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Abstract	
																	The	human	lung	is	not	sterile	but	a	complex	environment	with	various	

microorganisms.	Besides	commensals	in	the	lung,	hundreds	to	thousands	of	individual	

microbiomes	enter	the	lung	every	day	but	without	causing	the	symptom.	Host	innate	

immunity	plays	an	important	role	in	maintaining	homeostasis	of	the	lung	environment	

and	as	the	first	defense	line	against	pathogens.	Aspergillus	fumigatus	(A.	fumigatus)	is	a	

saprophytic	filamentous	fungus	that	can	cause	human	disease	in	immune	compromised	

patients.	However,	with	functional	innate	immunity,	immune	cells	can	quickly	recognize	

pathogen	associated	molecular	patterns	(PAMPs)	from	A.	fumigatus	through	pattern	

recognition	receptors	(PRRs).	The	activation	of	PRRs	can	activate	innate	immunity	and	

facilitate	inflammatory	responses	through	cytokine	and	chemokine	production.	As	the	

initiation	of	inflammation,	the	recruited	innate	immune	cells	can	eliminate	A.	fumigatus	

through	phagocytosis	and	kill	them	in	the	mature	phagolysosome	with	ROS-dependent	

and	independent	mechanisms.		

															In	this	dissertation,	we	will	cover	the	regulation	of	antifungal	immunity	in	two	

specific	directions:	(1)	investigate	the	immune	modulation	on	innate	immunity	in	the	

post-viral	environment	and	the	cause	of	viral-fungal	superinfection.	(2)	characterize	a	

potential	fungal	binding	receptor	and	examine	its	role	in	antifungal	immunity.	In	the	first	

project,	we	demonstrated	a	novel	mechanism	within	specific	cell	types	that	can	

contribute	to	defective	fungal	clearance	and	lead	to	high	mortality	in	Influenza	A	Virus-

A.	fumigatus	superinfection.	For	the	second	part,	we	used	our	newly	generated	mutant	

mice	line	and	biochemistry	approach	to	study	the	potential	role	of	fungal	surface	

binding	protein	in	host	immunity.	These	results	further	demonstrate	the	importance	of	

antifungal	immunity	and	upstream	immune	modulation	in	preventing	the	initiation	of	

invasive	aspergillosis.	
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Chapter	1	
Introduction	
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Innate	immunity	and	host-pathogen	interaction	
	

Healthy	environment	and	immune	surveillance	

																			Mammals	constantly	interact	with	unique	microorganisms	in	the	

environment,	which	can	be	commensal	or	pathogenic.	The	sources	of	microbiomes	can	

come	from	air,	liquid	or	food,	which	can	colonize	in	our	organs	and	expand	its	

population.	Airborne	microbiomes,	including	bacteria,	fungal	spores	and	viruses,	can	

enter	our	airway	system	routinely	through	respiration.	Hundreds	to	thousands	of	

individual	microbes	populate	the	lung,	but	whether	they	survive	and	propagate	in	the	

new	environment	depends	on	their	adaptation	to	the	environmental	change	and	escape	

from	the	host	immune	system.	The	environmental	changes	include	temperature,	pH,	

oxygen	and	nutrient	availability,	which	require	dramatic	transcriptional	change	from	the	

microbe.	Even	if	the	microbe	is	able	to	adapt	to	the	new	environment,	it	will	encounter	

multiple	host	immune	defense	mechanisms	to	prevent	colonization.	Even	under	healthy	

condition,	multiple	host	cell	types	that	encounter	the	microbiome	can	sense	and	

respond	to	the	microbe	invasion	(Fig.	1).		

	

																			Airway	epithelial	cells	(AECs),	as	the	immune	system’s	first	line	of	defense,	

encounter	numerous	microbiomes	in	multiple	organs,	most	notably	the	lung	and	skin.	

The	conducting	lung	airways	are	composed	by	ciliated	cells,	goblet	cells,	basal	cells,	club	

and	secretory	cells	(1,	2).	AECs	and	secreted	mucus,	specifically	by	goblet	cells,	set	up	

the	physical	barrier	between	host	and	environmental	stimuli,	preventing	pathogens	and	

their	secreted	factors	from	directly	affecting	host	cells	and	maintain	a	threshold	of	

immune	activation.	At	the	same	time,	respiratory	cilia	constantly	move	the	microbiomes	

out	from	the	air	way	to	prevent	accumulation	of	microbiome	in	the	lung.	AECs	also	

express	pattern	recognition	receptors	(PRRs)	to	recognize	encountered	pathogens	and	

induce	immune	responses.	Various	pathogen	associated	molecular	patterns	(PAMPs)	as	

well	as	damage	associated	molecular	patterns	(DAMPs)	recognized	by	PRRs	can	

stimulate	downstream	NF-κB	activation	and	drive	type	I	immune	responses	(3).	As	part		
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Fig. 1 Immune defense under homeostasis condition.
In the health condition, the host immune system has several layers of innate immunity 
to prevent pathogenesis from evaded pathogens (Bacteria, fungi, and viruses). I. 
Airway epithelial cells (AECs) and their secreted mucin provide a physical barrier to 
prevent contact with pathogens. Upon pathogen recognition, AECs secrete cytokines 
for recruitment and activation of innate immunity and antimicrobial peptides (AMPs) 
for pathogen killing. II. Tissue-resident alveolar macrophages are the major cell type for 
pathogen recognition. Activated macrophages can eliminate pathogens through phago-
cytosis and secreted cytokines for immune responses to the pathogens. Alveolar 
macrophages also involve immune suppression under homeostasis condition and the 
immue resolving phase. Tissue repair during and after infection can also be mediated 
by cytokine production from alveolar macrophages. III. Tissue-resident dentritic cells 
(DCs) under epithelium and in the alveolar interstitium are also involved in pathogen 
recognition and initiation of inflammatory responses. At the same time, microbial 
sampling and antigen presentation by the DCs in the lymph node can connect innate 
immunity to adaptive immunity. IV. Upon cytokines and chemokines stimulation, 
recruited neutrophils, monocytes, interstitial macrophages, and DCs can further 
enhance inflammatory responses for pathogen clearance. V. Pathogen antigen carried 
by the transferred DCs in the lymph node can perform their antigen presentation to the 
T cells and initiate Th1 responses. 

II. Alveolar macrophage: Pathogen recognition
Phagocytosis
Cytokine production

III. Dendritic cell: Pathogen recognition
Cytokine production
Antigen presentation

IV. Recruited innate immunityV. Activated adaptive immunity

I. AEC: 
             

Mucin production
Pathogen recognition
Cytokine production
AMP production
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of	the	immune	surveillance	system,	the	activated	AECs	secrete	first-order	cytokines	

(Interleukin-1	(IL-1),	Interferon	(IFN),	IL-12,	IL-23,	IL-25,	IL-33,	Thymic	stromal	

lymphopoietin	(TSLP)	and	Transforming	Growth	Factor	(TGF))	and	initiate	immune	cell	

recruitment	and	activation	(4).	On	the	other	hand,	AECs	also	serve	as	negative	

regulators	of	alveolar	macrophages	(aMacs)	through	clustering	of	cytokines	

differentiation	200	(CD200),	TGFβ	and	IL-10	(5).	Another	role	of	AECs	in	microbiome	

control	is	through	their	antimicrobial	peptide	production.	The	production	of	β-Defensins	

and	Cathelicidins	by	the	AECs	maintain	the	microbiome	homeostasis	in	the	airway	(6,	7)	

	

																				Besides	AECs,	immune	surveillance	by	multiple	tissue-resident	immune	cells	

also	play	important	role	in	pathogen	detection.	Tissue-resident	aMacs	(TR-AMs)	and	

dendritic	cells	(DCs)	sense	environmental	changes,	including	pathogen	evasion	and	

tissue	damage,	and	trigger	the	first-order	cytokine	response	(IL-1,	TGF,	IL-6	and	tumor	

necrosis	factor	(TNF))	production	(8,	9).	TR-AMs	are	a	long-lived	cell	type	originating	

from	fetal	yolk	sac-derived	erythromyeloid	progenitors	and	fetal	monocytes	(10,	11).	

These	TR-AMs	can	maintain	their	population	through	self-renewal	and	without	

supplements	by	the	circulating	monocytes	(12).	The	TR-AMs	can	recognize	PAMPs	and	

DAMPs,	perform	phagocytosis	and	produce	cytokines	(13).	The	depletion	experiments	

showed	that	TR-AMs	are	essential	for	early	cytokine	production	and	initiation	of	

immune	responses	(14,	15).	TR-AMs	also	participate	in	the	immune	resolving	phase	

through	their	TGFβ	secretion	and	initiate	tissue	repair	through	TNFα	secretion	(16,	17).	

The	immune	suppression	function	of	TR-AMs	also	maintains	the	homeostasis	of	DC	and	

T	cells	against	environmental	stimuli	through	TGFβ	(18–20).	However,	in	the	post	viral	or	

bacterial	infection	environment,	the	trained	long-lasting	TR-AMs	could	be	detrimental	

to	the	host	due	to	the	loss	of	function	against	secondary	infection	(21,	22).	The	DC	

populations	include	CD103(+)	conventional	DC1	(cDC1),	CD11b(+)	cDC2	and	plasmacytoid	

dendritic	cells	(pDC).	The	tissue-resident	DCs,	including	cDCs	lining	the	epithelium	and	

pDCs	in	the	alveolar	interstitial	space,	sample	pathogens,	transport	into	lymph	node,	
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and	present	antigens	(23).	The	antigens	presenting	by	DC	populations	linked	between	

innate	immunity	and	adapt	immunity	as	they	stimulating	both	Th1	and	Th2	cells	(24).		

