixed	(measures	of	sensitisation,	sputum	

neutrophil	count,	sputum	eosinophil	count	and	blood	eosinophil	count)	and	

random	(time	and	random	intercept).	

Imputation	was	performed	for	any	missing	continuous	variable	data.		This	was	

performed	five	times	to	produce	five	data	sets.		The	average	values	for	the	

estimates	and	standard	errors	were	then	calculated.	
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Tables	&	figures	
	

Table	3.1		Components	of	the	Asthma	Control	Questionnaire	(ACQ)	(163,	169)	

Components	of	ACQ	 Scoring	

Symptom	scores	

Night	time	awakenings	

Symptom	severity	upon	wakening	

Activity	limitation	

Shortness	of	breath	due	to	asthma	

Wheezing	in	the	last	7	days	

	

0-6	

0-6	

0-6	

0-6	

0-6	

Short	acting	beta	agonist	use	in	last	7	
days	

0	(none)		

1	(1-2	puffs	most	days)	

2	(3-4	puffs	most	days)	

3	(5-8	puffs	most	days)	

4	(9-12	puffs	most	days)	

5	(13-16	puffs	most	days)	

6	(>16	puffs	most	days)	

FEV1	%	predicted	 0	(>95%	predicted)	-	6	(<	50%	predicted)	
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Table	3.2		Interpretation	of	the	Asthma	Control	Questionnaire	(ACQ)(184).		A	

single	cut	off	point	of	1.00	has	been	identified	between	those	well-controlled	

(<1.0)	and	those	not	well-controlled	(>1.00);	however,	more	optimal	cut-off	points	

of	0.75	(negative	predictive	value	=	0.85)	and	1.50	(positive	predictive	value=0.88)	

are	more	accurate	in	classifying	asthmatics	into	either	well-controlled	or	

inadequately	controlled	groups	(184).	

ACQ	score	 Asthma	control	 Predictive	value	

≤	0.75	 Well	controlled	 Negative	predictive	value	=	0.85	

>	0.75	-	<	1.5	 Borderline	 	

≥	1.5	 Uncontrolled	 Positive	predictive	value	=	0.88	
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Table	3.3		Definitions	of	radiological	abnormalities	(185-187).	

Radiological	Abnormality	 Definition	

Bronchiectasis	 -	Bronchoarterial	ratio	>	1.5	

-	Lack	of	tapering	in	peripheral	½	of	the	lung,	>2cm	
distal	to	bifurcation	

-	Bronchial	dilatation	within	1cm	of	costal/mediastinal	
pleura	

Bronchial	Wall	thickening	 -	>0.5	x	diameter	of	adjacent	pulmonary	artery	

-	2x	thickness	of	normal	adjacent	bronchi	

-	Internal	diameter	of	lumen<80%	of	total	outside	
diameter	

Mucoid	Impaction	 -	Tubular	/	Y	shaped	structures	n	2nd	order	bronchi	

-	Branching	or	rounded	opacities	on	cross-sectional	
imaging	

Tree-in-bud	 Dilated,	mucus-filled	bronchioles	

Air	trapping	 Retention	of	excess	air	in	all/part	of	the	lung,	mainly	
during	expiration,	due	to	either:	

(i)	partial/complete	airway	obstruction	

(ii)	local	abnormalities	in	pulmonary	compliance	

Collapse	 Resorption	atelectasis	due	inspissated	secretions,	
resulting	in	mottled	intraluminal	densities	

Consolidation	 Increase	in	pulmonary	parenchymal	attenuation	that	
obscures	vessel	margins	and	airways.		The	lumen	may	be	
visible	giving	rise	to	air	bronchograms	

Fleeting	shadows	 Migratory	pneumonitis	with	transient,	recurrent,	
alveolar	patchy	segmental	/	lobar	infiltrates	

Fibrosis	 -	Septal	lines,	intralobular	reticular	peribronchovascular	
interstitial	thickening,	subpleural	interstitial	thickening	

-	Honeycombing		

-	Traction	bronchiectasis	

-	Predilection	for	upper	lobes	
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Table	3.4		Primary	mouse	monoclonal	antibody	titres	(*with	Dako	antibody	

diluent	S3022;	**negative	controls).		The	antibody	concentrations	had	already	

been	optimised	to	give	the	dilution	and	development	times	in	the	table.		IgG1	was	

diluted	to	give	a	working	concentration	to	match	the	antibody	with	the	highest	

working	concentration	in	the	panel	and	was	more	concentrated	than	the	mast	cell	

tryptase.	

Antibody	 Dilution*	 Chromogen	
development		

time	(minutes)	

Catalogue	
number	

Supplier	

Antibody	diluent**	 None	 3:30	 S3022	 Dako	

IgG1**	 1:77	 3:30	 X0931	 Dako	

Smooth	muscle	actin	
(SMA)	

1:2000	 3	 M0851	 Dako	

Mast	cell	Tryptase	 None	 3	 IR640	 Dako	

Major	basic	protein	
(MBP)	

1:75	 3	 MON6008	 Monosan	
(Newmarket)	

Neutrophil	elastase	
(NE)	

1:1000	 3:30	 M0752	 Dako	
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Table	3.5		Information	based	criteria	to	assess	model	‘fit’	of	the	generalised	linear	

model	and	the	linear	mixed	model	for	lung	function	decline	data.		Akaike	

information	criterion	(AIC)	and	its	corrected	version	(AICc),	and	Bayesian	

Information	Criteria	(BIC)	use	-2LogLikelihood	to	evaluate	model	fit.	*with	time	as	

a	fixed	variable;	**with	a	random	effect	for	time	and	a	random	intercept.		The	

values	for	AIC,	AICc	and	BIC	are	much	smaller	with	the	mixed	model,	indicating	

that	the	mixed	model	fits	the	data	better	than	the	fixed	effects	model.	

	 Generalised	Linear	
Model*	

Linear	mixed	model**	

-2	Res	Log	
Likelihood	

788.8	 -187.5	

AIC	 802.8	 -181.5	

AICc	 802.9	 -181.5	

BIC	 835.6	 -171.4	
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Figure	3.1		Bronchoscopy	sample	processing	(EB	=	endobronchial).	

	

	 	

(i)	2	x	EB	brushes	(in	5mls	of	Phosphate	
buffered	saline)	

(ii)	EB	wash	(volume	returned	from	
ins:lling	20ml	0.9%	saline)	

(iii)	Bronchoalveolar	lavage	((BAL)	
volume	returned	from	ins:lling	150mls	

0.9%	saline,	filtered)	

Centrifuged	(1500g,	
room	temperature)	
for	10	minutes	

500μl	including	
pellet,	re-suspended	

Plated	for	culture	(200μl):	

50μl	YMA	

50μl	PGCF	

100μl	Scedsel+	

(1)	EB	brushes	300μl	stored		-20°C	
	 	(DNA	extrac:on)	

(2)	EB	Wash	&	BAL:		

100μl	for	cytopsins	(cell	counts),		

100μl	stored	at	-20°C	(DNA	extrac:on)	

Supernatant	 Stored	at	-80°C	
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Figure	3.2		Biopsy	processing.		EBB	=	endobronchial	biopsies;	*proximal	airways	

are	>2mm	in	diameter;	#35mg	benzoyl	peroxide	dissolved	in	5mls	of	GMA	solution	

A	+	125µl	GMA	solution	B	prior	to	use).	

	

	 	

EBB	taken	from	
proximal	airways*	 1.	Place	in	PMSF	

acetone	&	stored	
for	12	hours	at	
-20°C	for	fixaCon	

2.	Transfer	to	
acetone,	incubate	
for	15	minutes(RT)	

3.	Transfer	to	methyl	
benzoate,	incubate	for	

15	min.	(RT)	

4.	Remove	from	methyl	
benzoate,	add	3mls	of	
processing	solu8on,	

incubate	for	2	hours	(4°C)	

5.	Replace	with	fresh	
processing	solu8on	
(3mls),	incubate	for	2	

hours	(4°C)	

6.	Add	1ml	of	embedding	
soluCon#	to	a	Taab	

capsule,	transfer	biopsy	to	
taab	capsule	&	fill	with	
embedding	soluCon	

7.	Taab	capsule	stored	at	4°C	
to	polymerise	for	48	hours	

8.	Moulds	taken	out	of	Taab	
capsule	and	stored	at	-20°C	



	 66	

Figure	3.3	Immunohistochemistry	protocol	(*wash	with	envision	buff	x3	following	

the	incubation	period).		Chromogen	is	applied	to	visualise	the	antibody/antigen	

complex,	counterstaining	then	allows	visualisation	of	cell	nuclei	&	tissue	

architecture.	

	

	 	

Dextran	
backbone	

An.gen	

1°	an.body	

2°	an.body	

HRP	

An.gen	
retrieval	

Peroxidase	
blocking	agent	

Applica.on	of	
primary	
an.body	

Applica.on	of	
enzyme	labelled	

polymer	

Applica.on	of	
substrate	
chromogen	

Counterstain	
with	Gills	

haematoxylin	

Slides	submerged	in	1:50	an.gen	retrieval	buffer	&	heated	in	700w	
microwave	for	3	minutes	to	recover	an.gens	altered	by	fixa.on.	

50μl	per	sec.on	for	10	minutes*	to	block	endogenous	enzymes.	

50μl	per	sec.on	for	60	minutes*	to	bind	to	an.gen	of	interest.	

50μl	per	sec.on	of	horse	radish	peroxidase	for	
30	minutes*,	binds	to	1°	an.body	

50μl	per	sec.on	of	DAB	for	
predetermined	reac.on	.mes.		
Reac.on	stopped	with	water.	
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Chapter	4:	Post-bronchodilator	FEV1,	lung	function	decline	and	
radiological	abnormalities	in	asthmatics	sensitised	to	fungi	(study	1)	

	

4.1	Introduction	

Allergy	to	fungi	is	associated	with	asthma,	particularly	at	the	severe	end	of	the	

spectrum	(71).	The	filamentous	fungus	A.	fumigatus	and	the	yeast	C.	albicans	are	

both	thermotolerant	and	are	able	to	colonise	the	airways,	whilst	non-

thermotolerant	fungi	that	rarely	grow	at	37oC,	such	as	Alternaria	alternata	and	

Cladosporium	herbarum,	primarily	exacerbate	asthma	by	acting	as	aeroallergens.		

While	the	health	effects	of	these	non-thermotolerant	fungi	are	predictable	and	

directly	related	to	outdoor	spore	concentrations,	the	effects	of	thermotolerant	

fungi	are	more	complex	and	heterogeneous	(82)	.	The	most	well	described	

syndrome	associated	with	fungal	allergy	is	allergic	bronchopulmonary	

aspergillosis	(ABPA)	(or	mycosis	[ABPM],	when	other	fungal	genera	are	

considered	to	be	causal).		

The	prevalence	of	ABPA	in	asthma	has	been	estimated	at	2.5%	(range	0.72-3.5%),	

with	a	global	burden	of	disease	in	this	population	group	exceeding	4.8	million	(58).	

Variable	presentations	and	clinical	courses	are	seen	and	there	is	limited	evidence	

that	the	criteria	used	to	define	ABPA	is	able	to	appropriately	select	those	at	risk	of	

disease	progression	or	identify	those	who	will	respond	to	treatment.		Total	IgE	has	

been	given	considerable	prominence	in	the	diagnosis	of	ABPA	(total	IgE	>	1000	

IU/l)	and	Severe	Asthma	with	Fungal	Sensitisation	((SAFS)	total	IgE<	1000	IU/l)	

(65).		The	ISHAM	working	group	have	revised	the	guidelines	criteria	for	the	

diagnosis	of	ABPA	and	its	management	(59).		However,	the	management	of	those	

patients	that	fail	to	fulfil	the	criteria	for	ABPA	is	not	fully	understood.		A	

continuous	spectrum	of	disease	is	seen	in	fungal	allergy,	including	those	with	

ABPA.		Patients	have	a	variable	clinical	course,	with	some	requiring	antifungals	

and	having	recurrent	exacerbations	and	others	not.		It	remains	unclear	how	the	

parameters	(specific	IgE	and	IgG	to	A.	fumigatus,	total	IgE,	peripheral	blood	

eonsinophilia)	that	are	used	to	diagnose	ABPA	relate	to	specific	disease	outcomes	
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and	whether	they	clearly	identify	those	with	fungal	allergy	that	are	at	risk	of	

disease	progression.			

An	association	has	already	been	demonstrated	between	IgE	sensitisation	to	A.	

fumigatus,	fixed	airflow	obstruction	and	bronchiectasis	(52,	123).	In	addition,	

other	radiological	abnormalities	including	fleeting	shadows,	high	attenuation	

mucus	and	lung	fibrosis	are	a	consistent	feature	of	the	clinical	descriptions	of	

fungal	allergy	in	asthma	(124,	127,	188).		However,	although	these	studies	suggest	

that	sensitisation	status	is	linked	to	disease	severity	we	do	not	know	how	all	of	the	

parameters	used	to	diagnose	patients	with	ABPA	are	linked	to	these	outcome	

variables	and	whether	different	phenotypic	groups	are	seen	when	we	take	this	into	

consideration.	

This	chapter	describes	the	cross-sectional	study	that	was	conducted	to	determine	

the	relationship	between	total	IgE,	IgE	to	thermotolerant,	nonthermotolerant	fungi	

and	yeasts,	IgG	A.	fumigatus	and	eosinophilia	to	the	following	outcome	measures:	

post-bronchodilator	FEV1,	decline	in	post-bronchodilator	FEV1	over	a	3-5	year	

period	and	radiological	evidence	of	structural	abnormalities.		It	also	describes	how	

patients	can	be	classified	into	different	phenotypic	groups	by	the	use	of	these	

variables	and	how	these	are	related	to	outcome	measures.	

4.2	Methods	

Subjects	

Data	was	collected	from	patients	attending	secondary	and	tertiary	asthma	clinics	

at	Glenfield	Hospital	(Leicester,	UK)	from	January	2011	to	August	2015.		Eligibility	

was	based	on	a	clinical	diagnosis	of	asthma	and	evidence	of	variable	airflow	

obstruction	with	either	a	positive	methacholine	challenge	test	(20%	drop	in	FEV1	

caused	by	<8mg/ml	concentration	of	methacholine)	or	a	>12%	variability	in	FEV1	

spontaneously	between	clinic	visits	or	following	200	µg	of	inhaled	salbutamol.			

Asthma	severity	was	graded	using	the	Global	Initiative	for	Asthma	(GINA)	2012	

criteria	(www.ginasthma.org).		Patients	with	a	greater	than	20	pack	year	smoking	

history	were	excluded	from	the	study,	as	were	patients	receiving	anti-fungal	or	

immunomodulatory	treatment	(such	as	omalizumab),	with	the	exception	of	

glucocorticoids.			
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Subjects	were	grouped	as	being	sensitised	to	fungi	if	they	had	a	positive	specific	

IgE	(>0.35kU/L;	UniCAP250	system	(Pharmacia,	Milton	Keynes,	United	Kingdom))	

to	any	of	the	following	fungal	panel:	Aspergillus	fumigatus,	Penicillium	

chrysogenum,	Candida	albicans,	Alternaria	alternata	and	Cladosporium	herbarum.		

Aspergillus	and	Penicillium	species	were	treated	as	thermotolerant	filamentous	

fungi	(many	of	these	species	readily	grow	at	37°C),	and	A.	alternata	and	P.	

Cladosporium	as	non-thermotolerant	filamentous	fungi	(most	species	will	not	grow	

at	37°C).		Patterns	of	fungal	sensitisation	were	grouped	as	follows:	Group	1	=	

thermotolerant	filamentous	fungi	(A.	fumigatus,	P.	chrysogenum),	Group	2	=	

thermotolerant	yeasts	(C.	albicans),	Group	3	=	non-thermotolerant	fungi	(A.	

alternata,	C.	herbarum);	Group	4	=	not	sensitised	to	fungi.	

Atopic	status	was	based	on	either	a	positive	skin	prick	test	(>3mm;	ALK-Abelló,	

Høsholm,	Denmark)	or	a	positive	specific	IgE	(>0.35kU/L)	to	Dermatophagoides	

pteronyssinus,	dog,	cat,	grass	pollen	or	tree	pollen.		Skin	prick	test	(SPT)	data	of	

common	aeroallergens	is	regarded	as	the	gold	standard	for	measurement	of	atopic	

status	but	it	is	necessary	to	perform	both	SPT	and	specific	IgE	for	the	diagnosis	of	

fungal	allergy,	due	to	the	discordance	between	the	two	methods	(76,	189).		

Subjects	that	had	a	specific	IgE	to	A.	fumigatus	value	>0.35kU/L	also	underwent	

molecular-based	allergy	diagnostic	testing	to	the	components:	rAspF1-4	and	

rAspF6	(Phadia	ImmunoCAP	system).	

All	subjects	within	the	study	gave	written	informed	consent	for	the	use	of	the	

clinical	data	for	research	purposes	(REC	reference	13/EM/0287).	

Clinical	assessment	

Demographic	details	(age,	sex,	BMI)	and	clinical	data	(age	of	asthma	diagnosis,	

asthma	duration,	smoking	status	and	pack	year	history,	Asthma	Control	

Questionnaire-6	scores	(163),	methacholine	challenge	test	results	and	GINA	

status)	were	collected	during	a	stable	visit	(at	least	six	weeks	following	an	

exacerbation).		In	addition,	each	subject	was	classified	by	their	clinical	asthma	

phenotype	(early-onset	atopic,	obese	non-eosinophilic,	early-onset	symptom	

predominant,	late	onset	inflammation	predominant)(19).		Spirometry	was	

undertaken	according	to	standardised	methods	by	a	trained	physiologist	using	a	
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dry	bellows	spirometer	(Vitalograph	Ltd,	Maids	Moreton,	UK)(170).		Post-

bronchodilator	FEV1	was	recorded	as	percentage	predicted.		A	minimum	of	3	post-

bronchodilator	FEV1	values	per	year,	obtained	at	a	stable	visit	(6	weeks	post	

exacerbation),	was	recorded	over	a	3-5	year	period,	to	calculate	lung	function	

decline.	

Sputum	induction	was	carried	out	in	accordance	with	published	methods	(172).		

Induced	sputum	was	used	for	cytospins	to	obtain	differential	cell	counts	but	was	

not	collected	for	fungal	culture.	

Radiological	imaging	

High	resolution	computerised	tomography	(HRCT)	scans	were	undertaken	in	those	

with	severe	and/or	difficult	to	treat	asthma	in	accordance	with	International	

ERS/ATS	guidelines	on	definition,	evaluation,	and	treatment	of	severe	asthma	(3).		

Scans	of	the	whole	thorax	(including	both	inspiratory	and	expiratory	phases)	were	

obtained	using	a	Siemens	Somaton	Definition	AS	plus	spiral	scanner	(Siemens	

Healthcare,	Knoxville,	TN).		Scans	were	performed	in	a	caudio-cranial	direction	

using	1mm	thickness	slices	at	0.7mm	intervals.		

The	clinical	radiology	report	was	scored	(blinded	to	any	of	the	immunological	

data)	for	the	presence	or	absence	of	bronchiectasis,	bronchial	wall	thickness,	air	

trapping,	tree-in-bud,	mucoid	impaction,	collapse/consolidation	or	fibrosis.	

Fleeting	shadows	were	recognised	by	their	presence	on	serial	chest	x-rays.	

Data	handling	(see	section	3.8)	

Lung	function	decline	data	was	calculated	using	a	mixed	effects	linear	model.		The	

model	was	run	with	both	continuous	and	categorical	sensitisation	data.		

log(PBFEV1)	was	the	dependent	variable	used	for	the	model.		The	independent	

variables	were:	age,	BMI,	gender,	sputum	neutrophils,	highest	peripheral	blood	

eosinophils,	total	IgE,	IgG	A.	fumigatus,	IgE	A.	fumigatus,	IgE	P.	chrysogenum,	IgE	C.	

albicans,	IgE	A.	alternata,	IgE	C.	herbarum.		The	categorical	sensitisation	data	used	

for	the	model	were	as	follows:	atopic	status	and	sensitisation	grouping	(Group	1	=	

thermotolerant	filamentous	fungi	(A.	fumigatus,	P.	chrysogenum),	Group	2	=	

thermotolerant	yeasts	(C.	albicans),	Group	3	=	non-thermotolerant	fungi	(A.	
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alternata,	C.	herbarum)	and	Group	4	=	not	sensitised	to	fungi).		An	interaction	term	

of	time_years*sensitisation	indicator	was	also	included.	

A	correlation	matrix	of	the	immunological	variables	used	in	the	factor	analysis	is	

presented	in	table	4.3.		The	clinical	importance	of	these	immunological	variables	

and	factor	loading	scores	from	a	principle	component	analysis	(table	4.8)	was	used	

to	reduce	the	number	of	these	immunological	variables	prior	to	performing	cluster	

analysis.	

4.3	Results	

Descriptive	Clinical	Data	

The	study	consisted	of	431	asthmatics.		329	(76.3%)	subjects	were	sensitised	to	

one	or	more	fungi	and	102	(23.7%)	were	not	sensitised	to	any	fungi.		These	two	

groups	were	well	matched	in	terms	of	age,	gender,	smoking	status,	pack	year	

history	and	GINA	score	(see	table	4.1	&	4.2).		Those	sensitised	to	one	or	more	fungi	

were	seen	to	have	early	onset,	atopic	asthma	(52.9%)	or	late	onset	eosinophilic	

asthma	(37.1%);	whilst	those	that	were	not	sensitised	to	any	fungi	had	a	slightly	

greater	BMI	(p<0.05)	and	had	predominantly	late	onset	eosinophilic	disease	

(67.6%).		31.3%	(n=103)	of	the	group	were	sensitised	to	one	or	more	fungi	and	

49%	(n=50)	of	the	group	not	sensitised	to	fungi	were	taking	maintenance	oral	

prednisolone.		69.4%	(n=299)	of	the	cohort	had	a	thoracic	CT	scan,	of	these	222	

were	sensitised	to	fungi	(67%	of	those	with	fungal	sensitisation)	and	77	(75%	of	

those	without	fungal	sensitisation)	were	not	sensitised	to	fungi.		

Effect	of	fungal	sensitisation	and	atopic	status	on	lung	function	

A	reduction	in	post-bronchodilator	FEV1	(PBFEV1)	was	seen	in	those	sensitised	to	

the	thermotolerant	filamentous	fungi	(group	1:	73.1%	predicted	(SD	23.2;	95%	CI	

70.2-76))	compared	to	(i)	those	that	were	sensitised	to	thermotolerant	yeasts	

(group	2:	77%	predicted	(SD	20.28;	95%	CI	71.2-82.9),	p=0.263),	(ii)	subjects	

sensitised	to	non-thermotolerant	fungi	(group3:	85.2	%	predicted	(SD	19.68;	95%	

CI	76.7-93.7),	p<0.05),	and	(iv)	those	that	were	not	sensitised	to	any	fungi	(group	

4:	81.8%	predicted	(SD	21.45;	95%	CI	78.5-87.2),	p<0.001)	(see	figure	4.1).		In	

addition,	IgE	sensitisation	to	A.	fumigatus,	independent	of	atopic	status,	was	
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associated	with	a	significantly	lower	PBFEV1	compared	to	those	that	were	just	

atopic	(71.9%	predicted	(SD	23.98;	95%	CI	67-77)	vs	83.7%	predicted	(SD	19.76;	

79.1-88.2),	p=0.005)	(figure	4.1).		

Measured	quantitatively	there	were	weak	correlations	between	the	PBFEV1	and	

sIgE	to	A.	fumigatus	(r	-0.254,	p<0.001),	sIgE	to	P.	chrysogenum	(r	-0.198,	p<0.001),	

sIgE	to	C.	albicans	(r	-0.112,	p<0.05)	and	total	IgE	(r	-0.117,	p<0.05).		Post-

bronchodilator	FEV1	was	also	weakly	correlated	with	sputum	neutrophil	count	(r	-

0.203,	p<0.001)	and	duration	of	asthma	(r	-0.249,	p<0.001),	which	may	suggest	

that	the	nature	of	this	relationship	maybe	non-linear.		No	significant	correlation	

was	seen	with	sIgG	to	A.	fumigatus,	sputum/blood	eosinophil	count	or	any	of	the	

other	immunological	variables	(see	correlation	matrix	in	table	4.3).	

Components	

85	asthmatics	that	were	sensitised	to	A.	fumigatus	had	serum	tested	for	the	

presence	of	rAspF1-4	and	rAspF6.		57.8%	(n=44)	were	male,	91.8%	(n=78)	had	a	

GINA	score	≥3	and	the	majority	had	either	early	onset	atopic	disease	(50.6%,	

n=43)	or	late	onset	eosinophilic	asthma	(40%,	n=34).		There	was	no	difference	in	

the	components	when	separated	by	GINA	score,	phenotype	or	atopic	status	that	

reached	statistical	significance.		

37.6%	 (n=32)	 had	 a	 diagnosis	 of	 ABPA	 (as	 defined	 by	 the	 ISHAM	 criteria	 (59)),	

21.2%	 (n=18)	 had	 a	 diagnosis	 of	 SAFS,	 whilst	 the	majority	 (41.2%,	 n=35)	were	

sensitised	to	A.	fumigatus	and	did	not	fit	either	of	these	diagnostic	classifications.		

The	 differences	 between	 the	 components	 in	 these	 groups	 were	 statistically	

significant	(see	table	4.4).	

rAsp	F6	was	the	only	component	to	correlate	well	with	total	IgE	(r=0.798,	

p<0.001).		Although	significant	at	the	<0.05	level	the	other	components	were	only	

weakly	correlated	total	IgE,	A.	fumigatus	IgE,	peripheral	blood	eosinophil	count	

and	asthma	duration.	

No	correlations	were	seen	between	rAsp	F1,	rAsp2,	rAsp	3,	rAsp	F4	and	rAsp	F6	

and	PBFEV1.		Bronchiectasis	was	the	only	radiological	abnormality	where	a	raised	

level	of	Asp	F3	(4.4	(0.81-12.9)	vrs	0.34	(0.07-3.91),	p=0.008)	and	rAsp	F4	(0.47	
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(0.03-3.16)	vrs	0.09	(0.01-0.35),	p=0.033)	was	associated	its	presence	(figure	4.2).		

No	other	statistical	differences	were	seen	between	the	components	and	the	

frequency	of	the	radiological	abnormalities	studied	(tree-in-bud,	bronchial	wall	

thickening,	mucoid	impaction,	collapse/consolidation,	air	trapping,	fleeting	

shadows	and	fibrosis).		Receiver	operating	curves	did	demonstrate	an	AUC	value	of	

0.71	for	rAsp	F4	in	predicting	the	development	of	fleeting	shadows.	

Lung	function	decline	in	asthmatics	sensitised	to	fungi	

48.7%	(n=210)	of	the	cohort	had	3-5	years	PBFEV1	measurements.		100%	of	these	

subjects	had	≥	3	years	of	serial	PBFEV1	values,	46.7	%	(n=98)	had	≥	4	years	and	

20.5%	(n=43)	had	≥	5	years	of	lung	function	data.		

The	mixed	effects	model	showed	that	atopic	status,	blood	eosinophilia	and	sputum	

eosinophilia	were	not	associated	with	a	decline	in	PBFEV1	over	time	(table	4.5	and	

4.6).		It	did,	however,	demonstrate	a	statistically	significant	reduction	in	PBFEV1	

over	time	in	those	that	were	categorised	as	being	into	group	1	(sensitised	to	A.	

fumigatus	and	P.	chrysogenum)	compared	to	non-sensitised	individuals	or	any	

other	sensitisation	pattern	(table	4.6,	p<0.05).		A	stronger	signal	was	seen	in	the	

same	model	when	individuals	that	were	both	atopic	and	sensitised	to	A.	fumigatus	

were	compared	to	atopic	and	sensitisation	status	alone	(table	4.5).			

When	PBFEV1	(litres)	is	taken	as	a	function	of	sensitisation	to	A.	fumigatus	IgE	and	

decline	is	measured	in	millilitres	per	year	we	see	that	the	effect	for	time	is	highly	

significant	(p<0.0001,	table	4.7).		The	regression	coefficient	for	time	in	years	is	-

0.05468.		Thus,	as	time	increases	lung	function	declines	in	those	that	are	sensitised	

to	A.	fumigatus	(p<0.05,	table	4.7).		The	regression	coefficient	demonstrates	that	

asthmatics	that	are	sensitised	to	A.	fumigatus	have	an	accelerated	decline	in	lung	

function	–	a	reduction	of	103mls	in	post-bronchodilator	FEV1	per	year	compared	

to	a	decline	of	81mls	per	year	in	those	not	sensitised	to	A.	fumigatus,	which	is	

approaching	significance	(p=0.063)	at	the	5%	level	(table	4.7).	

Radiological	abnormalities	&	serum	biomarkers	of	fungal	sensitisation	

The	presence	of	bronchiectasis,	tree-in-bud	and	collapse	/consolidation	were	

significantly	increased	in	the	group	sensitised	to	fungi	compared	to	those	that	
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were	not	sensitised	to	fungi	(p<0.05;	figure	4.3).		Group	1	(subjects	sensitised	to	

thermotolerant	filamentous	fungi)	had	an	increased	prevalence	of	bronchiectasis	

(p<0.001),	tree-in-bud	(p<0.05)	and	collapse/consolidation	(p<0.05)	compared	to	

any	of	the	other	groups	(figure	4.3).		In	addition,	an	increase	in	level	of	specific	IgE	

to	A.	fumigatus	was	seen	in	association	with	several	of	the	radiological	

abnormalities	(table	4.9).		A	raised	total	IgE	was	observed	in	the	presence	of	tree-

in-bud	(p=0.007)	and	fleeting	shadows	(p<0.001).			A.	fumigutus	IgE	was	associated	

with	the	development	of	bronchiectasis	(p<0.001),	tree-in-bud	(p<0.001),	fleeting	

shadows	(p<0.001),	collapse	/	consolidation	(p=0.002)	and	fibrosis	(p=0.023).	IgG	

to	A.	fumigatus	was	increased	in	bronchiectasis	(p=0.003),	tree-in-bud	

abnormalities	(p=0.024)	and	fleeting	shadows	(p=0.014).		A	higher	prevalence	of	

radiological	abnormalities	was	seen	in	those	sensitised	to	the	thermotolerant	

filamentous	fungi	(group	1).		However,	sensitisation	to	the	thermotolerant	yeasts	

(group	2)	or	the	non-thermotolerant	fungi	(group	3)	was	not	associated	with	any	

of	the	radiological	abnormalities	(figure	4.3).	

Blood	eosinophilia	was	the	only	parameter	to	be	related	to	any	of	the	radiological	

abnormalities.		A	raised	blood	eosinophil	count	was	associated	with	the	presence	

of	tree-in-bud	(1.85	(SD	2.95;	95%CI	0.93-2.79)	versus	0.99	(SD	1.06;	95%CI	0.86-

1.12)	x109/L;	p<0.001)	and	fibrosis	(1.7	(SD	3.38;	95%	CI	0.41-2.99)	versus	1.04	

(SD	1.11;	95%CI	0.91-1.18)	x109/L;	p=0.024).		Sputum	eosinophilia	and	

neutrophilia	were	not	associated	with	any	radiological	abnormalities.	

Receiver	operating	characteristic	(ROC)	curves	

Receiver	operating	characteristic	(ROC)	curves	and	area	under	the	curve	(AUC)	

values	were	calculated	for	each	radiological	abnormality	using	total	IgE,	specifc	IgE	

to	fungi,	IgG	to	A.	fumigatus	and	markers	of	airway	inflammation.		Only	two	of	the	

immunological	biomarkers	were	associated	with	statistically	significant	AUC	

values.		A.	fumigatus	IgE	had	an	AUC	value	of	0.77	(p=0.001),	giving	a	sensitivity	of	

81.5%	and	specificity	of	63.3%,	when	a	cut	off	value	of	1.88kUA/L	was	used	for	the	

development	of	bronchiectasis.		A.	fumigatus	IgG	produced	an	AUC	value	of	0.79	

(p<0.001),	a	sensitivity	of	77.8%	and	a	specificity	of	60%	when	a	cut	off	value	of	

26.39mg/L	was	used	for	the	development	of	bronchiectasis.		None	of	the	other	
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immunological	variables	had	statistically	significant	AUC	values	>0.75	for	any	of	

the	remaining	radiological	abnormalities.	

Cluster	membership	of	asthmatics	sensitised	to	fungi	as	a	predictor	of	

outcomes	

Principle	component	analysis	demonstrated	the	highest	loading	immunological	

variables	to	be:	Total	IgE,	A.	fumigatus	IgE,	A.	fumigatus	IgG	and	sputum	eosinophil	

count	(table	4.8).		These	variables	were	used	in	a	K-means	cluster	analysis	to	

reveal	three	cluster	populations.		The	baseline	characteristics	of	these	clusters	are	

shown	in	table	4.10.		These	cluster	population	were	matched	in	terms	of	age,	

gender,	BMI,	GINA	and	ACQ6	scores.		The	asthma	phenotypes	among	these	clusters	

were	very	similar,	with	the	majority	in	each	cluster	having	either	early-onset	

atopic	disease	(cluster	1:	47.1%,	cluster	2:	42.2%,	cluster	3:	43.6%)	or	late	onset	

inflammatory	asthma	(cluster	1:	47.1%,	cluster	2:	45.1%,	cluster	3:	43.9%).		

Cluster	1	was	slightly	younger	in	asthma	onset	with	a	longer	duration	of	disease	

compared	to	the	other	clusters.		Cluster	1	was	also	more	neutrophilic,	whilst	

cluster	2	was	more	eosinophilic	than	any	of	the	other	clusters.		A	similar	

proportion	of	atopy	was	seen	between	all	clusters.		Cluster	1	had	higher	values	of	

total	IgE,	specific	IgE	to	fungi	and	IgG	to	A.	fumigatus	compared	to	the	other	two	

clusters.		Cluster	1	also	had	a	greater	loss	of	lung	function	and	a	higher	rate	of	

radiological	abnormalities.		Patients	classified	as	having	ABPA	(based	on	the	

ISHAM	criteria)	were	distributed	across	all	3	groups	with	a	similar	number	seen	in	

clusters	1	and	3,	but	a	higher	proportion	of	case	being	present	in	cluster	1	(table	

4.10).		Asthmatics	meeting	the	SAFS	classification	were	only	present	in	clusters	2	

and	3.	

4.4	Discussion	

Previous	studies	have	demonstrated	an	association	between	sensitisation	to,	and	

culture	of,	A.	fumigatus	to	a	reduction	in	airway	reversibility,	lower	lung	capacity	

and	an	increased	frequency	of	bronchiectasis	(14,	52).		It	was	unclear,	however,	

whether	this	relationship	was	limited	to	the	thermotolerant	filamentous	fungi	or	

also	occurred	with	the	non-thermotolerant	fungi,	such	as	Alternaria	alternata	and	

Cladosporium	herbarum,	that	have	been	linked	the	persistence	and	severity	of	
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asthma	(13).		This	large	cross	sectional	study	has	demonstrated	that	the	

association	between	fungal	sensitisation	and	a	reduction	in	PBFEV1	is	limited	to	

the	thermotolerant	filamentous	fungi	A.	fumigatus	and	P.	chrysogenum	and	is	not	

associated	with	the	thermotolerant	yeast	C.	albicans	or	any	of	the	non-

thermotolerant	fungi.		Similarly,	the	relationship	between	airflow	obstruction	and	

sensitisation	to	A.	fumigatus	was	not	simply	a	function	of	atopy	as	patients	who	

were	atopic	without	fungal	sensitisation	had	well	maintained	lung	function.	