	

																			Recognition	of	invaded	pathogens	is	the	critical	step	to	transition	from	a	

healthy	homeostasis	environment	to	an	inflammatory	response.	The	conserved	

pathogen	components,	including	their	genetic	materials	(DNA/RNA)	or	part	of	cell	

wall/cell	membrane,	can	often	be	the	PAMPs	for	recognition	(Fig.	2).	AECs,	TR-AMs	and	

DCs	express	multiple	PRRs,	including	Toll-like	receptors	(TLRs),	RIG-I-like	receptors	

(RLRs),	NOD-like	receptors	(NLRs),	AIM-like	receptors	(ALRs)	and	C	type	leptin	receptors,	

for	recognition	of	both	PAMPs	and	DAMPs	from	pathogen	infection	or	tissue	damage	

(25,	26).	The	PRR	signaling	leads	to	acute	inflammation,	cytokine	production,	cell	

recruitment	and	initiation	of	immune	cell	response.	In	the	following	section,	we	will	

discuss	individual	PRR	and	their	contribution	to	the	innate	immunity.		

	

																			Toll-like	receptors	(TLRs)	are	conserved	receptors	in	both	insects	and	animals.	

The	name	of	TLR	came	from	its	similarity	to	Drosophila	toll	protein	as	a	membrane	

receptor	(27).	The	TLRs	contain	the	N	terminal	domain	for	PAMP	recognition,	

transmembrane	domain	and	C	terminal	toll-IL-1	receptor	(TIR)	homologous	domain	for	

adaptor	binding	and	signal	transduction	(28).	The	TLR	family	are	further	divided	into	cell	

membrane	TLRs	and	intracellular	TLRs,	depending	on	their	localization	at	the	cell	

membrane	or	lysosomal	membrane.	Forming	of	homo-	or	heterodimers,	TLRs	form	a	

binding	pocket	for	PAMPs	from	pathogen	surface	components	(lipids,	lipoproteins	and	

proteins)	as	well	as	their	genetic	materials	(DNA	and	RNA).	Through	PAMP	binding,	the	

TLRs	are	able	to	recognize	diverse	types	of	infection,	including	bacteria,	fungi	and	

viruses.	TLR2	binds	to	peptidoglycan	from	gram-positive	bacteria	as	well	as	zymosan	

from	fungi	(29,	30).	TLR3	recognizes	double	strand	RNA	(dsRNA)	from	virus	(31).	TLR4	

binds	to	lipopolysaccharide	(LPS)	from	gram-negative	bacteria	(32)	and	TLR5	binds	to	

flagellin	from	bacteria	(33).	TLR6	binds	to	both	lipoteichoic	acid	from	gram-positive	

bacteria	and	zymosan	from	fungi	(34).	TLR7	and	8	recognize	single	strand	RNA	(ssRNA)		
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Bacteria Fungi Virus

Carbohydrate Lipid NeucleotidePeptide

CLR NLR TLR RLR ALR

NF-κB 
IRF
AP-1

NF-κB 
IRF 

NF-κB 
AP-1

Inflammasome

NF-κB Inflammasome

Fig. 2 Pathogen associated molecular patterns and corresponding pattern recognition 
receptors. 
Cell wall/membrane blocks, as well as genetic materials from bacteria, fungi and virus 
can be the pathogen associated molecular patterns (PAMPs). These PAMPs can be 
recognized by the pattern recognition receptors (PRRs) from the host cells. C-type 
lectin receptors (CLRs) bind to the carbohydrates in the cell wall of bacteria and fungi 
as well as viral surfaces. NOD-like receptors (NLRs) bind to peptidoglycan of bacterial 
and fungal structure as well as viral RNA. Toll-like receptors (TLRs) binds to carbohy-
drates, peptidoglycan, lipopolysaccharide, lipoteichoic acid, RNA, and DNA from 
bacteria, fungi and virus. RIG-1-like receptors (RLRs) bind to double-strand RNA from 
viruses. AIM-like receptors (ALRs) bind to double-strand DNA from bacteria, fungi, and 
viruses. The stimulation of these PRRs leads to the activation of transcriptional factors 
as well as inflammasome activation. CLRs, NLRs, TLRs, and RLRs can activate NF-κB 
signaling for proinflammatory cytokine production. Alternatively, the adaptor of NLRs 
and TLRs can initiate transcriptions mediated by AP-1. TLRs and RLRs can also turn on 
IRF-mediated transcriptions. Both NLRs and ALRs can induce inflammasome formation 
and produce mature IL-1 through downstream caspase-I. The crosstalk between NF-κ
B, AP-1, and IRF will decide whether it meets the threshold for the production of 
proinflammatory cytokines. These proinflammatory cytokines together with mature 
IL-1 from activated inflammasome can initiate immune responses against bacterial, 
fungal, and viral infections. 
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from	viruses	(34,	35).	TLR9	recognizes	CpG	containing	DNA	from	both	bacteria	and	virus	

(36).	The	C	terminal	TIR	domain	of	TLRs	can	bind	to	adaptor	protein	as	MyD88	or	TRIF	

for	downstream	signaling	cascades	and	both	pathways	can	turn	on	NF-κB	or	IRF	

mediated	gene	transcription	(37,	38).	The	activation	of	TLR	signaling	contributes	to	cell	

maturation,	cytokine/chemokine	production,	antimicrobial	activity,	antigen	

presentation	(39).	The	induced	cytokines	are	involved	in	inflammatory	responses,	cell	

growth	and	survival	as	well	as	anti-inflammatory	responses	(40).		

	

																			Similar	to	viral	RNA	detection	through	TLRs,	RIG-1-like	receptors	(RLRs)	are	

RNA	helicases	that	recognize	cytoplasmic	viral	RNA	and	induce	type	I	IFN	and	

downstream	IFN-stimulated	genes	(ISGs)	(41).	The	RLR	family	contains	retinoic	acid-

inducible	gene	I	(RIG-I),	melanoma	differentiation	associated	factor	5	(MDA5),	and	

laboratory	of	genetics	and	physiology	2	(LGP2).	These	RLRs	also	are	expressed	in	most	

cell	types,	including	immune	cells	and	epithelial	cells.	The	resting	cells	maintain	low	

expression	of	RLRs	but	significant	enhanced	expression	can	be	found	upon	viral	

infection	in	IFN	dependent	and	independent	manners	(42,	43).	RIG-1	and	MDA5	

recognize	various	virus	double	stranded	RNA	(dsRNA)	(44).	Recent	work	from	our	

collaborators	also	showed	that	MDA5	can	recognize	dsRNA	from	live	fungus.	Upon	viral	

detection,	the	activated	RLRs	can	induce	type	I	IFN	and	downstream	interferon-

stimulated	genes	(ISGs)	(45).		

																			In	addition	to	viral	RNA	recognition	by	TLRs	and	RLRs,	NOD-like	receptors,	

(NLRs)	as	another	category	of	intracellular	PRRs,	can	recognize	microbial	PAMPs	

(peptidoglycan,	flagellin,	viral	RNA	and	fungal	hyphae)	and	DAMPs	from	host	cells	(ATPs,	

cholesterol	crystals	and	uric	acid)	(46).	NLRs	are	also	expressed	in	multiple	tissues	by	

both	immune	cells	and	epithelial	cells	(46).	NLRs	are	composed	of	an	N-terminal	effector	

domain,	central	NOD	domain	for	activation,	and	C-terminal	leucine-rich	repeat	(LRR)	

domain	for	PAMPs/DAMPs	recognition.	The	N-terminal	effector	domain	of	caspase	

recruitment	domain	(CARD),	pyrin	domain	(PYD),	acidic	transactivating	domain	(AD),	or	

baculovirus	inhibitor	repeats	(BIRs)	can	control	the	interaction	of	downstream	factors,	
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which	lead	to	activation	of	NF-κB	and	MAPKs	for	autophagy,	signal	transduction,	

transcription	activation,	and	inflammasome	formation	(47,	48).		

	

																			In	addition	to	RNA	from	pathogens,	host	immunity	can	also	sense	DNA	from	

the	pathogen	through	cyclic	GMP-AMP	synthase	(cGAS)/stimulator	of	IFN	genes	(STING)	

pathway	and	AIM-like	receptors	(ALRs).	cGAS/STING	pathway	is	the	major	dsDNA	

sensing	pathway	recognizing	dsDNA	but	with	different	size	binding	between	human	and	

mice	(mice:	<45	bp;	human:	>45	bp)	(49).	Membrane	bound	cGAS	binds	to	dsDNA	and	

has	the	conformational	change	to	induce	its	enzymatic	activity	for	cyclic	GMP	(cGMP)	

production.	The	STING	protein	binds	to	cGMP	and	can	initiate	the	type	I	IFN,	NF-κB	

signaling	and	non-canonical	autophagy	(50).	cGAS	recognizes	dsDNA	from	bacteria,	viral	

DNA,	and	retrovirus	and	activates	STING	protein	for	initiation	of	IFN	pathway	for	anti-

bacterial	and	anti-viral	responses	(51).	AIM-like	receptors	(ALRs),	including	AIM2	and	

IFI16,	are	accounted	for	dsDNA	recognition	and	induction	of	inflammasome	formation	

(52).	ALR	protein	contains	hematopoietic	IFN-inducible	nuclear	protein	(HIN)	domain	for	

dsDNA	binding	and	pyrin	domain	(PYD)	for	the	binding	of	adapter	protein	apoptosis-

associated	speck-like	protein	containing	a	caspase	recruitment	team	(ASC)	(49).	

Assembly	of	ALR,	ASC	and	caspase-1	into	inflammasome	formation	can	activate	

enzymatic	activity	of	caspase-I	for	cleavage	of	pro-IL-1	to	mature	IL-1	as	a	

proinflammatory	cytokine	and	contributes	to	pyroptosis	(53).	IFI16	cooperates	with	

cGAS	for	STING	activation	to	initiate	type	I	IFN	signaling	(54).	Thus,	ALRs	can	recognize	

dsDNA	from	pathogens	and	initiate	inflammation	through	proinflammatory	cytokine	

production.		

	

																				C-type	leptin	receptors	(CLRs)	are	widely	expressed	in	myeloid	cells	(DCs,	

monocytes,	macrophages	and	neutrophils)	and	AECs	(55).	CLRs	bind	to	various	

carbohydrates	on	the	surface	of	fungi,	bacteria	and	virus.	The	activation	of	CLRs	is	

mediated	through	Syk/CARD9	induction	to	activate	NF-κB	signaling	(55).	NF-κB-induced	

transcription	can	produce	pro-inflammatory	cytokines	and	inflammatory	responses.	
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CLRs	bind	to	multiple	cell	wall	components	(β-glucan	and	mannans)	on	the	fungal	

surface	and	are	involved	in	multiple	anti-fungal	responses,	including	cytokine	

production,	ROS	generation	and	phagocytosis	(55)	Binding	to	bacterial	glycan,	CLRs	can	

initiate	cytokine	production	for	immune	cell	recruitment	and	activation	for	bacterial	

clearance	as	well	as	connection	to	adaptive	immunity	for	antibody	and	memory	

generation	(56).	Upon	viral	recognition	by	macrophages	and	DCs,	CLRs	are	involved	in	

antigen	presentation,	antiviral	innate	immunity	(type	I	IFN)	as	well	as	T	helper	cell	

differentiation	(57).		

	

																				In	order	to	maintain	homeostasis	in	a	healthy	lung	environment,	AECs	create	

a	barrier	to	prevent	the	excessive	contact	with	microbiomes	and	microbiome-related	

immune	responses.	At	the	same	time,	TR-AMs	set	up	the	threshold	of	immune	

activation	through	their	immune	suppression	function	and	maintain	the	homeostasis	of	

AECs.	However,	upon	pathogen	invasion	and	tissue	damage,	PAMPs	and	DAMPs	can	be	

recognized	by	PRRs	and	initiate	immune	responses.	The	initiation	of	immune	responses	

converts	the	lung	environment	to	an	inflammatory	environment	and	the	recruitment	of	

effector	cells	to	the	lung	facilitates	pathogen	clearance.	

	

Immune	environment	during	Invasive	aspergillosis	in	the	immune	competent	host		

																					Many	fungal	species	are	opportunistic	pathogens	and	can	attempt	to	

colonize	the	mammalian	lung.	Due	to	an	efficient	immune	system,	most	hosts	can	

encounter	hundreds	to	thousands	of	spores	from	individual	species	without	causing	

symptoms.	However,	due	to	poor	diagnosis,	limited	antifungal	drug	availability	and	

efficacy,	lack	of	vaccine,	and	immune-compromised	hosts,	fungal	infections	are	

becoming	a	major	issue.	Major	fungal	infections,	including	Aspergillus	fumigatus	(A.	

fumigatus),	Candida	albicans	(C.	albicans),	Cryptococcus	neoformans	and	Pneumocystis	

jirovecii,	can	cause	over	two	million	life-threatening	infections	with	up	to	95%	mortality	

annually	(58).	Currently,	patients	with	invasive	fungal	infections	were	usually	under	

immune	suppression	conditions,	such	HIV/AIDS,	corticosteroid	treatments,	solid-
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organ/hematopoietic	stem	cell	transplants	or	neutropenic	patients	(59–61).	Fungal	

infections	can	happen	in	various	organs,	and	the	lungs	are	the	most	common	sites	of	

infections	with	Aspergillus	and	Cryptococcus	species	(62).	As	we	mentioned	previously,	

our	innate	immunity	does	a	great	job	preventing	the	initiation	of	fungal	infections.	In	

this	section,	we	will	be	focus	on	the	progression	of	A.	fumigatus	infection	and	host	

responses	to	prevent	Invasive	Aspergillosis	(IA).		

	

																		A.	fumigatus	are	filamentous	fungi	that	initiate	infection	through	asexual	

sporulation,	termed	conidia.	The	inhaled	conidia	encounter	the	airway	and	alveoli	will	

initiate	the	spore	to	break	its	dormancy	via	the	raised	temperature	in	the	host.	Resting	

conidia	break	dormancy	by	hydrolyzing	their	surface	hydrophobin	rodlet	and	uptake	

water	from	the	environment	to	initiate	germination	(63).	During	the	germination,	the	

exposure	of	PAMPs	in	the	cell	wall	are	recognized	by	the	AECs,	tissue-resident	aMacs	

and	DC	populations	in	the	lung	(64).	Aspergillus-related	TLRs,	including	TLR2,	TLR4	and	

TLR9,	trigger	NF-κB	signaling,	cytokine/chemokine	production	and	fungicidal	activity	(65,	

66).	In	addition	to	TLRs,	the	β-glucan	receptor,	dectin-1,	has	been	shown	to	contribute	

to	cytokine/chemokine	production,	which	is	correlated	with	neutrophil	recruitment	as	

well	as	ROS	production	(67).	Upon	the	immune	activation,	the	first	wave	of	cytokines	

and	chemokines	will	recruit	other	phagocytes	to	eliminate	the	fungal	infection.	Human	

studies	using	in	vitro	culture	and	examining	patient	BAL	showed	that	A.	fumigatus	

infection	can	induce	proinflammatory	cytokines	(IL-1,	IL-6,	IL-12,	IL-17,	TNF)	and	

chemokines	(IL-8,	CCL-20	and	CXCL10)	(68).	These	cytokines	and	chemokines	will	recruit	

and	activate	other	cell	types	to	the	lung	and	initiate	antifungal	responses.	

	

																			Macrophage	lineages	are	essential	for	antifungal	immunity.	As	TR-AMs	keep	

the	homeostasis	of	lung	environment	in	a	healthy	condition,	the	initiation	of	antifungal	

responses	upon	fungal	recognition	can	recruit	other	immune	cell	types,	including	

neutrophils,	DC	populations	and	other	macrophages	lineages	(69,	70).	During	A.	

fumigatus	infection,	aMacs,	as	one	of	the	professional	phagocytes,	can	recognize	
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conidia	through	PRRs	(TLRs	and	CLRs)	and	engulf	the	conidia	that	have	entered	the	lung	

alveolus	(71).	Following	engulfment,	phagosome-containing	conidia	will	acquire	

endosome	markers	following	the	endosome	maturation	steps	and	eventually	fuse	with	

the	lysosome	to	form	a	mature	phagolysosome	(72).	During	phagocytosis,	the	killing	of	

conidia	in	the	mature	phagolysosome	rely	on	phagolysosome	acidification	and	reactive	

oxidant	intermediate	production	(72,	73).	Upon	the	first	wave	of	cytokine/chemokine	

production,	circulating	monocytes	in	the	blood	are	recruited	to	lung	environment.	Based	

on	the	expression	of	surface	markers,	the	monocytes	can	further	divide	into	classical	

inflammatory	monocytes	(CCR2(+)	Ly6C(hi)	in	mice	and	CD14(+)	CD16(-)	in	humans)	and	

non-classical	patrolling	monocytes	(CCR2(low)	Ly6C(low)	in	mice	and	CD14(low)	CD16(+)	in	

humans).	The	classical	monocytes	can	further	differentiate	into	non-classical	

monocytes,	macrophages	and	monocyte-derived	DCs	(moDCs)	(74).	Monocytes	

populations	in	the	lung	also	express	multiple	PRRs,	phagocytize	and	kill	conidia,	and	

induce	cytokine	production	(75).	The	cytokines	produced	by	monocytes	and	monocyte-

derived	cells	can	facilitate	neutrophil	function	in	fungal	clearance	(75).	Thus,	

macrophage	lineages	are	not	only	involved	in	fungal	sensing	and	initiating	an	immune	

response,	but	also	contribute	to	fungal	killing.	

	

																			Neutrophils	are	the	most	critical	innate	immune	cell	type	for	fungal	

clearance.	Upon	A.	fumigatus	infection,	recruited	neutrophils	will	become	the	most	

prominent	cell	type	in	the	lung,	accounting	for	60-70%	of	total	immune	cells.	

Neutrophils	can	produce	chemoattractants	for	monocyte	and	DC	recruitment	as	well	as	

macrophage	polarization	(76–78).	As	one	of	the	professional	phagocytes,	neutrophils	

recognize	and	uptake	the	swollen	conidia	and	small	germlings	through	phagocytosis	and	

kill	the	fungi	through	ROS	dependent	and	independent	mechanisms	similar	to	aMacs	

(79).	Even	though	aMacs	are	considered	the	major	cell	type	for	phagocytosis	and	

pathogen	clearance,	the	large	quantity	of	recruited	neutrophils	during	A.	fumigatus	

infection	makes	them	critical	to	conidial	clearance.	Additionally,	ROS	production	from	

neutrophils	is	essential	for	antifungal	immunity.		Chronic	granulomatous	disease	
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patients,	which	is	a	genetic	disease	with	defective	components	of	the	nicotinamide	

adenine	dinucleotide	phosphate	(NAPDH)	oxidase	complex,	are	not	able	to	eliminate	

invade	fungal	infection	and	lead	to	IA	(80).	The	ROS	production	from	neutrophils	not	

only	contribute	to	conidial	clearance	through	phagocytosis	but	also	as	the	major	source	

for	fungal	hyphae	clearance	(81).	However,	the	conidial	clearance	in	the	mature	

phagolysosome	can	be	contributed	by	both	ROS	dependent	and	independent	

mechanisms,	as	neutrophils	also	contain	granules	with	microbicidal	peptides	and	

proteolytic	enzymes	(82).	At	the	later	stage	of	IA,	the	fungal	clearance	is	mediated	by	

ROS	and	nonoxidative	neutrophil	granular	contents	because	the	size	of	fungal	hyphae	

prevents	the	killing	mediate	phagocytosis	(83).	Neutrophils	also	perform	NETosis,	which	

is	the	expulsion	of	DNA	and	fungicidal	proteins.	NETosis	can	be	stimulated	by	swollen	

conidia,	but	the	NET	formation	is	more	correlated	with	preventing	fungi	spreading	from	

the	infection	foci	instead	of	serving	as	major	fungal	killing	mechanism	(84).	In	summary,	

neutrophils	are	the	major	cell	type	involved	in	A.	fumigatus	clearance	at	both	conidial	

and	hyphal	stages	in	the	immune	competent	host.		