Atopy	and	age	of	asthma	diagnosis	strongly	distinguished	the	sensitised	and	non-

sensitised	groups	in	the	first	section	of	the	analyses	but	were	not	seen	to	be	strong	

differentiating	variables	in	the	multivariate	analysis.		The	variables	used	in	the	

cluster	analysis	were	based	on	clinical	criteria	used	in	the	diagnosis	of	ABPA	and	

the	factor	loading	scores	and	therefore	did	not	split	the	cohort	purely	on	

sensitisation	status	but	by	the	height	of	the	immunological	response	recorded	by	

these	variables.		The	cluster	analysis	was	felt	to	give	a	better	reflection	of	the	

spectrum	of	disease	present	and	also	explains	why	atopy	and	age	of	onset	were	not	

strong	differentiating	variable	and	were	similar	across	all	three	clusters.	

The	link	between	sensitisation	to	A.	fumigatus	and	adverse	outcome	

measures	in	asthma	

Lung	function	decline	measured	over	a	3-5	year	period	in	this	cohort	suggested	an	

accelerated	decline	in	lung	function	in	those	sensitised	to	A.	fumigatus,	with	

neutrophilic	airway	inflammation.		A.	fumigatus	sensitisation	was	also	seen	to	be	a	

marker	for	bronchiectasis,	although	with	limited	specificity.		This	study	provides	

further	support	of	an	association	between	IgE	sensitisation	to	colonising	

filamentous	fungi	and	adverse	features	of	asthma;	as	opposed	to	IgE	sensitisation	

being	simply	an	incidental	biomarker	or	a	secondary	phenomenon.		A	criticism	as	

to	the	role	sensitisation	status	has	in	the	development	of	bronchiectasis	and	a	

reduction	in	post-bronchodilator	FEEV1	has	been	its	relationship	to	early	onset	of	

disease	and	asthma	duration.		Refractory	disease,	atopy	and	fungal	sensitisation	

are	seen	more	frequently	in	early	onset	disease.		These	adverse	outcomes	may	be	

expected	to	be	a	function	of	time	since	diagnosis	so	that	those	with	long	standing	

asthma	would	have	a	greater	impairment	in	lung	function	than	those	with	new	
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onset	asthma.		This	study	has	found	that	fact	that	poor	lung	function	tracks	with	

fungal	sensitisation	and	not	atopy	or	early	onset	disease	alone.		This	supports	the	

hypothesis	of	fungal	sensitisation	being	directly	related	to	adverse	outcomes	in	

asthma	rather	than	being	attributable	to	disease	duration	or	atopy.			

Patients	in	this	study	with	IgE	sensitisation	to	A.	fumigatus	exhibited	a	number	of	

radiological	abnormalities	including	fleeting	lung	shadows,	collapse	and	

consolidation,	lung	fibrosis	and	tree-in-bud	changes.	The	first	three	are	recognised	

features	of	fungal	allergy,	but	the	link	to	tree-in-bud	abnormalities	is	less	well	

recognised,	though	it	is	noted	in	other	studies	(127).		Fleeting	shadows,	although	

now	unusual,	are	a	classical	hallmark	of	ABPA.	There	was	a	strikingly	high	total	IgE	

in	patients	with	this	abnormality.		Mucoid	impaction	and	high	attenuation	mucus	is	

a	recognised	feature	of	ABPA	(124).		It	is	likely	that	all	of	the	radiological	

abnormalities	described	are	caused	by	the	process	and	consequences	of	chronic	

airway	obstruction	by	viscous	mucus.		

An	eosinophilia	is	frequently	associated	with	fungal	allergy	(190).		Blood	

eosinophilia	generally	correlates	well	with	sputum	eosinophilia	with	an	AUC	of	

0.83	(95%	CI	0.78-0.87)	and	represent	an	eosinophilic	asthma	phenotype	with	

uncontrolled	airway	inflammation	(191,	192).		However,	Fairs	et	al	have	

previously	shown	that	patients	sensitised	to	A.fumigatus	had	a	mixed	eosinophil	

and	neutrophil	differential	sputum	profile	which	may	be	due	to	colonisation	of	the	

airways	with	A.fumigatus,	leading	to	a	more	infective	profile	(52).		This	

observational	study	only	found	an	association	between	blood,	but	not	sputum	

eosinophils.		The	sputum	eosinophil	count	is	expressed	as	a	differential;	a	high	

percentage	of	neutrophils	would	thus	cause	a	lower	percentage	of	eosinophils.		

This	confounder	is	the	most	likely	reason	why	the	radiological	abnormalities	were	

not	closely	related	to	sputum	eosinophilia.		In	addition	the	patient’s	highest	

peripheral	blood	eosinophil	count	was	recorded,	which	was	done	more	frequently	

than	induced	sputum,	to	give	a	better	representation	of	the	duration	of	‘unchecked’	

underlying	airway	inflammation.	

The	importance	of	the	total	IgE	is	a	key	component	for	the	diagnosis	of	ABPA.		High	

levels	of	total	IgE	were	seen	with	(the	unusual)	fleeting	shadows	and	to	a	lesser	
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extent	tree-in-bud	shadowing,	but	total	IgE	was	not	associated	with	a	reduction	in	

PBFEV1	or	any	other	radiological	abnormalities.		Total	IgE	does	not	therefore	

appear	to	be	a	particularly	useful	for	predicting	those	at	risk	of	bronchiectasis	or	a	

reduction	in	PBFEV1.		In	contrast	we	did	find	an	association	between	radiological	

evidence	of	raised	A.	fumigatus	specific	IgG	and	bronchiectasis,	tree-in-bud	

changes	and	fleeting	shadows,	although	the	difference	in	concentrations	between	

those	with	abnormalities	and	those	without	was	not	marked	and	the	mean	value	

fell	below	the	normal	cut	off	of	40mg/L.		An	association	with	specific	IgG	to	A.	

fumigatus	and	radiological	abnormalities	was	also	demonstrated	in	the	ROC	curve	

for	bronchiectasis.		However	at	optimum	values	the	specificity	of	both	A.	fumigatus	

IgE	and	IgG	for	the	presence	of	bronchiectasis	was	not	particularly	strong.		

Cluster	analysis	was	used	to	determine	whether	ABPA	could	be	objectively	

identified	in	our	cohort	with	the	use	of	the	parameters	used	in	the	diagnosis	of	

ABPA	as	the	input	variables.		Three	clusters	were	revealed,	which	apart	from	a	

slight	difference	in	length	of	time	since	asthma	was	diagnosed,	did	not	show	any	

significant	demographic	differences.	The	largest	cluster	(cluster	3)	had	no	striking	

immunological	signature.	Cluster	two	was	identified	by	a	very	high	sputum	

eosinophilia	and	may	equate	to	the	‘hypereosinophilic’	asthmatics	identified	in	a	

previous	cluster	analysis	(19).	Cluster	1	which	represented	about	10%	of	the	

fungal-sensitised	asthmatics	had	a	florid	immunological	signature	with	a	very	high	

total	IgE,	specific	IgG	and	IgE	to	A.	fumigatus,	and	polysensitisation	to	fungal	

allergens.	They	also	had	significantly	higher	rates	of	radiological	abnormalities	

than	the	other	two	clusters.	This	group	therefore	equates	to	the	patients	that	

would	be	identified	by	the	ABPA	criteria,	although	it	is	important	to	stress	that	

there	is	overlap	with	the	other	two	groups	with	no	clear	distinction	between	them	

in	terms	of	total	IgE	or	A.	fumigatus	specific	IgG	or	IgE.	There	are	however,	a	small	

number	of	asthmatics	that	develop	a	florid	immunological	response	to	fungi	and	

are	at	high	risk	of	a	decline	in	lung	function	and	in	developing	structural	

abnormalities.		

Sensitisation	to	A.	fumigatus	is	one	of	the	main	criteria	for	the	diagnosis	of	ABPA,	

which	is	known	to	be	more	prevalent	in	severe	asthma	(13).		ABPA	remains	a	

heterogeneous	condition	with	a	variety	of	clinical	presentations.		Of	the	various	
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criteria	used	to	diagnose	ABPA,	only	measures	of	A.	fumigatus	sensitisation	have	

been	found	to	be	sensitive	and	specific	enough	to	be	used	for	its	diagnosis	(74).		

This	study	has	evaluated	the	relationship	between	all	of	the	parameters	used	in	the	

diagnosis	of	ABPA	and	the	adverse	features	that	are	associated	with	it	in	an	

attempt	to	define	a	more	homogenous	group	of	asthmatics.		This	is	seen	in	cluster	

1.		This	cluster	had	a	florid	immunological	response	to	fungal	allergens	and	a	high	

rate	of	radiological	abnormalities	and	a	reduction	in	PBFEV1,	but	did	not	contain	

all	of	those	that	met	the	ABPA	classification	based	on	the	current	ISHAM	criteria.	

Cluster	3	contained	a	similar	number	(although	a	lower	proportion)	of	asthmatics	

that	fitted	the	ABPA	criteria.		This	group	also	had	a	lower	rate	of	radiological	

abnormalities	associated	with	lung	damage.		Thus	whilst	it	is	clear	that	ABPA	does	

represent	a	distinct	clinical	entity,	it	does	not	appear	useful	in	capturing	all	of	

those	that	are	at	risk	of	developing	averse	outcomes.		This	study	would	suggest	

that	all	patients	sensitised	to	fungi	are	at	an	increased	risk	of	developing	an	

accelerated	decline	in	lung	function	and	the	development	of	bronchiectasis	

compared	to	non-sensitised	asthmatics	and,	although	those	with	a	florid	

immunological	response	may	increase	this	risk,	it	is	not	just	restricted	to	those	

that	meet	the	ABPA	criteria.	

Concluding	remarks	

This	study	has	demonstrated	a	significant	association	between	IgE	sensitisation	to	

colonising	thermotolerant	filamentous	fungi	and	a	reduction	in	post-

bronchodilator	FEV1	and	a	number	of	radiological	abnormalities	in	moderate	to	

severe	asthma.		Analysis	of	the	parameters	used	in	the	diagnosis	of	ABPA/ABPM	

has	shown	that	total	IgE	is	neither	a	sensitive	or	specific	biomarker	for	the	

development	of	bronchiectasis	in	asthma.		In	addition	this	study	has	also	identified	

a	small	subset	of	patients	with	fungal	allergy	and	asthma	who	have	a	florid	

immunological	response	to	fungal	allergens	with	polysensitisation,	high	levels	of	

total	IgE	and	A.	fumigatus-specific	IgG	and	IgE,	poor	lung	function	and	high	rates	of	

radiological	abnormalities.	These	patients	equate	to	those	described	as	having	

ABPA,	although	it	is	important	to	emphasise	that	no	specific	criteria	could	be	

usefully	used	to	identify	them.		Taken	together,	these	two	observations	suggest	

that	IgE	sensitisation	to	thermotolerant	filamentous	fungi	is	a	risk	factor	for	the	
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development	of	a	reduction	in	PBFEV1,	an	accelerated	decline	in	lung	function	and	

bronchiectasis	in	asthma	irrespective	of	whether	the	criteria	for	ABPA	are	present.		

Limitations	

This	study	was	an	cross-sectional	study	and	is	only	able	to	show	associations	and	

cannot	demonstrate	any	causal	link	between	any	of	the	immunological	and	

inflammatory	variables	and	the	outcome	variables	studied.		It	is	still	unclear	why	

such	a	spectrum	of	disease	severity	exists	in	fungal	allergy.		This	piece	of	work	

does	not	explain	why	some	asthmatics	with	a	florid	immunological	response	have	

a	poor	disease	trajectory,	whilst	others	with	the	same	immunological	response	

seem	relatively	unaffected.		This	may,	in	part,	explain	why	the	lung	function	

decline	data	did	not	show	a	direct	link	with	lung	function	decline	and	sensitisation	

to	the	thermotolerant	filamentous	fungi	despite	there	being	a	known	association	

with	a	reduction	postbronchodilator	FEV1.	

It	should	be	noted	that	this	study	was	open	to	selection	bias	as	it	was	intentionally	

aimed	to	recruit	those	sensitised	to	fungi	and	may	unintentionally	identify	a	larger	

group	that	was	sensitised	to	thermotolerant	fungi.		The	lung	function	decline	data,	

was	performed	during	a	stable	visit,	however,	patients	were	not	characterized	

again	during	these	visits	(e.g.	induced	sputum	cell	counts	were	not	performed).		

This	may	open	this	data	up	to	confounding	by	these	unmeasured	variables.	
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Tables	&	figures	

Table	4.1	Baseline	clinical	characteristics	of	asthmatics	sensitised	to	fungi	and	

those	not	sensitised	to	fungi.	*mean	(SD,	95%CI),	#median	(IQR)	

	

Characteristic	

Not	sensitised	to	
fungi	

(n=102,23.7%)	

Sensitised	to	
fungi		

(n=329,	76.3%)	

Significance	
level	(p	value)	

Age	(years)*	 52.8	(16.42;	43.7-
58.7)	

50.9	(18.35;	43.2-
57.1)	

0.346	

Male,	n	(%)	 47	(48.1%)	 168	(39%)	 0.379	

BMI	(kg/m2)*	 29.9	(6.6;	26.2-
33.5)	

28.4	(6.5;	26.8-
32.7)	

0.489	

Ex/current	smokers,	n	(%)	 35	(34.3)	 88	(26.7)	 0.18	

Smoking	pack	years	
(years)*	

8.2	(5.6;	5.1-10.1)	 8.5	(6.19;	6-10.6)	 0.9	

Age	of	asthma	diagnosis	
(years)#	

39	(21-50)	 7	(2-36)	 <0.001	

Duration	of	asthma	
(years)*	

16.3	(15.6;	9.5-
22.6)	

31.9	(20.5;	21.8-
38.9)	

<0.001	

GINA≥3,	n	(%)	 94	(92.2%)	 299	(90.9%)	 0.545	

ACQ	6	score*	 2.21	(1.4;	1.7-3.1)	 2.29	(1.3;	2.1-3.1)	 0.721	

Atopy,	n	(%)	

(non-fungal	allergens)	

31	(30.4)	 198	(60.2)	 <0.001	
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Table	4.2		Clinical	characteristics	of	the	asthma	cohort	for	which	lung	function	

decline	data	was	collected	(NFS	=	no	fungal	sensitisation;	FS	=	fungal	sensitisation	

present).			 	 *mean	(SEM);	#median	(IQR)	

	 NFS	(16.2%,	
n=34)	

FS	(83.8%,	n=176)	 P	value	

Age	(years)*	 58.4	(2.56)	 55.2	(1.19)	 0.273	

Male	(n,%)	 12	(35.3%)	 94	(53.4%)	 0.052	

BMI	(kg/m2)*	 29.5	(1.04)	 28.9	(0.44)	 0.565	

GINA	≥3	 	 	 	

Blood	eosinophils*	 1.03	(0.12)	 0.98	(0.07)	 0.746	

Sputum	eosinophils#	 8.15	(0.50-
30.50)	

6.50	(1.25-16.5)	 0.710	

Sputum	neutrophils#	 77.78	(51.75-
89.75)	

85.63	(66.38-94.63)	 0.104	
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Table	4.3		Correlation	matrix	of	the	immunological	variables,	sputum	cell	counts	

and	blood	eosinophils.		All	variables	are	log	converted	with	the	exception	of	

sputum	neutrophils.	 r	=	pearson’s	correlation	coefficient.		P	=	P	value.			AF	=	A.	

fumigatus,				PC	=	P.	chrysogenum,	CA	=	C.	albicans,	AA	=	A.	alternata,	CH	=	C.	

herbarum,		eosin	=	eosinophils,	neut	=	neutrophils.		Significant	correlations	

highlighted	in	red.	

		 total	
IgE		

AF	
IgE	

AF	
IgG	

PC	
IgE	

CA	
IgE	

AA	
IgE	

CH	
IgE	

sputum	
eosin	

sputum	
neut	

Blood	
eosin	

total	
IgE	

r	 1	 .616	 .112	 .671	 .703	 .412	 .594	 .025	 .005	 .099	

P		 		 .000	 .038	 .000	 .000	 .000	 .000	 .667	 .930	 .042	

AF	IgE	 r	 .616	 1	 .236	 .840	 .588	 .540	 .557	 .010	 .177	 .081	

P	 .000	 		 .000	 .000	 .000	 .000	 .000	 .862	 .003	 .100	

AF	IgG	 r	 .112	 .236	 1	 .210	 .121	 .236	 .081	 -.007	 .064	 -.023	

P	 .038	 .000	 		 .000	 .035	 .006	 .362	 .916	 .314	 .669	

PC	IgE	 r	 .671	 .840	 .210	 1	 .669	 .621	 .676	 -.069	 .124	 .072	

P	 .000	 .000	 .000	 		 .000	 .000	 .000	 .263	 .046	 .161	

CA	IgE	 r	 .703	 .588	 .121	 .669	 1	 .559	 .659	 -.091	 .028	 -.032	

P	 .000	 .000	 .035	 .000	 		 .000	 .000	 .136	 .656	 .539	

AA	IgE		 r	 .412	 .540	 .236	 .621	 .559	 1	 .789	 -.056	 .046	 -.015	

P		 .000	 .000	 .006	 .000	 .000	 		 .000	 .581	 .659	 .851	

CH	IgE	 r	 .594	 .557	 .081	 .676	 .659	 .789	 1	 .050	 -.018	 -.090	

P	 .000	 .000	 .362	 .000	 .000	 .000	 		 .628	 .864	 .276	

sputum	
eosin	

r	 .025	 .010	 -.007	 -.069	 -.091	 -.056	 .050	 1	 -.281	 .129	

P		 .667	 .862	 .916	 .263	 .136	 .581	 .628	 		 .000	 .025	

sputum	
neut	

r	 .005	 .177	 .064	 .124	 .028	 .046	 -.018	 -.281	 1	 -.047	

P	 .930	 .003	 .314	 .046	 .656	 .659	 .864	 .000	 		 .420	

Blood	
eosin	

r	 .099	 .081	 -.023	 .072	 -.032	 -.015	 -.090	 .129	 -.047	 1	

P		 .042	 .100	 .669	 .161	 .539	 .851	 .276	 .025	 .420	 		
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Table	4.4		Differences	in	components	between	those	with	ABPA,	SAFS	and	those	
sensitized	to	A.	fumigatus.	*median	(interquartile	range);	**	AUC	value.	

		 ABPA		

(n=32)	

SAFS	

(n=18)	

Senitised	to	
A.fumigatus	(n=35)	

P	value	

rAsp	F1	 3.58	(0.27-15.95)*	 0.14	(0.13-1.05)*	 0.54	(0.17-5.15)*	 0.002	

	 0.68**	 0.25**	 0.50**	 	

rAsp	F2	 2.32	(0.26-9.72)*	 0.13	(0.05-0.66)*	 0.34	(0.07-2.11)*	 0.001	

	 0.73**	 0.29**	 0.42**	 	

rAsp	F3	 7.04	(1.04-14.65)*	 0.33	(0.01-1.58)*	 1.06	(0.1-9.79)*	 0.002	

	 0.68**	 0.27**	 0.49**	 	

rAsp	F4	 1.33	(0.15-7.39)*	 0.02	(0.01-0.07)*	 0.12	(0.02-0.85)*	 <0.001	

	 0.74**	 0.24**	 0.44**	 	

rAsp	F6	 0.20	(0.02-2.12)*	 0.01	(0.01-0.01)*	 0.04	(0.01-0.12)*	 <0.001	

	 0.71**	 0.23**	 0.49**	 	
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Table	4.5		The	effects	of	atopic	status,	serum	eosinophils	and	sputum	eosinophils	

on	lung	function	decline	(mixed	effects	model).		Atopic	status,	serum	eosinophilia	

and	sputum	eosinophilia	were	not	associated	with	a	decline	in	FEV1	over	time.		

However,	it	did	demonstrate	a	significant	reduction	in	FEV1	over	time	in	

asthmatics	with	neutrophilic	airway	inflammation	that	were	both	atopic	and	

sensitised	to	A.	fumigatus	(p<0.001).	

Effect/variable	 	 Estimate	 Standard	
Error	

DF	 t	Value	 Pr	>	|t|	

Intercept	 	 -0.00785	 0.2987	 135	 -0.03	 0.9791	

Age	(years)	 	 -0.01277	 0.001198	 135	 -10.66	 <.0001	

Height	(cm)	 	 0.007852	 0.001540	 135	 5.10	 <.0001	

Weight	(kg)	 	 0.004366	 0.000963	 135	 4.53	 <.0001	

Gender	 Female	 0.05903	 0.04268	 135	 1.38	 0.1689	

Time(years)	 	 -0.02713	 0.008906	 395	 -3.05	 0.0025	

Sensitisation	status	
to	A.	fumigatus	and	
atopic	status	

Sensitised	to	A.	
fumigatus	and	
atopic	

-0.2207	 0.05093	 135	 -4.33	 <.0001	

Not	sensitised	to	
A.	fumigatus,	but	
atopic		

-0.1689	 0.06252	 135	 -2.70	 0.0078	

Sensitised	to	A.	
fumigatus,	but	
not	atopic	

-0.07977	 0.05236	 135	 -1.52	 0.1300	

Sputum	eosinophil	
count	(%)	

		 -0.00022	 0.000958	 135	 -0.23	 0.8195	

Sputum	neutrophil	
count	(%)	

		 -0.00167	 0.000801	 135	 -2.09	 0.0384	

Blood	eosinophil	
count	(x109/L)	

		 0.02196	 0.01683	 135	 1.30	 0.1942	
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Table	4.6		The	effects	of	sensitisation	status	on	lung	function	decline	(mixed	

effects	model).		The	model	demonstrates	a	statistically	significant	reduction	in	

FEV1	over	time	in	those	that	were	categorised	as	being	into	group	1	(sensitised	to	

A.	fumigatus	and	P.	chrysogenum)	compared	to	non-sensitised	individuals	or	any	

other	sensitisation	pattern	(p<0.05).			

Effect	
(variable)	

Category	 Estimate	 Standard	
Error	

DF	 t	Value	 Pr	>	|t|	

Intercept	 	 -0.7147	 0.2623	 201	 -2.73	 0.0070	

Age	(years)	 	 -0.01349	 0.000969	 201	 -13.92	 <0.0001	

Height	(cm)	 	 0.01123	 0.001455	 201	 7.72	 <0.0001	

Weight	(kg)	 	 0.004242	 0.000798	 201	 5.31	 <0.0001	

Gender	 Female	 0.04371	 0.03549	 201	 1.23	 0.2195	

Time	(years)	 	 -0.03713	 0.007469	 564	 -4.97	 <0.0001	

Atopic	status	 Non	Atopic		 0.02931	 0.03097	 201	 0.95	 0.3452	

Sensitisation	to	
fungi	

A.	fumigatus	&	P.	
chrysogenum		

-0.09430	 0.04582	 201	 -2.06	 0.0409	

C.	albicans	 -0.00749	 0.05979	 201	 -0.13	 0.9005	

Sensitisation	
status	

Sensitised	to	other	
fungi		

-0.05074	 0.07985	 201	 -0.64	 0.5259	
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Table	4.7		Mixed	effects	lung	function	decline	model	with	post-bronchodilator	

FEV1	(PBFEV1)	(litres)	taken	as	a	function	of	IgE	sensitisation	to	A.	fumigatus.		

Decline	is	measured	in	millilitres	per	year,	the	effect	for	time	is	significant	

(p<0.001).		The	regression	coefficient	for	time	in	years	is	-0.05468.		Thus,	as	time	

increases	lung	function	declines	in	those	that	are	sensitised	to	A.	fumigatus	

(p<0.05).		The	regression	coefficient	demonstrates	that	asthmatics	that	are	

sensitised	to	A.	fumigatus	have	an	accelerated	decline	in	lung	function	–	a	

reduction	of	103mls	in	post-bronchodilator	FEV1	per	year	compared	to	a	decline	of	

81mls	per	year	in	those	not	sensitised	to	A.	fumigatus,	which	is	approaching	

significance	(p=0.063)	at	the	5%	level.		SE	=	standard	error	

Effect/variable	 Estimate	 SE	 DF	 t	value	 Pr	>|t|	 alpha	 Lower	 Upper	

Intercept	 0.6701	 0.0275	 208	 24.39	 <0.0001	 0.05	 0.6160	 0.7243	

Time	(years)	 -0.0547	 0.0094	 563	 -5.82	 <0.0001	 0.05	 -0.0731	 -0.0362	

Sensitisation	to	
A.	fumigatus	

0.1179	 0.0509	 208	 2.32	 0.0216	 0.05	 0.0175	 0.2182	

time_years*AF_
Sens	

0.0168	 0.0238	 563	 0.71	 0.4791	 0.05	 -0.0299	 0.0635	
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Table	4.8		Factor	loading	scores	from	principal	component	analysis.	

Rotated	Component	Matrix	

	

Component	

1	 2	 3	 4	

Total	IgE	 .760	 .345	 .004	 -.015	

A.	fumigatus	IgE	 .567	 .074	 .607	 -.256	

A.	fumigatus	IgG	 .094	 .274	 .807	 -.023	

C.	albicans	IgE	 .831	 .021	 .105	 -.072	

A.	alternata	IgE	 .828	 -.124	 .257	 -.013	

Sputum	eosinophils	 -.027	 .772	 .053	 .041	

Sputum	neutrophils	 -.155	 -.427	 .550	 .471	

Blood	eosinophils	 .062	 .753	 .126	 -.003	
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Table	4.9	The	relationship	between	presence	/	absence	of	radiological	

abnormalities	and	total	IgE,	specific	IgE	to	A.	fumigatus	and	IgG	to	A.	fumigatus.		
#median	(interquartile	range)	

	 	 Total	IgE	
(kU/L)#	

A.	fumigatus	
IgE	(kUA/L)#	

A.	fumigatus	IgG	
(mg/L)#	

Bronchiectasis	 Present	 578	(152-
1582)	

3.3	(0.23-26.5)	 35.00	(19.25-
62.00)	

Not	
present	

406	(116-
1535)	

0.21	(0.04-1.34)	 23.05	(12.80-
47.50)	

P	value	 0.257	 <0.001	 0.003	

Tree	in	bud	 Present	 987	(260-
2680)	

8.53	(0.58-
24.10)	

39.75	(18.90-
79.50)	

Not	
present	

406	(132-
1336)	

0.48	(0.05-5.36)	 27.20	(14.50-
52.85)	

P	value	 0.007	 <0.001	 0.024	

Fleeting	
shadows	

Present	 2324	(1395-
5000)	

32.15	(16.3-
75.6)	

74.10	(27.7-181.0)	

Not	
present	

440	(134-
1336)	

0.55	(0.06-6.51)	 27.60	(14.65-
54.65)	

P	value	 <0.001	 <0.001	 0.014	

Collapse	/	
consolidation	

Present	 574	(154-
1787)	

1.34	(0.12-16.6)	 30.60	(15.40-
57.60)	

Not	
present	

442	(132-
1453)	

0.42	(0.05-5.53)	 28.00	(14.60-
53.50)	

P	value	 0.450	 0.002	 0.173	

Fibrosis	 Present	 872	(147-
1787)	

1.68	(0.49-
36.50)	

40.60	(21.30-
71.70)	

Not	
present	

427	(136-
1535)	

0.53	(0.06-6.59)	 27.20	(14.70-
53.50)	

P	value	 0.205	 0.023	 0.065	
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Table	4.10		Cluster	populations	and	their	relationship	to	immunological	

biomarkers,	lung	function	and	radiological	abnormalities.		This	identified	three	

clusters	of	asthmatics:	(i)	an	eosinophilic	group	with	a	lower	frequency	of	fungal	

sensitisation,	and	better-preserved	lung	function;	(ii)	a	neutrophilic	group	with	a	

higher	degree	of	immunological	response	to	fungi,	lower	PBFEV1	values	and	a	

higher	frequency	of	radiological	abnormalities	was	also	seen;	(iii)	a	neutrophilic	

group	with	high	rates	of	sensitisation	to	A.	fumigatus,	but	with	only	a	modestly	

raised	level	of	total	IgE,	a	lower	frequency	of	radiological	abnormalities	and	

relatively	well-preserved	lung	function.	

*mean	(SD,	95%CI);	#median	(interquartile	range).	

Postbronchodilator	FEV1	(PBFEV1).	

		 Cluster	1	
(n=34)	

Cluster	2	
(n=71)	

Cluster	3	
(n=326)	

P	
value	

Demographics	 	 	 	 	

Age	(years)*	 57.77	(15;	
54.2-73.9)	

51.78	(19.9;	
41.6-58.6)	

50.62	(17.7;	
48.6-54.5)	

0.084	

gender	(n,	%	male)	 15	(44.1%)	 36	(50.7%)	 164	(50.3%)	 0.781	

BMI	(kg/m2)*	 27.1	(7.3;	24.6-
29)	

29.2	(7;	25.4-
30.2)	

28.8	(6.4;	
29.1-31.5)	

0.264	

Age	of	asthma	diagnosis	
(years)#	

6.0	(1-60)	 18	(1-69)	 19	(1-62)	 0.528	

Asthma	duration	
(years)*	

37.84	(23.4;	
12.6-58.5)	

28.68	(21;	
13.6-28.1)	

26.9	(19.9;	
20.5-27.8)	

0.014	

GINA	≥3	(n,	%)	 34	(100%)	 65	(91.5%)	 294	(90.2%)	 0.586	

Maintenance	oral	
steroids	(n,	%)	

9	(26.5%)	 25	(35.2%)	 109	(33.4%)	 0.586	

ACQ6	score*	 1.87	(1.1;	0.7-
2.7)	

2.15	(1.4;	1.3-
2.5)	

2.31	(1.3;	2-
2.5)	

0.512	

Atopy	(n,	%)	 19	(55.9%)	 35	(49.3%)	 175	(52.8%)	 0.755	

Markers	of	airway	
inflammation	
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Blood	eosinophil	count	
(x109/L)*	

1.28	(0.9;	0.7-
2)	

0.98	(1;	0.8-
1.7)	

2.31	(1.4;	
0.8-1.1)	

0.419	

Sputum	neutrophils	
(%)*	

80.37	(21.5;	
52.7-99.4)	

53.58	(31.3;	
41.2-68.1)	

75.73	(22.1;	
74.6-82.1)	

<0.001	

Sputum	eosinophils	
(%)#	

8.25	(1.25-
40.5)	

58.25	(26.5-
93.75)	

4.25	(0-31)	 <0.001	

	

Fungal	biomarkers	

	 	 	 	

Total	IgE	(kU/L)#	 4669	(2023-
5000)	

279	(42-1791)	 436	(32-
5000)	

<0.001	

sIgE	A.	fumigatus	
(kUA/L)#	

66.05	(27.8-
100)	

0.22	(0.01-
24.9)	

0.49	(0.02-
21.6)	

<0.001	

sIgG	A.	fumigatus	
(mg/L)#	

63.7	(12.3-
200)	

55.5	(5.4-200)	 21.4	(4.1-
87.4)	

<0.001	

sIgE	P.	chrysogenum	
(kUA/L)#	

9.47	(1.6-30.7)	 0.1	(0-4.7)	 0.17	(0-6.09)	 <0.001	

sIgE	C.	albicans	
(kUA/L)#	

5.44	(0.72-
43.6)	

0.24	(0.01-
3.82)	

0.45	(0-9.57)	 <0.001	

sIgE	A.	alternata	
(kUA/L)#	

3.85	(0.22-
23.75)	

0.3	(0.03-8.64)	 0.29	(0.02-
8.2)	

<0.001	

sIgE	C.	herbarum	
(kUA/L)#	

3.1	(0.31-
13.74)	

0.14	(0.01-
4.98)	

0.24	(0-16.2)	 <0.001	

Sensitised	to	fungi	(n,	
%)	

33	(97.1%)	 48	(67.6%)	 248	(76.1%)	 0.004	

Cases	ABPA	&	SAFS	

ABPA	(ISHAM	
criteria)(n(%))	

SAFS	(n	(%))	

	

27	(79.4%)	

0	

	

7	(9.9%)	

13	(18.3%)	

	

29	(8.9%)	

82	(25.2%)	

	

<0.001	

<0.001	

Lung	function	 	 	 	 	

PBFEV1	(%	predicted)*	 67.04	(23.1;	
40.5-88.2)	

76.14	(23;	
64.3-85.8)	

77.25	(22.3;	
69.7-77.1)	

0.043	

Radiological	 		 		 		 	
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abnormalities	(n,	%)	

Bronchiectasis	 23	(79.3%)	 17	(35.1%)	 89	(40.1%)	 <0.001	

Tree-in-bud	 10	(34.5%)	 7	(14.6%)	 24	(10.8%)	 0.002	

Bronchial	wall	
thickening	

16	(55.2%)	 18	(37.5%)	 106	(47.7%)	 0.278	

Mucoid	impaction	 9	(31%)	 12	(25%)	 36	(16.2%)	 0.084	

Collapse/consolidation	 14	(48.3%)	 19	(39.6%)	 60	(27%)	 0.026	

Air	trapping	 11	(37.9%)	 15	(31.2%)	 56	(25.2%)	 0.286	

Fleeting	shadows	 6	(20.7%)	 1	(2.1%)	 3	(1.3%)	 <0.001	

Fibrosis	 7	(24.1%)	 5	(10.4%)	 17	(7.7%)	 0.018	
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Figure	4.1.	a.	Post-bronchodilator	FEV1	(%	predicted	(means;	SD,	95%CI))	

compared	between	different	sensitisation	patterns.		Those	sensitised	to	A.	

fumigatus	and	P.chrysogenum	(group	1;	mean	FEV1	73.04%	(23.2;	70.2-76))	were	

found	to	have	a	lower	FEV1	compared	to	asthmatics	not	sensitised	to	fungi	(group	

4;	mean	FEV1	81.8%	(21.5;	78.5-87.2),	p<0.001).		Sensitisation	to	C.	albicans	

(group	2;	mean	FEV1	77.03%	(20.3;	71.2-82.9))	and	sensitisation	to	A.	alternata	

and	C.	herbarum	(group	3;	mean	FEV1	85.2%	(19.7;	76.7-93.7))	were	not	linked	to	

a	reduced	FEV1	compared	to	group	4	(p>0.05).			

b.	Post-bronchodilator	FEV1	(%	predicted	(means;	SD,	95%CI)	in	subjects	grouped	

as	being	(i)	atopic	and	sensitised	to	A.	fumigatus	(n=147),	(ii)	atopic	but	not	

sensitised	to	A.	fumigatus	(n=80),	(iii)	sensitised	to	A.	fumigatus	but	not	atopic	

(n=95),	(iv)	not	sensitised	to	A.	fumigatus	nor	atopic	(n=104).	Sensitisation	to	

A.fumigatus	(AF),	but	not	atopy	was	associated	with	a	significantly	lower	FEV1	

compared	to	those	that	were	just	atopic	(71.9%	(24;	67-77)	vrs	83.7%	(19.8;	79.1-

88.2)),	p<0.05).	
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Figure	4.2		rAsp	f	3	and	rAsp	f	4	in	those	with	and	without	bronchiectasis.		A	

raised	level	of	rAsp	f	3	(4.4	(0.81-12.9)KU/L	vrs	0.34	(0.07-3.91)KU/L,	p=0.008)	

and	rAsp	f	4	(0.47	(0.03-3.16)KU/L	vrs	0.09	(0.01-0.35)KU/L,	p=0.033)	was	

associated	with	the	presence	of	bronchiectasis.		The	current	cut	off	value	for	rAsp	f	

3	and	rAsp	f	4	is	0.35	KU/L.	
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Figure	4.3		Frequency	of	radiological	abnormalities	in	different	sensitisation	

groups.		An	increased	frequency	of	radiological	abnormalities	was	seen	(i)	an	

asthma	population	sensitised	to	fungi	compared	to	one	that	is	not	sensitised	to	

fungi,	and	(ii)	according	to	different	sensitisation	status	(group	1	=	sensitised	to	A.	

fumigatus	and	P.	chrysogenum;	group	2	=	sensitised	to	C.	albicans;	group	3	=	

sensitised	to	non-thermotolerant	fungi;	group	4	=	not	sensitised	to	fungi).		
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Chapter	5:	Airway	remodelling	in	asthmatics	sensitised	to	fungi	(study	2)	
	

5.1	Introduction	

Airway	remodelling	affects	both	the	large	and	small	airways	of	asthmatics.		It	has	

been	associated	with	disease	severity	and	duration,	airway	hyperresponsiveness,	

airflow	limitation	and	a	reduction	in	lung	function	(193,	194).		Features	that	

characterise	airway	remodelling	in	asthma	include:	loss	of	epithelial	integrity,	

subepithelial	fibrosis,	basement	membrane	thickening,	goblet	cell	hyperplasia	and	

increased	airway	smooth	muscle	mass	(193).	