	

																			Airway	DC	populations	(cDC1,	cDC2	and	pDC)	contribute	to	immune	

surveillance	and	sampling	pathogens	in	the	airway	lumen.	At	the	same	time,	activated	

neutrophils	recruit	inflammatory	DCs	(CD64(+)	CD11c(+)	MHCII(+)	DCs)	to	the	site	of	

infection	through	chemokines	CCL2	and	CCL20	(85).	These	inflammatory	DCs	can	be	

further	distinguished	by	their	origin	from	cDCs	or	monocytes	(86).	DC	populations	

express	TLRs	and	CLRs	as	the	PRRs	that	recognize	A.	fumigatus	and	contribute	to	

cytokine	production	(87–89).	pDCs	produce	IFN	through	TLR9	signaling	and	contribute	

to	clearance	of	A.	fumigatus	hyphae	(90).	DCs	are	able	to	phagocytose	conidia	and	it	has	

been	shown	that	the	fungi	can	be	transported	to	the	lymph	node	for	Th	cell	

differentiation	(91).	While	the	progression	of	IA	might	lead	to	Th1/Th2	dysregulation	

(92),	the	cytokine	production	by	the	DC	population	can	support	the	Th1/Th17	

responses,	which	are	essential	for	maintaining	antifungal	immunity	(93–95).	Overall,	DC	

populations	contribute	to	antifungal	immunity	through	fungal	recognition,	phagocytosis,	
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and	cytokine	production.	The	cytokine	environment	regulated	by	the	DC	populations	

not	only	induces	proinflammatory	responses	but	also	connect	between	innate	and	

adaptive	immunity.		

	

																			Overall,	innate	immunity	cells	in	the	immune	competent	hosts	effectively	

contribute	to	antifungal	immunity	through	fungal	recognition,	initiation	of	inflammatory	

responses	and	fungal	clearance	(Fig.	3).		

	

Immune	suppression	and	Invasive	aspergillosis	

																				As	previously	mentioned,	our	innate	immunity	acts	as	an	immune	

surveillance	and	promotes	antifungal	responses	against	A.	fumigatus	to	prevent	IA	

development.	However,	patients	with	corticosteroid	treatment,	chemotherapy	or	

neutropenic	conditions,	which	completely	or	partially	compromise	the	immune	

response,	can	significantly	increase	the	risk	of	occurrence	of	IA.	The	mortality	of	

immune	compromised	patients	with	IA	can	be	up	to	95%	(58).	Furthermore,	loss	of	

immune	cells	due	to	acute	leukemia	and	bone	marrow	transplantation	can	lead	to	IA	

(96,	97).	Patients	undergoing	chemotherapy	often	become	neutropenic,	with	airway	

barrier	disruption,	and	therefore	greatly	increase	their	chance	of	developing	IA	(98,	99).	

Thus,	lack	of	immune	cell	infiltration	or	proper	antifungal	responses	in	immune	

compromised	creates	a	favorable	environment	for	A.	fumigatus	conidia	to	germinate,	

grow	into	biofilms,	and	develop	into	IA.	We	will	next	focus	on	the	effects	of	immune	

suppression	on	the	host	immune	system	and	how	it	contributes	to	IA	development.		

	

																			Patients	with	long-term	glucocorticoid	(GC)	treatment	or	allogeneic	

transplant	patients	with	immune	suppression	are	also	the	high	risk	populations	for	IA	

development.	GCs	and	their	receptors	can	reduce	inflammation	through	three		



	 14	

	

Fig. 3 Disease progression of A. fumigatus and fungal clearance by innate immu-
nity.
The progression of A. fumigatus infection and fungal clearance mediated by innate 
immunity depends on the stage of fungal growth. I. A. fumigatus infection initiates 
with the entry of resting conidia. II. Upon conidial germination, the alveolar macro-
phages, neutrophils, dendritic cells, and monocytes recognize fungal conidia/germ-
ling and eliminate them through phagocytosis. III. The growth of Aspergillus hyphae 
causes tissue damage and fungal clearance rely on ROS and nonoxidative microbicid-
al products released from neutrophils.

I. Initiation of fungal infection

II. Phagocytosis-depend fungal clearance

III. ROS and nonoxidative fungal hyphae damage
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mechanisms:	(1)	Blocking	transcription	factors	(NF-κB	and	AP-1)	to	prevent	cytokine	

production,	(2)	production	of	annexin-I	to	inhibit	cytosolic	phospholipase	A2a	(cPLA2a),	

and	(3)	production	of	MAPK	phosphatase	I	to	inhibit	AP-1	activation	and	MAPK	cascades	

(100).	GC	treatment	can	affect	host	innate	immunity	by	affecting	cellularity,	cytokine	

production	and	cellular	functions.	GC	treatment	does	not	lead	to	neutropenia	but	can	

lead	to	leukocytosis,	lymphocytopenia	and	monocytopenia	(101,	102).	Alternatively,	the	

inhibition	of	neutrophil	apoptosis	by	GC	can	actually	lead	to	an	increase	of	neutrophils	

at	the	site	of	infection	(103).	The	accumulation	of	neutrophils	without	negative	

regulators,	such	as	cytokine	(IL-10)	and	regulatory	cell	(Treg)	at	the	site	of	infection	can	

be	detrimental	because	of	the	increase	of	tissue	damage	by	robust	granule	and	reactive	

oxygen	intermediate	in	the	local	environment	(104,	105).	Although	GC	treatment	does	

not	affect	neutrophil	recruitment,	the	inhibition	of	E-selectin	expression	can	affect	

neutrophil	movement	and	attachment	at	the	A.	fumigatus	infection	site	(106,	107).	GC	

treatment	can	also	affect	the	antifungal	ability	of	neutrophils,	macrophages,	monocytes,	

and	DC	populations.	Previous	literature	has	shown	that	GC	treatment	can	impair	

phagocytosis	in	neutrophils,	macrophages	and	monocytes	(108–111).	The	defective	

oxidative	burst	from	neutrophils	and	macrophages	in	the	GC-treated	host	can	

contribute	to	a	decrease	in	fungal	conidia	and	hyphal	clearance	(109,	112).	The	cytokine	

profile	is	greatly	changed	in	the	host	with	GC	treatment.	Since	GC	inhibits	NF-κB	and	AP-

1	function,	the	cytokine	production	related	to	pro-inflammatory	responses	(IL-1,	-6,	-17	

and	-18;	IFNγ;	TNFα;	Granulocyte-macrophage	colony-stimulating	factor	(GM-CSF))	are	

significantly	reduced	in	the	innate	immune	cells	(113–116).	The	suppression	of	NF-κB	in	

macrophages	by	GC	can	also	reduce	their	A.	fumigatus	conidial	and	hyphal	killing	

through	oxidative	and	non-oxidative	mechanisms	(111).	Dexamethasone	treated	

neutrophils	from	healthy	donors	showed	reduced	cytokine	production	(TNFα,	IFNγ	and	

IL-10)	and	reduced	conidial	killing/hyphal	damages	(117).	GC	treated	monocytes	have	

been	shown	to	have	impaired	chemotaxis,	movement	and	phagocytosis	(110).	GC	

treatment	also	significantly	reduces	DC	differentiation	and	will	reduce	mature	DCs	for	

pathogen	recognition	and	antigen	presentation	during	infection	(118).	In	summary,	with	
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GC	treatment,	the	host	innate	immunity	will	lose	both	quantitative	and	qualitative	

antifungal	responses,	and	the	tissue	damage	contributed	by	accumulated	neutrophils	

can	be	causative	to	the	host	mortality	during	IA.		

	

Innate	immunity	against	bacterial	infection	

																				Infants	or	neonates	acquire	maternal	microbiota	and	establish	commensal	

microbiomes	after	birth.	The	commensal	bacteria	in	the	lung	can	be	beneficial	to	the	

host	defense	against	pathogens.	The	commensal	bacteria	can	create	a	

microenvironment	to	restrain	the	propagation	of	respiratory	pathogens	through	

competition	of	nutrient	and	adhesion	sites	(119,	120).	At	the	same	time,	the	

antimicrobial	peptides	from	commensal	bacteria	and	immune	training	from	bacterial	

stimulation	are	also	critical	for	elimination	of	the	invading	pathogens	(121,	122).	

Infection	of	bacteria	can	cause	respiratory	inflammation,	which	leads	to	innate	immune	

cell	recruitment	and	edema.	The	continuous	inflammation	and	damage	contributed	by	

both	bacterial	colonies	and	recruited	immune	cells	can	lead	to	pneumonia	and	sepsis,	

which	can	cause	high	mortality	in	children,	the	elderly,	or	patients	with	aberrant	

immune	conditions.	Common	causes	of	bacterial	induced	pneumonia	can	be	

contributed	by	Streptococcus	pneumoniae,	Haemophilus	influenzae,	Pseudomonas	

aeruginosa,	Staphylococcus	aureus	and	Enterobacteriaceae	(123).	While	the	bacterial	

infection	can	be	effectively	treated	with	antibiotic	treatment,	the	antibiotic	resistant	

bacteria	introduced	from	the	clinic	and/or	environment	have	become	an	emerging	issue	

(124).	However,	our	immune	system	not	only	contributes	to	the	pathogen	sensing	and	

clearance	but	also	have	a	dedicated	immune	resolving	phase	to	prevent	a	detrimental	

immune	response	and	maintain	the	homeostasis	of	lung	environment.		

	

																			Similar	to	a	fungal	infection,	AEC	and	TR-AMs	recognize	bacterial	infection	

through	PRRs.	The	extracellular	TLRs	(TLR1,	TLR2,	TLR4,	TLR5,	TLR6)	and	intracellular	

TLRs	(TLR3,	TLR7,	TLR8,	and	TLR9)	recognize	bacterial	flagellin,	cell	wall	or	cell	

membrane	components	and	bacterial	genetic	materials	(125).	The	activation	of	PRRs	
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can	promote	Th1	related	cytokine	(TNF-α,	IL-1β,	IL-6,	and	IL-8)	production	to	initiate	

antibacterial	immune	responses	and	immune	cell	recruitment	(126).	Bacterial	RNA	

sensing	and	activation	of	NLRs	comprising	the	inflammasome	(NLRP3	inflammasome)	

also	promote	of	IL-1	maturation	through	caspase	I	activation	(127).	Another	potent	

cytokine	from	AECs,	GM-CSF,	not	only	contributes	to	macrophage	differentiation,	

activation,	and	bacterial	clearance	but	also	to	AEC	repair	during	bacterial	infections	

(128,	129).	Activated	macrophages	are	involved	in	bacterial	clearance	through	their	

iNOS	production	and	phagocytosis	(130,	131).	However,	the	balanced	polarization	of	

macrophages	is	critical	for	the	lung	environment	before	and	after	bacterial	clearance.	

Macrophage	polarization	can	be	facilitated	by	innate	lymphoid	cells	(ILCs).	The	Th1	

cytokines,	including	IFN	from	ILC1/NK	and	IL-17/IL-22	from	ILC3,	can	support	M1	

macrophage	polarization	(132).	On	the	other	hand,	the	Th2	cytokines	(IL-4	and	IL-13)	

from	ILC2	switch	the	macrophage	into	M2	state	during	the	immune	resolving	phase	

(133).	The	downstream	signaling	of	Th1	and	Th2	cytokines	through	JAK/STAT	pathway	

determine	the	polarization	of	M1/M2	macrophage	(134).	During	the	bacterial	infection,	

the	polarization	of	M1	macrophages	can	further	promote	inflammatory	response	and	

bacterial	clearance	(135).	Furthermore,	switching	into	an	M2	macrophage	during	the	

immune	resolving	phase	can	prevent	an	overwhelming	immune	response	and	tissue	

damage	(136).	Macrophage	polarization	is	also	critical	in	sepsis,	as	controlling	the	

aberrance	of	macrophage	polarization	can	alleviate	the	symptoms	in	both	the	

hyperinflammatory	and	immune	tolerance	phase	of	sepsis	(137).	The	neutrophil	is	also	

recruited	to	the	lung	following	bacterial	activation	of	AECs.	The	effector	functions	of	

neutrophils	in	antibacterial	immunity	are	similar	to	antifungal	immunity	as	their	

migration,	pathogen	recognition,	phagocytosis,	ROS	production	and	NETosis	are	all	

essential	in	bacterial	clearance	(138).	In	a	septic	environment,	inhibition	of	neutrophil	

apoptosis	by	LPS	and	complement	component	5a	(C5a)	can	extend	neutrophil	lifespan	

(139).	However,	bacterial	induced	C5a	also	inhibits	neutrophil	functions	such	as	

migration,	phagocytosis,	and	ROS	production	(140).	Robust	immune	responses	induced	

by	the	cytokine	storm,	hypoxia	environment,	accumulation	of	neutrophils	without	
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proper	antibacterial	functions,	and	reduction	of	ILC2	can	lead	to	local	cell	apoptosis	and	

AEC	damage	during	sepsis	(139,	141).	In	summary,	innate	immunity	and	bacteria	in	the	

lung	have	mutual	effects	on	each	other	(Fig.	4).	While	the	commensal	bacteria	maintain	

the	basal	immunity	in	the	lung,	the	activated	immune	cells	sense	and	control	the	

bacterial	infection.	The	balance	of	inflammatory	and	anti-inflammation	status	is	critical	

for	maintaining	homeostasis	of	both	the	host	cells	and	microbiome.		

	

Innate	immunity	against	viral	infection	

																				Viral	infection	is	another	common	lung	infection	that	can	lead	to	high	

mortality	in	the	host.	Instead	of	innate	immunity,	the	clearance	of	virus	and	infected	

cells	is	mostly	mediated	by	adaptive	immunity.	However,	the	innate	immunity	still	plays	

an	important	role	in	initiation	of	antiviral	responses	and	stimulation	to	adaptive	

immunity.	Upon	viral	recognition,	innate	immunity	initiates	cytokine	production,	

antigen	presentation,	complement	secretion	and	induction	for	T	cell	activation	(142).	

Similar	to	other	infections,	PRRs	expressed	by	AECs	and	immune	cells	can	recognize	a	

viral	infection.	These	PRRs	(RLR,	TLR	and	NLR)	specifically	bind	to	genetic	material	from	

virus	(dsRNA,	ssRNA	and	ssDNA)	and	promote	type	I	IFN	production	(143).	Upon	RNA	

binding,	RLRs,	including	RIG-1,	MDA5	and	LGP2,	bind	to	their	adaptor,	IFN-β	promoter	

stimulator-1	(IPS-1)	and	activate	downstream	signaling	(45).	Intracellular	TLRs	(TLR3,	

TLR7	and	TLR9)	that	bind	to	viral	DNA	and	RNA	are	involved	in	initiation	of	antiviral	

responses	(144).	Both	RLRs	and	TLRs	can	promote	type	I	IFN	production	through	IRF-3	

and	IRF-7	and	cytokine	production	through	NF-κB	(145,	146).	At	the	same	time,	NLR	

downstream	inflammasome	activation	upon	viral	RNA	recognition	can	induce	mature	IL-

1	production	(147).	During	viral	infection,	the	STING	pathway	can	promote	type	I	IFN	

production	and	NF-κB	activation	(148).	These	proinflammatory	cytokines	and	type	I	IFN	

response	can	promote	activation	of	both	innate	immunity	and	adaptive	immunity,	

especially	cytotoxic	T	lymphocyte	(CTL)	for	viral	clearance	(149).		
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Fig. 4 Commensal and pathogenic bacteria and innate immunity.
Innate immune cell regulation and antimicrobial activity during bacterial infection. I. 
During the homeostasis phase, immune cells receive basal stimulation from com-
mensal bacteria without initiation of inflammatory response. II. The pathogenic 
bacterial infection starts with planktonic bacteria to mature bacterial biofilm. III. 
Immune cell recruitment upon the signals from bacterial recognition. IV. Recruited 
immune cells can eliminate bacterial infection primarily relying on phagocytosis. V. 
Neutrophils perform NETosis to effectively inhibit bacterial propagation with antimi-
crobial peptide-decorated chromosome. VI. Macrophage polarization depends on 
the signal from innate lymphoid cells (ILCs) for inflammatory M1 macrophages or 
tissue-repairing M2 macrophages.
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																					As	the	resident	cells	for	immune	surveillance,	AECs	and	macrophages	

recognize	viral	infection	through	PRRs	(150).	Additionally,	DC	populations	play	an	

important	role	in	the	interaction	between	innate	and	adaptive	immunity.	pDCs	with	

highly	expressed	TLR7	and	TLR9	are	the	main	source	of	type	I	IFN	production	during	viral	

infection	(151,	152).	These	pDCs	can	still	produce	a	large	amount	of	type	I	IFN	even	

without	retinoic	acid–inducible	gene	I–like	helicase	(RLH)	signaling	(153).	Besides	viral	

recognition,	DC	populations	are	important	for	antigen	presentation	in	the	lymph	node.	

This	DC	migration	to	the	lymph	node	is	mediated	by	complement	signaling	(154).	In	

addition,	complement	activation	during	pulmonary	viral	infection	has	also	been	shown	

to	facilitate	T	cell	response	(155,	156).	Neutrophils	do	not	significantly	contribute	to	

clearance	of	virus	or	infected	cells,	but	a	significant	number	of	neutrophils	are	still	

recruited	to	the	lung	during	viral	infections	(157).	The	recruitment	of	neutrophils	is	

through	both	chemokines	(IL-8	in	human;	KC	in	mouse)	and	complement	(C5a)	(158,	

159).	The	activation	of	neutrophils	stimulated	by	PAMPs,	DAMPs,	C5a	and	cytokines	can	

prolong	their	life	span	through	inhibition	of	apoptosis	(160–162).	At	the	same	time,	

activated	neutrophils	during	viral	infection	can	still	enhance	their	effector	function,	

including	degranulation,	ROS,	phagocytosis,	NETosis	(163).	Although	neutrophils	are	not	

the	major	cell	type	for	viral	clearance,	they	can	still	uptake	opsonized	virus	through	

phagocytosis	and	induce	ROS	production	(164).	Neutrophils	can	facilitate	antigen	

presentation	by	DCs	or	by	themselves	to	induce	adaptive	immunity	(165,	166).	

Interestingly,	a	subset	of	neutrophils	with	immune	suppressive	properties	are	shown	to	

inhibit	T	cell	proliferation	as	well	as	IFN	production	(167).	The	detrimental	aspect	of	

neutrophil	recruitment	is	their	contribution	to	pathogenesis	during	viral	infection.	The	

excessive	neutrophils	and	NET	formation	in	the	lung	during	the	viral	infection	can	

damage	the	AECs	and	lead	to	acute	lung	injury	(168,	169).	Overall,	the	innate	immune	

system	recognizes	viral	infection	and	initiates	antiviral	responses	(Fig.	5).	The	activation	

of	CTL	for	viral	clearance	is	mediated	by	type	I	IFN	production	and	antigen	presentation	

from	innate	immunity.		
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Fig. 5 Viral infection and innate immune responses.
The immune response against viral infection is most mediated by adaptive immunity, 
but host innate immunity still manages the initiation of the immune responses. I. Viral 
infection initiates with the membrane fusion to the target cell. II. Cytosolic viral RNA 
or DNA can be recognized by the Pattern recognition receptors (PRRs), including 
toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and NOD-like receptors (NLRs). III. 
The stimulated PRRs activate transcriptional factors (TFs) for type I IFN production. IV. 
The NLRs also contribute to the inflammasome activation and downstream IL-1 
maturation for inflammatory response. V. Viral infection leads to the recruitment of 
innate immune cells, including macrophages, neutrophils, and dendritic cells. VI. The 
dendritic cells moved to the lymph node can further stimulate the adaptive immunity 
for viral clearance. VII. Activated cytotoxic T cells can target and kill the virus-infected 
cells, and the phagocytes (macrophages and neutrophils) are involved in dead cells 
and viral particle clearance. 