There	are	many	aspects	to	airway	remodelling.		All	have	been	linked	to	different	

clinical	features	of	asthma.	The	degree	of	epithelial	shedding	and	basement	

membrane	thickness	is	correlated	with	bronchial	hyperresponsiveness	(195).		

Asthma	severity	has	been	directly	related	to	subepthelial	fibrosis,	thickening	of	the	

basement	membrane,	mucous	gland	hyperplasia	and	airway	smooth	muscle	

hypertrophy	(136,	196-198).	

Eosinophils,	neutrophils	and	mast	cells	are	known	to	have	a	key	role	in	airway	

remodelling.		The	chemokines,	cytokines	and	growth	factors	released	from	these	

cells,	and	the	structural	cells	of	the	airway,	are	important	drivers	of	this	process.		

TGF-β	is	a	profibrotic	cytokine	produced	by	a	wide	variety	of	structural	and	

inflammatory	cells	(199,	200).		Eosinophils	are	a	major	source	of	TGF-β	in	the	

asthmatic	airway	(199).		TGF-β	promotes	fibroblast	differentiation,	proliferation	of	

airway	smooth	muscle	and	expression	of	matrix	metalloproteinases	(200).		

Neutrophil	production	of	matrix	metalloproteinase-9	(MMP-9)	in	response	to	

allergen	exposure	may	also	be	implicated	in	the	remodelling	process	(201).		In	

addition,	release	of	tryptase	by	activated	mast	cells	induces	fibroblast	proliferation	

dependant	upon	the	activation	of	protease-activated	receptor-2	(PAR-2)	(202).		

Thus,	the	presence	of	these	cells	in	the	asthmatic	airway	are	important	when	

evaluating	patients	that	may	be	at	risk	of	remodelling.		

A	number	of	studies	have	shown	the	importance	of	airway	remodelling	and	its	

association	with	adverse	outcomes	in	asthma	(119,	136).		There	is	an	increasing	

need	to	identify	the	clinical	and	inflammatory	phenotypes	of	asthma,	as	well	as	
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those	that	are	affected	by	remodelling	changes	so	that	treatment	(particularly	

immunomodulatory	ones)	can	be	targeted	more	effectively	(203).			

Sensitisation	to	A.	fumigatus	is	associated	with	a	reduction	in	FEV1(52).		This	has	

been	reinforced	by	this	body	of	work,	which	also	suggests	that	this	is	limited	to	the	

thermotolerant	filamentous	fungi	and	may	be	linked	to	lung	function	decline	

irrespective	of	atopic	status	and	the	other	parameters	used	to	diagnose	ABPA.		It	is,	

however,	unclear	at	present	whether	asthmatics	that	are	sensitised	to	

thermotolerant	filamentous	fungi,	yeasts	or	non-thermotolerant	fungi	are	more	at	

risk	to	a	greater	degree	of	airway	remodelling	compared	to	non-sensitised	

individuals.		It	is	also	unclear	whether	polysensitisation	and	atopy	has	an	effect	on	

airway	remodelling.		The	aim	of	this	study	was	to	evaluate	whether	airway	

remodelling	occurs	to	a	greater	degree	in	those	sensitised	to	fungi,	and	whether	

this	is	affected	by	sensitisation	pattern,	polysensitisation	and	atopy.	

5.2	Methods	

Biopsy	specimens	were	analysed	from	the	“Establishing	what	relationship	exists	

between	fungal	colonisation	and	allergy	and	the	clinical,	radiological	and	

pathological	characteristics	of	lung	disease”	(Research	Ethics	Committee	(REC)	

approval	reference:	14/WM/1099)	and	from	“Gene	expression	profiling	in	mild	

and	severe	asthma,	eosinophilic	bronchitis	and	normal	controls”	(REC	reference:	

04/Q2502/74).		Demographic	details	(age,	gender,	BMI)	and	clinical	data	(age	of	

asthma	diagnosis,	asthma	duration,	GINA	status	and	sputum	cell	counts)	were	

collected	during	a	stable	visit	(six	weeks	post	exacerbation).		Spirometry	was	

undertaken	according	to	standardised	methods	by	a	trained	physiologist	using	a	

dry	bellows	spirometer	(Vitalograph	Ltd,	Maids	Moreton,	UK).		Post-

bronchodilator	FEV1	was	recorded	as	percentage	predicted.		High	Resolution	

computerised	tomography	(HRCT)	scans	were	undertaken	of	the	whole	thorax	

(including	both	inspiratory	and	expiratory	phases)	using	a	Siemens	Somaton	

Definition	AS	plus	spiral	scanner	(Siemans	Healthcare,	Knoxville,	TN).		Scans	were	

performed	in	a	caudio-cranial	direction	using	1mm	thickness	slices	at	0.7mm	

intervals.		Healthy	subjects	did	not	complete	the	ACQ,	nor	were	they	asked	to	

undergo	a	HRCT	scan.			
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Subjects	underwent	a	fibreoptic	bronchoscopy	under	conscious	sedation	according	

to	published	guidelines	(204).		Biopsies	were	taken	under	direct	vision	from	the	

proximal	airways	(from	the	segmental	carina	of	the	tertiary	bronchi).		Acetone	

fixation	was	used	to	embed	the	biopsies	in	GMA	prior	to	cutting	at	2μm.		The	DAKO	

EnVision™	FLEX	system	(DAKOK8023)	method	of	staining	was	used	with	the	

following	antibodies:	(i)	smooth	muscle	actin,	(ii)	mast	cell	tryptase,	(iii)	major	

basic	protein,	(iv)	neutrophil	elastase.		IgG1	and	antibody	diluent	were	used	as	the	

negative	controls.		Two	non-contiguous	sections	>10μm	apart	were	used	to	map	

the	different	morphological	areas	(epithelium,	smooth	muscle	and	lamina	propria).		

Nucleated	mast	cells,	neutrophils	and	eosinophils	were	counted	at	x40	

magnification	in	each	of	these	areas	and	expressed	per	mm2.		Counts	were	taken	to	

be	valid	and	representative	if	the	morphological	area	in	the	biopsy	was	greater	

than	0.1mm2.		

Reticular	basement	membrane	thickness	(RBMT)	was	measured	on	intact	

epithelium	at	x40	magnification.		50	measurements	were	taken	20µm	apart	and	

the	average	value	of	these	and	of	the	two	non-contiguous	sections	were	taken	as	

the	RBMT	for	that	biopsy.		The	cohort	was	separated	into	groups	based	on	those	

sensitised	to	a	fungal	panel	and	those	not	sensitised	to	fungi.		A	separate	analysis	

of	the	differences	in	cell	counts	between	the	compartments	and	the	presence	of	

any	morphological	differences	in	reticular	basement	membrane	thickness,	

percentage	of	intact	epithelium	and	proportion	of	airway	smooth	muscle	present	

was	also	analysed	on	the	basis	of	sensitisation	to	different	thermotolerant	fungi:	(i)	

thermotolerant	filamentous	fungi	(A.	fumigatus,	P.	chrysogenum),	(ii)	

thermotolerant	yeast	(C.	albicans),	(iii)	the	non-thermotolerant	fungi	(A.	alternate,	

C.	herbarum)	and	(v)	non-sensitised	asthmatics.		Repeat	counts	were	performed	at	

30	days	to	assess	intra-rater	reliability.		In	addition,	another	independent	scientist	

performed	cell	counts	in	order	calculate	Inter-rater	reliability.	

Statistical	analysis			

The	Shapiro-Wilk	test	was	used	to	assess	the	normality	of	data.		Morphological	

data	and	cell	counts	were	all	shown	to	be	non-parametric.		Descriptive	data	are	

expressed	as	medians	and	inter-quartile	ranges.		Comparisons	between	two	
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groups	were	made	using	the	Mann-Whitney	U	test,	whilst	the	one-way	analysis	of	

variance	Kuskall-Wallis	test	was	used	to	compare	multiple	groups.		The	Bonferroni	

correction	was	used	to	adjust	for	multiple	comparisons.		The	Spearman	rank	

correlation	method	was	used	to	assess	whether	the	cell	counts	were	associated	

with	total	IgE,	specific	IgE	to	thermotolerant	and	non-thermotolerant	fungi.		All	

significance	tests	were	two-tailed,	with	a	threshold	P	value	of	less	than	0.05	

considered	to	indicate	statistical	significance.			

5.3	Results	

Biopsy	specimens	were	analysed	from	9	healthy	controls	and	39	asthma	patients.		

21	of	these	asthma	subjects	were	sensitised	to	fungi	and	18	were	not	sensitised	to	

fungi.		These	were	matched	for	asthma	severity,	smoking	exposure,	BMI	and	

gender	(see	table	5.1).		No	significant	differences	were	seen	between	those	

sensitised	to	fungi	and	those	not	sensitised	to	fungi	in	the	differential	cell	counts	of	

induced	sputum	and	in	broncho-alveolar	lavage	samples	(p>0.05;	table	5.2).	

The	biopsy	cell	counts	in	each	morphological	area	were	verified	independently	and	

on	separate	occasions.		The	cell	count	intra-class	correlation	coefficient	for	the	

intra-rater	reliability	was	0.905	(95%CI	0.816-0.948;	p<0.001).		The	inter-rater	

reliability	was	0.849	(95%	CI	0.773-0.899,	p<0.001).			

The	overall	median	area	and	interquartile	range	for	each	of	the	morphological	

areas	were	as	follows:	0.19	(0.12-0.37)	mm2	of	intact	airway	epithelium,	0.26	

(0.11-0.39)	mm2	of	airway	smooth	muscle	and	1.25	(0.79-1.6)	mm2	of	lamina	

propria	present.		Counts	were	used	from	each	of	the	morphological	areas	where	

the	total	area	in	the	biopsy	was	>0.1mm2.		21	asthmatics	(11	that	were	sensitised	

to	fungi	and	10	not	sensitised	to	fungi)	had	an	intact	area	of	epithelium	>0.1mm2	

and	36	asthmatics	(19	sensitised	to	fungi,	17	not	sensitised	to	fungi)	had	biopsies	

with	>0.1mm2	of	airway	smooth	muscle	present.		The	total	area	of	lamina	propria	

was	>0.1mm2	in	all	of	the	biopsies.		

Morphological	analysis	of	these	biopsies	found	no	statistical	differences	between	

those	sensitised	to	fungi	and	those	not	sensitised	to	fungi	in	terms	of	reticular	

basement	membrane	thickness,	proportion	of	intact	epithelium	and	percentage	of	

airway	smooth	muscle	present	(table	5.3).			
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The	number	of	nucleated	mast	cells	were	increased	in	both	the	epithelial	

compartment	and	the	lamina	propria	(submucosa)	in	those	sensitised	to	fungi	

compared	to	asthmatics	not	sensitised	to	fungi	(17.86	(7.8-34.6)/mm2	compared	

to	0	(0-2.3)/mm2	in	the	epithelium	and	10.92	(7.02-20.75)/mm2	in	the	lamina	

propria	compared	to	7.37	(5.62-11.05)/mm2	in	the	lamina	propria	of	non-

sensitised	asthmatics,	p	<0.05;	figure	5.1).		There	were	no	significant	differences	in	

the	median	number	of	mast	cells	per	mm2	of	airway	smooth	muscle	between	the	

groups	(2.73	(0-6.2)/mm2	of	airway	smooth	muscle	in	those	sensitised	to	fungi	

compared	to	0	(0-2.24)/mm2	of	airway	smooth	muscle	in	asthmatics	not	sensitised	

to	fungi,	p>0.05),	nor	were	there	any	significant	differences	in	eosinophil	or	

neutrophil	counts	in	the	airway	epithelium,	airway	smooth	muscle	or	the	lamina	

propria	between	these	groups	(p>0.05,	table	5.3).		

There	were	no	statistical	difference	between	the	number	of	mast	cells,	eosinophils	

or	neutrophil	per	mm2	of	epithelium,	airway	smooth	muscle	or	in	the	lamina	

propria	when	the	cohort	was	separated	by	sensitisation	to	the	different	

thermotolerant	fungi	(thermotolerant	filamentous	fungi	(A.	fumigatus,	P.	

chrysogenum),	versus	the	thermotolerant	yeast	(C.	albicans))	compared	to	non-

sensitised	asthmatics	(p>0.05).		No	individuals	in	the	cohort	were	sensitised	only	

to	non-thermotolerant	fungi	(A.	alternate,	C.	herbarum).		There	was	also	no	

difference	in	reticular	basement	membrane	thickness,	proportion	of	intact	

epithelium	or	percentage	of	airway	smooth	muscle	that	reached	statistical	

significance	between	any	of	these	groups	(p>0.05).		In	addition,	when	a	diagnosis	

of	ABPA	was	taken	into	consideration,	no	statistical	differences	were	seen	in	any	of	

the	remodelling	parameters	measured	nor	in	the	inflammatory	cell	counts	in	the	

different	compartments	(p>0.05).	

There	were	no	statistical	differences	in	inflammatory	cell	counts	nor	with	regards	

to	RBMT,	percentage	of	intact	epithelium	and	proportion	of	airway	smooth	muscle	

present	in	asthmatics	that	were	atopic	compared	to	those	that	were	not	atopic	

(p>0.05).		In	addition,	there	no	statistical	differences	seen	in	the	morphological	

areas	or	in	the	cell	counts	in	the	different	compartments	when	polysensitisation	

was	taken	into	account	(p>0.05).	
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A	moderate	correlation	was	seen	between	the	number	of	mast	cells	per	mm2	of	

intact	respiratory	epithelium	and	total	IgE	(Spearman’s	correlation	coefficient	(rs)	

=	0.636,	p<0.05),	as	well	as	specific	IgE	to	A.	fumigatus	(rs	=	0.675,	p<0.05).		Weak	

correlations	were	seen	between	total	IgE	and	mast	cells	per	mm2	of	lamina	propria	

(rs	=	0.409,	p<0.05);	specific	IgE	to	A.	fumigatus	and	neutrophils	per	mm2	of	

epithelium	(rs	=	0.48,	p<0.05),	mast	cells	per	mm2	of	lamina	propria	(rs	=	0.414,	

p<0.05)	and	eosinophils	per	mm2	of	lamina	propria	(rs	=	0.381,	p<0.05).		A	weak	

correlation	was	also	seen	between	total	IgE	and	reticular	basement	membrane	

thickness	(rs	=	0.379,	p<0.05).		No	significant	correlations	were	observed	with	

regards	to	percentage	of	intact	epithelium	and	percentage	of	airway	smooth	

muscle	present	and	total	IgE,	IgE	to	Aspergillus	fumigatus,	Penicillium	chrysogenum,	

Candida	albicans,	Alternaria	alternate	and	Cladosporium	herbarum.		

Several	significant	associations	were	seen	between	sputum	and	BAL	cell	counts	

and	the	inflammatory	and	remodelling	parameters	measured.		A	moderate	positive	

correlation	existed	between	the	percentage	of	intact	epithelium	present	and	BAL	

eosinophils	(rs=0.536,	p=0.039);	the	number	of	mast	cells	present	in	the	

epithelium	and	the	peripheral	blood	eosinophil	count	(rs=0.518;	p=0.048).	Further	

weak	correlations	were	seen	in	the	percentage	of	airway	smooth	muscle	present	

and	sputum	eosinophils	(rs=0.43;	p=0.025);	sputum	eosinophils	and	mast	cells	in	

the	lamina	propria	(rs=0.372;	p=0.028),	in	addition	to	a	weak	correlation	between	

the	number	of	mast	cells	in	the	lamina	propria	and	the	peripheral	blood	eosinophil	

count	(rs=0.372;	p=0.028).	

No	significant	correlations	were	seen	between	eosinophils,	neutrophils	and	mast	

cells	in	the	lamina	propria	compared	to	BMI,	asthma	duration,	inhaled	

corticosteroid	dose,	post-bronchodilator	FEV1	or	methacholine	challenge	test	

results	in	asthmatics	sensitised	to	fungi	compared	to	non-sensitised.		Mast	cell	

numbers	in	the	lamina	propria	were	seen	to	moderately	correlate	with	ACQ	6	

scores	(correlation	coefficient	0.591,	p<0.05),	although	neutrophils	and	

eosinophils	did	not.		No	significant	correlations	were	seen	with	annual	

exacerbation	rates	or	RBMT	and	these	variables.	
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A	significant	association	was	seen	between	some	of	the	radiological	abnormalities	

(bronchiectasis,	tree	in	bud,	bronchial	wall	thickening,	mucoid	impaction,	

collapse/consolidation,	air	trapping,	fleeting	shadows	and	fibrosis)	and	the	

markers	of	remodelling	and	inflammatory	cell	influx	measured	by	

immunohistochemistry.		Bronchial	wall	thickening	was	associated	with	the	

percentage	of	intact	epithelium	present	(p=0.009),	the	numbers	of	mast	cells	

present	within	the	airway	smooth	muscle	was	associated	with	the	presence	of	

collapse/consolidation	(p=0.048)	and	air	trapping	was	associated	with	the	number	

of	mast	cells	present	in	the	lamina	propria	(p=0.04).	

5.4	Discussion	

The	results	of	this	study	suggest	an	association	between	mast	cell	infiltration	in	the	

epithelium	and	lamina	propria	and	fungal	sensitisation	in	asthma.	

EPITHELIUM	

Epithelial	desquamation	is	known	characteristic	of	chronic	asthma.		It	is,	however,	

unknown	whether	this	is	a	specific	feature	of	certain	asthma	phenotypes	or	more	

common	in	patients	sensitised	to	fungi.		Studies	to	date	have	looked	at	murine	

models	sensitised	to	A.	fumigatus.		These	have	demonstrated	epithelial	shedding,	

an	increased	epithelial	thickness	and	an	increase	in	EGFR	expression	in	response	

to	live	challenges	with	conida	to	be	features	of	chronic	exposure	to	A.	fumigatus	

(205,	206).		In	addition,	Kauffman	et	al	found	epithelial	desquamation	to	be	more	

frequent	in	individuals	exposed	to	the	proteases	of	A.	fumigatus	and	A.	alternata.		

These	proteases	were	also	able	to	induce	the	production	of	the	pro-inflammatory	

cytokines	IL-6	and	Il-8	from	airway	derived	epithelial	cell	lines	(207).		However,	in	

the	biopsies	of	the	cohort	of	asthmatics	studied	no	difference	was	found	in	the	

percentage	of	intact	epithelium	present	between	those	sensitised	to	fungi	and	

asthmatics	not	sensitised	to	fungi.		In	addition	there	was	no	statistical	difference	

between	asthmatics	sensitised	to	A.	fumigatus,	those	with	ABPA	(although	only	

two	patients	fitted	the	ISHAM	diagnostic	criteria	for	ABPA)	and	non-sensitised	

asthmatics,	nor	was	there	a	correlation	between	the	percentage	of	intact	

epithelium	and	specific	IgE	to	A.	fumigatus.		An	association	was,	however,	found	

between	specific	IgE	to	A.	fumigatus	and	total	IgE	with	an	increased	number	of	
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intraepithelial	mast	cells.		A	statistically	significant	increase	in	the	number	of	mast	

cells	within	the	epithelium	was	also	found	in	those	sensitised	to	fungi	compared	to	

those	not	sensitised	to	fungi.		This	would	support	a	significant	immunological	

relationship	between	exposure	to	fungi,	in	particular	A.	fumigatus,	and	the	influx	of	

mast	cells.			

An	association	between	specific	IgE	to	A.	fumigatus	and	total	serum	IgE	with	the	

number	of	mast	cells	within	the	epithelium	is	supported	by	previous	studies	that	

have	shown	the	vital	role	that	monomeric	IgE	has	in	initiating	and	maintaining	

mast	cell	activation.		Monomeric	IgE	was	found	to	initiate	calcium	influx	of	

cultured	human	lung	mast	cells	(HLMC),	with	subsequent	stimulation	of	histamine	

release,	arachnidonic	acid	metabolism	and	cytokine	synthesis	in	a	dose	dependent	

manner.		This	study	also	found	evidence	of	persistent	activation	with	continued	

exposure	(208).		

Epithelial	cells	express	many	factors	that	act	to	recruit,	activate	and	prolong	the	

survival	of	mast	cells.		Stem	cell	factor	(SCF)	is	an	important	chemotactic	factor	for	

both	mast	cells	and	eosinophils.		Epithelial	expression	of	SCF	is	induced	by	IL-13	

and	is	up-regulated	in	asthma	(209).		In	addition,	intraepithelial	mast	cell	density	

is	significantly	increased	in	those	with	a	‘Th2-high’	asthma	phenotype	(210).		

Epithelial	derived	Thymic	stromal	lymphopoietin	(TSLP)	is	induced	by	mast	cells	

that	have	been	activated	by	the	FcεRI	mechanism	(211).		Providing	an	important	

link	between	the	epithelium	and	mast	cell	activation	by	specific	IgE	and	the	Th2	

inflammatory	process.		

Mast	cells	are	key	effector	cells	of	Th2	inflammation	and	their	localisation	in	the	

airway	is	closely	associated	with	their	protease	phenotype.		The	mast	cells	

expressing	tryptase	and	carboxypeptidase	A3,	but	low	levels	of	chymase,	are	found	

to	localise	to	the	epithelium,	be	associated	with	eosinophilic	asthma	and	predict	

corticosteroid	responsiveness	(212,	213).		This	study’s	finding	of	an	increased	

number	of	intraepithelial	mast	cells	in	patients	sensitised	to	fungi	only	looked	at	

tryptase	positive	mast	cells	and	thus	it	was	not	possible	to	distinguish	which	mast	

cell	phenotype	was	present	in	the	population	of	cells	identified.		However,	a	

moderate	correlation	was	found	between	the	peripheral	blood	eosinophil	count	
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and	mast	cell	numbers	within	the	epithelium,	as	well	as,	a	positive	correlation	

between	epithelial	percentage	and	BAL	eosinophilia,	suggesting	a	link	between	

mast	cells,	Th2	inflammatory	phenotype,	eosinophilic	inflammation	and	epithelial	

integrity.	

Mucus	plugging,	fleeting	shadows	(recurrent	pulmonary	infiltrates),	tree-in-bud	

abnormalities,	consolidation	and	segmental/lobar	collapse	are	recognised	

radiological	features	of	ABPA	that	have	been	attributed	to	excess	mucus	

production	(59,	214,	215).		The	mast	cell	mediators:	histamine,	prostanoids	and	

leukotrienes	are	known	to	induce	mucus	secretion	(216).			IL-13	stimulates	

MUC5AC	protein	secretion	and	has	been	linked	to	goblet	cell	hyperplasia,	whilst	

selective	blockade	of	trypsin	has	been	shown	to	reduce	mucus	secretion,	goblet	

cell	hyperplasia	and	eosinophilic	airway	inflammation	in	a	mouse	model	(217,	

218).		In	addition,	a	link	between	amphiregullin	expression	on	mast	cells	via	

activation	of	FcεRI	is	known	to	induce	epithelial	mucin	gene	expression	and	has	

also	been	linked	to	mucus	hypersecretion	(219).		Significant	correlations	have	also	

previously	been	made	between	mucus	plugging	and	mast	cell	density	in	mucous	

glands	within	the	epithelium	in	post-mortem	studies	(220).		This	would	suggest	a	

significant	link	between	intraepithelial	mast	cell	numbers	and	mucous	production.		

Thus,	although	the	presence	of	mucous	glands	was	not	examined	in	this	study,	the	

increased	numbers	of	intraepithelial	mast	cells	is	significant	in	this	cohort	of	

asthmatics	that	are	sensitised	to	fungi	and	may	describe	a	distinct	clinical	

phenotype.		This	warrants	further	study.	

Lamina	propria	

Mast	cells	are	increased	in	the	lamina	propria	of	asthmatics	and	whilst	their	

numbers	have	been	shown	to	reduce	with	corticosteroids	treatment,	it	is	still	

higher	in	those	with	severe	asthma	(212,	221).		Thus	the	presence	of	mast	cells	is	

not	surprising	and	their	increased	number	in	the	asthmatic	cohort	sensitised	to	

fungi	compared	to	those	not	sensitised	is	in	keeping	with	an	association	between	

IgE-bound	mast	cells,	eosinophilic	inflammation	and	a	Th2	process.	

The	two	populations	were	well	matched	in	terms	of	inhaled	and	oral	corticosteroid	

dose,	therefore,	corticosteroid	exposure	did	not	account	for	the	differences	in	the	
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number	of	mast	cells	in	the	lamina	propria.		This	would	suggest	that	the	

differences	in	mast	cell	populations	are	specific	to	the	underlying	pathological	

process.	

The	association	between	mast	cells	in	the	lamina	propria	and	higher	ACQ6	scores	

may	be	explained	by	the	autocrine	mediators	(leukotriene	C4,	prostaglandin	D2	

and	histamine)	released	by	mast	cells.		These	mediators	are	known	to	cause	

mucosal	oedema	and	bronchoconstriction,	which	may	cause	higher	ACQ6	scores.		

Airway	Smooth	Muscle	

Mast	cell	infiltration	of	the	airway	smooth	muscle	is	known	to	be	associated	with	

bronchial	hyperresponsiveness	and	asthma	severity	(137).		This	is	described	as	

being	a	common	feature	of	all	asthma	phenotypes	(216).		However,	mast	cell	

numbers	were	not	increased	in	the	airway	smooth	muscle	of	asthmatics	sensitised	

to	fungi	compared	to	those	not	sensitised	and	not	increased	in	asthmatics	overall	

compared	to	healthy	controls	(p=0.094).		This	may	be	a	reflection	of	the	cohort’s	

exposure	to	both	inhaled	and	systemic	corticosteroids	suppressing	mast	cell	

localisation	within	the	airway	smooth	muscle.		Mast	cell	sputum	signature	gene	

expression	have	shown	a	reduction	in	mast	cell	biomarkers	in	patients	treated	

with	corticosteroids	and	this	effect	may	explain	the	low	numbers	of	mast	cells	that	

we	encountered	in	the	airway	smooth	muscle	(222).	

Conclusion	

The	immunopathological	features	of	asthma	have	been	the	focus	of	much	attention	

in	trying	to	delineate	the	different	phenotypes	of	asthma.		This	study	gives	a	

preliminary	overview	of	the	key	findings	that	are	more	specific	to	asthmatics	that	

are	sensitised	to	fungi.		The	associations	that	this	study	has	found,	suggest	that	

mast	cell	recruitment	and	activation	is	an	area	of	study	that	warrants	further	

investigation.		Mast	cells	interact	with	many	of	the	cells	involved	in	both	the	

inflammatory	and	the	remodelling	process	including	epithelial	cells,	dendritic	cells,	

naïve	T	cells,	B	cells	and	fibroblasts.		In	particular	their	location,	phenotype	and	

density	are	linked	to	disease	severity	and	may	have	implications	for	targeting	

treatments	to	different	clinical	phenotypes	(216).		
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This	study	did	not	show	any	evidence	of	tissue	infiltration	by	eosinophils	or	

neutrophils	in	any	of	the	compartments.		The	majority	of	asthmatics	were	on	high	

dose	inhaled	corticosteroid	or	regular	systemic	corticosteroid	therapy.		This	may	

account	for	the	low	numbers	of	tissue	eosinophils.		The	subjects	were	also	biopsied	

whilst	their	asthma	was	stable	(at	least	6	weeks	post	exacerbation)	and	this	may	

account	for	the	lower	numbers	of	neutrophils	than	was	expected,	given	the	results	

of	previous	murine	studies	(see	below).		

Human	studies	have	consistently	shown	subepithelial	fibrosis,	epithelial	

shedding/desquamation,	and	an	increase	in	both	airway	smooth	muscle	mass	

(ASM)	and	reticular	basement	membrane	thickness	(RBMT)	to	be	key	features	of	

remodelling	that	occur	in	asthma	(223).		Clinical	findings	have	demonstrated	

asthma	severity	and	fixed	airflow	obstruction	to	be	linked	to	an	increase	in	airway	

smooth	muscle	mass	and	subepithelial	fibrosis	with	treatments	such	as	bronchial	

thermoplasty	and	monoclonal	antibodies	currently	under	evaluation	to	target	

these	areas	and	improve	disease	control	(224).			

This	study	analysed	the	proportion	of	intact	airway	epithelium,	the	percentage	of	

airway	smooth	muscle	present	and	the	thickness	of	the	reticular	basement	

membrane	to	evaluate	whether	asthmatics	that	were	sensitised	to	fungi	had	a	

greater	degree	of	airway	remodelling.		This	revealed	no	evidence	of	remodelling,	

based	on	the	parameters	studied,	in	the	biopsies	of	asthmatics	studied.		The	cohort	

was	well	matched	in	terms	of	asthma	severity	and	this	could	account	for	these	

results.		However,	increased	collagen	deposition	and	goblet	cell	metaplasia	are	

recognised	features	of	airway	remodelling	in	murine	models	of	fungal	asthma	

(225).		Indeed,	several	murine	models	of	allergic	fungal	asthma	(which	have	

undergone	chronic	inhalation	of	Aspergillus	conida	to	mimic	ubiquitous	exposure)	

have	looked	at	airway	responses,	immunological	mechanisms	and	evidence	of	

remodelling	in	this	subtype	of	asthma.		These	studies	have	revealed	a	mixed	

(protease	driven)	Th1	and	(allergen	induced)	Th2	response	(226).		The	presence	

of	both	an	eosinophilia	and	an	influx	of	neutrophils	into	the	airways	have	also	been	

found,	in	addition	to	goblet	cell	metaplasia	and	an	upregulation	of	EGFR	

expression	by	epithelial	cells	(205,	206).		A	significant	disadvantage	of	this	study	is	

that	these	features	of	airway	remodelling	were	not	examined	in	the	biopsies.		It	
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thus	may	be	that	there	are	elements	of	remodelling	present,	other	than	the	ones	

studied,	which	are	more	characteristic	of	this	asthma	phenotype	and	more	specific	

to	asthmatics	that	are	sensitised	to	fungi.		This	requires	further	investigation.		If	

these	changes	are	present	in	this	subtype	of	asthma	(as	they	are	in	murine	models)	

this	may	give	more	weight	to	the	argument	that	this	entity	of	asthma	does	in	fact	

describe	a	distinct	clinical	phenotype	and	also	a	specific	immunopathological	

endotype.		

Another	aspect	of	the	immunopathology	of	asthma	that	requires	further	study	is	

the	impact	different	proteases	have	on	the	epithelial	barrier	and	the	influx	of	

inflammatory	cells.		This	study	did	not	look	at	this	aspect,	but	the	lack	of	a	change	

in	epithelial	integrity	may	reflect	different	exposure	levels	to	different	fungi	and	

their	proteases.		An	analysis	of	A.	fumigatus	proteases	Asp	F5	and	Asp	F13	showed	

significant	airway	hyperreactivity	and	an	increase	in	airway	inflammation.		

However,	it	seems	that	epithelial	denudation	and	induction	of	areas	of	hyperplasia	

are	a	result	of	the	interplay	of	several	of	the	aspergillus	proteases,	as	these	changes	

were	more	evident	in	the	wild	type	murine	model	rather	than	those	exposed	to	

single	proteases	(32).		This	requires	further	mechanistic	studies.		

The	lack	of	associations	found	with	clinical	endpoints	such	as	exacerbation	rates,	

reductions	in	lung	function	and	the	frequency	of	radiological	abnormalities	may	be	

due	to	the	different	populations	of	mast	cells	present	and	also	their	state	of	

activation.		This	study	did	not	examine	which	phenotypes	of	mast	cells	were	

present	nor	whether	they	were	in	a	state	of	activation.		This	needs	further	

evaluation.		

There	are	flaws	with	immunohistochemistry	that	could	have	also	influenced	the	

results	of	this	study.		Although	the	pathological	role	of	the	epithelium	is	well	

described	in	asthma	(227,	228),	assessing	the	degree	of	epithelial	shedding	in	

endobronchial	biopsies	may	not	be	a	sensitive	measure	of	it.		The	loss	of	epithelial	

integrity	has	been	questioned.			It	has	been	questioned	whether	this	is	a	feature	of	

biopsy	size	and	quality	rather	than	a	pathological	hallmark	of	airway	remodelling	

in	asthma	(229).			Thus	there	are	many	factors	that	could	have	influenced	the	
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results	of	this	study	and	further	follow-on	studies	are	required	before	any	

definitive	conclusions	can	be	made.	

Summary	statement	

The	immunopathology	of	allergic	asthma	driven	by	fungi	is	complex	and	

multifaceted.		The	prominence	of	mast	cells	in	the	epithelium	and	lamina	propria	is	

an	interesting	finding	that	requires	further	study.		This	study	did	not	show	any	

evidence	of	remodelling	in	those	sensitised	to	fungi	compared	to	those	not	

sensitised	to	fungi	and	this	may	be	for	several	reasons,	as	already	discussed.		

Further	studies	are	required	to	fully	examine	all	of	the	aspects	of	remodelling	in	

these	patients	to	evaluate	whether	there	are	specific	differences	in	this	subset	of	

asthmatics.		Thus,	whilst	murine	models	have	demonstrated	evidence	of	an	

activated	epithelium,	collagen	deposition	and	goblet	cell	hyperplasia,	this	is	yet	to	

be	proven	in	human	studies.			
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Figures	and	tables	

Table	5.1		Clinical	characteristics	of	the	cohort,	where	biopsy	specimens	were	

obtained.			 	 *mean	(95%CI),	**median	(interquartile	range)	

	 NFS	(n=18)	 FS	(n=21)	 Control	(n=9)	 P	value	

Age*	 52.2	(45.5-59)	 46.8	(40.7-
54.9)	

46.7	(34.2-
59.2)	

0.582	

Gender	(%	male)	 58.3	 50	 75	 0.638	

BMI*	 30.65	(28.3-33)	 28.44	(26.2-
30.6)	

25.54	(20.4-
30.7)	

0.07	

Smokers	(%)	 9.1	 5.3	 1.1	 0.227	

Pack	year	
history**	

11	(6-19)	 12.5	(10-15)	 9	(3.7-14)	 0.867	

GINA	score	
(%≥3)	

100	 94.7	 0	 0.573	

	

Table	5.2		Peripheral	blood	eosinophil	count,	induced	sputum	and	broncho-

alveolar	lavage	(BAL)	differential	cell	counts	in	those	sensitised	to	fungi	compared	

to	those	not	sensitised	to	fungi.	*mean	(95%CI),	**median	(interquartile	range).	

	 NFS	(n=18)	 FS	(n=21)	 P	value	

Peripheral	blood	eosinophil	

count	(x10-9/L)**	

0.32	(0.18-0.6)	 0.36	(0.21-0.56)	 0.076	

Sputum	eosinophils	(%)**	 2.5	(0.25-14.5)	 6	(0.5-14.75)	 0.309	

Sputum	neutrophils	(%)**	 74.7	(66.5-84.5)	 61.06	(45.8-87.25)	 0.573	

BAL	eosinophils	(%)**	 4.6	(1.75-6)	 1.75	(0.75-3.25)	 0.081	

BAL	neutrophils	(%)**	 14.55	(8.5-73)	 22	(13.5-48.5)	 0.818	

BAL	lymphocytes	(%)*	 2.86	(0.6-5.1)	 1.25	(0.3-2.2)	 0.123	
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Table	5.3		Comparison	of	inflammatory	cell	counts	and	remodelling	changes	in	

asthmatics	sensitised	to	fungi	(FS	group),	compared	to	asthmatics	not	sensitised	to	

fungi	(NFS	group).		 Values	reported	as	medians	(interquartile	range).	

	 NFS	(n=18)	 FS	(n=21)	 Control	(n=9)	 P	value	

Reticular	Basement	
Membrane	Thickness	
(μm)	

9.83	(8.07-11.73)	 10.59	(9.42-
11.93)	

8.26	(7.7-9.09)	 0.068	

Percentage	of	intact	
epithelial	area	(%)	

12.26	(10.29-
23.53)	

10.54	(7.03-
14.91)	

9.48	(5.11-16.52)	 0.471	

Percentage	ASM	area	
(%)	

10.14	(6.88-
16.54)	

16.81	(7.82-
24.66)	

4.4	(1.59-10.65)	 0.225	

Mast	cells/mm2	
epithelium	

0	(0-2.36)	 17.86	(7.78-
34.62)	

0	(0-4.24)	 0.046	

Mast	cells/mm2	ASM	 0	(0-2.24)	 2.73	(0-6.2)	 0	(0-0)	 0.11	

Mast	cells/mm2	

submucosa	
7.37	(5.62-11.05)	 10.92	(7.02-

20.75)	
2.03	(0.85-4.67)	 0.014	

Eosinophils/mm2	
epithelium	

0	(0-0)	 0	(0-0)	 0	(0-0)	 1	

Eosinophils/mm2	
ASM	

0	(0-0)	 0	(0-0)	 0	(0-0)	 1	

Eosinophils/mm2	

submucosa	
5.81	(1.04-11.43)	 5.1	(2.45-

12.59)	
0.73	(0.32-4.16)	 0.234	

Neutrophils/mm2	
epithelium	

0	(0-0)	 0.78	(0-5.35)	 0	(0-0.82)	 0.49	

Neutrophils/mm2	
ASM	

0	(0-0)	 0	(0-0)	 0	(0-0)	 1	

Neutrophils/mm2	

submucosa	
7.65	(2.81-17.33)	 9.21	(2.97-

15.15)	
1.85	(1.77-5.93)	 0.23	
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Figure	5.1		Mast	cell	numbers	per	mm2	of	epithelium	and	lamina	propria	in	

asthmatics	sensitised	and	not	sensitised	to	fungi.	
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Chapter	6:	Description	of	the	mycobiome	in	asthma	(study	3).	
	

6.1	Introduction	

Molecular	techniques	such	as	high	throughput	sequencing	(HTS)	have	revealed	the	

presence	and	importance	of	non-cultivatable	organisms	(230).		These	technologies	

have	allowed	the	microbiomes	of	different	niches	in	the	human	body	to	be	

mapped,	revealing	important	links	between	differences	in	the	microbiome,	the	

development	of	allergy	and	disease	states	(231).		This	has	been	done	extensively	

with	the	bacterial	microbiome	throughout	mucosal	surfaces,	especially	in	the	

gastrointestinal	tract	(231,	232).		However,	limited	information	is	available	

regarding	the	fungal	part	of	the	microbiome	–	the	mycobiome.		Previous	chapters	

in	this	thesis	have	examined	whether	the	immunological,	physiological,	

radiological	and	histological	end-points,	including	those	involved	in	the	various	

diagnostic	criteria,	used	to	diagnose	and	classify	fungal	sensitisation	have	any	link	

to	adverse	features	in	asthma.		Immunohistochemistry	has	been	used	to	elucidate	

whether	there	are	any	specific	features	of	remodelling	and	inflammatory	cell	

infiltrate	that	are	specific	to	asthmatics	sensitised	to	fungi.		This	chapter	will	now	

examine	how	the	fungal	microbiome	differs	throughout	the	respiratory	tract	and	

whether	there	are	any	differences	in	the	mycobiome	specific	to	asthma	and	

whether	there	are	any	aspects	of	the	mycobiome	associated	with	adverse	clinical	

features.		

Fungi	activate	both	the	adaptive	and	the	innate	immune	system.		Chitins,	glucans	

and	mannans	act	as	pathogen-associated	molecular	patterns	(PAMPS)	for	the	

innate	immune	system,	activating	the	epithelium	and	the	inflammatory	cascade	

(233).		In	addition,	fungi	are	known	triggers	of	atopic	asthma	and	are	linked	to	a	

reduction	in	lung	function	in	IgE	sensitised	asthmatics	(52).		Thus	eliciting	the	

constituents	of	the	lung	mycobiome	are	critical	in	understanding	the	pathogenicity	

of	fungi	in	disease,	their	role	in	immune	modulation	and	also	in	maintaining	lung	

health.		The	advent	of	high	throughput	sequencing	has	now	enabled	the	diversity	

of	the	mycobiome	to	be	investigated	in	some	detail.		

Culture	
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Culture	methods	for	fungi	are	not	standardised,	often	insensitive	and	biased	

towards	faster	growing	fungi	that	grow	well	on	specific	culture	mediums,	although	

their	importance	remains	in	confirming	strains	and	susceptibility	testing	towards	

antifungals	(234).		The	national	standard	for	mycology	culture	was	(developed	by	

the	health	protection	authority	(HPA)	(policy	number	BSOP57))	not	optimised	

specifically	for	fungal	growth	and	has	a	yield	of	<10%	(235).				However,	significant	

improvements	in	yield	have	been	seen	with	recent	developments	in	methodology.		

The	use	of	higher	volumes	of	undiluted	respiratory	specimens	(as	seen	with	the	

Mycology	Reference	Centre	Manchester	(MRCM)	method)	have	improved	yield	

(specifically	of	A.	fumigatus)	compared	to	standard	methodology,	although	this	still	

only	ranges	from	20-75%	for	sputum,	bronchial	aspirates	and	bronchoalveolar	

lavage	(BAL)	samples	in	an	aspergillosis	population	(236).		Increasing	the	

inoculation	quantity,	in	addition	to	inoculating	extracted	sputum	plugs	(rather	the	

use	of	whole	saliva)	directly	onto	potato	dextrose	agar	plates	containing	

chloramphenicol/gentamicin/fluconazole	(PGCF)	rather	than	Sabouraud	dextrose	

agar	(SDA)	containing	just	chloramphenicol	has	also	improved	yield	(100).		

However,	even	with	these	improvements	in	yield,	the	clinical	relevance	of	isolating	

specific	fungi	from	culture	is	still	questioned.		The	isolation	of	filamentous	fungi	

and	its	association	with	a	reduction	in	lung	function	may	be	a	reflection	of	

colonisation	in	severe	disease	rather	than	an	effect	of	colonisation	in	itself	(14,	

234).		It	is	currently	not	known	whether	fungi,	not	able	to	be	grown	on	culture	

medium,	have	an	unrecognised	role	in	disease	pathogenicity.		It	is,	therefore,	

difficult	to	gain	a	true	understanding	of	the	role	fungi	have	in	asthma	with	the	use	

of	culture	alone.	

Molecular	technology	

Nucleic	acid	amplification	tests	have	been	used	to	increase	specificity	and	yield.		

Current	European	guidelines	recommend	the	use	of	quantitative	polymerase	chain	

reaction	(qPCR)	in	conjunction	with	microscopy,	histopathology	and	culture	for	

the	diagnosis	of	Aspergillus	disease	and	pulmonary	invasive	aspergillosis	(237).		

However,	qPCR	tests	have	been	shown	to	have	superior	sensitivity	and	specificity	

over	that	of	culture	for	the	diagnosis	of	fungal	disease	(238).		Denis	et	al	

demonstrated	100%	sensitivity,	a	specificity	of	81%	with	BioEvolution	PCR	and	a	



	 116	

specificity	of	71%	with	MycoGENIE	PCR	in	detecting	A.	fumigatus	(239).		In	

addition,	Grancini	et	al	showed	90%	sensitivity	and	97%	specificity	with	the	use	of	

qPCR	(240).		Many	different	qPCR	protocols	have	been	used,	mainly	for	diagnosing	

invasive	fungal	infection	in	immunosuppressed	individuals,	where	the	likely	

pathogen	is	known,	is	cultivatable	and	species-specific	primers	are	chosen.		

However,	there	are	limitations	with	qPCR	in	assessing	fungal	burden	and	

prevalence.		For	us	to	understand	the	role	of	fungi	in	humans	we	need	techniques	

that	enable	us	to	map	the	fungal	mycobiome	of	a	healthy	lung	and	compare	this	to	

the	changes	that	occur	in	diseased	states.		Mapping	the	lung’s	mycobiome	requires	

molecular	technology	to	identify	both	cultivatable	and	non-cultivatable	organisms.			

The	development	of	“next-generation”	sequencing,	and	HTS	technology,	allows	us	

to	do	this.		HTS	produces	millions	of	sequences	concurrently	through	sequencing	

multiple	sites	in	parallel	(241).				This	clonal	amplification	followed	by	cyclical	

rounds	of	parallel	sequencing	reduces	time	and	cost	(242).		

Limitations	due	to	cost,	mostly	due	to	the	older	Sanger	DNA	sequencing	platforms	

have	gradually	been	overcome	with	the	development	of	new	platforms	that	are	

more	efficient	and	cost	effective,	enabling	more	widespread	use	of	the	technology	

(242).		

The	use	of	HTS	has	enabled	the	bacterial	diversity	of	microbiomes	in	different	

niches	to	be	characterised	(231).		The	bacterial	microbiome	of	the	lung	has	been	

studied	in	some	detail,	with	increasing	importance	being	shown	of	the	relationship	

between	immune	tolerance,	airway	inflammation	and	microbial	dysbiosis	in	the	

lung	(243).		Examination	of	the	fungal	microbiome	lags	behind	that	of	bacteria.		

Fungi	are	present	in	lower	abundance	compared	to	bacteria	and	are	more	

sensitive	to	DNA	isolation	methods,	leading	to	lower	recovery	rates	(244,	245).		

Thus,	approaches	that	lead	to	a	higher	quality	of	sequence	data	are	preferred.		A	

dual-indexing	approach,	similar	to	that	used	for	16S	rRNA	bacterial	gene	

sequencing,	on	the	Illumina	MiSeq	platform	was	chosen	in	this	study	to	avoid	

problems	with	low	sequence	diversity	(246).	

The	Illumina	MiSeq	HTS	platform	produces	the	largest	number	of	reads	following	

quality	filtering	compared	to	Ion	Torrent	PGM,	and	Roche	454	GS	FLX	Titanium	
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platforms	during	analysis	of	the	gut	microbiome,	and	allowed	for	a	greater	depth	

of	coverage	and	greater	alpha	diversity	during	sputum	analysis	of	cystic	fibrosis	

patients	using	16S	sequences	(247,	248).		In	addition,	the	Illumina	MiSeq	platform	

has	been	shown	to	overcome	problems	with	low	sequence	diversity	and	is	cost-

effective	in	comparison	to	other	platforms	(246).		Quality	filtering	is	important	

during	sequence	data	analysis	to	remove	erroneous	reads	that	would	overestimate	

diversity,	especially	when	using	the	Illumina	MiSeq	platform	(249).		Bioinformatics	

processing	with	the	Quantitative	Insights	Into	Microbial	Ecology	(QIIME)	pipeline,	

and	the	use	of	published	guidelines,	ensures	sufficient	quality	processing	to	enable	

higher-quality	sequence	reads,	a	decrease	in	the	Operational	Taxonomic	Unit	

(OTU)	threshold	and	an	increase	in	both	alpha	and	beta	diversity	(248,	249).		

Fungal	sequence	databases	have	been	generated	using	primers	that	amplify	the	

common	internal	transcribed	(ITS)	region	of	the	nuclear	ribosomal	repeat	unit:	

spanning	ITS-1,	5.8S	and	ITS-2	(250).		This	locus,	between	the	small	rRNA	subunit	

of	18S	and	the	large	rRNA	subunit	of	28s,	has	been	used	to	generate	universal	

primers	for	amplicon	sequencing.		The	ITS	region	was	chosen	due	to	its	high	level	

of	preservation	and	synapomorphic	variability	(an	area	unique	to	a	particular	

phyla	and	sometimes	species	specific)	between	fungi	(251).		This	region	also	has	a	

more	specific	barcode	gap	between	inter-	and	intraspecific	variation	for	fungal	

identification	(250).		In	addition,	HTS	protocols	are	able	to	sequence	these	

amplicons	(ITS1,	ITS2)	that	identify	fungi	and	allow	taxonomic	classification	(252).	

The	microbiome	and	the	mycobiome	

Niche-specific	microbiota	have	been	of	great	interest	in	asthma.		Identification	of	

the	different	phenotypes	of	asthma	have	recognised	those	with	an	infective	

phenotype	to	respond	better	to	targeted	antibiotic	therapy,	although	this	has	been	

disputed	by	other	studies	(253,	254).		Studies	looking	at	the	bacterial	microbiome	

in	asthma	have	shown	differences	between	health	and	disease,	but	it	may	also	be	

the	case	that	it	also	differs	by	asthma	phenotype.		HTS	on	induced	sputum	samples	

targeting	the	16s	rRNA	sequences	revealed	greater	bacterial	diversity	and	a	

predominance	of	Proteobacteria	(which	include	the	known	pathogenic	bacteria:	

Haemophilus,	Neisseria	and	Moraxella)	in	asthma	compared	to	a	predominance	of	



	 118	

Bacteroides	in	healthy	controls	(255).		The	composition	of	the	bacterial	

microbiome	also	varies	in	asthmatics	that	are	atopic,	have	increased	airway	

hyperresponsiveness,	in	severe	asthma	and	following	inhaled	corticosteroid	

treatment	(256-258).		Oral	corticosteroid	(OCS)	dose	has	been	shown	to	affect	

relative	abundance	of	bacteria	within	the	microbiome,	with	a	decrease	in	

Bacteroidetes	and	Fusobacteria	and	an	in	increase	in	Proteobacteria	associated	

with	OCS	use	in	asthmatics	(259).		In	addition,	a	significant	decrease	in	the	relative	

abundance	of	Firmicutes,	Bacteroides	and	Actinobacteria	has	been	demonstrated	

in	asthmatics	with	a	lower	FEV1,	as	well	as	a	reduction	in	alpha	diversity	and	an	

eosinophilic	phenotype	(259).		The	composition	of	the	airway	bacterial	

microbiome	has	not,	however,	been	associated	with	neutrophilic	airway	

inflammation	(260).		Thus,	a	dysbiosis	has	been	demonstrated	in	the	microbial	

composition	of	the	lung	in	asthma.		The	understanding	of	the	mycobiome,	in	

comparison	to	that	of	the	bacterial	microbiome,	is	much	less	complete	so	it	

therefore	follows	that	a	dysbiosis	in	the	mycobiome	may	also	exist.	

Previously	fungi	(such	as	Cryptococcus	neoformans,	Pneumocystis	and	Candida)	

were	only	thought	to	be	pathogenic	in	the	lung	of	immunocompromised	

individuals,	whilst	others	(Aspergillus)	were	felt	to	represent	colonisation	as	a	

result	of	environmental	exposure	and	only	become	pathogenic	in	diseased	states,	

such	as	in	ABPA	(261).			The	fungal	component	of	the	microbiome	has	to	be	

recognised	as	a	key	component	in	health	and	disease	and	has	started	to	be	

explored	in	much	more	detail,	with	most	studies	until	recently	focusing	on	the	

mycobiome	of	the	gut.		These	studies	have	shown	a	fungal	dysbiosis	and	an	

increase	in	fungal	diversity	to	be	associated	with	several	diseases	such	as	mucosal	

inflammation	in	inflammatory	bowel	disease	(predominance	of	Candida	spp.,	

Gibberella	moniliformis,	Alternaria	brassicicola,	and	Cryptococcus	neoformans)	and	

colorectal	adenomas	(102,	103).		Studies	examining	the	mycobiome	of	the	lung	

have	now	emerged	in	asthma,	cystic	fibrosis	(CF)	and	lung	transplant	recipients	

(104-106,	262,	263).		In	contrast	to	the	gut	mycobiome,	a	reduction	in	fungal	

diversity	appears	to	be	a	common	feature	amongst	diseased	states	in	the	lung	and	

is	also	highly	variable	between	individuals	with	the	same	disease	states	(263,	264).	
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Studies	to	date	have	shown	the	mycobiome	of	healthy	individuals	to	be	dominated	

by	environmental	fungi	of	the	Ascomycota	phyla,	in	particular	those	of	the	

Davidiellaceae	family	including	Cladosporium	cladosporoides,	Eremothecium	

sinecaudum,	Eurotium,	Penicillium	and	Aspergillus,	as	well	as	Candida	(104,	106,	

262).		Aspergillus	and	Penicillium	have	been	reported	in	asthmatics,	healthy	

individuals	and	in	cystic	fibrosis	(104,	262,	265).	These	environmental	fungal	

genera	seem	to	represent	a	core	mycobiome	that	is	unaffected	by	disease	states.		

However,	it	is	unclear	as	to	whether	the	results	of	studies	relying	on	spontaneous	

or	induced	sputum	specimens	represent	a	true	picture	of	the	lower	airways	or	are	

biased	due	to	contamination	from	the	upper	airways.	

In	cystic	fibrosis	a	reduction	in	fungal	diversity	has	been	shown	to	be	associated	

with	disease	severity	and	a	decrease	in	lung	function	(104,	266).		Ascomycota	and	

Basidiomycota	phyla	predominate.		Saccharomycetes	and	the	polymorphic	yeasts	

Candida	albicans	and	C.	dubliniensis	dominated	in	sputum	samples	performed	over	

several	time	points	(267).	However,	this	same	study	also	showed	a	significant	

degree	of	change	in	the	sputum	fungal	community	over	time,	suggesting	either	a	

transient	colonization	of	environmental	fungi	or	differing	degrees	of	

environmental	contamination.		Willger	et	al	showed	Candida	to	be	the	most	

dominant	(in	abundance	and	prevalence)	genus	in	all	sputum	samples	analysed,	

with	relative	stability	in	the	fungal	mycobiota	during	and	after	completion	of	

antibiotic	treatment	(105).		

The	use	of	culture	independent	molecular	technology,	and	the	subsequent	

expansion	of	genomic	fungal	databases,	has	revealed	a	diverse	fungal	community.		

Its	contents	in	different	biological	niches	are	yet	to	be	fully	established,	as	is	the	

role	of	fungi	and	the	mycobiome	in	immune	modulation	and	host	inflammation	in	

the	lung.		This	study	intends	to	examine	the	mycobiome	in	the	different	

compartments	of	the	lung	to	evaluate	whether	specimen	type	affects	the	

composition	of	the	mycobiome.		It	also	intends	to	compare	the	mycobiome	of	

severe	asthmatics	and	healthy	controls	to	explore	whether	the	fungal	load	and	the	

components	of	the	mycobiome	are	associated	with	adverse	clinical	features	(ACQ6	

scores,	reduction	in	postbronchodilator	FEV1,	airway	hyperresponsiveness,	oral	

and	inhaled	corticosteroid	dose),	particular	phenotypes	of	asthma,	markers	of	
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airway	inflammation	(FeNO,	sputum	cell	counts)	and	immunohistochemical	

evidence	of	airway	inflammation	and	remodelling	(endobronchial	biopsy).	

Compartments	

The	different	compartments	of	the	lung	have	been	felt	to	impact	on	the	

interpretation	of	culture	results,	particularly	in	invasive	aspergillosis	(IA).		

Previously,	in	the	absence	of	histopathology,	isolation	in	BAL	was	considered	

diagnostic	with	other	respiratory	samples	felt	to	be	either	inferior	with	a	lower	

sensitivity	or	more	likely	to	represent	colonisation,	although	recent	studies	using	

genotyping	have	contested	this	view	(268).		Studies	of	the	bacterial	microbiome	

suggest	there	are	significant	differences	in	the	relative	abundance	and	the	beta	

diversity	of	the	microbial	communities	in	the	different	compartments	of	the	lung,	

suggesting	that	this	may	be	the	same	for	fungi	(269).	

Mapping	the	mycobiome	of	the	different	compartments	of	the	lung	poses	many	

challenges,	particularly	that	of	contamination	from	the	upper	to	the	lower	airway	

during	sampling.		Thus	it	is	also	important	to	consider	the	oropharynx	and	

nasopharynx	when	trying	to	establish	the	fungal	mycobiome	of	the	lower	airway.		

The	oral	mycobiome	diversity	or	composition	has	not	been	shown	to	alter	

according	to	oral	health	(270).	Candida	and	Aspergillus	were	found	to	be	the	most	

abundant	genera	in	healthy	individuals	with	a	median	relative	abundance	of	21%	

and	44%	respectively.		Other	common	genera	that	were	found	in	>80%	were	

Penicillium,	Schizophyllum,	Rhodotorula	and	Gibberella	(270).		A	previous	study	by	

Ghannoun	et	al	found	fifteen	genera	(including	Candida,	Cladosporium,	

Aureobasidium,	Saccharomycetales,	Aspergillus,	Fusarium	and	Cryptococcus)	to	be	

present	in	20%	of	healthy	individuals	and	represent	the	core	mycobiome	of	the	

oral	cavity	(271).		Charlson	et	al	examined	the	mycobiome	of	the	oropharynx	and	

the	lung	in	healthy	individuals	and	lung	transplant	patients	using	ITS1/ITS2	

primers.		The	oral	wash	ITS	amplification	contained	environmental	fungi,	in	

addition	to,	Candida	and	Aspergillus	and	thus	was	very	similar	to	that	reported	by	

Ghannoum	et	al;	whereas	the	oral	mycobiome	of	lung	transplant	patients	was	

dominated	by	Candida	(106).		The	yield	from	the	Bronchoalveolar	lavage	(BAL)	

was	minimal	in	healthy	volunteers	with	few	fungal	reads	comprising	
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environmental	fungi	(such	as	Cladosporium),	which	were	also	seen	in	the	oral	

wash,	and	a	low	abundance	of	Aspergillus	(106).			Lung	transplant	recipients	had	

high	levels	of	ITS	amplification,	dominated	by	either	Candida	or	Aspergillus.		In	

cases	where	Candida	was	found	in	high	abundance	this	was	also	found	in	the	oral	

wash,	whereas	this	was	not	the	case	for	Aspergillus	(106).		This	would,	therefore,	

suggest	that	the	mycobiome	differs	significantly	between	health	and	disease,	

particularly	in	the	presence	of	immunosuppression	and	that	there	are	significant	

differences	between	the	mycobiome	of	the	upper	and	lower	airway.		This	study	

aimed	to	evaluate	whether	difference	in	the	mycobiome	existed	between	different	

airway	compartments	in	asthma	and	healthy	volunteers.	

6.2	Methods	

This	chapter	reports	on	a	subset	of	asthmatics	that	were	recruited	to	the	

mycobiome	project.		These	were	those	that	underwent	a	fibreoptic	bronchoscopy,	

based	on	my	involvement	in	their	recruitment,	characterisation	and	processing	of	

the	samples	taken	at	bronchoscopy.		The	main	aim	of	this	aspect	of	the	project	was	

to	examine	the	differences	in	the	mycobiome	between	the	different	compartments	

of	the	lung.	

Recruitment	and	clinical	characterisation	

Patients	were	recruited	from	tertiary	asthma	and	fungal	allergy	clinics	at	Glenfield	

Hospital,	Leicester	U.K.		Healthy	volunteers	were	recruited	from	advertisement	

within	the	Glenfield	Hospital	and	via	the	Leicester	Respiratory	Biomedical	

Research	Unit	website	(http://www.leicsrespiratorybru.nihr.ac.uk).		Demographic	

details	(age,	gender,	BMI,	smoking	history),	clinical	data	(age	of	asthma	diagnosis,	

asthma	duration,	oral	and	inhaled	corticosteroid	therapy	(beclometasone	

diproprionate	hydrofluoralkane	equivalent),	ACQ6	scores,	GINA	status	and	sputum	

cell	counts),	spirometry	(PBFEV1	(percentage	predicted)),	mechacholine	

provocation	test	(PC20)	and	fractional	exhaled	nitric	oxide	(FeNO)	results	were	

recorded.			

Blood	tests	(blood	eosinophils,	total	IgE,	specific	IgE:	Aspergillus	fumigatus,	

Penicillium	chrysogenum,	Candida	albicans,	Alternaria	alternata,	Cladosporium	

herbarum)	and	skin	prick	testing	(panel:	Aspergillus	fumigatus,	Penicillium	
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chrysogenum,	Candida	albicans,	Alternaria	alternata,	Cladosporium	herbarum,	

Dermatophagoides	pteronyssinus,	dog,	cat,	grass	pollen	and	tree	pollen)	was	also	

performed.		All	of	these	results	were	obtained	during	a	stable	visit	(minimum	of	six	

weeks	post	exacerbation).		The	National	Health	Service	Research	Ethics	Committee	

approved	the	study	(REACT	IRAS	159074:CRN	159074	and	ABPA	UHL	10111)	and	

informed	written	consent	was	obtained	from	all	participants.	

Sputum	and	bronchoscopic	samples	

Sputum	plugs	were	separated	from	saliva,	which	was	produced	either	

spontaneously	or	was	induced	(as	conducted	by	Pavord	et	al	(172)).		This	was	then	

homogenised	at	37°C	with	4x	w/v	0.1%	DL-dithiothreitol.		

Subjects	underwent	bronchoscopy	as	previously	described	and	according	to	the	

BTS	guidelines	(272).		Samples	were	obtained	in	the	following	order:	(i)	bronchial	

wash	(20mls	of	pre-warmed	0.9%	saline)	of	middle	lobe	bronchus,	(ii)	

bronchoalveolar	lavage	((BAL)	120mls	of	0.9%	saline	in	60ml	aliquots)	performed	

in	the	right	lower	lobe,	(iii)	protected	brush	sample	taken	from	the	right	

intermediate	bronchus	and	(iv)	endobronchial	biopsy	at	the	orifice	of	the	anterior	

segment	of	the	right	lower	lobe.		The	brush	was	placed	in	5mL	of	Dulbecco’s	

Phosphate-buffered	saline	and	vortexed.		The	BAL	sample	was	passed	through	

sterile	nylon	gauze	prior	to	centrifugation.		All	samples	were	centrifuged	at	1500xg	

for	10	minutes.		100μl	aliquots	of	the	pellet	were	then	used	for	DNA	extraction.	

DNA	extraction	was	performed	on	100μl	aliquots	of	sputum	homogenate,	

bronchial	wash,	BAL	and	protected	brush	samples.	A	modified	protocol	of	the	

DNeasy	plant	mini	kit	(Qiagen,	West	Sussex,	UK)	including	bead-beating	was	used	

to	aid	total	fungal	genomic	DNA	extraction	(252).	

Endbronchial	biopsies	were	obtained,	processed	and	analysed	from	all	subjects	

undergoing	a	bronchoscopy	as	previously	described	(chapter	5).		

Immunohistochemical	markers	of	tissue	inflammation	(eosinophils,	neutrophils	

and	mast	cells	per	mm2	of	epithelium,	airway	smooth	muscle	and	lamina	propria)	

and	remodelling	(percentage	of	intact	airway	epithelium,	airway	smooth	muscle	

mass	and	reticular	basement	membrane	thickness)	were	compared	to	the	results	
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of	the	HTS	data	in	those	where	an	adequate	tissue	sample	was	obtained	and	who	

also	had	successful	reads	obtained	from	any	of	the	compartments	analysed.	

Fungal	DNA	amplification	&	sequencing	

Fungal	DNA	was	amplified	using	primers	for	the	fungal	internal	spacer	region	2	

(ITS2)	of	the	nuclear	ribosomal	DNA	(rDNA)	operon.		A	dual	index	nested	HTS	

method,	using	ITS3	(5’GCATCGATGAAGAACGCAGC	3’)	and	ITS4	(5’	

TCCTCCGCTTATTGATATGC	3’)	primers,	was	used	(180).		In	the	first	PCR	round	

20μl	reaction	mixtures	were	prepared,	including	10μl	of	the	KAPA	HiFi	HotStart	

Ready	Mix	(Kapa	Biosystems,	USA),	5μl	of	template	DNA	and	0.25μl	of	the	

barcoded	ITS3	and	ITS4	primers	(10μM	each).		Cycling	consisted	of	5	minutes	at	

95°C,	18	cycles	of	20	seconds	at	98°C,	20	seconds	at	62°C,	30	seconds	at	72°C	and	a	

further	5	minutes	at	72°C.		Agencourt	AMPure	XP	beads	(Beckman	Coulter,	UK)	or	

the	AxyPrep	Mag	PCR	clean-up	kit	(Axygen	Biosciences,	USA)	were	used	to	purify	

the	pooled	amplicons.		These	were	eluted	in	10μl	of	PCR	grade	water.		9μl	of	this	

was	used	for	the	second	PCR	round,	in	addition	to	10μl	KAPA	HiFi	HotStart	Ready	

Mix	and	0.5μl	of	the	forward	and	reverse	barcoded	Illumina	adaptor	incorporated	

primers	(10μM	each).		Cycling	conditions	remained	the	same,	with	the	exception	of	

the	annealing	temperature	(65°C)	and	the	number	of	cycles,	which	was	reduced	to	

15.		

Products	were	quantified	(using	the	Qubit	dsDNA	HS	assay	kit	(Thermo	Fisher	

Scientific,	UK)),	pooled	in	batches	of	up	to	96	amplicons	based	on	an	equal	molar	

concentration	(calculated	on	a	2100	BioAnalyser)	of	the	region	of	interest.		Paired-

end	sequencing	(2x250bp)	was	subsequently	performed	using	the	Illumina	MiSeq	

platform	on	the	pooled	products	at	the	Centre	for	Genomic	Research,	University	of	

Liverpool.			

Quality	filtering	guidelines	were	followed	during	sequence	processing	(249).				

Cutadapt	1.9.1	removed	primer	sequences,	retaining	only	amplicons	from	correct	

primer	sequences,	allowing	a	maximum	primer	error	rate	of	0.1	(273).		A	

minimum	of	15	overlapping	bases	was	also	set	between	reads	using	FLASH	1.2.11	

(Fast	Length	Adjustment	of	Short	reads)	to	reduce	sequencing	error	(274).		In	

addition,	singleton	removal	and	non-fungal	sequence	removal	was	undertaken	
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during	sequence	processing.		The	Quantitative	Insights	Into	Microbial	Ecology	

((QIIME)	version	1.9.1)	open-source	bioinformatics	pipeline	and	additional	

quality-filtering	guidelines	were	followed	during	sequence	processing	(249,	275).		

The	QIIME	release	(2016-11-20)	of	the	UNITE	(User-friendly	Nordic	ITS	

Ectomycorrhiza)	fungal	ITS	database	was	used	to	assign	taxonomy	using	dynamic	

clustering	thresholds	(276,	277).		Taxa	that	were	present	in	less	than	25%	of	the	

samples	and	taxa	not	able	to	be	identified	to	the	species	level	were	excluded	from	

analysis.	

Statistical	analysis	

Data	was	analysed	using	SPSS	for	windows	(version	22;SPSS,	Inc.,	Chicago	IL)	and	

PRISM	(version	7.02;	GraphPad	Software,	San	Diego,	CA,	USA).		Parametric	data	is	

expressed	as	means	and	standard	deviation	(SD);	non-parametric	data	is	

expressed	as	median	with	interquartile	ranges.		Unpaired	student-t	test	and	Mann-

Whitney	u	test	were	used	to	analyse	data	between	two	groups,	whilst	the	

Bonferroni-corrected	ANOVA	and	Kruskal-Wallis	tests	were	used	for	multiple	

group	comparison,	dependent	on	the	normality	of	data.		Categorical	variables	are	

expressed	as	proportions	and	analysed	using	Fishers	exact	test	or	the	Chi-square	

test	for	multiple	comparisons.	

QIIME	bioinformatics	software	was	used	to	calculate	alpha	and	beta	diversity	and	

analyse	the	results	of	the	HTS	data.		The	alpha	(Chao1	index)	diversity,	alpha	

rarefaction	plots	and	beta	(Bray-Curtis	distance)	diversity	values	were	calculated	

using	the	workflow:	core_diversity_analyses.py.		Alpha	diversity	of	bronchoscopy	

samples	between	groups	was	calculated	with	a	non-parametric	t-test	using	999	

Monte	Carlo	permutations	to	account	for	the	non	standard	distribution	of	the	data.		

A	Bonferroni	correction	was	also	used	to	account	for	multiple	samples.		The	script:	

compare_alpha_diversity.py	was	used	to	generate	alpha	diversity	box	plots	using	

the	non-parametric	t-test,	as	described.		The	script:	compute_core_microbiome.py	

was	used	to	determine	the	core	mycobiome	present	in	25%	of	the	samples.		

Relative	abundance	Heatmaps	was	produced	using	R	version	3.4.1	(http://can.r-

project.org/).		Differences	in	OTU	frequencies	were	analysed	using	the	

nonparametric	t-test	(with	Monte	Carlo	simulation),	the	Mann-Whitney	U	test	and	



	 125	

the	script:	group_significance.py.		The	Benjamini-Hochberg	corrected	Kruskall-

Wallis	test	was	used	to	compare	between	multiple	groups.		Correlations	between	

continuous	variables	and	the	OTU	frequency	of	fungal	taxa	were	determined	by	

Spearman’s	rho	correlation.			

Differences	among	the	species	in	the	bronchoscopy	samples	were	calculated	using	

QIIME	and	the	script:	group_significance.py.		A	Chi-square	contingency	table	was	

used	to	determine	significance	with	Benjamini,	Krieger	and	Yekutieli	corrected	p	

values.		This	was	also	used	to	evaluate	any	differences	in	the	presence	of	absence	

ratios	of	taxa	in	asthma	versus	healthy	controls.	

6.3	Results	

Demographics	and	clinical	characteristics	

29	subjects	underwent	bronchoscopy.		21	of	these	were	asthmatics,	of	which	12	

were	sensitised	to	fungi,	and	8	were	healthy	controls.		The	demographic	details	are	

seen	in	table	6.1	and	the	clinical	characteristics	of	the	study	participants	are	

displayed	in	table	6.2.		The	study	population	was	well	matched	in	terms	of	age,	BMI	

and	smoking	history	(p>0.05).		Lung	function	(as	measured	by	PBFEV1)	was	

preserved	across	all	groups.		The	asthmatic	cohort	was	well	matched	for	asthma	

severity	(according	to	GINA	scores),	inhaled	corticosteroid	dosage	and	had	stable	

disease	(according	to	ACQ6	and	exhaled	nitric	oxide	scores).			The	asthmatics	that	

were	sensitised	compared	to	those	that	were	not	sensitised	to	fungi	differed	in	

terms	of	airway	inflammation,	asthma	duration	and	oral	steroid	dosages.		The	

asthmatics	sensitised	to	fungi	were	more	eosinophilic,	tended	to	have	an	earlier	

onset	of	disease	and	a	longer	duration	of	asthma.		The	non-sensitised	group	were	

more	comparable	to	healthy	controls	with	a	tendency	towards	neutrophilic	airway	

inflammation	and	were	on	a	higher	dose	of	maintenance	oral	steroid	therapy.			

HTS	output	&	airway	mycobiota	in	different	clinical	groups	

DNA	extraction	was	performed	on	the	sputum	samples	and	the	three	specimens	

obtained	at	bronchoscopy	(bronchial	wash,	bronchoalveolar	lavage	(BAL)	and	

protected	brush).		Fungal	amplification	was	successful	in	at	least	one	sample	type	

in	63%	(n=5)	of	the	healthy	controls,	89%	(n=8)	of	asthmatics	not	sensitised	to	
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fungi	and	in	100%	(n=12)	of	asthmatics	sensitised	to	fungi.		14	subjects	had	fungal	

amplicons	successfully	amplified	from	all	three	of	the	bronchoscopic	samples.		5	

subjects	had	3	samples	(out	of	the	potential	of	4)	where	fungal	amplicons	were	

successfully	amplified,	6	individuals	had	2	samples	that	were	successfully	

amplified	and	4	subjects	had	only	1	sample	where	sufficient	reads	were	obtained.	

Overall,	DNA	amplification	success	was	dependent	upon	sample	type.		