T cell
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Complexity	of	host	environment	during	infection	
	

Airway	commensals	and	their	role	in	pathogen	protection	

																			Since	oxygen	acquisition	through	respiration	is	essential	for	the	human	body,	

environmental	microbiomes	are	constantly	inhaled	and	entered	into	the	lung	through	

our	life.	After	acquiring	microorganisms	in	utero	(170),	the	microbiome	from	the	upper	

respiratory	tract	(URT)	gradually	shapes	our	lung	microbiota	(171).	The	lung	microbiota	

is	contributed	by	the	balance	of	local	microbiome	and	new	immigration,	as	well	as	their	

fitness	in	the	lung	environment	(pH,	temperature,	oxygen,	nutrient,	local	microbial	

competition,	binding	to	AECs,	escape	from	host	immunity)	(172).	The	lung	microbiome	

has	a	much	lower	abundance	of	microbes	(103-105	per	gram	of	lung	tissue)	compared	to	

the	gut	microbiome	(1011-1012	per	gram	of	content)	(173,	174),	however,	the	host	lung	

environment	still	has	a	high	variety	of	microbes	during	both	homeostasis	and	infection.	

The	colonization	of	microbiomes	in	the	lung	is	dynamic	and	the	growth	of	different	

microbiomes	in	the	lung	can	be	mutualism,	commensalism	or	antagonism	(175).		

	

																				The	growth	and	development	of	a	bacterial	biofilm	can	be	determined	

through	quorum	sensing	(QS)	to	distinguish	their	own	population	and	other	bacteria	

(176,	177).	The	competition	between	the	commensal	microbiome	and	new	potential	

pathogens	provides	the	beneficial	protection	for	the	host	through	colonization	

resistance.	Colonization	resistance	to	pathogens	in	the	lung	could	be	similar	to	what	

previous	studies	have	shown	in	the	gut	(178).	After	entering	the	lung,	pathogens	need	

to	compete	for	nutrients	to	be	able	to	initiate	growth.	Nutrients	and	metabolites	in	the	

lung	include	sugar,	short	chain	fatty	acids	(SCFAs)	and	metals,	which	can	be	used	by	

both	host	cells	and	microbiomes	and	are	essential	for	bacterial	growth	and	biofilm	

formation	(179–181).	Commensal	bacteria	can	outcompete	other	bacteria	through	

direct	elimination,	as	Streptococcus	pneumoniae	can	target	Staphylococcus	aureus	by	

production	of	hydrogen	peroxide	and	downstream	bacteriophage	killing	(182,	183).	

Another	important	role	of	commensal	bacteria	in	the	host	defense	is	training	the	
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immune	response	and	maintaining	innate	immunity	to	prevent	pathogen	infection.	

Microbial	associated	molecular	patterns	(MAMPs)	and	PAMPs	from	the	microbiomes	

provide	the	stimulation	through	PPRs	to	maintain	homeostasis	of	innate	immunity	

(184).	Without	the	proper	stimulations	from	commensals,	hosts	can	be	vulnerable	to	

both	bacterial	and	viral	infections	(185–187).	The	metabolites,	including	SCFAs,	niacin,	

indole,	retinoic	acid,	polysaccharide	A,	bile	acid	and	taurine,	from	commensal	microbes	

can	promote	host	defense	against	pathogens	and	suppress	immune	response	during	

homeostasis	phase	(188).	Besides	commensal	bacteria,	several	viral	and	fungal	species	

can	also	be	detected	in	the	healthy	airway	as	part	of	the	microbiome	(189–192).	

However,	whether	these	“commensal”	viruses	and	fungi	contribute	to	the	immune	

response	in	the	healthy	host	require	further	examinations.	Thus,	with	the	complexity	of	

multiple	microorganisms	in	the	lung,	the	interactions	between	bacteria,	fungi,	virus	and	

host	immune	system	would	determine	the	lung	environment,	including	the	balance	of	

microbiota	and	host	immune	status.	

	

Multi-microorganisms’	infections	and	host	immune	modulation	

																				The	microbiome	interaction	not	only	shapes	the	microbiota	during	the	

homeostasis	condition	but	also	greatly	impacts	both	co-infection	and	superinfection	

condition.	According	to	the	definition	from	Centers	for	Disease	Control	and	Prevention	

(CDC),	the	co-infection	is	the	infection	of	two	pathogens	occurring	at	the	same	time.	On	

the	other	hand,	superinfection	means	that	a	secondary	infection	happens	following	the	

initial	infection.	This	could	potentially	indicate	that	the	previous	infection	provides	some	

advantages	for	a	secondary	infection.	For	a	superinfection,	the	combinations	of	

pathogens	can	be	bacterial-bacterial,	viral-bacterial,	viral-viral	and	viral-fungal.	From	the	

1918	Spanish	influenza,	2003	SARS,	to	2019	Covid	19	pandemics,	clinical	reports	have	

shown	that	the	superinfection	patients	can	have	much	worse	clinical	outcome	and	

mortality	(193–195).	In	this	part,	we	will	discuss	about	multi-pathogen	infection	and	the	

interaction	between	pathogens	and	the	host	environment.	
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																			The	virus-bacteria	superinfection	population	has	been	extensively	studied.	

The	proposed	mechanisms	of	the	cause	of	virus-bacteria	superinfection	can	be	related	

to	viral-induced	lung	damage	and	immune	suppression	in	the	post	viral	infected	

environment.	During	the	viral	infection,	accumulated	neutrophils	and	their	NET	

formation	can	cause	lung	tissue	damage	but	does	not	contribute	to	bacterial	clearance	

(169,	196).	Additionally,	the	disruption	of	airway-epithelial	barrier	provides	a	niche	for	

bacterial	colonization	(197–199)	and	local	airway	injury	can	decrease	mucociliary	

repulsion	(200),	which	can	also	be	benefit	for	bacterial	evasion.	The	host	derived	

nutrients	released	from	the	site	of	injury	can	further	support	bacterial	growth	and	their	

biofilm	formation	(201,	202).	Another	important	aspect	of	viral	infections	is	their	

modulation	of	host	innate	and	adaptive	immunity.	As	previously	mentioned,	IL-10	and	

Th2	cytokines	lead	to	the	immune	resolving	phase	after	viral	clearance	to	prevent	

excessive	immune	response-induced	damage.	However,	during	this	time	period,	the	

immune	suppression	on	the	innate	immunity	could	lead	to	bacterial	escape	from	host	

immunity.	The	enhanced	IL-10	production	in	the	post	viral	environment	can	significantly	

increase	the	susceptibility	to	the	bacterial	secondary	infection	(203,	204).	Previous	

literature	has	shown	that	viral	infection	can	significantly	decrease	bacterial	clearance	by	

phagocytes	(205,	206).	Thus,	viral	induced	host	damage	and	defective	immune	

responses	can	provide	a	niche	for	a	secondary	bacterial	infection.	However,	the	initial	

bacterial	infection	could	be	either	beneficial	or	detrimental	a	subsequent	viral	infection.	

Increased	expression	of	adhesion	receptor,	ICAM-1,	on	AECs	after	bacterial	infection	can	

facilitate	viral	infections	as	well	as	inflammation	through	the	enhanced	binding	of	

human	rhinoviruses	(HRVs)	to	AECs	(207,	208).	Bacterial	proteases	from	Staphylococcus	

aureus	and	Aerococcus	viridans	in	the	airway	can	degrade	and	activate	hemagglutinin	

(HA),	which	is	involved	in	fusion	of	virus	and	target	cells	to	initiate	viral	infection	(209,	

210).	On	the	other	hand,	the	PAMPs	from	bacteria	can	prime	host	immunity	to	restrain	

viral	infection	for	both	innate	and	adaptive	immunity.	LPS-primed	macrophages	are	

more	resistant	to	IAV	infection	with	induced	anti-viral	response	genes	and	antigen	

presentation	ability	(211).	Decreased	signal	from	commensal	bacteria	can	increase	
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macrophage	activation	threshold	in	response	to	IFN	stimulation	for	initiation	of	antiviral	

responses	(212).	Commensal	bacteria	have	also	been	shown	to	contribute	to	

inflammasome	activation,	DC	migration,	and	T	cell	activation	for	anti-viral	immunity	

(187).	Thus,	both	virus	and	bacteria	can	provide	increasing	fitness	for	one	or	the	other	

for	initiation	of	infection,	and	the	signal	from	commensal	bacteria	are	important	for	

antiviral	immunity.		

																				Bacterial	and	viral	infections	can	also	lead	to	a	secondary	fungal	infection.	

The	bacteria-fungus	superinfection	correlates	with	AEC	damage	as	well	as	immune	

modulation	in	the	post	bacterial	infection	environment.	Co-infection	of	commensal	

bacteria	Streptococcus	orali	(S.	orali)	and	fungal	pathogen	C. albicans	caused	increased	

tissue	damage,	inflammation,	S.	orali	colonization	and	C. albicans	dissemination	(213).	