Amplification	was	achieved	in	81%	of	BAL	samples	(21/26)	and	79%	of	bronchial	

wash	samples	(23/29)	compared	to	a	50%	recovery	rate	from	the	protected	brush	

specimens	(14/28)	(p<0.05).		Comparing	the	different	groups	(healthy	control,	

asthmatics	sensitised	and	not	sensitised	to	fungi)	amplification	success	was	lower	

from	the	bronchial	wash	samples	of	the	healthy	volunteers	compared	to	that	

obtained	from	either	of	the	asthmatic	groups	(p<0.05).		This	trend	was	also	seen	

with	samples	obtained	from	BAL	and	from	the	protected	brush,	but	failed	to	reach	

statistical	significance	(see	table	6.3).	

The	minimum	number	of	ITS2	fungal	sequence	reads	was	5,085	per	sample.		This	

was	of	an	adequate	level	to	allow	analysis.		Sufficient	depth	of	sampling	was	

achieved	for	all	sample	types	as	shown	by	the	Chao1	alpha	diversity	rarefaction	

curve	(figure	6.1).		Successful	fungal	ITS2	rDNA	sequence	data	was	obtained	from	

25	sputum	samples,	23	bronchial	washes,	21	BAL	specimens	and	14	of	the	

protected	brush	samples.		

Fungal	load		

Mean	fungal	load	was	measured	by	qPCR	analysis	as	the	number	of	Cladosporium	

herbarum	spore	equivalents	in	the	sputum,	wash,	protected	brush	and	BAL	

samples.		A	reduction	in	mean	fungal	load	was	seen	in	those	not	sensitised	to	fungi	

compared	to	those	sensitised	to	fungi	(7267.0	±9109.7SD	versus	659.8±914.4SD,	

p<0.05).		Fungal	load	was	also	seen	to	differ	between	asthmatics	that	had	early	

onset	asthma	compared	to	those	that	had	late	onset	eosinophilic	asthma	in	the	BAL	

compartment	(2373.2	±2720.6SD	versus	150.2	±149.2SD,	p<0.05).	

A	moderate	correlation	was	seen	with	asthma	duration	(rs=0.578,	p<0.05)	and	BAL	

fungal	load.		A	moderate	inverse	correlation	with	inhaled	corticosteroid	dosage	
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(rs=-0.556,	p<0.05)	and	the	protected	brush	sample	fungal	load	was	also	seen.		

Sputum	eosinophil	counts	were	inversely	correlated	with	both	fungal	loads	in	the	

sputum	(rs=-0.730,	p<0.05)	and	the	protected	brush	sample	(rs=-0.800,	p<0.05).		

No	relationship	was	seen	between	fungal	load	in	any	of	the	samples	and	

postbronchodilator	FEV1,	FeNO,	PC20	scores,	total	IgE	and	specific	IgE	to	A.	

fumigatus.	

OTU	frequencies	

Overall	a	total	of	830	distinct	fungal	operational	taxonomic	units	((OTUs)	units	of	

clustered	PCR	sequences)	were	identified,	representing	206	fungi	at	the	species	

level.		

We	examined	the	differences	in	the	OTU	frequencies	of	fungal	species	that	were	

present	in	at	least	25%	of	the	samples.		Following	correction	for	multiple	

comparisons	no	differences	were	seen	between	asthmatics	and	healthy	controls	in	

the	samples	obtained	at	bronchoscopy	(table	6.4).		A	trend	was	noted,	however,	

towards	lower	OTU	frequencies	in	the	healthy	controls,	with	the	exception	of	

Mycosphaerella	tassiana.		This	was	seen	at	a	higher	OTU	frequency	in	the	healthy	

volunteers	(p=0.049).		

There	were	significant	differences	in	the	OTU	frequencies	of	certain	fungi	

depending	on	the	compartment	studied	(table	6.5):	

Brush	sample	–	had	a	higher	OTU	frequency	for	A.	fumigatus	and		

	 A.	tubingensis.			

Samples	obtained	from	lower	airway	at	bronchoscopy	–	had	a	higher	OTU	

frequency	of	C.	pseudolongus	compared	to	sputum.		

Sputum	and	brush	samples	–	had	a	higher	OTU	frequency	of	S.	roseus	in	

sputum	and	brush	compared	the	bronchial	wash	or	BAL	samples.	

Fungal	prevalence	by	compartment	

The	most	prevalent	fungi	(number	of	subjects	where	the	species	was	detected),	

present	in	over	half	of	sputum	samples	were	Candida	albicans	(100%),	
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Mycosphaerella	tassiana	(87%)	and	Aspergillus	fumigatus	(82.6%);	whilst	

Aspergillus	fumigatus	(48.1%)	and	Mycosphaerella	tassiana	(13.5%)	had	the	

highest	overall	abundance	(percentage	of	reads).		

The	most	prevalent	species	in	the	BAL	samples	were	Mycosphaerella	tassiana	

(100%),	Aspergillus	fumigatus	(95%),	Candida	albicans	(95%)	and	Aspergillus	

tubingensis	(70%).		Aspergillus	fumigatus	(44.6%),	Candida	albicans	(11.2%)	and	

Aspergillus	tubingensis	(7.9%)	were	the	most	abundant	species	overall.	

The	most	prevalent	species	in	the	protected	brush	sample	were	Aspergillus	

fumigatus	(100%),	Aspergillus	tubingensis	(93.3%),	Mycosphaerella	tassiana	

(86.7%),	Candida	albicans	(86.7%)	and	Cyptococcus	pseudolongus	(86.7%).		The	

most	abundant	species	were	Aspergillus	fumigatus	(56.7%),	Aspergillus	tubingensis	

(10.5%)	and	Exophiala	equine	(6.7%).	

The	most	prevalent	species	in	the	wash	samples	were	Aspergillus	fumigatus	

(94.7%),	Candida	albicans	(94.7%),	mycosphaerella	tassiana	(89.5%)	and	

Aspergillus	tubingensis	(63.2%).		The	most	abundant	of	these	species	were	

Aspergillus	fumigatus	(42.4%),	Aspergillus	tubingesis	(9.4%)	and	Candida	albicans	

(4.7%).	

Summary	of	fungal	prevalence	by	sample	type	and	compartment	

The	sample	types	selected	in	this	study	were	chosen	to	give	an	indication	of	the	

mycobiome	in	the	different	airway	compartments	of	the	lung.		Thus	the	bronchial	

wash	gives	an	indication	of	the	central	conducting	airways,	the	BAL	of	the	distal	

small	airways	and	the	protected	brush	of	the	epithelial	compartment.		The	

prevalence	of	fungi	was	very	similar	in	the	bronchial	wash	and	BAL	specimens	

with	the	five	most	prevalent	fungi	being:	C.	albicans,	M.	tassiana,	A.	fumigatus,	A.	

striatus	and	A.	tubingensis.		These	were	all	present	in	>56%	of	samples.		In	contrast	

A.	fumigatus,	A.	tubingenesis,	C.	pseudolongus,	M.	tassiana	and	C.	albicans	were	more	

prevalent	in	the	protected	brush	specimens.		These	were	all	present	in	>78%	of	

samples.		A	greater	number	of	fungi	had	a	prevalence	of	>50%	in	the	protected	

brush	sample	in	comparison	to	the	bronchial	wash	and	BAL	specimens.		Three	

species	differed	significantly	in	prevalence	dependant	on	the	compartments	
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studied.		A.	tubingensis,	C.	pseudolongus	were	more	prevalent	in	the	protected	

brush	samples	and	S.	roseus	was	more	prevalent	in	the	sputum	and	the	brush	

samples.	

Relative	abundance	

The	relative	abundance	of	fungi	present	at	the	species	level	in	each	sample	type	is	

depicted	in	figure	6.2.		A.	fumigatus	was	the	most	abundant	fungus	in	all	the	sample	

types	obtained	at	bronchoscopy,	with	its	proportion	being	greatest	in	the	

bronchial	wash	sample.		Aspergillus	tubingensis	was	the	second	most	abundant	

species	in	the	protected	brush	sample,	whilst	Candida	albicans	was	the	second	

most	abundant	fungus	in	the	BAL	and	bronchial	wash	samples.		Twelve	species	of	

fungi	were	present	in	at	least	25%	of	subjects	for	the	sputum,	BAL,	brush	and	wash	

samples	and	were	felt	to	represent	core	species	of	the	mycobiome	(as	depicted	in	

the	Venn	diagram	in	figure	6.3).	

A	difference	in	the	relative	abundance	of	fungi	was	seen	at	the	species	level	in	

those	with	asthma	compared	to	healthy	controls.		A	higher	proportion	of	A.	

tubingensis,	C.	pseudolongus	and	P.	decumbens	were	seen	in	asthmatics,	whilst	a	

higher	abundance	of	M.	tassiana	was	found	in	healthy	controls.	

Alpha	and	beta	diversity	

Species	richness	was	assessed	by	alpha	diversity.		This	did	not	show	any	

significant	difference	in	the	diversity	of	fungi	in	sputum,	bronchial	wash	and	BAL	

specimens	and	in	the	protected	brush	(figure	6.1).		In	addition,	the	taxonomic	

abundance	profiles	(beta	diversity)	between	these	sample	types	were	not	

significantly	different.	

Relationship	between	the	lung	mycobiome	and	clinical	characteristics	in	asthma.	

A.	infectoria,	A.	striatus,	A.	tubingensis,	C.	pseudolongus,	H.	radula,	P.	spinulosum,	C.	

dubliniensis	and	M.	globosa	were	present	in	one	or	more	specimens	obtained	from	

the	lower	airways	and	were	more	prevalent	in	asthmatics	compared	to	healthy	

controls,	though	this	failed	to	reach	significance	following	correction	for	multiple	

comparisons.			The	only	species	that	was	significantly	more	prevalent	in	asthma	
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compared	to	healthy	controls	was	A.	tubingensis	(BAL	=	75%	versus	25%,	p=0.048;	

combined	samples	=	72%	versus	33%,	p=0.02	(table	6.6)).		In	the	samples	where	

these	fungi	were	detected	compared	to	samples	where	these	were	not	detected	no	

significant	relationship	was	found	between	asthma	duration,	asthma	severity,	

indices	of	lung	function	and	oral	/	inhaled	steroid	dosage	(p>0.05).		A	significant	

inverse	relationship	was,	however,	found	between	percentage	of	sputum	

neutrophils	and	the	presence	of	A.	tubingensis	(r2=-0.363,	p=0.019)	and	C.	

pseudolongus	(r2=-0.347,	p=0.021).	

Immunohistochemistry	&	the	airway	mycobiome	

Endobronchial	biopsies	were	taken	from	19	subjects	who	underwent	

bronchoscopy.		Adequate	biopsies	were	obtained	from	79%	(n=15)	of	these	

individuals.		All	of	those	with	an	adequate	biopsy	had	at	least	one	specimen	where	

successful	DNA	amplification	was	achieved.		This	cohort	comprised	of	11	

asthmatics	(5	sensitised	to	fungi)	and	4	healthy	controls.	

Fungal	load	

Significant	relationships	were	seen	between	fungal	load	(as	measured	by	

quantitative	PCR)	and	mast	cell	numbers	present	in	the	epithelium	and	lamina	

propria.		A	strong	inverse	correlation	was	seen	between	the	fungal	load	in	the	

wash	sample	and	mast	cells	per	mm2	of	the	epithelium	(rs=-0.925,	p<0.001).		A	

moderate	inverse	correlation	was	seen	between	the	number	of	mast	cells	per	mm2	

of	the	lamina	propria	and	the	fungal	load	in	the	bronchial	wash	sample	(rs=-0.673,	

p<0.05).		A	moderate	positive	correlation	was	seen	between	reticular	basement	

membrane	thickness	(RBMT)	and	sputum	fungal	load,	which	just	failed	to	reach	

statistical	significance	(rs=0.600,	p=0.051).			

No	further	associations	were	seen	between	fungal	load	and:	

- mast	cells,	eosinophils	and	neutrophils	in	the	ASM	

- eosinophils	or	neutrophils	in	the	epithelium	or	lamina	propria	

- percentage	of	intact	airway	epithelium	

- percentage	of	airway	smooth	muscle.	
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Rarefaction	was	performed	based	on	the	sample	with	the	lowest	number	of	

sequences	so	that	all	samples	contained	the	same	number	of	sequences	prior	to	

performing	Spearman’s	correlation	between	the	indices	of	remodelling	

(percentage	of	intact	epithelium,	percentage	of	airway	smooth	muscle	(ASM)	

present	and	reticular	basement	membrane	thickness	(RBMT))	and	the	amount	of	

fungus	in	a	sample.		Adjusted	p	values,	using	Fisher’s	z	transformation,	were	used	

due	to	the	large	number	of	correlations	performed.		Unadjusted	p	values	revealed	a	

significant	relationship	between	RBMT	and	the	amount	of	Cryptococcus	

pseudolongus,	Mycosphaerella	tassiana,	Penicillium	spinulosum	and	Ascomycota	

species	present	in	the	BAL	sample,	Penicillium	spinulosum	in	the	brush	sample	and	

Ascomycota	species	in	the	wash	sample	(p<0.05).		The	percentage	of	epithelium	

present	was	not	correlated	with	any	fungus	in	the	BAL,	although	unadjusted	

correlation	was	seen	with	Cryptococcus	pseudolongus	in	the	brush	sample	and	

Aspergillus	fumigatus	in	the	wash	sample	(p<0.05).		The	percentage	of	ASM	present	

was	correlated	with	the	amount	of	Phaeotheca	triangularis	present	in	the	BAL	fluid	

and	Aspergillus	striatus,	Saccharomyces	paradoxus	and	Leptosphaeriaceae	species	

present	in	the	wash	sample	(p<0.05).		However,	none	of	these	correlations	were	

significant	after	correction	for	multiple	comparisons	(p<0.05)	(see	table	6.6).		

6.4	Discussion	

This	study	demonstrates	a	noticeable	dominance	of	a	small	number	of	fungi	in	all	

compartments	of	the	lung	in	both	healthy	and	asthmatic	individuals.		Aspergillus	

fumigatus	was	the	most	abundant	fungi	in	the	sputum,	wash,	BAL	and	protected	

brush	samples;	whilst	Aspergillus	tubingensis	was	the	second	most	abundant	

fungus	in	the	brush	and	wash	samples,	and	the	third	most	abundant	in	the	BAL	

fluid.		Candida	albicans	and	Mycosphaerella	tassiana	were	amongst	the	most	

prevalent	fungi	in	the	samples.		However,	when	the	compartments	were	compared	

statistically,	noticeable	differences	in	prevalence	rates	were	only	seen	amongst	

Aspergillus	tubingensis	and	Cryptococcus	pseudolongus,	which	were	much	more	

prevalent	in	the	protected	brush	samples.		In	addition	Mycosphaerella	tassiana,	A.	

tubingensis,	C.	pseudolongus	and	P.	decumbens	were	the	only	fungi	seen	to	differ	

between	asthmatics	and	healthy	controls,	when	p	values	were	adjusted	to	account	

of	multiple	comparisons.		No	other	fungi	were	seen	to	be	of	a	higher	OTU	
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frequency,	prevalence	or	abundance	between	samples	that	reached	statistical	

significance.		This	would	suggest	a	dominance	of	a	small	number	of	fungi	and	

stability	in	the	mycobiome	across	different	compartments	of	lung,	with	the	

exception	of	the	epithelial	compartment	(as	designated	by	the	protected	brush	

specimens).		The	epithelial	compartment	had	a	greater	number	of	fungi	present	in	

more	than	50%	of	the	samples	in	comparison	to	the	samples	representing	the	

proximal	conducting	(bronchial	wash)	and	distal	small	(BAL)	airways.	

Core	Mycobiome	constituents	

The	core	mycobiome	was	comprised	of	12	species	of	fungi	that	were	present	in	at	

least	25%	of	subjects.		Species	from	the	Ascomycota	and	the	Basidomycota	phyla	

predominated,	particularly	those	of	the	Aspergillus	and	Penicillium	genus.		In	

addition	to	these	filamentous	fungi,	the	yeast	Candida	albicans	is	also	present	as	a	

core	constituent.		

	Aspergillus	fumigatus	is	a	thermotolerant	filamentous	fungus.		The	relative	

abundance	of	A.	fumigatus	was	high	both	in	asthma	and	the	healthy	lung.		A.	

fumigatus	is	known	to	have	a	key	role	in	the	development	of	allergic	fungal	airways	

disease.		It	is	frequently	cultured	from	patients	with	cystic	fibrosis	and	asthma,	

where	colonisation	is	related	to	disease	severity	and	inflammatory	mediators	(52,	

278).		It	is,	thus,	likely	to	represent	a	key	component	of	the	mycobiome.		

Aspergillus	tubingensis	is	a	thermotolerant	filamentous	fungus,	a	member	of	the	

genus	Aspergillus,	section	Nigri	and	morphologically	indistinguishable	from	A.	

niger	(279).		Thus,	although	this	fungus	may	have	previously	been	misclassified	in	

culture	data	as	Aspergillus	niger,	recent	advances	in	mass	spectrometry	have	

revealed	its	presence	in	chronic	respiratory	diseases,	but	its	significance	and	role	

in	airway	inflammation	is	unclear	(279).		The	notable	predominance	of	A.	

fumigatus	and	A.	tubingesis	in	the	respiratory	epithelial	compartment	(brush)	is	

important	given	the	crucial	role	the	epithelium	has	in	the	immune	response	to	

fungi.	This	requires	further	study.	

Candida	albicans	dominates	the	oral	mycobiome	both	in	health	and	disease	(271).		

This	study	also	demonstrates	its	presence	in	the	lower	airway.		Its	detection	in	the	

protected	brush,	where	contamination	from	the	oropharynx	is	less	likely,	as	well	
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as	the	wash	and	BAL	samples,	suggests	that	it	is	a	key	component	of	the	

mycobiome	of	both	asthmatic	and	healthy	lungs.		Cryptococcus	pseudolongus	

belongs	to	the	phyla	Basidomycota,	whilst	Mycosphaerella	tassiana	are	classified	

with	Cladosporium	herbarum	in	the	Davidiella	section	of	the	Ascomycete	family.	

There	are	known	environmental	sources	and	Mycosphaerellaceae	has	been	found	

in	greater	abundance	in	tilled	soil	(280).			

Bittinger	et	al.	extracted	DNA	from	BAL	and	oropharyngeal	wash	samples	in	

healthy	subjects,	HIV	positive	individuals	and	lung	transplant	recipients.		This	

study	found	an	increased	presence	of	Candida,	Cryptoccocus,	Cladosporium	and	

Aspergillus	present	in	the	BAL	samples	and	oral	wash	in	subjects	suffering	from	

more	severe	lung	disease	(263).		An	increased	fungal	load	and	predominance	of	

the	Aspergillus	complex	has	been	found	in	severe	asthma	on	higher	doses	of	

corticosteroids	in	comparison	to	mild	asthma	and	healthy	controls	(281).		The	

reasons	for	the	differences	encountered	by	these	studies	and	this	one	could	be	

attributed	to	the	primers	used	and	also	the	cohort	of	patients	examined.		Both	of	

the	studies	involving	asthmatics	patients	included	those	with	mild-moderate	

disease	and	were	also	on	a	spectrum	of	inhaled	and	oral	corticosteroids.		This	

study	included	asthmatics	mostly	at	the	severe	end	of	the	spectrum,	all	of	which	

were	either	on	moderate	to	high	doses	of	inhaled	steroid.		

Fungal	diversity,	lung	compartments	and	links	to	airway	remodelling	

Previous	studies	examining	the	mycobiome	have	shown	the	presence	of	fungi	to	be	

highly	variable	between	individuals	and	a	lower	fungal	diversity	in	disease	states	

compared	to	healthy	controls	(282).		This	study	also	suggests	a	degree	of	

variability	between	individuals	(as	seen	by	the	moderate	variation	in	beta	

diversity).		This	was	most	noticeable	in	the	epithelial	compartment	with	the	

increased	prevalence	of	Aspergillus	tubingensis	and	Cryptococcus	pseudolongus	

compared	to	the	other	compartments	of	the	lung.			

Instead	of	supporting	a	trend	towards	lower	fungal	diversity	in	disease	states,	as	

seen	with	other	studies,	this	study	suggests	a	relative	stability	in	the	fungal	

community	between	healthy	controls	and	asthmatics	individuals.		In	addition,	

calculations	of	alpha	and	beta	diversity	in	the	samples	revealed	relative	stability	of	
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the	fungal	community	between	different	compartments	of	the	lung,	with	a	core	

number	of	species	present	across	the	different	compartments	of	the	lung	and	also	

between	healthy	controls	and	asthmatics.		This	could	be	for	several	reasons.		

Different	extraction	methodologies	have	been	shown	to	affect	the	number	of	fungi	

that	can	be	detected	by	HTS,	and	an	optimised	protocol	is	yet	to	be	established	

(245).		The	primers	selected	in	this	study	could	be	biased	towards	identifying	a	

narrower	spectrum	of	fungi	and	thus	may	inadvertently	demonstrate	a	lower	

diversity	of	fungi	in	the	samples	analysed	(283).		In	addition,	successful	DNA	

amplification	varied	between	the	different	samples	(sputum	86.2%,	bronchial	

wash	79%,	protected	brush	50%	and	BAL	81%).		Thus	significant	associations	may	

have	been	affected	by	small	sample	size.	

The	fungal	load	of	the	bronchial	wash	samples	was	inversely	correlated	to	mast	

cell	numbers	in	both	the	airway	epithelium	and	in	the	lamina	propria.		The	reason	

for	this	is	unclear	and	this	relationship	was	not	supported	by	the	fungal	load	in	the	

BAL	and	protected	brush	samples.	Fungal	load	was	not	related	to	any	of	the	indices	

of	airway	remodelling,	nor	were	any	specific	fungi.		This	may	be	due	to	the	severity	

of	asthmatics	that	were	recruited	and	this	may	become	a	feature	if	asthmatics	of	

different	severities	were	recruited.	

The	uncorrected	p	values	do	suggest	that	certain	fungi	have	a	protective	effect	on	

aspects	of	airway	remodelling,	whilst	others	are	more	damaging.		The	presence	of	

Cryptococcus	pseudolongus	in	the	brush	and	BAL	samples	were	associated	with	an	

increase	in	the	percentage	of	intact	airway	epithelium	and	a	reduction	in	the	

RBMT.		The	presence	of	Penicillium	spinulosum	was	associated	with	a	reduction	in	

RMBT	and	several	fungi	were	correlated	to	a	decrease	in	ASM	(Phaeotheca	

triangularis,	Saccharomyces	paradoxus	and	Leptosphaeriaceae	species).		Adverse	

features	of	airway	remodelling	were	seen	with	A.	fumigatus	and	Aspergillus	striatus	

in	the	wash	sample.		These	fungi	were	correlated	with	epithelial	desquamation	and	

an	increase	in	airway	smooth	muscle.			

Neutrophilic	airway	inflammation	&	the	mycobiome	

Neutrophils	are	known	to	be	an	important	factor	in	host	defence	against	invasive	

fungal	infection	(284).		Thus,	the	association	between	sputum	neutrophilia	and	
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specific	fungi	is	not	surprising,	and	it	may	be	an	important	indicator	of	a	more	

pathogenic	role	of	Aspergillus	tubingesis	and	Cryptococcus	pseudolongus	in	the	lung.		

This	study	also	demonstrated	an	increased	prevalence	of	these	two	fungi	in	the	

epithelial	compartment	of	the	lung,	an	area	of	the	lung	that	is	crucial	in	activating	

both	the	innate	and	adaptive	immune	system	in	response	to	fungal	allergens	and	

to	protect	against	invasive	infection.			Pattern	recognition	receptors	recognise	

components	of	the	fungal	cell	wall	and	are	expressed	by	airway	epithelial	cells,	

neutrophils	and	dendritic	cells	(285).		The	subsequent	release	of	inflammatory	

cytokines	by	these	cells	and	disruption	in	epithelial	barrier	integrity	in	response	to	

fungal	proteases	leads	to	airway	inflammation	(285,	286).		Previous	studies	have	

shown	fungal	dysbiosis	to	be	associated	with	disease	severity	in	asthma.		Fraczek	

et	al.	have	demonstrated	higher	fungal	loads	and	an	increase	in	the	relative	

abundance	of	Aspergillus	fumigatus	complex	to	be	present	in	severe	asthma	when	

compared	to	mild	asthma	(281).	

There	may	be	a	difference	in	immune	function	that	underlies	the	increased	

prevalence	of	these	two	fungi,	rather	than	reflecting	increased	pathogenicity.		The	

increased	prevalence	of	these	two	fungi	was	not	associated	with	inhaled	

corticosteroid	dose	(although	there	was	no	mild	asthmatics	on	lower	dosages	if	

inhaled	corticosteroid	to	compare	to)	suggesting	that	the	alteration	in	the	airway	

mycobiota	composition	may	not	be	due	to	the	immunomodulatory	effects	of	

corticosteroid	treatment	but	may	be	a	result	of	altered	immune	function	in	certain	

individuals	that	may	lead	to	an	increase	in	prevalence	of	these	fungi	and	

neutrophilic	airway	inflammation.			

Limitations	of	this	study	

There	are	a	number	of	challenges	in	characterising	the	mycobiome,	several	of	

which	this	study	highlights	and	have	already	been	discussed.		DNA	extraction	

methodology,	choice	of	primers	and	use	of	specific	reference	databases	may	have	

affected	yield,	diversity	and	abundance	calculations	so	that	the	fungal	profile	of	the	

different	lung	compartments	in	the	upper	and	lower	airway	may	not	have	been	

accurately	represented.			
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The	heterogeneity	in	asthma	also	makes	interpretation	of	results	difficult.		This	

study	may,	therefore,	have	lacked	the	power	to	determine	whether	the	mycobiome	

does	differ	in	different	the	different	compartments	of	the	asthmatic	lung	and	in	

different	phenotypes	of	asthma.		However,	this	study	does	seem	to	suggest	a	link	

with	subepithelial	and	submucosal	mast	cell	infiltration	and	fungal	load.		However,	

due	to	poor	yield	the	relationship	between	this	and	specific	fungi	is	yet	to	be	

established.	

Future	directions	

Observational	studies	such	as	this	one	give	a	snap	shot	of	the	lung	mycobiome	and	

are	important	in	generating	hypotheses.		We	are	yet	to	establish	how	the	

mycobiome	changes	over	time,	what	interactions	occur	with	other	constituents	of	

the	microbiome	and	what	changes	occur	in	host	immunity	in	response	to	a	change	

in	the	constituents	of	the	mycobiome.		This	study	was	performed	in	asthmatics	

that	were	at	least	six	weeks	post	exacerbation.		The	mycobiome	may	change	during	

exacerbations,	both	infective	and	non-infective	and	also	in	unstable	asthma.		A	

further	study	evaluating	the	mycobiome	before,	during	and	after	exacerbations	

would	be	interesting	to	see	whether	the	mycobiome	changes	during	this	time.	

This	study	did	not	evaluate	for	possible	interactions	between	bacteria	and	fungi	

(covariance).		Investigating	this	would	help	evaluate	what	bacterial-fungal	

interactions	occur	and	what	effect	these	may	have	on	the	host.		

Concluding	remarks	

Fungi	are	known	to	be	ubiquitous	in	our	environment	and	thus,	their	presence	in	

the	lung	microbiome	is	not	unsurprising.		This	study	shows	an	agreement	with	

previous	mycobiome	studies	showing	a	predominance	of	Ascomycota	and	

Basidomycota	phyla	in	the	core	mycobiome	of	healthy	subjects	and	asthmatics.		

However,	this	study	does	indicate	a	difference	in	the	composition	and	the	relative	

abundance	of	fungi	in	the	lung	compared	to	previous	studies	and	also	a	lack	of	

diversity	between	the	healthy	controls	and	asthma,	although	this	could	be	

attributed	to	the	extraction	method,	primers	and	sample	size	of	the	study	

introducing	bias.		It	is	however,	the	first	study	to	show	a	predominance	of	
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Aspergillus	tubingensis	in	the	epithelial	compartment	of	the	lung	and	an	association	

with	neutrophilic	airway	inflammation.		This	study	also	suggests	that	certain	fungi	

that	are	present	in	the	lung	may	have	a	protective	effect	against	airway	

remodelling.		This	finding	requires	further	study.		
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Tables	and	figures	
	

Table	6.1		Demographic	details	of	study	participants.		*mean	(SD),	**median	(IQR)	

	 Asthmatics	
sensitised	to	
fungi	(n=12)	

Asthmatics	not	
sensitised	to	
fungi	(n=9)	

Healthy	
controls	(n=8)	

	

p-value	

Age	(years)*	 48.9	(18.2)	 58.7	(8)	 50.8	(18.8)	 0.362	

Male,	n	(%)	 2	(16.7)	 5	(55.6)	 4	(50)	 0.492	

BMI	(kg/m2)*	 32	(10.8)	 27.1	(4.2)	 27	(6)	 0.299	

Smoking	pack	
years	
(n=ex/current)*	

12.5	(3.5)	

(n=2)	

11.1	(5.8)	

(n=7)	

14.7	(10.1)	

(n=3)	

0.762	

Atopy,	n	(%)	 6	(50)	 2	(22.2)	 3	(37.5)	 0.083	

Age	of	asthma	
onset	(years)**	

22.5	(3.5-41)	 51	(42-53)	 	 0.139	

Asthma	
duration	
(years)**	

26	(2-37)	 5	(2-20)	 	 0.606	
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Table	6.2		Clinical	characteristics	of	study	participants.		*mean	(SD),	**median	

(IQR)	

	 Asthmatics	
sensitised	
to	fungi	
(n=12)	

Asthmatics	
not	

sensitised	
to	fungi	
(n=9)	

Healthy	
controls	
(n=8)	

	

p-value	

Disease	severity	 	 	 	 	

GINA	≥3	(n,	%)	 7	(58.3)	 8	(88.9%)	 	 0.098	

Inhaled	corticosteroid	dose	(ICS-BM	
μg/pt/day)*	

1100	
(667.6)	

1288.9	
(625.4)	

	 0.556	

Maintenance	oral	steroid	(n,	%)	 1	(8.3)	 6	(66.6)	 	 0.178	

Maintenance	steroid	dose	(mg)*	 0.625	
(1.77)	

6.75	(6.7)	 	 0.023	

ACQ	6	score*	 1.1	(1.3)	 1	.01(1.02)	 	 0.881	

PC20**	 6	(1.8-9)	 1.7	(0.16-
16)	

16	(16-16)		 0.19	

Post-bronchodilator	FEV1	(%	predicted)*	 95.2	(11.6)	 92.7	(16.6)	 109.2	(14.6)	 0.406	

Airway	inflammation	 	 	 	 	

FeNO	(ppb)**	 24	(16-71)	 31	(23-58)	 25	(15-27)	 0.381	

Sputum	eosinophil	count	(%)**	 12.4	(4.6-
49.4)	

6.4	(2.3-10)	 0	(0-0.25)	 0.02	

Sputum	neutrophil	count	(%)*	 54.1	(37.3)	 81.2	(14.2)	 73.9	(24.2)	 0.316	

Blood	eosinophil	count	((x10-9/l)*	 0.62	(0.47)	 0.29	(0.29)	 0.14	(0.09)	 0.026	

Immunological	biomarkers	 	 	 	 	

Total	IgE	IU/ml**	 692.5	(470-
1485.5)	

41	(28.4-
76.9)	

24.5	(5.5-
110)	

0.001	

IgE	Aspergillus	fumigatus	mg/L**	 6.19	(0.37-
13.45)	

0.02	(0.01-
0.04)	

0.00	(0-
0.01)	

<0.001	

IgG	Aspergillus	fumigatus	kU/L**	 37.5	(19.9-
61.9)	

15.4	(10.8-
28.3)	

36.5	(22.6-
48.4)	

0.116	
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Table	6.3		Amplification	success	of	samples	obtained	from	bronchoscopy.		Table	

displays	number	of	samples	obtained	and	%	successfully	amplified	in	brackets.	

	 Asthmatics	
sensitised	to	
fungi	(n=12)	

Asthmatics	not	
sensitised	to	
fungi	(n=9)	

Healthy	
controls	
(n=8)	

	

p-value	

Bronchial	wash	 12	(100%)	 9	(78%)	 8	(50%)	 0.0256	

Bronchoalveolar	
lavage	

9	(89%)	 9	(89%)	 8	(63%)	 0.2889	

Protected	
endobronchial	
brush	

11	(45%)	 9	(67%)	 8	(38%)	 0.4514	

		

	

Table	6.4		Operational	taxonomic	unit	(OTU)	frequencies	of	fungal	species	that	

differed	between	the	asthma	cohort	and	healthy	controls.		The	Kruskal-Wallis	test	

was	used	to	OTU	frequencies,	the	Benjamini-Hochberg	FDR	procedure	was	used	to	

correct	for	multiple	comparisons.	

Sample(s)	 Fungus	 Asthma	
(mean	
OTU)	

Healthy	
(mean	
OTU)	

p-value	 Adjusted	
p-value	

Sputum	 Candida	dubliniensis	

Mycosphaerella	tassiana	

397	

4,435	

0	

29,059	

0.015	

0.002	

0.306	

0.049	

Bronchoscopy	 Aspergillus	tubingensis	

Cryptococcus	psuedolongus	

Penicillium	decumbens	

Mycosphaerella	tassiana	

10,796	

1,361	

1,426	

2,664	

8,659	

98	

240	

14,056	

0.018	

0.020	

0.042	

0.010	

0.192	

0.192	

0.264	

0.190	

BAL,	brush	&	
wash		

Cryptococcus	pseudolongus	 1,679	 138	 0.041	 0.333	
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Table	6.5	Fungal	species	that	differed	in	either	OTU	frequency	or	prevalence	

between	the	samples	obtained	from	different	lung	compartments.		The	Kruskal-

Wallis	test	was	used	to	compare	OTU	frequencies,	the	Benjamini-Hochberg	FDR	

procedure	was	used	to	correct	for	multiple	comparisons.			A	chi-square	

contingency	test	analysed	prevalence	rates,	with	multiple	comparisons	corrected	

for	by	the	Benjamini,	Krieger	and	Yekutieli	procedure	(with	5%	Q-value	false-	

discovery	rate).	

	 Test-
Statistic	

BAL	
mean	

Brush	
mean	

Wash	
mean	

Sputum	
mean	

Adjusted	
P-value	

OTU	frequencies	 	 	 	 	 	 	

Aspergillus	fumigatus	 9.54	 57,596	 102,527	 40,020	 55,482	 0.098	

Aspergillus	tubingensis	 10.74	 10,821	 20,351	 13,892	 1,123	 0.098	

Cryptococcus	
pseudolongus	

9.49	 1,329	 1,450	 1,334	 502	 0.098	

Sporobolomyces	roseus	 9.09	 672	 3,058	 822	 2,544	 0.098	

Prevalence	(%)	 	 	 	 	 	 	

Aspergillus	fumigatus	 1.215	 90.5	 92.9	 82.6	 84.0	 0.767	

Aspergillus	tubingensis	 12.65	 61.9	 92.9	 47.8	 36.0	 0.035	

Cryptococcus	
pseudolongus	

13.45	 47.6	 92.9	 34.8	 40.0	 0.035	

Sporobolomyces	roseus	 8.801	 28.6	 71.4	 26.1	 40.0	 0.135	
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Table	6.6		Correlations	(unadjusted	and	adjusted)	between	indices	of	airway	

remodelling	(percentage	of	intact	airway	epithelium,	percentage	of	airway	smooth	

muscle	(ASM)	present	and	reticular	basement	membrane	thickness	(RBMT))	and	

the	amount	of	fungi	present	in	each	sample	type	(BAL,	protected	brush,	wash).		

Exploratory	data	analysis	(uncorrected	p	value)	suggests	a	protective	role	of	

certain	fungi	within	the	mycobiome,	whilst	other	are	associated	with	markers	of	

airway	remodelling.	