Other	in	vitro	studies	demonstrate	biofilm	expansion	of	Streptococcus	species	(S.	orali,	

S.	gordonii	and	S.	sanguinis)	and	enhanced	C. albicans	evasion	in	the	co-infection	models	

(214).	Bacteria	can	also	promote	fungal	growth	through	production	of	volatile	organic	

compounds.	Dimethyl	sulfide	(DMS)	from	Pseudomonas	aeruginosa	can	serve	as	

nitrogen	source	for	Aspergillus	fumigatus	growth	(215).	The	co-infection	of	C. albicans	

and	Pseudomonas	aeruginosa	(P.	aeruginosa)	has	also	been	greatly	studied	due	to	their	

physical	interaction	during	infection	and	contribution	to	pathogenesis.	The	antagonistic	

interaction	between	these	two	pathogens	can	be	mediated	by	their	QS	system.	The	P.	

aeruginosa	QS	signal	3-oxo-C12-HSL	and	2-heptyl-4-quinolone	can	inhibit	C. albicans	

yeast-hyphae	switch	without	affecting	their	growth	(216,	217).	Co-infection	of	

C. albicans	and	P.	aeruginosa	provides	a	fitness	advantage	to	P.	aeruginosa	by	

enhancing	bacterial	attachment	and	reducing	oxidative	stress	from	the	host	cells	(218,	

219).	The	viral-fungal	superinfection	has	less	frequency	than	viral-bacterial	

superinfection	in	the	general	population,	but	the	patients	with	this	type	of	

superinfection	have	the	worst	prognosis	compared	to	all	the	other	superinfections	

(220–223).	The	detailed	mechanisms	about	viral-fungal	superinfection	are	not	fully	

understood.	The	viral	induced	AEC	damage	could	also	provide	a	niche	for	initiation	of	

fungal	infection	as	the	viral-bacterial	superinfection.	The	IFN	signaling	during	viral	
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infection	and	IL-10	during	the	immune	resolving	phase	could	alter	innate	immunity	

against	fungal	infection.	Previous	studies	have	proposed	that	the	decreased	neutrophils	

recruitment	due	to	impair	STAT3	pathway	might	contribute	to	the	invasive	aspergillosis	

(224).	However,	it	is	unclear	whether	the	immune	cells	in	the	post	viral	infection	

environment	also	have	defective	antifungal	effector	functions	up	to	date.	The	immune	

modulation	in	the	post	viral	environment	could	also	affect	cellular	functions,	such	as	

ROS	and	phagocytosis,	in	the	innate	immunity	as	we	saw	in	the	viral-bacterial	

superinfection	(Fig.	6).	
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Tissue damage
Immune resolving phase

Increase attachment/growth Increase attachment/growth?

Immune suppression
Reduced cell recruitment
Reduced ROS production
Defective phagocytosis

Immune suppression?
Reduced cell recruitment?
Reduced ROS production?
Defective phagocytosis?

Macrophage Neutrophil Monocyte Dendritic cell

Air way epithelial cells

Initial viral infection

Secondary bacterial infection Secondary fungal infection

Fig. 6 Comparison between viral-bacterial and viral-fungal superinfections.
The initial viral infection can cause tissue damage in lung epithelial cells. And in the 
post-viral environment, the immune cells are under immune suppression in the 
immune resolving phase. Bacteria entering the lung in the post-viral environment 
can initiate secondary bacterial infection due to I. Increase bacterial attachment and 
nutrient availability at the site of damaged tissue. II. The immune suppression of the 
innate immune can provide an opportunity for bacterial colonization because of the 
lack of proper bacterial clearance from the host innate immunity. The cause of 
viral-fungal superinfection is largely unknown and the immune modulation of the 
host innate immunity will be the main topic in Chapter 2.
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Thesis	overview	

																				In	this	thesis,	we	will	examine	host	immune	response	and	immune	

modulation	under	different	conditions.	Aspergillus	fumigatus	(A.	fumigatus)	is	a	fungal	

pathogen	that	can	infect	the	host	through	the	growth	of	its	conidia	in	the	lung.	Upon	A.	

fumigatus	infection,	host	innate	immunity	recognizes	fungal	infection	through	their	

pattern	recognition	receptors	(PRRs).	The	downstream	signal	of	PRRs	initiates	cytokine	

and	chemokine	production	to	recruit	other	immune	cells	to	the	lung	for	fungal	

clearance.	The	fungal	conidia	will	be	uptake	by	the	professional	phagocytes	(alveolar	

macrophages	(aMac),	neutrophils,	interstitial	macrophages	(iMac),	monocytes,	and	

conventional	dendritic	cell	2(cDC2))	through	phagocytosis.	The	activated	phagocytes	

with	the	signal	from	PRRs	and	cytokine	induction	can	increase	the	acidification	and	

maturation	of	phagolysosome	for	conidial	killing.	After	the	fungal	clearance,	the	

immune	resolving	phase	will	come	in	and	switch	the	lung	environment	back	to	its	

homeostatic	phase.	With	the	aberrant	immune	modulation	on	the	innate	immunity,	the	

escape	of	fungal	conidia	can	lead	to	the	growth	of	biofilm	and	invasive	aspergillosis	(IA)	

in	the	lung.		

																					In	Chapter	2,	we	established	an	Influenza	A	Virus-A.	fumigatus	(IAV-Af)	

superinfection	mouse	model	to	investigate	the	immune	modulation	of	innate	immunity	

in	the	post-viral	environment.	Previous	literature	hypothesis	that	viral-bacterial	

superinfection	is	due	to	tissue	damage	and	immune	suppression	in	the	post-viral	

environment.	However,	even	with	many	clinical	reports	about	the	high	mortality	and	

worse	clinical	outcome	of	viral-fungal	superinfection,	the	mechanism	related	to	viral-

fungal	superinfection	is	largely	unknown.	With	our	IAV-Af	superinfection	model,	we	

showed	there	was	no	difference	in	immune	cell	recruitment	and	ROS	production	in	the	

post-viral	environment.	Instead,	the	defective	phagolysosome	maturation	in	neutrophils	

and	monocytes	leads	to	a	decrease	in	fungal	killing,	the	development	of	A.	fumigatus	

biofilm	in	the	lung,	and	the	high	mortality	of	hosts	in	the	IAV-Af	superinfection	group.	
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																				In	Chapter	3,	we	characterize	a	potential	fungal	recognition	receptor	LysMD3	

in	antifungal	immunity.	LysMD3	has	an	ancient,	structural	conserved	LysM	domain,	

which	is	predicted	for	N-acetylglucosamine	(GlcNAc)	binding.	Previous	studies	showed	

that	human	LYSMD3	can	bind	to	chitin	(oligomers	of	GlcNAc)	and	β-glucan	and	induce	

cytokine	and	chemokine	production	in	the	human	epithelial	cells.	However,	the	previous	

studies	of	LysMD3	KO	mice	showed	no	in	vivo	phenotype	with	a	variety	of	pathogens.	In	

our	works,	we	generated	our	LysMD3	KO	mice	and	confirm	the	deletion	of	LysMD3	

production	with	Western	blotting.	The	LysMD3	KO	mice	have	minor	A.	fumigatus	killing	

defects	in	neutrophils	and	iMac	but	do	not	significantly	affect	overall	fungal	clearance	

and	mice	mortality.	At	the	same	time,	we	purified	murine	LysMD3	ectodomain	with	

human	Fc	(LysMD3-Fc)	to	examine	LysMD3	binding	to	A.	fumigatus	conidia	and	

germling.	The	LysMD3-Fc	protein	can	bind	to	both	surfaces	of	A.	fumigatus	conidia	and	

germling,	but	the	galactosaminogalactan	(GAG)-dependent	binding	on	the	fungal	

surface	did	not	reflect	the	amount	of	chitin	and	β-glucan	in	the	fungal	cell	wall.		

																					The	results	presented	in	this	dissertation	covered	the	studies	of	antifungal	

innate	immunity	from	immune	cell	recruitment	to	their	fungal	killing	ability	in	different	

conditions	(Chapter	2-3,	Appendix	IV-V).	At	the	same	time,	we	also	investigate	the	

cellularity	of	mice	lungs	and	adaptive	immunity	in	the	allergic	bronchopulmonary	

aspergillosis	(ABPA)	model	(Appendix	II-III).	
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Postinfluenza Environment Reduces Aspergillus fumigatus
Conidium Clearance and Facilitates Invasive Aspergillosis
In Vivo

Ko-Wei Liu,a Madeleine S. Grau,a Jane T. Jones,a Xi Wang,a Elisa M. Vesely,a Matthew R. James,a Cecilia Gutierrez-Perez,a

Robert A. Cramer,a Joshua J. Obara

aDepartment of Microbiology and Immunology, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire, USA

ABSTRACT Aspergillus fumigatus is a human fungal pathogen that is most often aviru-
lent in immunecompetent individuals because the innate immune system is efficient at
eliminating fungal conidia. However, recent clinical observations have shown that severe
influenza A virus (IAV) infection can lead to secondary A. fumigatus infections with high
mortality. Little is currently known about how IAV infection alters the innate antifungal
immune response. Here, we established a murine model of IAV-induced A. fumigatus
(IAV-Af) superinfection by inoculating mice with IAV followed 6 days later by A. fumigatus
conidia challenge. We observed increased mortality in the IAV-Af-superinfected mice com-
pared to mice challenged with either IAV or A. fumigatus alone. A. fumigatus conidia
were able to germinate and establish a biofilm in the lungs of the IAV-Af superinfection
group, which was not seen following fungal challenge alone. While we did not observe
any differences in inflammatory cell recruitment in the IAV-Af superinfection group com-
pared to single-infection controls, we observed defects in Aspergillus conidial uptake and
killing by both neutrophils and monocytes after IAV infection. pHrodo Green zymosan
bioparticle (pHrodo-zymosan) and CM-H2DCFDA [5-(and-6)-chloromethyl-29,79-dichlorodi-
hydrofluorescein diacetate] staining, indicators of phagolysosome maturation and reactive
oxygen species (ROS) production, respectively, revealed that the fungal killing defect was
due in part to reduced phagolysosome maturation. Collectively, our data demonstrate
that the ability of neutrophils and monocytes to kill and clear Aspergillus conidia is
strongly reduced in the pulmonary environment of an IAV-infected lung, which leads
to invasive pulmonary aspergillosis and increased overall mortality in our mouse model,
recapitulating what is observed clinically in humans.