	 Fungi	 Spearman’s	
Rho	

Unadjusted	
p	value	

Adjusted	
p	value	

Percentage	of	
intact	airway	
epithelium	

BAL	–	none	significant	

Brush	

Cryptococcus	pseudolongus	

Wash		Aspergillus	fumigatus	

-	

	

0.802	

-0.627	

-	

	

0.013	

0.037	

-	

	

0.417	

0.721	

Percentage	of	
ASM	

BAL	Phaeotheca	triangularis	

Brush	–	none	significant	

Wash	

Aspergillus	striatus	

Saccharomyces	paradoxus	

Leptosphaeriaceae	species	

-0.669	

-	

	

0.749	

-0.669	

-0.669	

0.022	

-	

	

0.006	

0.022	

0.022	

0.708	

-	

	

0.216	

0.265	

0.265	

RBMT	 BAL	

Cryptococcus	pseudolongus	

Mycosphaerella	tassiana	

Penicillium	spinulosum	

Brush	

Penicillium	spinulosum	

Wash	

Ascomycota	species	

	

-0.72	

-0.64	

-0.62	

	

-0.77	

	

-0.78	

	

0.009	

0.031	

0.04	

	

0.021	

	

0.003	

	

0.303	

0.341	

0.341	

	

0.482	

	

0.120	
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Figure	6.1		Chao1	alpha	diversity.		Samples	included	in	the	analyses	were:	BAL	(n=	
21),	bronchial	wash	(n=23),	protected	brush	(n=14)	and	sputum	(n=25)	samples.	

A. Graph	depicting	the	core	microbiome	showing	the	number	of	taxa	shared	between	
25%	and	100%	of	the	samples	and	a	rarefaction	curve.		Insert	shows	the	
rarefaction	plots	using	chao1	alpha	diversity.	

B. Box	plots	of	Chao1	alpha	diversity	indices	of	patients	undergoing	a	bronchoscopy	
grouped	by	sample	type.	

	

A.	

	

B.	
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Figure	6.2			Relative	abundance	of	fungi.	Samples	included	in	the	analyses	were:	

BAL	(n=	21),	bronchial	wash	(n=23),	protected	brush	(n=14)	and	sputum	(n=25)	

samples.		Taxa	present	in	≥25%	of	samples	and	with	a	total	OTU	observation	cutoff	

of	1%	in	A	and	0.1%	in	B	are	represented.	

A. Relative	abundance	(as	a	percentage)	of	fungi	present	at	the	species	level.	
B. Heatmap	of	the	relative	abundance	of	fungal	ITS2	sequences	between	sample	types.		

Transformed	data	(using	In(x+1))	is	shown,	compensating	for	zeros	in	the	dataset.	
	
A.	

	

	

	

	

	



	 145	

B.	
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Figure	6.3		Core	microbiome	from	the	samples	obtained	at	bronchoscopy	shown	

as	a	Venn	diagram.		Taxa	not	identified	to	species	level	were	excluded.	

Samples	included	in	the	analyses	were:	BAL	(n=	21),	bronchial	wash	(n=23),	protected	
brush	(n=14)	and	sputum	(n=25)	samples.	
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Chapter	7:	Conclusions	and	further	work	

7.1	Introduction	

This	thesis	has	focused	on	the	role	that	fungal	allergy	and	the	fungal	microbiome	

(mycobiome)	have	in	the	clinical	manifestations	of	asthma	and	asthma	severity,	

without	being	restricted	by	existing	diagnostic	classifications	for	fungal	allergy	

(ABPA/ABPM/SAFS).			

Three	studies	were	conducted.		The	first	used	univariate	and	multivariate	analysis	

on	a	large	cross-sectional	cohort	of	asthmatic	patients	to	evaluate	the	relationship	

between	immunological	and	inflammatory	variables	and	markers	of	disease	

severity	(PBFEV1,	lung	function	decline	and	radiological	abnormalities).		Cluster	

analysis	was	used	to	categorise	patients	into	more	homogenous	groups	on	the	

basis	of	these	variables.		Markers	of	disease	severity	were	then	mapped	to	these	

groups	to	evaluate	whether	characterising	patients	in	this	manner	would	identify	

those	more	at	risk	of	developing	adverse	clinical	features	of	asthma.	

The	second	study	in	this	thesis	used	immunohistochemistry	to	measure	

recognised	parameters	of	airway	remodelling	in	asthmatics	sensitised	and	not	

sensitised	to	fungi.		

The	final	study	of	this	thesis	aimed	to	characterise	and	examine	the	role	of	the	

mycobiome	in	asthma.		Firstly	we	aimed	to	gain	a	better	understanding	of	the	core	

constituents	of	the	mycobiome	in	the	different	compartments	of	the	lung	and	

examine	whether	any	differences	were	observed	between	fungal	load,	prevalence	

and	abundance.		We	also	evaluated	whether	any	of	the	core	mycobiome	

constituents	had	a	specific	relationship	with	any	aspect	of	airway	physiology,	

inflammation	or	features	of	asthma	severity	and	remodelling.	

This	concluding	chapter	summarises	the	outcomes	of	these	studies,	their	

limitations	and	discusses	future	directions	for	research	in	this	area.	

	7.2	Study	1	–	Post-bronchodilator	FEV1,	lung	function	decline	and	radiological	

abnormalities	in	asthmatics	sensitised	to	fungi	

Fungal	sensitisation,	ABPA	and	SAFS	are	seen	more	commonly	in	severe	asthma.		

The	cohort	of	asthmatics	that	fulfil	these	classifications	represent	a	heterogeneous	
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group	that	have	a	spectrum	of	disease	severity.		To	address	this	heterogeneity	we	

investigated	how	the	immunological	variables	used	to	classify	patients	as	being	

sensitised	to	fungi,	ABPA	or	SAFS	related	to	adverse	clinical	features	of	asthma.		

The	aim	was	to	define	a	group	with	similar	adverse	features	of	asthma	severity,	

characterised	by	specific	immunological	and	inflammatory	variables.	

A	large	cross-sectional	cohort	of	asthmatics	sensitised	to	thermotolerant	

filamentous	fungi,	non-thermotolerant	filamentous	fungi	and	thermotolerant	

yeasts,	and	a	control	group	of	non-sensitised	asthmatics,	were	recruited.			

7.2.1	Relationship	between	markers	of	airway	inflammation	and	immunological	variables	to	
airway	physiology	and	radiological	abnormalities	
Univariate	analysis	showed	a	reduction	in	lung	function	to	be	limited	to	subjects	

IgE	sensitised	to	thermotolerant	filamentous	fungi,	independent	of	atopic	status.		

Reduced	lung	function	was	not	associated	with	sensitisation	to	the	non-

thermotolerant	fungi	or	the	thermotolerant	yeasts.		This	association	was	

supported	by	trends	in	the	lung	function	decline	data.	Tree	in	bud,	bronchiectasis	

and	collapse	±	consolidation	were	also	seen	more	frequently	in	asthmatics	that	

were	sensitised	to	the	thermotolerant	filamentous	fungi	and	were	not	associated	

with	sensitisation	to	other	fungi.		Only	weak	correlations	were	present	between	

any	of	the	immunological	variables	and	PBFEV1.			

Strikingly	the	total	IgE,	the	level	of	which	is	central	to	the	criteria	for	both	ABPA	

and	SAFS,	was	not	closely	related	to	clinical	outcomes.	This	section	of	the	results	

suggested	that	the	presence	of	IgE	sensitisation	to	thermotolerant	filamentous	

fungi,	but	not	the	magnitude	was	important	in	determining	those	at	risk	of	

declining	lung	function	and	developing	radiological	abnormalities.			

7.2.2	Cluster	analysis	
To	test	whether	incorporating	a	greater	number	of	variables	in	the	analysis	would	

reveal	distinct	endotypes	of	asthma	I	undertook	a	cluster	analysis	on	the	whole	

population.		This	identified	three	clusters	of	asthmatics:		

(i) An	eosinophilic	group	with	a	lower	frequency	of	fungal	

sensitisation,	and	better-preserved	lung	function.		This	

cluster	most	likely	relates	to	the	hypereosinophilic	
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exacerbation	prone	asthmatics	noted	in	previous	such	

analyses	(19).			

(ii) A	neutrophilic	group	(~10%	of	the	subjects	that	were	

sensitised	to	fungi)	with	a	higher	total	IgE	and	specific	

fungal	IgE	values,	lower	PBFEV1	values	and	a	higher	

frequency	of	radiological	abnormalities	was	also	seen.		

This	second	cluster	probably	represents	the	patients	with	

florid	allergic	fungal	airway	disease	described	in	the	case	

series	from	the	1970’s,	which	led	to	the	development	of	

the	criteria	for	ABPA	(55).		

(iii) A	neutrophilic	group	with	high	rates	of	sensitisation	to	A.	

fumigatus,	but	with	only	a	modestly	raised	level	of	total	

IgE,	a	lower	frequency	of	radiological	abnormalities	and	

relatively	well-preserved	lung	function.			

7.2.3	ABPA	and	the	cluster	analysis	
Patients	classified	as	having	ABPA,	based	on	the	ISHAM	criteria,	were	distributed	

across	all	3	groups	with	similar	numbers	seen	in	clusters	1	and	3.		Thus,	a	specific	

phenotype	for	fungal	allergy	could	not	be	identified.		The	cluster	analysis	did,	

however,	demonstrate	that	those	with	the	most	heightened	immunological	

response	and	neutrophilic	airway	inflammation	are	at	an	increased	risk	of	

developing	radiological	abnormalities	and	a	reduction	in	lung	function.		This	is	

further	supported	by	the	lung	function	decline	data	(chapter	4,	table	4.5),	where	a	

significant	reduction	in	FEV1	over	time	associated	with	neutrophilic	airway	

inflammation	and	sensitisation	to	A.	fumigatus.	

7.2.4	Concluding	remarks	
This	study	used	both	clinical	data	and	markers	of	airway	physiology	and	

radiological	endpoints	in	an	attempt	to	produce	a	more	effective	way	of	

characterising	an	asthma	endotype	linked	to	fungal	allergy.		Contrary	to	previous	

classifications	of	ABPA	as	being	characterised	as	an	eosinophilic	disease,	this	study	

suggests	that	asthmatics	with	neutrophilic	airway	inflammation	and	those	with	a	

higher	immunological	response	to	fungi	are	at	greater	risk	of	a	decline	in	lung	

function	and	radiological	abnormalities,	whether	they	fulfil	the	diagnostic	
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classification	for	ABPA	or	not.		Neutrophilic	inflammation	in	this	group	would	

indicate	involvement	of	both	innate	immune	activation	and	IgE-mediated	

activation	of	the	acquired	immune	system.		Thus,	although	this	study	was	not	able	

to	fully	characterise	a	specific	phenotype	or	endotype	to	replace	ABPA	or	SAFS,	it	

does	suggest	that	these	diagnostic	classification	do	not	capture	all	those	at	risk	of	

developing	inflammatory	and	structural	changes	in	the	lung	as	a	consequence	of	

fungi.	

7.2.5	Future	directions	
A	further	longitudinal	study	is	required	to	characterise	groups	of	asthmatics	that	

are	sensitised	to	thermotolerant	filamentous	fungi	that	have	a	higher	frequency	of	

exacerbations	and	a	greater	need	for	inhaled	and	systemic	corticosteroid	

treatment.	This	future	project	might	aim	to	establish	whether	this	cohort	of	

asthmatics	are	characterised	by	the	same	neutrophilic	airway	inflammation	and	

investigate	whether	the	same	heightened	immunological	response	is	seen.		One	

further	step	would	then	be	to	investigate	whether	this	cohort	of	asthmatics	is	more	

responsive	to	antifungal	treatments	in	a	clinical	trial.			

7.2.6	Limitations	
This	study	recruited	a	cohort	of	asthmatics	with	moderate	to	severe	disease	and	

did	not	recruit	those	with	mild	to	moderate	asthma.		Its	findings	are	therefore	at	

risk	of	selection	bias.		The	results	of	this	study	therefore	cannot	be	generalised	to	

include	those	with	mild	asthma,	and	may	have	been	confounded	by	the	

recruitment	of	only	those	with	mainly	severe	asthma.		This	is	a	significant	

limitation	of	this	study.		In	addition,	the	statistics	performed	were	of	an	

exploratory	nature	and	thus	would	not	be	able	demonstrate	any	causal	links	to	the	

outcome	variables	that	were	measured.			

7.3	Study	2	–	Remodelling	changes	in	asthmatics	sensitised	to	fungi.	

The	second	study	in	this	thesis	used	immunohistochemistry	to	map	features	of	

airway	remodelling	to	immunological	variables	of	fungal	allergy	and	assess	

whether	any	specific	features	of	airway	remodelling	were	increased	in	asthmatics	

that	are	sensitised	to	fungi.	
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This	study	did	not	show	that	asthmatics	that	are	sensitised	to	fungi	are	at	an	

increased	risk	of	airway	remodelling.		It	did,	however,	demonstrate	a	significant	

increase	in	the	number	of	mast	cells	in	the	epithelium	and	lamina	propria	of	

asthmatics	sensitised	to	fungi.		In	addition,	moderate	correlations	were	seen	

between	intraepithelial	mast	cells	and	specific	IgE	to	A.	fumigatus	and	total	IgE.		

This	would	support	a	significant	immunological	relationship	between	exposure	to	

fungi,	in	particular	A.	fumigatus,	and	the	influx	of	mast	cells	in	asthma.	

There	are	several	limitations	inherent	in	this	study	that	may	have	affected	its	

results.		Previous	murine	studies	have	demonstrated	increased	collagen	deposition	

and	goblet	cell	metaplasia	to	be	key	features	of	fungal	asthma	(225).	A	significant	

disadvantage	of	our	study	is	that	these	features	were	not	examined.	This	should	be	

the	focus	of	further	studies.		The	different	phenotypes	of	mast	cells	present	and	

their	state	of	activation	were	not	evaluated	and	is	also	a	significant	disadvantage	in	

being	able	to	interpret	the	association	between	increased	intraepithelial	and	

submucosal	mast	cell	numbers	with	fungal	sensitisation.		This	is	an	area	that	

requires	further	study.		

Unfortunately,	the	small	size	of	the	study	population	restricted	the	ability	to	

compare	remodelling	features	between	the	different	fungal	groups	(filamentous	

thermotolerant	fungi,	non-thermotolerant	fungi	and	thermotolerant	yeasts).		

Although	this	study	was	powered	to	show	a	difference	in	the	remodelling	

parameters	studied,	given	the	results	of	the	cross-sectional	study	it	may	be	that	

remodelling	may	occur	in	groups	with	similar	characteristics	as	those	described	in	

cluster	1	of	the	first	study.		To	characterise	patients	in	this	way	would	require	

larger	study	numbers.	

7.4	Study	3	–	Description	of	the	mycobiome	in	asthma.	

A	number	of	studies	have	been	published	on	the	subject	of	the	mycobiome.		

Notable	differences	have	been	described	regarding	the	core	constituents	of	the	

oral	mycobiome	in	health	and	disease.		Key	questions	remained	as	to	whether	the	

constituents	of	the	mycobiome	are	different	in	the	proximal	and	distal	airway	and	

in	the	epithelial	compartments	of	the	lung,	and	whether	disease	severity	affect	

fungal	load	and	the	dominance	of	certain	fungi	within	the	mycobiome.			
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This	was	a	prospective	study	performed	on	asthmatics	in	a	stable	state.			

Bronchial	wash	specimens	(representing	the	proximal	airways),	BAL	samples	

(peripheral	airways)	and	a	protected	brush	specimen	(epithelial	compartment)	

were	examined	to	elicit	whether	there	were	any	differences	in	the	mycobiome	

between	these	compartments.		The	core	constituents	of	the	mycobiome	were	then	

compared	to	clinical	features	of	asthma.	

7.4.1	Core	mycobiome	
The	key	constituents	of	the	core	mycobiome	were	dominated	by	12	species	of	

fungi	from	the	Ascomycota	and	Basidomycota	phyla	(figure	6.3).		Striking	

similarities	were	seen	in	the	fungal	community	in	all	of	the	compartments	studied.		

This	is	reflected	in	the	plateaus	in	the	rarefaction	curves	and	the	calculations	of	

alpha	and	beta	diversity.		Although	the	constituents	of	each	of	the	compartments	

were	similar,	differences	were	seen	when	the	species	in	these	compartments	were	

compared	by	OTU	frequency,	prevalence	rates	and	relative	abundance.	

7.4.2	Mycobiome	in	the	different	compartments	of	the	lung	
A.	fumigatus	was	the	most	abundant	fungus	in	all	the	compartments	studied.		

Secondary	differences	were	seen	between	the	epithelial	compartment	and	that	of	

the	proximal	and	distal	airways	with	Aspergillus	tubingensis	more	abundant	in	the	

epithelial	compartment	compared	to	candida	albicans	in	the	proximal	and	distal	

airways.		Specimens	from	the	proximal	and	peripheral	airway	had	several	fungi	

present	at	similar	prevalence	rates	with	C.	albicans	and	M.	tassiana	being	the	most	

dominant,	followed	by	several	members	of	the	Aspergillus	genus.		Most	of	these	

fungi	were	also	present	in	the	epithelial	compartment,	but	in	a	different	order	of	

prevalence	with	A.	fumigatus,	A.	tubingensis	and	C.	pseudolongus	being	the	most	

dominant	fungi	present	in	the	epithelial	compartment.		Further	differences	were	

seen	in	the	epithelial	samples	when	compared	to	the	specimens	taken	from	the	

proximal	and	peripheral	airways.		An	increase	in	prevalence	of	both	A.	fumigatus	

and	A.	tubingensis	was	also	seen	in	the	respiratory	epithelial	compartment,	in	

addition	to	an	increase	in	the	OTU	frequency	of	A.	fumigatus	in	this	compartment.		

These	are	important	findings	given	the	crucial	role	the	epithelium	has	in	the	

immune	response	to	fungi.	This	requires	further	study.	
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7.4.3	Mycobiome	in	health	and	asthma	
Relatively	few	differences	were	found	between	asthmatics	and	healthy	controls.		

Higher	OTU	frequencies	of	A.	tubingensis	were	seen	in	asthmatics,	whilst	M.	

tassiana	had	higher	OTU	frequencies	in	healthy	controls.		In	comparison	to	healthy	

controls,	patients	with	asthma	had	higher	OTU	frequencies.		In	addition,	

differences	in	the	relative	abundance	of	certain	fungi	were	shown	to	be	specific	in	

differentiating	asthma	from	healthy	controls.		A.	tubingensis,	C.	pseudolongus	and	P.	

decumbens	were	more	abundant	in	samples	from	asthmatic	individuals	than	they	

were	in	healthy	controls,	whilst	M.	tassiana	was	the	only	fungi	to	have	a	higher	

level	of	relative	abundance	in	samples	from	healthy	volunteers.	

7.4.4		Relationship	of	clinical	characteristics	of	asthma,	fungal	load	and	mycobiome	
A	few	clinical	features	of	asthma	demonstrated	interesting	associations	with	the	

results	from	the	HTS	data,	however	whether	these	are	clinically	relevant	is	yet	to	

be	established.		Fungal	load	was	higher	in	early	onset	disease	and	in	asthmatics	

sensitised	to	fungi.		Fungal	load	was	also	inversely	correlated	with	sputum	

eosinophilia	and	inhaled	corticosteroid	dose.		However,	the	presence	or	absence	of	

certain	fungi	was	not	found	to	be	associated	with	any	of	the	clinical	characteristics	

of	asthma	that	were	studied	with	the	exception	of	sputum	neutrophilia,	which	was	

found	to	have	a	weak	inverse	correlation	with	A.	tubingensis	and	C.	pseudolongus.		

Fungal	load	was	strongly	correlated	with	intraepithelial	mast	cell	infiltration	in	the	

proximal	airway.		In	addition,	a	moderate	inverse	relationship	was	seen	between	

fungal	load	in	this	compartment	and	mast	cells	in	the	lamina	propria.			

The	uncorrected	p	values	do	suggest	that	certain	fungi	have	a	protective	effect	on	

aspects	of	airway	remodelling,	whilst	others	are	more	damaging.		The	presence	of	

Cryptococcus	pseudolongus	in	the	brush	and	BAL	samples	were	associated	with	an	

increase	in	the	percentage	of	intact	airway	epithelium	and	a	reduction	in	the	

RBMT.		The	presence	of	Penicillium	spinulosum	was	associated	with	a	reduction	in	

RMBT	and	several	fungi	were	correlated	to	a	decrease	in	ASM	(Phaeotheca	

triangularis,	Saccharomyces	paradoxus	and	Leptosphaeriaceae	species).		Adverse	

features	of	airway	remodelling	were	seen	with	A.	fumigatus	and	Aspergillus	striatus	

in	the	wash	sample.		These	fungi	were	correlated	with	epithelial	desquamation	and	

an	increase	in	airway	smooth	muscle.			
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7.4.5	Concluding	remarks	
This	study	showed	striking	similarities	in	the	constituents	of	fungi	present	in	the	

different	compartments	of	the	lung.		A	few	‘key	players’	included	members	from	

the	Aspergillus	genus,	Candida,	Mycophaerella	and	Cryptococcus	dominating	these	

compartments.		Preliminary	results	from	the	immunohistochemistry	data	would	

suggest	a	protective	role	of	certain	fungi	in	the	mycobiome,	but	this	requires	

further	confirmatory	studies.			

12	species	from	both	the	Ascomycota	and	Basidomycota	phyla	represented	the	

core	mycobiome.		Specific	differences	did	occur	between	compartments	with	

regard	to	OTU	frequency,	relative	abundance	and	prevalence.		However,	the	

clinical	significance	of	these	specific	differences	is	not	clear.			Further	studies	are	

needed	to	establish	whether	the	weak	inverse	correlation	between	A.	tubingensis	

and	C.	pseudolongus	and	sputum	neutrophilia	is	meaningful	in	terms	of	

exacerbation	rates	and	whether	these	constituents	remain	stable	over	time.	

7.4.6	Limitations	
The	limitations	of	this	study	in	terms	of	primer	selection,	DNA	extraction	

methodology	and	sample	size	have	already	been	discussed.		The	results	may	also	

have	been	affected	by	primer	amplification	bias.			Both	ITS1	and	ITS2	primer	set	

are	available.		Thus	further	confirmatory	studies	are	required	using	both	primer	

sets	to	establish	the	reproducibility	of	our	findings.	

7.4.6	Future	directions	
Fungal	load	was	associated	with	fungal	sensitisation,	sputum	eosinophilia	and	

corticosteroid	dose.		The	clinical	significance	of	this	is	uncertain.		Interventional	

trials	using	nebulised	antifungals	may	be	an	appropriate	next	step	to	ascertain	

whether	this	would	reduce	fungal	load	and	have	any	meaningful	impact	on	sputum	

eosinophilia	and	corticosteroid	dose.		

No	longitudinal	element	was	included	in	this	study	and	would	be	an	important	

next	step	to	assess	the	stability	of	the	mycobiome	over	time,	during	and	following	

exacerbations.		In	addition,	it	is	becoming	increasingly	recognised	that	there	is	a	

need	to	look	at	all	parts	of	the	microbiome	rather	than	the	bacterial	or	fungal	

microbiome	in	isolation.	This	is	due	to	the	influence	of	bacterial	and	fungal	
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interactions	and	how	alterations	in	one	part	of	the	microbiome	may	have	

implications	for	other	parts	of	the	microbiome	(covariance).	

7.5	SUMMARY	

The	first	study	in	the	thesis	highlights	the	issues	that	exist	with	the	current	

diagnostic	classifications	in	fungal	allergy.		The	parameters	used	in	these	

classifications	were	not	shown	to	be	specific	or	sensitive	enough	to	detect	all	those	

at	risk	of	adverse	physiological	or	radiological	outcomes.		The	study	also	shows	

lung	function	decline	in	patients	sensitised	to	A.	fumigatus	with	neutrophilic	

airway	inflammation.	This	is	a	novel	finding.	

Histologically	the	second	study	shows	an	increase	in	intraepithelial	mast	cells,	an	

increase	in	mast	cells	in	the	lamina	propria	and	fungal	load	to	be	specific	features	

associated	with	fungal	sensitisation.		In	addition,	specific	fungi	in	the	mycobiome	

were	associated	with	a	protective	effect	on	aspects	of	airway	remodelling,	whilst	

others	may	have	a	more	damaging	role.		

The	third	study	demonstrated	12	species	of	fungi,	belonging	to	the	Ascomycota	

and	Basidomycota	phyla,	to	be	present	in	all	compartments	of	the	lung	and	was	felt	

to	represent	the	core	mycobiome.		A.	fumigatus	and	Aspergillus	species	were	the	

most	dominant	fungi,	in	terms	of	abundance,	in	both	asthmatics	and	healthy	states	

throughout	the	different	compartments	of	the	lung.		Key	differences	were,	

however,	seen	in	the	composition	of	the	fungi	in	the	epithelial	compartment,	with	

an	increased	abundance	seen	of	A.	tubingensis	specifically	being	associated	with	

neutrophilic	airway	inflammation.		

Thus	this	body	of	work	would	suggest	that	identifying	patients	with	neutrophilic	

airway	inflammation	that	are	sensitised	to	thermotolerant	filamentous	fungi	and	

have	a	high	fungal	load	might	identify	those	at	risk	of	poor	outcomes	and	where	

antifungal	treatment	maybe	more	effectively	targeted.		Further	mechanistic	and	

interventional	studies	are	necessary	to	support	this	conclusion.	

	
	



	 156	

References	
	

1.	 UK	A.	Asthma	facts	and	statistics	www.asthma.org.uk/asthma-facts-and-
statistics2014	[	
2.	 Moore	WC,	Bleecker	ER,	Curran-Everett	D,	Erzurum	SC,	Ameredes	BT,	Bacharier	L,	
et	al.	Characterization	of	the	severe	asthma	phenotype	by	the	National	Heart,	Lung,	and	
Blood	Institute's	Severe	Asthma	Research	Program.	J	Allergy	Clin	Immunol.	
2007;119(2):405-13.	
3.	 Chung	KF,	Wenzel	SE,	Brozek	JL,	Bush	A,	Castro	M,	Sterk	PJ,	et	al.	International	
ERS/ATS	guidelines	on	definition,	evaluation	and	treatment	of	severe	asthma.		Eur	Respir	
J.	43.	England2014.	p.	343-73.	
4.	 Chen	H,	Blanc	PD,	Hayden	ML,	Bleecker	ER,	Chawla	A,	Lee	JH.	Assessing	
productivity	loss	and	activity	impairment	in	severe	or	difficult-to-treat	asthma.	Value	
Health.	2008;11(2):231-9.	
5.	 Skloot	GS.	Asthma	phenotypes	and	endotypes:	a	personalized	approach	to	
treatment.	Curr	Opin	Pulm	Med.	2016;22(1):3-9.	
6.	 Targonski	PV,	Persky	VW,	Ramekrishnan	V.	Effect	of	environmental	molds	on	risk	
of	death	from	asthma	during	the	pollen	season.		J	Allergy	Clin	Immunol.	95.	United	
States1995.	p.	955-61.	
7.	 Black	PN,	Udy	AA,	Brodie	SM.	Sensitivity	to	fungal	allergens	is	a	risk	factor	for	life-
threatening	asthma.	Allergy.	2000;55(5):501-4.	
8.	 Pulimood	TB,	Corden	JM,	Bryden	C,	Sharples	L,	Nasser	SM.	Epidemic	asthma	and	
the	role	of	the	fungal	mold	Alternaria	alternata.	J	Allergy	Clin	Immunol.	2007;120(3):610-
7.	
9.	 O'Hollaren	MT,	Yunginger	JW,	Offord	KP,	Somers	MJ,	O'Connell	EJ,	Ballard	DJ,	et	al.	
Exposure	to	an	aeroallergen	as	a	possible	precipitating	factor	in	respiratory	arrest	in	
young	patients	with	asthma.	N	Engl	J	Med.	1991;324(6):359-63.	
10.	 Tham	R,	Vicendese	D,	Dharmage	SC,	Hyndman	RJ,	Newbigin	E,	Lewis	E,	et	al.	
Associations	between	outdoor	fungal	spores	and	childhood	and	adolescent	asthma	
hospitalizations.	J	Allergy	Clin	Immunol.	2017;139(4):1140-7.e4.	
11.	 Atkinson	RW,	Strachan	DP,	Anderson	HR,	Hajat	S,	Emberlin	J.	Temporal	
associations	between	daily	counts	of	fungal	spores	and	asthma	exacerbations.	Occup	
Environ	Med.	2006;63(9):580-90.	
12.	 Sharpe	RA,	Bearman	N,	Thornton	CR,	Husk	K,	Osborne	NJ.	Indoor	fungal	diversity	
and	asthma:	a	meta-analysis	and	systematic	review	of	risk	factors.	J	Allergy	Clin	Immunol.	
2015;135(1):110-22.	
13.	 Knutsen	AP,	Bush	RK,	Demain	JG,	Denning	DW,	Dixit	A,	Fairs	A,	et	al.	Fungi	and	
allergic	lower	respiratory	tract	diseases.	J	Allergy	Clin	Immunol.	2012;129(2):280-91;	quiz	
92-3.	
14.	 Agbetile	J,	Fairs	A,	Desai	D,	Hargadon	B,	Bourne	M,	Mutalithas	K,	et	al.	Isolation	of	
filamentous	fungi	from	sputum	in	asthma	is	associated	with	reduced	post-bronchodilator	
FEV1.	Clin	Exp	Allergy.	2012;42(5):782-91.	
15.	 Scheuermann	RH,	Ceusters	W,	Smith	B.	Toward	an	ontological	treatment	of	disease	
and	diagnosis.	Summit	Transl	Bioinform.	2009;2009:116-20.	
16.	 Haldar	P,	Brightling	CE,	Hargadon	B,	Gupta	S,	Monteiro	W,	Sousa	A,	et	al.	
Mepolizumab	and	exacerbations	of	refractory	eosinophilic	asthma.	N	Engl	J	Med.	
2009;360(10):973-84.	
17.	 Anderson	GP.	Endotyping	asthma:	new	insights	into	key	pathogenic	mechanisms	
in	a	complex,	heterogeneous	disease.	Lancet.	2008;372(9643):1107-19.	
18.	 Lotvall	J,	Akdis	CA,	Bacharier	LB,	Bjermer	L,	Casale	TB,	Custovic	A,	et	al.	Asthma	
endotypes:	a	new	approach	to	classification	of	disease	entities	within	the	asthma	
syndrome.	J	Allergy	Clin	Immunol.	2011;127(2):355-60.	



	 157	

19.	 Haldar	P,	Pavord	ID,	Shaw	DE,	Berry	MA,	Thomas	M,	Brightling	CE,	et	al.	Cluster	
analysis	and	clinical	asthma	phenotypes.	Am	J	Respir	Crit	Care	Med.	2008;178(3):218-24.	
20.	 Green	RH,	Brightling	CE,	McKenna	S,	Hargadon	B,	Parker	D,	Bradding	P,	et	al.	
Asthma	exacerbations	and	sputum	eosinophil	counts:	a	randomised	controlled	trial.	
Lancet.	2002;360(9347):1715-21.	
21.	 Moore	WC,	Meyers	DA,	Wenzel	SE,	Teague	WG,	Li	H,	Li	X,	et	al.	Identification	of	
asthma	phenotypes	using	cluster	analysis	in	the	Severe	Asthma	Research	Program.	Am	J	
Respir	Crit	Care	Med.	2010;181(4):315-23.	
22.	 Siroux	V,	Basagaña	X,	Boudier	A,	Pin	I,	Garcia-Aymerich	J,	Vesin	A,	et	al.	Identifying	
adult	asthma	phenotypes	using	a	clustering	approach.	European	Respiratory	Journal.	
2011;38(2):310-7.	
23.	 Woodruff	PG,	Modrek	B,	Choy	DF,	Jia	G,	Abbas	AR,	Ellwanger	A,	et	al.	T-helper	type	
2-driven	inflammation	defines	major	subphenotypes	of	asthma.	Am	J	Respir	Crit	Care	Med.	
2009;180(5):388-95.	
24.	 Baines	KJ,	Simpson	JL,	Wood	LG,	Scott	RJ,	Fibbens	NL,	Powell	H,	et	al.	Sputum	gene	
expression	signature	of	6	biomarkers	discriminates	asthma	inflammatory	phenotypes.	J	
Allergy	Clin	Immunol.	2014;133(4):997-1007.	
25.	 Bhakta	NR,	Solberg	OD,	Nguyen	CP,	Nguyen	CN,	Arron	JR,	Fahy	JV,	et	al.	A	qPCR-
based	metric	of	Th2	airway	inflammation	in	asthma.	Clin	Transl	Allergy.	2013;3(1):24.	
26.	 Siroux	V,	González	JR,	Bouzigon	E,	Curjuric	I,	Boudier	A,	Imboden	M,	et	al.	Genetic	
heterogeneity	of	asthma	phenotypes	identified	by	a	clustering	approach.	European	
Respiratory	Journal.	2014;43(2):439-52.	
27.	 Vroman	H,	van	den	Blink	B,	Kool	M.	Mode	of	dendritic	cell	activation:	the	decisive	
hand	in	Th2/Th17	cell	differentiation.	Implications	in	asthma	severity?	Immunobiology.	
2015;220(2):254-61.	
28.	 Fritzsching	B,	Hagner	M,	Dai	L,	Christochowitz	S,	Agrawal	R,	van	Bodegom	C,	et	al.	
Impaired	mucus	clearance	exacerbates	allergen-induced	type	2	airway	inflammation	in	
juvenile	mice.	J	Allergy	Clin	Immunol.	2017;140(1):190-203.e5.	
29.	 Margalit	A,	Kavanagh	K.	The	innate	immune	response	to	Aspergillus	fumigatus	at	
the	alveolar	surface.	FEMS	Microbiol	Rev.	2015;39(5):670-87.	
30.	 Zaidman	NA,	O'Grady	KE,	Patil	N,	Milavetz	F,	Maniak	PJ,	Kita	H,	et	al.	Airway	
epithelial	anion	secretion	and	barrier	function	following	exposure	to	fungal	aeroallergens:	
role	of	oxidative	stress.	Am	J	Physiol	Cell	Physiol.	2017;313(1):C68-c79.	
31.	 Neveu	WA,	Bernardo	E,	Allard	JL,	Nagaleekar	V,	Wargo	MJ,	Davis	RJ,	et	al.	Fungal	
Allergen	β-Glucans	Trigger	p38	Mitogen-Activated	Protein	Kinase–Mediated	IL-6	
Translation	in	Lung	Epithelial	Cells.		Am	J	Respir	Cell	Mol	Biol.	452011.	p.	1133-41.	
32.	 Namvar	S,	Warn	P,	Farnell	E,	Bromley	M,	Fraczek	M,	Bowyer	P,	et	al.	Aspergillus	
fumigatus	proteases,	Asp	f	5	and	Asp	f	13,	are	essential	for	airway	inflammation	and	
remodelling	in	a	murine	inhalation	model.	Clin	Exp	Allergy.	2015;45(5):982-93.	
33.	 Hammad	H,	Chieppa	M,	Perros	F,	Willart	MA,	Germain	RN,	Lambrecht	BN.	House	
dust	mite	allergen	induces	asthma	via	Toll-like	receptor	4	triggering	of	airway	structural	
cells.	Nat	Med.	2009;15(4):410-6.	
34.	 Yu	S,	Kim	HY,	Chang	YJ,	DeKruyff	RH,	Umetsu	DT.	Innate	lymphoid	cells	and	
asthma.	J	Allergy	Clin	Immunol.	2014;133(4):943-50;	quiz	51.	
35.	 Scanlon	ST,	McKenzie	AN.	The	messenger	between	worlds:	the	regulation	of	innate	
and	adaptive	type-2	immunity	by	innate	lymphoid	cells.	Clin	Exp	Allergy.	2015;45(1):9-20.	
36.	 Xue	L,	Gyles	SL,	Wettey	FR,	Gazi	L,	Townsend	E,	Hunter	MG,	et	al.	Prostaglandin	D2	
causes	preferential	induction	of	proinflammatory	Th2	cytokine	production	through	an	
action	on	chemoattractant	receptor-like	molecule	expressed	on	Th2	cells.	J	Immunol.	
2005;175(10):6531-6.	
37.	 Pettipher	R.	The	roles	of	the	prostaglandin	D(2)	receptors	DP(1)	and	CRTH2	in	
promoting	allergic	responses.	Br	J	Pharmacol.	2008;153	Suppl	1:S191-9.	



	 158	

38.	 Kawai	T,	Akira	S.	The	role	of	pattern-recognition	receptors	in	innate	immunity:	
update	on	Toll-like	receptors.	Nat	Immunol.	2010;11(5):373-84.	
39.	 Lafferty	EI,	Qureshi	ST,	Schnare	M.	The	role	of	toll-like	receptors	in	acute	and	
chronic	lung	inflammation.	J	Inflamm	(Lond).	2010;7:57.	
40.	 Carvalho	A,	Pasqualotto	AC,	Pitzurra	L,	Romani	L,	Denning	DW,	Rodrigues	F.	
Polymorphisms	in	toll-like	receptor	genes	and	susceptibility	to	pulmonary	aspergillosis.	J	
Infect	Dis.	2008;197(4):618-21.	
41.	 Mjosberg	J,	Eidsmo	L.	Update	on	innate	lymphoid	cells	in	atopic	and	non-atopic	
inflammation	in	the	airways	and	skin.	Clin	Exp	Allergy.	2014;44(8):1033-43.	
42.	 Kim	HY,	Chang	YJ,	Subramanian	S,	Lee	HH,	Albacker	LA,	Matangkasombut	P,	et	al.	
Innate	lymphoid	cells	responding	to	IL-33	mediate	airway	hyperreactivity	independently	
of	adaptive	immunity.	J	Allergy	Clin	Immunol.	2012;129(1):216-27.e1-6.	
43.	 Hallstrand	TS,	Henderson	WR,	Jr.	An	update	on	the	role	of	leukotrienes	in	asthma.	
Curr	Opin	Allergy	Clin	Immunol.	2010;10(1):60-6.	
44.	 Acharya	KR,	Ackerman	SJ.	Eosinophil	granule	proteins:	form	and	function.	J	Biol	
Chem.	2014;289(25):17406-15.	
45.	 Shaw	DE,	Berry	MA,	Hargadon	B,	McKenna	S,	Shelley	MJ,	Green	RH,	et	al.	
Association	between	neutrophilic	airway	inflammation	and	airflow	limitation	in	adults	
with	asthma.	Chest.	2007;132(6):1871-5.	
46.	 Aujla	SJ,	Alcorn	JF.	T(H)17	cells	in	asthma	and	inflammation.	Biochim	Biophys	
Acta.	2011;1810(11):1066-79.	
47.	 Huang	G,	Wang	Y,	Chi	H.	Regulation	of	TH17	cell	differentiation	by	innate	immune	
signals.	Cell	Mol	Immunol.	2012;9(4):287-95.	
48.	 McGeachy	MJ,	Chen	Y,	Tato	CM,	Laurence	A,	Joyce-Shaikh	B,	Blumenschein	WM,	et	
al.	The	interleukin	23	receptor	is	essential	for	the	terminal	differentiation	of	interleukin	
17-producing	effector	T	helper	cells	in	vivo.	Nat	Immunol.	2009;10(3):314-24.	
49.	 Jones	CE,	Chan	K.	Interleukin-17	stimulates	the	expression	of	interleukin-8,	
growth-related	oncogene-alpha,	and	granulocyte-colony-stimulating	factor	by	human	
airway	epithelial	cells.	Am	J	Respir	Cell	Mol	Biol.	2002;26(6):748-53.	
50.	 Linden	A,	Dahlen	B.	Interleukin-17	cytokine	signalling	in	patients	with	asthma.	Eur	
Respir	J.	2014;44(5):1319-31.	
51.	 Cosmi	L,	Liotta	F,	Maggi	E,	Romagnani	S,	Annunziato	F.	Th17	cells:	new	players	in	
asthma	pathogenesis.	Allergy.	2011;66(8):989-98.	
52.	 Fairs	A,	Agbetile	J,	Hargadon	B,	Bourne	M,	Monteiro	WR,	Brightling	CE,	et	al.	IgE	
sensitization	to	Aspergillus	fumigatus	is	associated	with	reduced	lung	function	in	asthma.	
Am	J	Respir	Crit	Care	Med.	2010;182(11):1362-8.	
53.	 Patterson	R,	Greenberger	PA,	Harris	KE.	Allergic	bronchopulmonary	aspergillosis.	
Chest.	2000;118(1):7-8.	
54.	 Hinson	KF,	Moon	AJ,	Plummer	NS.	Broncho-pulmonary	aspergillosis;	a	review	and	
a	report	of	eight	new	cases.	Thorax.	1952;7(4):317-33.	
55.	 Rosenberg	M,	Patterson	R,	Mintzer	R,	Cooper	BJ,	Roberts	M,	Harris	KE.	Clinical	and	
immunologic	criteria	for	the	diagnosis	of	allergic	bronchopulmonary	aspergillosis.	Ann	
Intern	Med.	1977;86(4):405-14.	
56.	 Ricketti	AJ,	Greenberger	PA,	Mintzer	RA,	Patterson	R.	Allergic	bronchopulmonary	
aspergillosis.	Arch	Intern	Med.	1983;143(8):1553-7.	
57.	 Agarwal	R,	Aggarwal	AN,	Gupta	D,	Jindal	SK.	Aspergillus	hypersensitivity	and	
allergic	bronchopulmonary	aspergillosis	in	patients	with	bronchial	asthma:	systematic	
review	and	meta-analysis.	Int	J	Tuberc	Lung	Dis.	2009;13(8):936-44.	
58.	 Denning	DW,	Pleuvry	A,	Cole	DC.	Global	burden	of	allergic	bronchopulmonary	
aspergillosis	with	asthma	and	its	complication	chronic	pulmonary	aspergillosis	in	adults.	
Med	Mycol.	2013;51(4):361-70.	



	 159	

59.	 Agarwal	R,	Chakrabarti	A,	Shah	A,	Gupta	D,	Meis	JF,	Guleria	R,	et	al.	Allergic	
bronchopulmonary	aspergillosis:	review	of	literature	and	proposal	of	new	diagnostic	and	
classification	criteria.	Clin	Exp	Allergy.	2013;43(8):850-73.	
60.	 Chowdhary	A,	Agarwal	K,	Randhawa	HS,	Kathuria	S,	Gaur	SN,	Najafzadeh	MJ,	et	al.	
A	rare	case	of	allergic	bronchopulmonary	mycosis	caused	by	Alternaria	alternata.	Med	
Mycol.	2012;50(8):890-6.	
61.	 Akiyama	K,	Mathison	DA,	Riker	JB,	Greenberger	PA,	Patterson	R.	Allergic	
bronchopulmonary	candidiasis.	Chest.	1984;85(5):699-701.	
62.	 Arora	S,	Huffnagle	GB.	Immune	regulation	during	allergic	bronchopulmonary	
mycosis:	lessons	taught	by	two	fungi.	Immunol	Res.	2005;33(1):53-68.	
63.	 Backman	KS,	Roberts	M,	Patterson	R.	Allergic	bronchopulmonary	mycosis	caused	
by	Fusarium	vasinfectum.	Am	J	Respir	Crit	Care	Med.	1995;152(4	Pt	1):1379-81.	
64.	 Elliott	MW,	Newman	Taylor	AJ.	Allergic	bronchopulmonary	aspergillosis.	Clin	Exp	
Allergy.	1997;27	Suppl	1:55-9.	
65.	 Denning	DW,	O'Driscoll	BR,	Powell	G,	Chew	F,	Atherton	GT,	Vyas	A,	et	al.	
Randomized	controlled	trial	of	oral	antifungal	treatment	for	severe	asthma	with	fungal	
sensitization:	The	Fungal	Asthma	Sensitization	Trial	(FAST)	study.		Am	J	Respir	Crit	Care	
Med.	179.	United	States2009.	p.	11-8.	
66.	 Biomarkers	and	surrogate	endpoints:	preferred	definitions	and	conceptual	
framework.	Clin	Pharmacol	Ther.	2001;69(3):89-95.	
67.	 Muro	M,	Mondejar-Lopez	P,	Moya-Quiles	MR,	Salgado	G,	Pastor-Vivero	MD,	Lopez-
Hernandez	R,	et	al.	HLA-DRB1	and	HLA-DQB1	genes	on	susceptibility	to	and	protection	
from	allergic	bronchopulmonary	aspergillosis	in	patients	with	cystic	fibrosis.	Microbiol	
Immunol.	2013;57(3):193-7.	
68.	 Safety.	WIPoC.	Biomarkers	and	Risk	Assessment:	Concepts	and	Principles.	1993.	
69.	 Strimbu	K,	Tavel	JA.	What	are	biomarkers?	Curr	Opin	HIV	AIDS.	2010;5(6):463-6.	
70.	 Patterson	R,	Greenberger	PA,	Radin	RC,	Roberts	M.	Allergic	bronchopulmonary	
aspergillosis:	staging	as	an	aid	to	management.	Ann	Intern	Med.	1982;96(3):286-91.	
71.	 Denning	DW,	O'Driscoll	BR,	Hogaboam	CM,	Bowyer	P,	Niven	RM.	The	link	between	
fungi	and	severe	asthma:	a	summary	of	the	evidence.		Eur	Respir	J.	27.	Denmark2006.	p.	
615-26.	
72.	 Agarwal	R,	Gupta	D,	Aggarwal	AN,	Saxena	AK,	Saikia	B,	Chakrabarti	A,	et	al.	Clinical	
significance	of	decline	in	serum	IgE	levels	in	allergic	bronchopulmonary	aspergillosis.	
Respir	Med.	2010;104(2):204-10.	
73.	 Greenberger	PA,	Bush	RK,	Demain	JG,	Luong	A,	Slavin	RG,	Knutsen	AP.	Allergic	
bronchopulmonary	aspergillosis.	J	Allergy	Clin	Immunol	Pract.	2014;2(6):703-8.	
74.	 Agarwal	R,	Maskey	D,	Aggarwal	AN,	Saikia	B,	Garg	M,	Gupta	D,	et	al.	Diagnostic	
Performance	of	Various	Tests	and	Criteria	Employed	in	Allergic	Bronchopulmonary	
Aspergillosis:	A	Latent	Class	Analysis.	In:	Doherty	TM,	editor.	PLoS	One.	8.	San	Francisco,	
USA2013.	
75.	 Agarwal	R,	Khan	A,	Aggarwal	AN,	Varma	N,	Garg	M,	Saikia	B,	et	al.	Clinical	
relevance	of	peripheral	blood	eosinophil	count	in	allergic	bronchopulmonary	aspergillosis.	
J	Infect	Public	Health.	2011;4(5-6):235-43.	
76.	 O'Driscoll	BR,	Powell	G,	Chew	F,	Niven	RM,	Miles	JF,	Vyas	A,	et	al.	Comparison	of	
skin	prick	tests	with	specific	serum	immunoglobulin	E	in	the	diagnosis	of	fungal	
sensitization	in	patients	with	severe	asthma.	Clin	Exp	Allergy.	2009;39(11):1677-83.	
77.	 Crameri	R,	Garbani	M,	Rhyner	C,	Huitema	C.	Fungi:	the	neglected	allergenic	
sources.	Allergy.	2014;69(2):176-85.	
78.	 Crameri	R.	The	problem	of	cross-reactivity	in	the	diagnosis	of	fungal	allergy.	Clin	
Exp	Allergy.	2011;41(3):302-4.	
79.	 Crameri	R,	Zeller	S,	Glaser	AG,	Vilhelmsson	M,	Rhyner	C.	Cross-reactivity	among	
fungal	allergens:	a	clinically	relevant	phenomenon?	Mycoses.	2009;52(2):99-106.	



	 160	

80.	 Canonica	GW,	Ansotegui	IJ,	Pawankar	R,	Schmid-Grendelmeier	P,	van	Hage	M,	
Baena-Cagnani	CE,	et	al.	A	WAO	-	ARIA	-	GA(2)LEN	consensus	document	on	molecular-
based	allergy	diagnostics.	World	Allergy	Organ	J.	2013;6(1):17.	
81.	 Vailes	L,	Sridhara	S,	Cromwell	O,	Weber	B,	Breitenbach	M,	Chapman	M.	
Quantitation	of	the	major	fungal	allergens,	Alt	a	1	and	Asp	f	1,	in	commercial	allergenic	
products.	J	Allergy	Clin	Immunol.	2001;107(4):641-6.	
82.	 Woolnough	K,	Fairs	A,	Pashley	CH,	Wardlaw	AJ.	Allergic	fungal	airway	disease:	
pathophysiologic	and	diagnostic	considerations.	Curr	Opin	Pulm	Med.	2015;21(1):39-47.	
83.	 subcommittee	WIAN.	www.allergen.org		[	
84.	 Bowyer	P,	Denning	DW.	Genomic	analysis	of	allergen	genes	in	Aspergillus	spp:	the	
relevance	of	genomics	to	everyday	research.	Med	Mycol.	2007;45(1):17-26.	
85.	 Sporik	RB,	Arruda	LK,	Woodfolk	J,	Chapman	MD,	Platts-Mills	TA.	Environmental	
exposure	to	Aspergillus	fumigatus	allergen	(Asp	f	I).	Clin	Exp	Allergy.	1993;23(4):326-31.	
86.	 Banerjee	B,	Kurup	VP,	Greenberger	PA,	Hoffman	DR,	Nair	DS,	Fink	JN.	Purification	
of	a	major	allergen,	Asp	f	2	binding	to	IgE	in	allergic	bronchopulmonary	aspergillosis,	from	
culture	filtrate	of	Aspergillus	fumigatus.	J	Allergy	Clin	Immunol.	1997;99(6	Pt	1):821-7.	
87.	 Kurup	VP,	Banerjee	B,	Hemmann	S,	Greenberger	PA,	Blaser	K,	Crameri	R.	Selected	
recombinant	Aspergillus	fumigatus	allergens	bind	specifically	to	IgE	in	ABPA.	Clin	Exp	
Allergy.	2000;30(7):988-93.	
88.	 Hemmann	S,	Blaser	K,	Crameri	R.	Allergens	of	Aspergillus	fumigatus	and	Candida	
boidinii	share	IgE-binding	epitopes.	Am	J	Respir	Crit	Care	Med.	1997;156(6):1956-62.	
89.	 Casaulta	C,	Fluckiger	S,	Crameri	R,	Blaser	K,	Schoeni	MH.	Time	course	of	antibody	
response	to	recombinant	Aspergillus	fumigatus	antigens	in	cystic	fibrosis	with	and	
without	ABPA.	Pediatr	Allergy	Immunol.	2005;16(3):217-25.	
90.	 Knutsen	AP,	Hutcheson	PS,	Slavin	RG,	Kurup	VP.	IgE	antibody	to	Aspergillus	
fumigatus	recombinant	allergens	in	cystic	fibrosis	patients	with	allergic	
bronchopulmonary	aspergillosis.	Allergy.	2004;59(2):198-203.	
91.	 Nikolaizik	WH,	Weichel	M,	Blaser	K,	Crameri	R.	Intracutaneous	tests	with	
recombinant	allergens	in	cystic	fibrosis	patients	with	allergic	bronchopulmonary	
aspergillosis	and	Aspergillus	allergy.	Am	J	Respir	Crit	Care	Med.	2002;165(7):916-21.	
92.	 Vitte	J,	Romain	T,	Carsin	A,	Gouitaa	M,	Stremler-Le	Bel	N,	Baravalle-Einaudi	M,	et	
al.	Aspergillus	fumigatus	components	distinguish	IgE	but	not	IgG4	profiles	between	fungal	
sensitization	and	allergic	broncho-pulmonary	aspergillosis.	Allergy.	2016;71(11):1640-3.	
93.	 Tanimoto	H,	Fukutomi	Y,	Yasueda	H,	Takeuchi	Y,	Saito	A,	Watai	K,	et	al.	Molecular-
based	allergy	diagnosis	of	allergic	bronchopulmonary	aspergillosis	in	Aspergillus	
fumigatus-sensitized	Japanese	patients.	Clin	Exp	Allergy.	2015;45(12):1790-800.	
94.	 Hawksworth	D.	Global	species	numbers	of	fungi:	are	tropical	studies	and	
molecular	approaches	contributing	to	a	more	robust	estimate?	Biodiversity	and	
conservation.	2012;21(9):2425-33.	
95.	 James	TY,	Kauff	F,	Schoch	CL,	Matheny	PB,	Hofstetter	V,	Cox	CJ,	et	al.	
Reconstructing	the	early	evolution	of	Fungi	using	a	six-gene	phylogeny.	Nature.	
2006;443(7113):818-22.	
96.	 Heitman	J.	Microbial	Pathogens	in	the	Fungal	Kingdom.	Fungal	Biol	Rev.	
2011;25(1):48-60.	
97.	 Kousha	M,	Tadi	R,	Soubani	AO.	Pulmonary	aspergillosis:	a	clinical	review.	Eur	
Respir	Rev.	2011;20(121):156-74.	
98.	 Kosmidis	C,	Denning	DW.	The	clinical	spectrum	of	pulmonary	aspergillosis.	
Thorax.	2015;70(3):270-7.	
99.	 Finn	PW,	Bigby	TD.	Innate	Immunity	and	Asthma.		Proc	Am	Thorac	Soc.	62009.	p.	
260-5.	
100.	 Pashley	CH,	Fairs	A,	Morley	JP,	Tailor	S,	Agbetile	J,	Bafadhel	M,	et	al.	Routine	
processing	procedures	for	isolating	filamentous	fungi	from	respiratory	sputum	samples	
may	underestimate	fungal	prevalence.	Med	Mycol.	2012;50(4):433-8.	



	 161	

101.	 Haugland	RA,	Varma	M,	Wymer	LJ,	Vesper	SJ.	Quantitative	PCR	analysis	of	selected	
Aspergillus,	Penicillium	and	Paecilomyces	species.	Syst	Appl	Microbiol.	2004;27(2):198-
210.	
102.	 Li	Q,	Wang	C,	Tang	C,	He	Q,	Li	N,	Li	J.	Dysbiosis	of	gut	fungal	microbiota	is	
associated	with	mucosal	inflammation	in	Crohn's	disease.	J	Clin	Gastroenterol.	
2014;48(6):513-23.	
103.	 Luan	C,	Xie	L,	Yang	X,	Miao	H,	Lv	N,	Zhang	R,	et	al.	Dysbiosis	of	fungal	microbiota	in	
the	intestinal	mucosa	of	patients	with	colorectal	adenomas.	Sci	Rep.	2015;5:7980.	
104.	 Delhaes	L,	Monchy	S,	Frealle	E,	Hubans	C,	Salleron	J,	Leroy	S,	et	al.	The	airway	
microbiota	in	cystic	fibrosis:	a	complex	fungal	and	bacterial	community--implications	for	
therapeutic	management.	PLoS	One.	2012;7(4):e36313.	
105.	 Willger	SD,	Grim	SL,	Dolben	EL,	Shipunova	A,	Hampton	TH,	Morrison	HG,	et	al.	
Characterization	and	quantification	of	the	fungal	microbiome	in	serial	samples	from	
individuals	with	cystic	fibrosis.	Microbiome.	2014;2:40.	
106.	 Charlson	ES,	Diamond	JM,	Bittinger	K,	Fitzgerald	AS,	Yadav	A,	Haas	AR,	et	al.	Lung-
enriched	organisms	and	aberrant	bacterial	and	fungal	respiratory	microbiota	after	lung	
transplant.	Am	J	Respir	Crit	Care	Med.	2012;186(6):536-45.	
107.	 L	C,	R	N,	M	F,	P	B,	L	S,	A	S,	et	al.	Lung	microbiome	is	associated	with	asthma	
severity	in	fungal	associated	asthma.	European	Respiratory	Journal2015.	p.	OA1462.	
108.	 Peat	JK,	Woolcock	AJ,	Cullen	K.	Rate	of	decline	of	lung	function	in	subjects	with	
asthma.	Eur	J	Respir	Dis.	1987;70(3):171-9.	
109.	 Lange	P,	Parner	J,	Vestbo	J,	Schnohr	P,	Jensen	G.	A	15-year	follow-up	study	of	
ventilatory	function	in	adults	with	asthma.	N	Engl	J	Med.	1998;339(17):1194-200.	
110.	 Newby	C,	Agbetile	J,	Hargadon	B,	Monteiro	W,	Green	R,	Pavord	I,	et	al.	Lung	
function	decline	and	variable	airway	inflammatory	pattern:	longitudinal	analysis	of	severe	
asthma.	J	Allergy	Clin	Immunol.	2014;134(2):287-94.	
111.	 Bai	TR,	Vonk	JM,	Postma	DS,	Boezen	HM.	Severe	exacerbations	predict	excess	lung	
function	decline	in	asthma.	Eur	Respir	J.	2007;30(3):452-6.	
112.	 van	Rensen	EL,	Sont	JK,	Evertse	CE,	Willems	LN,	Mauad	T,	Hiemstra	PS,	et	al.	
Bronchial	CD8	cell	infiltrate	and	lung	function	decline	in	asthma.	Am	J	Respir	Crit	Care	
Med.	2005;172(7):837-41.	
113.	 Jongepier	H,	Boezen	HM,	Dijkstra	A,	Howard	TD,	Vonk	JM,	Koppelman	GH,	et	al.	
Polymorphisms	of	the	ADAM33	gene	are	associated	with	accelerated	lung	function	decline	
in	asthma.	Clin	Exp	Allergy.	2004;34(5):757-60.	
114.	 Paganin	F,	Trussard	V,	Seneterre	E,	Chanez	P,	Giron	J,	Godard	P,	et	al.	Chest	
radiography	and	high	resolution	computed	tomography	of	the	lungs	in	asthma.	Am	Rev	
Respir	Dis.	1992;146(4):1084-7.	
115.	 Gupta	S,	Siddiqui	S,	Haldar	P,	Raj	JV,	Entwisle	JJ,	Wardlaw	AJ,	et	al.	Qualitative	
analysis	of	high-resolution	CT	scans	in	severe	asthma.	Chest.	2009;136(6):1521-8.	
116.	 Park	JW,	Hong	YK,	Kim	CW,	Kim	DK,	Choe	KO,	Hong	CS.	High-resolution	computed	
tomography	in	patients	with	bronchial	asthma:	correlation	with	clinical	features,	
pulmonary	functions	and	bronchial	hyperresponsiveness.	J	Investig	Allergol	Clin	Immunol.	
1997;7(3):186-92.	
117.	 Lynch	DA,	Newell	JD,	Tschomper	BA,	Cink	TM,	Newman	LS,	Bethel	R.	
Uncomplicated	asthma	in	adults:	comparison	of	CT	appearance	of	the	lungs	in	asthmatic	
and	healthy	subjects.	Radiology.	1993;188(3):829-33.	
118.	 Berair	R,	Hartley	R,	Mistry	V,	Sheshadri	A,	Gupta	S,	Singapuri	A,	et	al.	Associations	
in	asthma	between	quantitative	computed	tomography	and	bronchial	biopsy-derived	
airway	remodelling.	Eur	Respir	J.	2017;49(5).	
119.	 Aysola	RS,	Hoffman	EA,	Gierada	D,	Wenzel	S,	Cook-Granroth	J,	Tarsi	J,	et	al.	Airway	
remodeling	measured	by	multidetector	CT	is	increased	in	severe	asthma	and	correlates	
with	pathology.	Chest.	2008;134(6):1183-91.	



	 162	

120.	 Hartley	RA,	Barker	BL,	Newby	C,	Pakkal	M,	Baldi	S,	Kajekar	R,	et	al.	Relationship	
between	lung	function	and	quantitative	computed	tomographic	parameters	of	airway	
remodeling,	air	trapping,	and	emphysema	in	patients	with	asthma	and	chronic	obstructive	
pulmonary	disease:	A	single-center	study.	J	Allergy	Clin	Immunol.	2016;137(5):1413-
22.e12.	
121.	 Ward	S,	Heyneman	L,	Lee	MJ,	Leung	AN,	Hansell	DM,	Muller	NL.	Accuracy	of	CT	in	
the	diagnosis	of	allergic	bronchopulmonary	aspergillosis	in	asthmatic	patients.	AJR	Am	J	
Roentgenol.	1999;173(4):937-42.	
122.	 Reiff	DB,	Wells	AU,	Carr	DH,	Cole	PJ,	Hansell	DM.	CT	findings	in	bronchiectasis:	
limited	value	in	distinguishing	between	idiopathic	and	specific	types.	AJR	Am	J	Roentgenol.	
1995;165(2):261-7.	
123.	 Menzies	D,	Holmes	L,	McCumesky	G,	Prys-Picard	C,	Niven	R.	Aspergillus	
sensitization	is	associated	with	airflow	limitation	and	bronchiectasis	in	severe	asthma.	
Allergy.	2011;66(5):679-85.	
124.	 Agarwal	R,	Khan	A,	Gupta	D,	Aggarwal	AN,	Saxena	AK,	Chakrabarti	A.	An	alternate	
method	of	classifying	allergic	bronchopulmonary	aspergillosis	based	on	high-attenuation	
mucus.	PLoS	One.	2010;5(12):e15346.	
125.	 Agarwal	R,	Gupta	D,	Aggarwal	AN,	Saxena	AK,	Chakrabarti	A,	Jindal	SK.	Clinical	
significance	of	hyperattenuating	mucoid	impaction	in	allergic	bronchopulmonary	
aspergillosis:	an	analysis	of	155	patients.	Chest.	2007;132(4):1183-90.	
126.	 Phuyal	S,	Garg	MK,	Agarwal	R,	Gupta	P,	Chakrabarti	A,	Sandhu	MS,	et	al.	High-
Attenuation	Mucus	Impaction	in	Patients	With	Allergic	Bronchopulmonary	Aspergillosis:	
Objective	Criteria	on	High-Resolution	Computed	Tomography	and	Correlation	With	
Serologic	Parameters.	Curr	Probl	Diagn	Radiol.	2016;45(3):168-73.	
127.	 Kaur	M,	Sudan	DS.	Allergic	Bronchopulmonary	Aspergillosis	(ABPA)-The	High	
Resolution	Computed	Tomography	(HRCT)	Chest	Imaging	Scenario.	J	Clin	Diagn	Res.	
2014;8(6):Rc05-7.	
128.	 Prasad	R,	Garg	R,	Sanjay,	Shukla	AD.	Allergic	bronchopulmonary	aspergillosis:	A	
review	of	42	patients	from	a	tertiary	care	center	in	India.	Lung	India.	2009;26(2):38-40.	
129.	 Broide	DH.	Immunologic	and	inflammatory	mechanisms	that	drive	asthma	
progression	to	remodeling.	J	Allergy	Clin	Immunol.	2008;121(3):560-70;	quiz	71-2.	
130.	 Boulet	LP,	Sterk	PJ.	Airway	remodelling:	the	future.	Eur	Respir	J.	2007;30(5):831-
4.	
131.	 Lloyd	CM,	Robinson	DS.	Allergen-induced	airway	remodelling.	Eur	Respir	J.	
2007;29(5):1020-32.	
132.	 Bergeron	C,	Boulet	LP.	Structural	changes	in	airway	diseases:	characteristics,	
mechanisms,	consequences,	and	pharmacologic	modulation.	Chest.	2006;129(4):1068-87.	
133.	 Panettieri	RA,	Jr.	Airway	smooth	muscle:	an	immunomodulatory	cell.	J	Allergy	Clin	
Immunol.	2002;110(6	Suppl):S269-74.	
134.	 Martin	JG,	Duguet	A,	Eidelman	DH.	The	contribution	of	airway	smooth	muscle	to	
airway	narrowing	and	airway	hyperresponsiveness	in	disease.	Eur	Respir	J.	
2000;16(2):349-54.	
135.	 James	A,	Carroll	N.	Airway	smooth	muscle	in	health	and	disease;	methods	of	
measurement	and	relation	to	function.	Eur	Respir	J.	2000;15(4):782-9.	
136.	 Benayoun	L,	Druilhe	A,	Dombret	MC,	Aubier	M,	Pretolani	M.	Airway	structural	
alterations	selectively	associated	with	severe	asthma.	Am	J	Respir	Crit	Care	Med.	
2003;167(10):1360-8.	
137.	 Brightling	CE,	Bradding	P,	Symon	FA,	Holgate	ST,	Wardlaw	AJ,	Pavord	ID.	Mast-cell	
infiltration	of	airway	smooth	muscle	in	asthma.	N	Engl	J	Med.	2002;346(22):1699-705.	
138.	 Brightling	CE,	Symon	FA,	Holgate	ST,	Wardlaw	AJ,	Pavord	ID,	Bradding	P.	
Interleukin-4	and	-13	expression	is	co-localized	to	mast	cells	within	the	airway	smooth	
muscle	in	asthma.	Clin	Exp	Allergy.	2003;33(12):1711-6.	



	 163	

139.	 Woodman	L,	Siddiqui	S,	Cruse	G,	Sutcliffe	A,	Saunders	R,	Kaur	D,	et	al.	Mast	Cells	
Promote	Airway	Smooth	Muscle	Cell	Differentiation	via	Autocrine	Up-Regulation	of	TGF-
β1().	J	Immunol.	2008;181(7):5001-7.	
140.	 Zanini	A,	Chetta	A,	Saetta	M,	Baraldo	S,	D'Ippolito	R,	Castagnaro	A,	et	al.	Chymase-
positive	mast	cells	play	a	role	in	the	vascular	component	of	airway	remodeling	in	asthma.	J	
Allergy	Clin	Immunol.	2007;120(2):329-33.	
141.	 Hoshino	M,	Takahashi	M,	Aoike	N.	Expression	of	vascular	endothelial	growth	
factor,	basic	fibroblast	growth	factor,	and	angiogenin	immunoreactivity	in	asthmatic	
airways	and	its	relationship	to	angiogenesis.	J	Allergy	Clin	Immunol.	2001;107(2):295-
301.	
142.	 Roche	WR,	Beasley	R,	Williams	JH,	Holgate	ST.	Subepithelial	fibrosis	in	the	bronchi	
of	asthmatics.	Lancet.	1989;1(8637):520-4.	
143.	 Huang	J,	Olivenstein	R,	Taha	R,	Hamid	Q,	Ludwig	M.	Enhanced	proteoglycan	
deposition	in	the	airway	wall	of	atopic	asthmatics.	Am	J	Respir	Crit	Care	Med.	
1999;160(2):725-9.	
144.	 Ward	C,	Reid	DW,	Orsida	BE,	Feltis	B,	Ryan	VA,	Johns	DP,	et	al.	Inter-relationships	
between	airway	inflammation,	reticular	basement	membrane	thickening	and	bronchial	
hyper-reactivity	to	methacholine	in	asthma;	a	systematic	bronchoalveolar	lavage	and	
airway	biopsy	analysis.	Clin	Exp	Allergy.	2005;35(12):1565-71.	
145.	 Venge	P.	The	eosinophil	and	airway	remodelling	in	asthma.	Clin	Respir	J.	2010;4	
Suppl	1:15-9.	
146.	 Zagai	U,	Dadfar	E,	Lundahl	J,	Venge	P,	Skold	CM.	Eosinophil	cationic	protein	
stimulates	TGF-beta1	release	by	human	lung	fibroblasts	in	vitro.	Inflammation.	
2007;30(5):153-60.	
147.	 Pegorier	S,	Wagner	LA,	Gleich	GJ,	Pretolani	M.	Eosinophil-derived	cationic	proteins	
activate	the	synthesis	of	remodeling	factors	by	airway	epithelial	cells.	J	Immunol.	
2006;177(7):4861-9.	
148.	 Naylor	B.	The	shedding	of	the	mucosa	of	the	bronchial	tree	in	asthma.	Thorax.	
1962;17:69-72.	
149.	 Laitinen	LA,	Heino	M,	Laitinen	A,	Kava	T,	Haahtela	T.	Damage	of	the	airway	
epithelium	and	bronchial	reactivity	in	patients	with	asthma.	Am	Rev	Respir	Dis.	
1985;131(4):599-606.	
150.	 Aikawa	T,	Shimura	S,	Sasaki	H,	Ebina	M,	Takishima	T.	Marked	goblet	cell	
hyperplasia	with	mucus	accumulation	in	the	airways	of	patients	who	died	of	severe	acute	
asthma	attack.	Chest.	1992;101(4):916-21.	
151.	 Pascual	RM,	Peters	SP.	Airway	remodeling	contributes	to	the	progressive	loss	of	
lung	function	in	asthma:	an	overview.	J	Allergy	Clin	Immunol.	2005;116(3):477-86;	quiz	
87.	
152.	 Young	A,	S.	P.	A	beginner's	guide	to	factor	analysis:	focusing	on	explanatory	factor	
analysis.	Tutorials	in	Quantitative	Methods	for	Psychology.	2013;9:79-94.	
153.	 Kilne	P.	An	easy	guide	to	factor	analysis.	London:	Routledge;	1994.	
154.	 Field	A.	Exploratory	Factor	Analysis.	In:	Carmichael	M,	editor.	Discovering	
statistics	using	IBM	SPSS	statistics	and	sex	drugs	and	rock	'n'	roll.	4th	Edition	ed.	London:	
SAGE;	2013.	p.	665-705.	
155.	 PN	T,	M	S,	V	K.	Introduction	to	data	mining.	Addison-Wesley;	2006.	p.	487-559.	
156.	 Everitt	B,	Landau	S,	Leese	M,	Stahl	D.	Cluster	Analysis.	5th	Edition	ed:	Wiley;	2011.	
157.	 Pinheiro	J,	Bates	D.	Mixed-Effects	Models	in	S	and	S-PLUS.	1st	Edition	ed.	
Chambers	J,	Eddy	W,	Hardly	W,	editors.	New	York:	Springer;	2000.	
158.	 Biau	DJ,	Kerneis	S,	Porcher	R.	Statistics	in	brief:	the	importance	of	sample	size	in	
the	planning	and	interpretation	of	medical	research.	Clin	Orthop	Relat	Res.	
2008;466(9):2282-8.	
159.	 Dorey	FJ.	Statistics	in	brief:	Statistical	power:	what	is	it	and	when	should	it	be	
used?	Clin	Orthop	Relat	Res.	2011;469(2):619-20.	



	 164	

160.	 Ramsey	D.	Learning	made	easy.	2016.	
161.	 http://www.phadia.com/en/Products/Allergy-testing-products/ImmunoCAP-
Allergen-Information/Molds-and-other-Microorganisms/Allergen-Components/rAsp-f-1-
Aspergillus-fumigatus/.		[	
162.	 Arruda	LK,	Platts-Mills	TA,	Longbottom	JL,	el-Dahr	JM,	Chapman	MD.	Aspergillus	
fumigatus:	identification	of	16,	18,	and	45	kd	antigens	recognized	by	human	IgG	and	IgE	
antibodies	and	murine	monoclonal	antibodies.	J	Allergy	Clin	Immunol.	1992;89(6):1166-
76.	
163.	 Juniper	EF,	O'Byrne	PM,	Guyatt	GH,	Ferrie	PJ,	King	DR.	Development	and	validation	
of	a	questionnaire	to	measure	asthma	control.	Eur	Respir	J.	1999;14(4):902-7.	
164.	 Meltzer	EO,	Busse	WW,	Wenzel	SE,	Belozeroff	V,	Weng	HH,	Feng	J,	et	al.	Use	of	the	
Asthma	Control	Questionnaire	to	predict	future	risk	of	asthma	exacerbation.	J	Allergy	Clin	
Immunol.	2011;127(1):167-72.	
165.	 Quaedvlieg	V,	Sele	J,	Henket	M,	Louis	R.	Association	between	asthma	control	and	
bronchial	hyperresponsiveness	and	airways	inflammation:	a	cross-sectional	study	in	daily	
practice.	Clin	Exp	Allergy.	2009;39(12):1822-9.	
166.	 Cloutier	MM,	Schatz	M,	Castro	M,	Clark	N,	Kelly	H,	Mangione-Smith	R,	et	al.	Asthma	
Outcomes:	Composite	Scores	of	Asthma	Control.	J	Allergy	Clin	Immunol.	2012;129(3	
0):S24-33.	
167.	 Reddel	HK,	Taylor	DR,	Bateman	ED,	Boulet	LP,	Boushey	HA,	Busse	WW,	et	al.	An	
official	American	Thoracic	Society/European	Respiratory	Society	statement:	asthma	
control	and	exacerbations:	standardizing	endpoints	for	clinical	asthma	trials	and	clinical	
practice.	Am	J	Respir	Crit	Care	Med.	2009;180(1):59-99.	
168.	 Wyrwich	KW,	Khan	SA,	Navaratnam	P,	Nolte	H,	Gates	DF,	Jr.	Validation	and	
agreement	across	four	versions	of	the	asthma	control	questionnaire	in	patients	with	
persistent	asthma.	Respir	Med.	2011;105(5):698-712.	
169.	 Juniper	EF,	Svensson	K,	Mork	AC,	Stahl	E.	Measurement	properties	and	
interpretation	of	three	shortened	versions	of	the	asthma	control	questionnaire.	Respir	
Med.	2005;99(5):553-8.	
170.	 Miller	MR,	Hankinson	J,	Brusasco	V,	Burgos	F,	Casaburi	R,	Coates	A,	et	al.	
Standardisation	of	spirometry.	Eur	Respir	J.	2005;26(2):319-38.	
171.	 Crapo	RO,	Casaburi	R,	Coates	AL,	Enright	PL,	Hankinson	JL,	Irvin	CG,	et	al.	
Guidelines	for	methacholine	and	exercise	challenge	testing-1999.	This	official	statement	of	
the	American	Thoracic	Society	was	adopted	by	the	ATS	Board	of	Directors,	July	1999.	Am	J	
Respir	Crit	Care	Med.	2000;161(1):309-29.	
172.	 Pavord	ID,	Pizzichini	MM,	Pizzichini	E,	Hargreave	FE.	The	use	of	induced	sputum	to	
investigate	airway	inflammation.	Thorax.	1997;52(6):498-501.	
173.	 Busse	WW,	Wanner	A,	Adams	K,	Reynolds	HY,	Castro	M,	Chowdhury	B,	et	al.	
Investigative	bronchoprovocation	and	bronchoscopy	in	airway	diseases.	Am	J	Respir	Crit	
Care	Med.	2005;172(7):807-16.	
174.	 Elston	WJ,	Whittaker	AJ,	Khan	LN,	Flood-Page	P,	Ramsay	C,	Jeffery	PK,	et	al.	Safety	
of	research	bronchoscopy,	biopsy	and	bronchoalveolar	lavage	in	asthma.	Eur	Respir	J.	
2004;24(3):375-7.	
175.	 Du	Rand	IA,	Blaikley	J,	Booton	R,	Chaudhuri	N,	Gupta	V,	Khalid	S,	et	al.	British	
Thoracic	Society	guideline	for	diagnostic	flexible	bronchoscopy	in	adults:	accredited	by	
NICE.	Thorax.	2013;68	Suppl	1:i1-i44.	
176.	 Djukanovic	R,	Sterk	PJ,	Fahy	JV,	Hargreave	FE.	Standardised	methodology	of	
sputum	induction	and	processing.	Eur	Respir	J	Suppl.	2002;37:1s-2s.	
177.	 Collins	JE,	Kirk	A,	Campbell	SK,	Mason	J,	Wilson	SJ.	Enhanced	
immunohistochemical	resolution	of	claudin	proteins	in	glycolmethacrylate-embedded	
tissue	biopsies.	Methods	Mol	Biol.	2011;762:371-82.	



	 165	

178.	 Britten	KM,	Howarth	PH,	Roche	WR.	Immunohistochemistry	on	resin	sections:	a	
comparison	of	resin	embedding	techniques	for	small	mucosal	biopsies.	Biotech	Histochem.	
1993;68(5):271-80.	
179.	 Dako.	Education	guide:Immunohistochemical	staining	methods	2013.	
180.	 TJ	W,	T	B,	S	L,	J.	T.	Amplification	and	direct	sequencing	of	fungal	ribosomal	RNA	
genes	for	phylogenetic.	In:	MA	E,	DH	G,	JJ	S,	TJ	W,	editors.	PCR	protocols:	A	guide	to	
methods	and	applications.	New	York:	Academic	Press;	1990.	p.	315-22.	
181.	 Richmond	I,	Booth	H,	Ward	C,	Walters	EH.	Intrasubject	variability	in	airway	
inflammation	in	biopsies	in	mild	to	moderate	stable	asthma.	Am	J	Respir	Crit	Care	Med.	
1996;153(3):899-903.	
182.	 	[Available	from:	http://www-
01.ibm.com/support/knowledgecenter/SSLVMB_21.0.0/com.ibm.spss.statistics.help/alg_t
wostep_basicstats.htm.	
183.	 KP	B,	DR	A.	Model	Selection	and	Multimodel	Inference:	A	Practical	Information-
Theoretic	Approach.	2nd	Edition	ed.	New	York:	Spinger	Science	&	Business	Media;	2007.	
184.	 Juniper	EF,	Bousquet	J,	Abetz	L,	Bateman	ED.	Identifying	'well-controlled'	and	'not	
well-controlled'	asthma	using	the	Asthma	Control	Questionnaire.	Respir	Med.	
2006;100(4):616-21.	
185.	 Naidich	D,	Webb	R,	Muller	N,	Vlahos	L,	Krinsky	G.	Computer	Tomography	and	
Magnetic	Resonance	of	the	Thorax.:	Lippincott	Williams	&	Wilkins;	2007.	
186.	 Verschakelen	J,	De	Wever	W.	Computer	Tomography	of	the	Lung.	A	pattern	
approach.	Baert	A,	Brady	L,	Heilmann	H,	Knauth	M,	Molls	M,	Sartor	K,	editors.	Germany:	
Springer;	2007.	
187.	 Dahnert	W.	Radiology	Review	Manual.	7th	Edition	ed.	Wisconsin:	Lippincott	
Williams	&	Wilkins;	2011.	p.	475.	
188.	 Agarwal	R,	Khan	A,	Garg	M,	Aggarwal	AN,	Gupta	D.	Chest	radiographic	and	
computed	tomographic	manifestations	in	allergic	bronchopulmonary	aspergillosis.	World	
J	Radiol.	2012;4(4):141-50.	
189.	 Heinzerling	L	Fau	-	Heinzerling	L,	Mari	A	Fau	-	Mari	A,	Bergmann	Kc	Fau	-	
Bergmann	K-C,	Bresciani	M	Fau	-	Bresciani	M,	Burbach	G	Fau	-	Burbach	G,	Darsow	U	Fau	-	
Darsow	U,	et	al.	The	skin	prick	test	–	European	standards.	(2045-7022	(Electronic)).	
190.	 Ghosh	S,	Hoselton	SA,	Dorsam	GP,	Schuh	JM.	Eosinophils	in	Fungus-Associated	
Allergic	Pulmonary	Disease.	Front	Pharmacol.	2013;4.	
191.	 Westerhof	GA,	Korevaar	DA,	Amelink	M,	de	Nijs	SB,	de	Groot	JC,	Wang	J,	et	al.	
Biomarkers	to	identify	sputum	eosinophilia	in	different	adult	asthma	phenotypes.	Eur	
Respir	J.	2015;46(3):688-96.	
192.	 Schleich	FN,	Chevremont	A,	Paulus	V,	Henket	M,	Manise	M,	Seidel	L,	et	al.	
Importance	of	concomitant	local	and	systemic	eosinophilia	in	uncontrolled	asthma.	Eur	
Respir	J.	2014;44(1):97-108.	
193.	 Al-Muhsen	S,	Johnson	JR,	Hamid	Q.	Remodeling	in	asthma.	J	Allergy	Clin	Immunol.	
2011;128(3):451-62;	quiz	63-4.	
194.	 Bergeron	C,	Tulic	MK,	Hamid	Q.	Airway	remodelling	in	asthma:	from	benchside	to	
clinical	practice.	Can	Respir	J.	2010;17(4):e85-93.	
195.	 Lee	SY,	Kim	SJ,	Kwon	SS,	Kim	YK,	Moon	HS,	Song	JS,	et	al.	Relation	of	airway	
reactivity	and	sensitivity	with	bronchial	pathology	in	asthma.	J	Asthma.	2002;39(6):537-
44.	
196.	 Wenzel	SE,	Balzar	S,	Cundall	M,	Chu	HW.	Subepithelial	basement	membrane	
immunoreactivity	for	matrix	metalloproteinase	9:	association	with	asthma	severity,	
neutrophilic	inflammation,	and	wound	repair.	J	Allergy	Clin	Immunol.	2003;111(6):1345-
52.	
197.	 Bourdin	A,	Neveu	D,	Vachier	I,	Paganin	F,	Godard	P,	Chanez	P.	Specificity	of	
basement	membrane	thickening	in	severe	asthma.	J	Allergy	Clin	Immunol.	
2007;119(6):1367-74.	



	 166	

198.	 James	AL,	Bai	TR,	Mauad	T,	Abramson	MJ,	Dolhnikoff	M,	McKay	KO,	et	al.	Airway	
smooth	muscle	thickness	in	asthma	is	related	to	severity	but	not	duration	of	asthma.	Eur	
Respir	J.	2009;34(5):1040-5.	
199.	 Minshall	EM,	Leung	DY,	Martin	RJ,	Song	YL,	Cameron	L,	Ernst	P,	et	al.	Eosinophil-
associated	TGF-beta1	mRNA	expression	and	airways	fibrosis	in	bronchial	asthma.	Am	J	
Respir	Cell	Mol	Biol.	1997;17(3):326-33.	
200.	 Halwani	R,	Al-Muhsen	S,	Al-Jahdali	H,	Hamid	Q.	Role	of	transforming	growth	
factor-beta	in	airway	remodeling	in	asthma.	Am	J	Respir	Cell	Mol	Biol.	2011;44(2):127-33.	
201.	 Ventura	I,	Vega	A,	Chacon	P,	Chamorro	C,	Aroca	R,	Gomez	E,	et	al.	Neutrophils	from	
allergic	asthmatic	patients	produce	and	release	metalloproteinase-9	upon	direct	exposure	
to	allergens.	Allergy.	2014;69(7):898-905.	
202.	 Akers	IA,	Parsons	M,	Hill	MR,	Hollenberg	MD,	Sanjar	S,	Laurent	GJ,	et	al.	Mast	cell	
tryptase	stimulates	human	lung	fibroblast	proliferation	via	protease-activated	receptor-2.	
Am	J	Physiol	Lung	Cell	Mol	Physiol.	2000;278(1):L193-201.	
203.	 Saglani	S,	Lloyd	CM.	Novel	concepts	in	airway	inflammation	and	remodelling	in	
asthma.	Eur	Respir	J.	2015;46(6):1796-804.	
204.	 Du	Rand	I,	Blaikley	J,	Boston	R,	Chaudhuri	N,	Gupta	V,	Khalid	S,	et	al.	British	
Thoracic	Society	guideline	for	diagnostic	flexible	bronchoscopy	in	adults.	Thorax.	
2013;68:i1-i44.	
205.	 Gao	FS,	Cao	TM,	Gao	YY,	Liu	MJ,	Liu	YQ,	Wang	Z.	Effects	of	chronic	exposure	to	
Aspergillus	fumigatus	on	epidermal	growth	factor	receptor	expression	in	the	airway	
epithelial	cells	of	asthmatic	rats.	Exp	Lung	Res.	2014;40(6):298-307.	
206.	 Pandey	S,	Hoselton	SA,	Schuh	JM.	The	impact	of	Aspergillus	fumigatus	viability	and	
sensitization	to	its	allergens	on	the	murine	allergic	asthma	phenotype.	Biomed	Res	Int.	
2013;2013:619614.	
207.	 Kauffman	HF,	Tomee	JF,	van	de	Riet	MA,	Timmerman	AJ,	Borger	P.	Protease-
dependent	activation	of	epithelial	cells	by	fungal	allergens	leads	to	morphologic	changes	
and	cytokine	production.	J	Allergy	Clin	Immunol.	2000;105(6	Pt	1):1185-93.	
208.	 Cruse	G,	Kaur	D,	Yang	W,	Duffy	SM,	Brightling	CE,	Bradding	P.	Activation	of	human	
lung	mast	cells	by	monomeric	immunoglobulin	E.	Eur	Respir	J.	2005;25(5):858-63.	
209.	 Al-Muhsen	SZ,	Shablovsky	G,	Olivenstein	R,	Mazer	B,	Hamid	Q.	The	expression	of	
stem	cell	factor	and	c-kit	receptor	in	human	asthmatic	airways.	Clin	Exp	Allergy.	
2004;34(6):911-6.	
210.	 Dougherty	RH,	Sidhu	SS,	Raman	K,	Solon	M,	Solberg	OD,	Caughey	GH,	et	al.	
Accumulation	of	intraepithelial	mast	cells	with	a	unique	protease	phenotype	in	T(H)2-high	
asthma.	J	Allergy	Clin	Immunol.	2010;125(5):1046-53.e8.	
211.	 Miyata	M,	Hatsushika	K,	Ando	T,	Shimokawa	N,	Ohnuma	Y,	Katoh	R,	et	al.	Mast	cell	
regulation	of	epithelial	TSLP	expression	plays	an	important	role	in	the	development	of	
allergic	rhinitis.	Eur	J	Immunol.	2008;38(6):1487-92.	
212.	 Balzar	S,	Fajt	ML,	Comhair	SA,	Erzurum	SC,	Bleecker	E,	Busse	WW,	et	al.	Mast	cell	
phenotype,	location,	and	activation	in	severe	asthma.	Data	from	the	Severe	Asthma	
Research	Program.	Am	J	Respir	Crit	Care	Med.	2011;183(3):299-309.	
213.	 Wang	G,	Baines	KJ,	Fu	JJ,	Wood	LG,	Simpson	JL,	McDonald	VM,	et	al.	Sputum	mast	
cell	subtypes	relate	to	eosinophilia	and	corticosteroid	response	in	asthma.	Eur	Respir	J.	
2016;47(4):1123-33.	
214.	 Shah	A,	Panjabi	C.	Allergic	Bronchopulmonary	Aspergillosis:	A	Perplexing	Clinical	
Entity.	Allergy,	Asthma	&	Immunology	Research.	2016;8(4):282-97.	
215.	 Shah	A.	Allergic	bronchopulmonary	and	sinus	aspergillosis:	the	roentgenologic	
spectrum.	Front	Biosci.	2003;8:e138-46.	
216.	 Bradding	P,	Arthur	G.	Mast	cells	in	asthma--state	of	the	art.	Clin	Exp	Allergy.	
2016;46(2):194-263.	



	 167	

217.	 Kanoh	S,	Tanabe	T,	Rubin	BK.	IL-13-induced	MUC5AC	production	and	goblet	cell	
differentiation	is	steroid	resistant	in	human	airway	cells.	Clin	Exp	Allergy.	
2011;41(12):1747-56.	
218.	 Oh	SW,	Pae	CI,	Lee	DK,	Jones	F,	Chiang	GK,	Kim	HO,	et	al.	Tryptase	inhibition	blocks	
airway	inflammation	in	a	mouse	asthma	model.	J	Immunol.	2002;168(4):1992-2000.	
219.	 Okumura	S,	Sagara	H,	Fukuda	T,	Saito	H,	Okayama	Y.	FcepsilonRI-mediated	
amphiregulin	production	by	human	mast	cells	increases	mucin	gene	expression	in	
epithelial	cells.	J	Allergy	Clin	Immunol.	2005;115(2):272-9.	
220.	 Carroll	NG,	Mutavdzic	S,	James	AL.	Increased	mast	cells	and	neutrophils	in	
submucosal	mucous	glands	and	mucus	plugging	in	patients	with	asthma.	Thorax.	
2002;57(8):677-82.	
221.	 Bentley	AM,	Hamid	Q,	Robinson	DS,	Schotman	E,	Meng	Q,	Assoufi	B,	et	al.	
Prednisolone	treatment	in	asthma.	Reduction	in	the	numbers	of	eosinophils,	T	cells,	
tryptase-only	positive	mast	cells,	and	modulation	of	IL-4,	IL-5,	and	interferon-gamma	
cytokine	gene	expression	within	the	bronchial	mucosa.	Am	J	Respir	Crit	Care	Med.	
1996;153(2):551-6.	
222.	 Berthon	BS,	Gibson	PG,	Wood	LG,	MacDonald-Wicks	LK,	Baines	KJ.	A	sputum	gene	
expression	signature	predicts	oral	corticosteroid	response	in	asthma.	Eur	Respir	J.	
2017;49(6).	
223.	 Boulet	LP.	Airway	remodeling	in	asthma:	update	on	mechanisms	and	therapeutic	
approaches.	Curr	Opin	Pulm	Med.	2018;24(1):56-62.	
224.	 Trivedi	A,	Pavord	ID,	Castro	M.	Bronchial	thermoplasty	and	biological	therapy	as	
targeted	treatments	for	severe	uncontrolled	asthma.	Lancet	Respir	Med.	2016;4(7):585-
92.	
225.	 Gao	FS,	Qiao	JO,	Zhang	Y,	Jin	XQ.	Chronic	intranasal	administration	of	Aspergillus	
fumigatus	spores	leads	to	aggravation	of	airway	inflammation	and	remodelling	in	
asthmatic	rats.	Respirology.	2009;14(3):360-70.	
226.	 Nayak	AP,	Croston	TL,	Lemons	AR,	Goldsmith	WT,	Marshall	NB,	Kashon	ML,	et	al.	
Aspergillus	fumigatus	viability	drives	allergic	responses	to	inhaled	conidia.	Ann	Allergy	
Asthma	Immunol.	2018.	
227.	 Holgate	ST,	Lackie	P,	Wilson	S,	Roche	W,	Davies	D.	Bronchial	epithelium	as	a	key	
regulator	of	airway	allergen	sensitization	and	remodeling	in	asthma.	Am	J	Respir	Crit	Care	
Med.	2000;162(3	Pt	2):S113-7.	
228.	 Fahy	JV,	Locksley	RM.	The	airway	epithelium	as	a	regulator	of	Th2	responses	in	
asthma.		Am	J	Respir	Crit	Care	Med.	184.	United	States2011.	p.	390-2.	
229.	 Ordonez	C,	Ferrando	R,	Hyde	DM,	Wong	HH,	Fahy	JV.	Epithelial	desquamation	in	
asthma:	artifact	or	pathology?	Am	J	Respir	Crit	Care	Med.	2000;162(6):2324-9.	
230.	 Weinstock	GM.	Genomic	approaches	to	studying	the	human	microbiota.	Nature.	
2012;489(7415):250-6.	
231.	 Huang	YJ,	Marsland	BJ,	Bunyavanich	S,	O'Mahony	L,	Leung	DY,	Muraro	A,	et	al.	The	
microbiome	in	allergic	disease:	Current	understanding	and	future	opportunities-2017	
PRACTALL	document	of	the	American	Academy	of	Allergy,	Asthma	&	Immunology	and	the	
European	Academy	of	Allergy	and	Clinical	Immunology.	J	Allergy	Clin	Immunol.	
2017;139(4):1099-110.	
232.	 Clavel	T,	Desmarchelier	C,	Haller	D,	Gerard	P,	Rohn	S,	Lepage	P,	et	al.	Intestinal	
microbiota	in	metabolic	diseases:	from	bacterial	community	structure	and	functions	to	
species	of	pathophysiological	relevance.	Gut	Microbes.	2014;5(4):544-51.	
233.	 Romani	L.	Immunity	to	fungal	infections.	Nat	Rev	Immunol.	2011;11(4):275-88.	
234.	 Pashley	CH.	Fungal	culture	and	sensitisation	in	asthma,	cystic	fibrosis	and	chronic	
obstructive	pulmonary	disorder:	what	does	it	tell	us?	Mycopathologia.	2014;178(5-
6):457-63.	
235.	 Agency	HP.	Investigation	of	bronchoalveolar	lavage,	sputum	and	associated	
specimens.2009;	(2.3).	



	 168	

236.	 Fraczek	MG,	Kirwan	MB,	Moore	CB,	Morris	J,	Denning	DW,	Richardson	MD.	Volume	
dependency	for	culture	of	fungi	from	respiratory	secretions	and	increased	sensitivity	of	
Aspergillus	quantitative	PCR.	Mycoses.	2014;57(2):69-78.	
237.	 Ullmann	AJ,	Aguado	JM,	Arikan-Akdagli	S,	Denning	DW,	Groll	AH,	Lagrou	K,	et	al.	
Diagnosis	and	management	of	Aspergillus	diseases:	executive	summary	of	the	2017	
ESCMID-ECMM-ERS	guideline.	Clin	Microbiol	Infect.	2018;24	Suppl	1:e1-e38.	
238.	 Moura	S,	Cerqueira	L,	Almeida	A.	Invasive	pulmonary	aspergillosis:	current	
diagnostic	methodologies	and	a	new	molecular	approach.	Eur	J	Clin	Microbiol	Infect	Dis.	
2018.	
239.	 Denis	J,	Forouzanfar	F,	Herbrecht	R,	Toussaint	E,	Kessler	R,	Sabou	M,	et	al.	
Evaluation	of	Two	Commercial	Real-Time	PCR	Kits	for	Aspergillus	DNA	Detection	in	
Bronchoalveolar	Lavage	Fluid	in	Patients	with	Invasive	Pulmonary	Aspergillosis.	J	Mol	
Diagn.	2018;20(3):298-306.	
240.	 Grancini	A,	Orlandi	A,	Lunghi	G,	Consonni	D,	Pozzi	C,	Rossetti	V,	et	al.	Evaluation	of	
Real	Time	PCR	Aspergillus	spp.	in	bronchoalveolar	lavage	samples.	New	Microbiol.	
2018;41(1):67-70.	
241.	 Sanmiguel	P.	Next-generation	sequencing	and	potential	applications	in	fungal	
genomics.	Methods	Mol	Biol.	2011;722:51-60.	
242.	 Reuter	JA,	Spacek	D,	Snyder	MP.	High-Throughput	Sequencing	Technologies.	
Molecular	cell.	2015;58(4):586-97.	
243.	 Sokolowska	M,	Frei	R,	Lunjani	N,	Akdis	CA,	O'Mahony	L.	Microbiome	and	asthma.	
Asthma	Res	Pract.	2018;4:1.	
244.	 Limon	JJ,	Skalski	JH,	Underhill	DM.	Commensal	Fungi	in	Health	and	Disease.	Cell	
Host	Microbe.	2017;22(2):156-65.	
245.	 Vesty	A,	Biswas	K,	Taylor	MW,	Gear	K,	Douglas	RG.	Evaluating	the	Impact	of	DNA	
Extraction	Method	on	the	Representation	of	Human	Oral	Bacterial	and	Fungal	
Communities.	PLoS	One.	2017;12(1):e0169877.	
246.	 Fadrosh	DW,	Ma	B,	Gajer	P,	Sengamalay	N,	Ott	S,	Brotman	RM,	et	al.	An	improved	
dual-indexing	approach	for	multiplexed	16S	rRNA	gene	sequencing	on	the	Illumina	MiSeq	
platform.	Microbiome.	2014;2(1):6.	
247.	 Hahn	A,	Sanyal	A,	Perez	GF,	Colberg-Poley	AM,	Campos	J,	Rose	MC,	et	al.	Different	
next	generation	sequencing	platforms	produce	different	microbial	profiles	and	diversity	in	
cystic	fibrosis	sputum.	J	Microbiol	Methods.	2016;130:95-9.	
248.	 Allali	I,	Arnold	JW,	Roach	J,	Cadenas	MB,	Butz	N,	Hassan	HM,	et	al.	A	comparison	of	
sequencing	platforms	and	bioinformatics	pipelines	for	compositional	analysis	of	the	gut	
microbiome.	BMC	Microbiol.	2017;17(1):194.	
249.	 Bokulich	NA,	Subramanian	S,	Faith	JJ,	Gevers	D,	Gordon	JI,	Knight	R,	et	al.	Quality-
filtering	vastly	improves	diversity	estimates	from	Illumina	amplicon	sequencing.	Nat	
Methods.	2013;10(1):57-9.	
250.	 Schoch	CL,	Seifert	KA,	Huhndorf	S,	Robert	V,	Spouge	JL,	Levesque	CA,	et	al.	Nuclear	
ribosomal	internal	transcribed	spacer	(ITS)	region	as	a	universal	DNA	barcode	marker	for	
Fungi.	Proc	Natl	Acad	Sci	U	S	A.	2012;109(16):6241-6.	
251.	 Nilsson	RH,	Kristiansson	E,	Ryberg	M,	Hallenberg	N,	Larsson	KH.	Intraspecific	ITS	
variability	in	the	kingdom	fungi	as	expressed	in	the	international	sequence	databases	and	
its	implications	for	molecular	species	identification.	Evol	Bioinform	Online.	2008;4:193-
201.	
252.	 Tonge	DP,	Pashley	CH,	Gant	TW.	Amplicon-based	metagenomic	analysis	of	mixed	
fungal	samples	using	proton	release	amplicon	sequencing.	PLoS	One.	2014;9(4):e93849.	
253.	 Good	JT,	Jr.,	Kolakowski	CA,	Groshong	SD,	Murphy	JR,	Martin	RJ.	Refractory	
asthma:	importance	of	bronchoscopy	to	identify	phenotypes	and	direct	therapy.	Chest.	
2012;141(3):599-606.	
254.	 Wong	EH,	Porter	JD,	Edwards	MR,	Johnston	SL.	The	role	of	macrolides	in	asthma:	
current	evidence	and	future	directions.	Lancet	Respir	Med.	2014;2(8):657-70.	



	 169	

255.	 Marri	PR,	Stern	DA,	Wright	AL,	Billheimer	D,	Martinez	FD.	Asthma-associated	
differences	in	microbial	composition	of	induced	sputum.	J	Allergy	Clin	Immunol.	
2013;131(2):346-52.e1-3.	
256.	 Durack	J,	Lynch	SV,	Nariya	S,	Bhakta	NR,	Beigelman	A,	Castro	M,	et	al.	Features	of	
the	bronchial	bacterial	microbiome	associated	with	atopy,	asthma,	and	responsiveness	to	
inhaled	corticosteroid	treatment.	J	Allergy	Clin	Immunol.	2017;140(1):63-75.	
257.	 Huang	YJ,	Nariya	S,	Harris	JM,	Lynch	SV,	Choy	DF,	Arron	JR,	et	al.	The	airway	
microbiome	in	patients	with	severe	asthma:	Associations	with	disease	features	and	
severity.	J	Allergy	Clin	Immunol.	2015;136(4):874-84.	
258.	 Huang	YJ,	Nelson	CE,	Brodie	EL,	Desantis	TZ,	Baek	MS,	Liu	J,	et	al.	Airway	
microbiota	and	bronchial	hyperresponsiveness	in	patients	with	suboptimally	controlled	
asthma.	J	Allergy	Clin	Immunol.	2011;127(2):372-81.e1-3.	
259.	 Denner	DR,	Sangwan	N,	Becker	JB,	Hogarth	DK,	Oldham	J,	Castillo	J,	et	al.	
Corticosteroid	therapy	and	airflow	obstruction	influence	the	bronchial	microbiome,	which	
is	distinct	from	that	of	bronchoalveolar	lavage	in	asthmatic	airways.	J	Allergy	Clin	
Immunol.	2016;137(5):1398-405.e3.	
260.	 Sverrild	A,	Kiilerich	P,	Brejnrod	A,	Pedersen	R,	Porsbjerg	C,	Bergqvist	A,	et	al.	
Eosinophilic	airway	inflammation	in	asthmatic	patients	is	associated	with	an	altered	
airway	microbiome.	J	Allergy	Clin	Immunol.	2017;140(2):407-17.e11.	
261.	 Huffnagle	GB,	Noverr	MC.	The	emerging	world	of	the	fungal	microbiome.	Trends	
Microbiol.	2013;21(7):334-41.	
262.	 van	Woerden	HC,	Gregory	C,	Brown	R,	Marchesi	JR,	Hoogendoorn	B,	Matthews	IP.	
Differences	in	fungi	present	in	induced	sputum	samples	from	asthma	patients	and	non-
atopic	controls:	a	community	based	case	control	study.	BMC	Infect	Dis.	2013;13:69.	
263.	 Bittinger	K,	Charlson	ES,	Loy	E,	Shirley	DJ,	Haas	AR,	Laughlin	A,	et	al.	Improved	
characterization	of	medically	relevant	fungi	in	the	human	respiratory	tract	using	next-
generation	sequencing.	Genome	Biol.	2014;15(10):487.	
264.	 Cui	L,	Lucht	L,	Tipton	L,	Rogers	MB,	Fitch	A,	Kessinger	C,	et	al.	Topographic	
diversity	of	the	respiratory	tract	mycobiome	and	alteration	in	HIV	and	lung	disease.	Am	J	
Respir	Crit	Care	Med.	2015;191(8):932-42.	
265.	 Nguyen	LD,	Viscogliosi	E,	Delhaes	L.	The	lung	mycobiome:	an	emerging	field	of	the	
human	respiratory	microbiome.	Front	Microbiol.	2015;6:89.	
266.	 Botterel	F,	Angebault	C,	Cabaret	O,	Stressmann	FA,	Costa	JM,	Wallet	F,	et	al.	Fungal	
and	Bacterial	Diversity	of	Airway	Microbiota	in	Adults	with	Cystic	Fibrosis:	Concordance	
Between	Conventional	Methods	and	Ultra-Deep	Sequencing,	and	Their	Practical	use	in	the	
Clinical	Laboratory.	Mycopathologia.	2018;183(1):171-83.	
267.	 Kramer	R,	Sauer-Heilborn	A,	Welte	T,	Guzman	CA,	Abraham	WR,	Hofle	MG.	Cohort	
Study	of	Airway	Mycobiome	in	Adult	Cystic	Fibrosis	Patients:	Differences	in	Community	
Structure	between	Fungi	and	Bacteria	Reveal	Predominance	of	Transient	Fungal	Elements.	
J	Clin	Microbiol.	2015;53(9):2900-7.	
268.	 Escribano	P,	Marcos-Zambrano	LJ,	Pelaez	T,	Munoz	P,	Padilla	B,	Bouza	E,	et	al.	
Sputum	and	bronchial	secretion	samples	are	equally	useful	as	bronchoalveolar	lavage	
samples	for	the	diagnosis	of	invasive	pulmonary	aspergillosis	in	selected	patients.	Med	
Mycol.	2015;53(3):235-40.	
269.	 Millares	L,	Bermudo	G,	Perez-Brocal	V,	Domingo	C,	Garcia-Nunez	M,	Pomares	X,	et	
al.	The	respiratory	microbiome	in	bronchial	mucosa	and	secretions	from	severe	IgE-
mediated	asthma	patients.	BMC	Microbiol.	2017;17(1):20.	
270.	 Peters	BA,	Wu	J,	Hayes	RB,	Ahn	J.	The	oral	fungal	mycobiome:	characteristics	and	
relation	to	periodontitis	in	a	pilot	study.	BMC	Microbiol.	2017;17(1):157.	
271.	 Ghannoum	MA,	Jurevic	RJ,	Mukherjee	PK,	Cui	F,	Sikaroodi	M,	Naqvi	A,	et	al.	
Characterization	of	the	oral	fungal	microbiome	(mycobiome)	in	healthy	individuals.	PLoS	
Pathog.	2010;6(1):e1000713.	



	 170	

272.	 Du	Rand	IA,	Barber	PV,	Goldring	J,	Lewis	RA,	Mandal	S,	Munavvar	M,	et	al.	
Summary	of	the	British	Thoracic	Society	guidelines	for	advanced	diagnostic	and	
therapeutic	flexible	bronchoscopy	in	adults.	Thorax.	2011;66(11):1014-5.	
273.	 Martin	M.	Cutadapt	removes	adapter	sequences	from	high-throughput	sequencing	
reads.	EMBnetjournal.	2011;17(1):10-2.	
274.	 Magoc	T,	Salzberg	SL.	FLASH:	fast	length	adjustment	of	short	reads	to	improve	
genome	assemblies.	Bioinformatics.	2011;27(21):2957-63.	
275.	 Caporaso	JG,	Kuczynski	J,	Stombaugh	J,	Bittinger	K,	Bushman	FD,	Costello	EK,	et	al.	
QIIME	allows	analysis	of	high-throughput	community	sequencing	data.		Nat	Methods.	7.	
United	States2010.	p.	335-6.	
276.	 Koljalg	U,	Larsson	KH,	Abarenkov	K,	Nilsson	RH,	Alexander	IJ,	Eberhardt	U,	et	al.	
UNITE:	a	database	providing	web-based	methods	for	the	molecular	identification	of	
ectomycorrhizal	fungi.	New	Phytol.	2005;166(3):1063-8.	
277.	 Abarenkov	K,	Henrik	Nilsson	R,	Larsson	KH,	Alexander	IJ,	Eberhardt	U,	Erland	S,	et	
al.	The	UNITE	database	for	molecular	identification	of	fungi--recent	updates	and	future	
perspectives.		New	Phytol.	186.	England2010.	p.	281-5.	
278.	 Paugam	A,	Baixench	MT,	Demazes-Dufeu	N,	Burgel	PR,	Sauter	E,	Kanaan	R,	et	al.	
Characteristics	and	consequences	of	airway	colonization	by	filamentous	fungi	in	201	adult	
patients	with	cystic	fibrosis	in	France.	Med	Mycol.	2010;48	Suppl	1:S32-6.	
279.	 Gautier	M,	Normand	AC,	L'Ollivier	C,	Cassagne	C,	Reynaud-Gaubert	M,	Dubus	JC,	et	
al.	Aspergillus	tubingensis:	a	major	filamentous	fungus	found	in	the	airways	of	patients	
with	lung	disease.	Med	Mycol.	2016;54(5):459-70.	
280.	 Sharma-Poudyal	D,	Schlatter	D,	Yin	C,	Hulbert	S,	Paulitz	T.	Long-term	no-till:	A	
major	driver	of	fungal	communities	in	dryland	wheat	cropping	systems.	PLoS	ONE.	
2017;12(9):e0184611.	
281.	 Fraczek	MG,	Chishimba	L,	Niven	RM,	Bromley	M,	Simpson	A,	Smyth	L,	et	al.	
Corticosteroid	treatment	is	associated	with	increased	filamentous	fungal	burden	in	
allergic	fungal	disease.	J	Allergy	Clin	Immunol.	2018;142(2):407-14.	
282.	 Tipton	L,	Ghedin	E,	Morris	A.	The	lung	mycobiome	in	the	next-generation	
sequencing	era.	Virulence.	2017;8(3):334-41.	
283.	 Diaz	PI,	Hong	BY,	Dupuy	AK,	Strausbaugh	LD.	Mining	the	oral	mycobiome:	
Methods,	components,	and	meaning.	Virulence.	2017;8(3):313-23.	
284.	 Jhingran	A,	Kasahara	S,	Shepardson	KM,	Junecko	BA,	Heung	LJ,	Kumasaka	DK,	et	al.	
Compartment-specific	and	sequential	role	of	MyD88	and	CARD9	in	chemokine	induction	
and	innate	defense	during	respiratory	fungal	infection.	PLoS	Pathog.	
2015;11(1):e1004589.	
285.	 Roy	RM,	Klein	BS.	Fungal	glycan	interactions	with	epithelial	cells	in	allergic	airway	
disease.	Curr	Opin	Microbiol.	2013;16(4):404-8.	
286.	 Chen	JC,	Chuang	JG,	Su	YY,	Chiang	BL,	Lin	YS,	Chow	LP.	The	protease	allergen	Pen	c	
13	induces	allergic	airway	inflammation	and	changes	in	epithelial	barrier	integrity	and	
function	in	a	murine	model.	J	Biol	Chem.	2011;286(30):26667-79.	
287.	 Usyk	M,	Zolnik	CP,	Patel	H,	Levi	MH,	Burk	RD.	Novel	ITS1	Fungal	Primers	for	
Characterization	of	the	Mycobiome.	mSphere.	2017;2(6).	

	