IMPORTANCE Influenza A virus (IAV) is a common respiratory virus that causes sea-
sonal illness in humans, but can cause pandemics and severe infection in certain
patients. Since the emergence of the 2009 H1N1 pandemic strains, there has been
an increase in clinical reports of IAV-infected patients in the intensive care unit (ICU)
developing secondary pulmonary aspergillosis. These cases of flu-Aspergillus superin-
fections are associated with worse clinical outcomes than secondary bacterial infec-
tions in the setting of IAV. To date, we have a limited understanding of the cause(s)
of secondary fungal infections in immunocompetent hosts. IAV-induced modulation
of cytokine production and innate immune cellular function generates a unique
immune environment in the lung, which could make the host vulnerable to a sec-
ondary fungal infection. Our work shows that defects in phagolysosome maturation
in neutrophils and monocytes after IAV infection impair the ability of these cells to
kill A. fumigatus, thus leading to increased fungal germination and growth and sub-
sequent invasive aspergillosis. Our work lays a foundation for future mechanistic
studies examining the exact immune modulatory events occurring in the respiratory
tract after viral infection leading to secondary fungal infections.
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interactions, antifungal immunity, innate immunity, phagolysosome, monocytes,
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A spergillus fumigatus is a filamentous fungus that can be commonly found in
the environment. In the immunocompetent host, hundreds to thousands of

Aspergillus conidia can be inhaled every day without disease development. The
innate immune system, including macrophages, neutrophils, monocytes, and dendri-
tic cells (DCs), recognizes fungal conidia through pattern recognition receptors
(PRRs) leading to their elimination through phagocytosis and killing via reactive oxy-
gen species (ROS) and ROS-independent mechanisms (1). However, when the
immune system is impaired, inhaled conidia germinate, become pathogenic, and
contribute to multiple diseases collectively termed aspergillosis. Chronic pulmonary
colonization with A. fumigatus can lead to allergic bronchopulmonary aspergillosis
(ABPA), most commonly found in individuals with cystic fibrosis (CF) or chronic ob-
structive pulmonary disorder (COPD) (2, 3). Conversely, in patients with severe impair-
ments in innate immunity (e.g., chronic granulomatous disease [CGD], prolonged steroid
treatment, or neutropenia) acute exposure to A. fumigatus can lead to fungal germina-
tion and growth into hyphae resulting in biofilm formation, penetration of the lung pa-
renchyma, and systemic dissemination (4–6).

Recent clinical reports indicate that patients admitted to the intensive care unit
(ICU) due to severe influenza virus infections may develop secondary fungal infec-
tions (7–10). Severe influenza virus infection is now considered a major risk factor for
the development of influenza-associated invasive aspergillosis (IAPA) (11). However,
the mechanistic causes leading to IAPA, especially in immunocompetent patients,
remain poorly understood. The connections between a postinfluenza lung environ-
ment and susceptibility to secondary bacterial infection have been well documented
(12, 13). In that setting, type I and type II interferons (IFNs) induced by influenza A vi-
rus (IAV) infection are known to enhance susceptibility to secondary bacterial infec-
tion (14). Furthermore, the postinfluenza environment also affects innate immune
cell accumulation and function within the lungs. Specifically, neutrophils and macro-
phages in the postinfluenza environment have decreased phagocytosis and clear-
ance of bacterial pathogens (15, 16). Taken together, these results demonstrate
that innate immune responses observed in the postinfluenza environment lead to
defective antibacterial innate immune clearance, which can drive vulnerability to sec-
ondary bacterial infections, but the involvement of alterations in the susceptivity to
secondary fungal infection remains unresolved. Recent results from a murine model
of IAPA suggest that the elevated IFN production post-IAV infection induces STAT1
signaling and inhibits neutrophil recruitment, which leads to IAPA (17). However, a
comprehensive study examining innate immune cell function and antifungal immu-
nity following IAV infection is needed to define the cause(s) of IAPA development in
these IAV-infected hosts.

In our current study, we established a murine IAV-A. fumigatus (IAV-Af) superinfec-
tion model that we used to examine the modulation of the antifungal innate immune
response within the post-IAV lung environment. As expected, mice from the IAV-Af
superinfection group exhibited higher morbidity and mortality, fungal biofilm forma-
tion, and increased fungal burden in the lungs. We further observe that normal inflam-
matory immune cell recruitment occurs in the post-IAV lung environment, yet there is
a significant impairment in fungal phagocytosis and killing in vivo. The defective killing
of A. fumigatus observed in pulmonary neutrophils and monocytes after IAV infection
is due in part to defective phagolysosome maturation. Therefore, our findings demon-
strate that modulation of neutrophil and monocyte function in a post-IAV environment
contributes to defective fungal clearance, leading to disease development and even-
tual mortality of the host.
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RESULTS
Influenza A virus infection increases susceptibility to invasive pulmonary

aspergillosis in mice. To understand why influenza-infected immunocompetent hosts
are more susceptible to invasive pulmonary aspergillosis (IPA), we developed an IAV-Af
superinfection model with immunocompetent mice. C57BL/6J mice were first chal-
lenged intranasally with either phosphate-buffered saline (PBS) or a sublethal dose of
IAV PR/8/34 H1N1 (100 50% egg infective dose [EID50]). Six days later, mice were chal-
lenged oropharyngeally with either PBS or 3.4 ! 107 A. fumigatus CEA10 conidia for an
additional 8 to 36 h (Fig. 1A). C57BL/6J mice first inoculated with IAV and then inocu-
lated with A. fumigatus (IAV-Af superinfection) had significantly more mortality than
mice challenged with IAV only or A. fumigatus only. In the IAV-Af superinfection group,
mice succumbed to infection as early as 1 day post-A. fumigatus inoculation, with
100% mortality observed by 5 days post-fungal challenge (Fig. 1B). Increased mortality
coincided with higher fungal burden in the lungs of the IAV-Af-superinfected group
compared to the A. fumigatus-only infection group (Fig. 1C). Based on our experimen-
tal design, most of the IAV would be cleared by the host at the time we collected the
lung samples for viral load (day 7.5 post-IAV infection), but interestingly, the quantifica-
tion of the influenza viral load by quantitative reverse transcription-PCR (qRT-PCR)
showed an even lower virus load in the IAV-Af superinfection group compared to the
IAV single-infection group, indicating functional antiviral immunity in the superinfec-
tion group (Fig. 1D). To assess the development of IAPA in our mouse model, we exam-
ined lung sections with Grocott-Gomori methenamine silver (GMS) and hematoxylin
and eosin (H&E) staining for fungal burden and immune cell recruitment, respectively.
While most of the inoculated A. fumigatus cells remained as conidia at 2 days postino-
culation in the A. fumigatus-only infection group, in the IAV-Af superinfection group,
we observed that A. fumigatus conidia had germinated significantly, even forming
biofilms at the infection foci (Fig. 1E). These data demonstrate that the respiratory
environment found after IAV infection results in defective restriction of A. fumigatus
germination, which correlated with the development of IAPA in our IAV-Af superinfec-
tion model.

Postinfluenza immunity does not affect immune cell recruitment during infec-
tion with the highly virulent A. fumigatus CEA10 strain. Host innate immunity,
which is largely mediated by neutrophils, macrophages, and dendritic cells, plays im-
portant roles in preventing IPA (18–23). Quantitative deficiency in any of these immune
cells can limit fungal recognition and/or inhibition of conidial germination and fungal
clearance. H&E staining indicates that substantial inflammatory immune cell accumula-
tion occurs in the infection site of both the A. fumigatus-only and IAV-Af superinfection
groups, suggesting a robust cellular innate immune response is occurring even in the
post-IAV lung environment (Fig. 1F). Since a previous study indicated STAT1-depend-
ent inhibition of neutrophil recruitment in the postinfluenza environment (17), we next
asked whether there were any differences in composition and/or absolute number of
the infiltrating immune cells in our IAV-Af superinfection model. We leveraged multiple
immune staining panels (see Table S1 and Fig. S1 to S3 in the supplemental material)
for flow cytometry analysis to examine the lung cellularity in our IAV-Af superinfection
model (24). At 36 hours post-A. fumigatus challenge, we observed equivalent numbers
of total lung cells, neutrophils (Ly6G1 CD11b1), monocytes (CD11bhi CD642 major his-
tocompatibility complex class II [MHC-II]2), and type 2 conventional dendritic cells
(cDC2s) (CD1032 CD11b1) in both the A. fumigatus-only infection and IAV-Af superin-
fection groups that were increased compared to the those of the PBS control and IAV
single-infection groups (Fig. 2A, B, E, and G). We also observed equivalent increases in
interstitial macrophages (CD11bhi CD641) and plasmacytoid DCs (pDCs) (CD3171) in
both the IAV-only infection and IAV-Af superinfection groups compared to the PBS
control (Fig. 2D and H). We also examined the cellular composition by calculating the
percentage of each cell type (Fig. S4). Similar to cell number observations, both the
A. fumigatus-only infection and IAV-Af superinfection groups had a significant increase
in the percentage of neutrophils in the leukocyte population compared to PBS controls,
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FIG 1 Influenza A virus infection aggravates invasive aspergillosis disease progression. (A) Schematic design of IAV-Af infection mouse
model. C57BL/6J mice were inoculated with 100 EID50 of A/PR/8/34 (IAV) or PBS at day 0 followed by 3.4 ! 107 CEA10 conidia or PBS at

(Continued on next page)
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and there was no difference between those two experimental groups (Fig. S4A). We
observe an increased percentage of interstitial macrophages and pDC populations in the
IAV-only infection group compared to the A. fumigatus-only infection and IAV-Af superin-
fection groups, although there was no difference in total cell numbers (Fig. S4C and G).
Collectively, our flow cytometry analysis results suggest that the recruitment of multiple
immune cell types to the lung following IAV infection and A. fumigatus infection still con-
tributes to coresponsive cell recruitment in the IAV-Af superinfection environment.

Neutrophils and monocytes in the postinfluenza lung environment have defects
in antifungal killing mechanisms. Since we did not observe any differences in either
the absolute numbers of innate immune cells or their compositions, we hypothesized
that the lung environment after IAV infection results in altered antifungal effector func-
tion(s) within the recruited innate immune cells. This seemed likely, since defects in
innate immune cell function, rather than recruitment, can lead to IPA development in
corticosteroid-treated patients and mice (25, 26). In order to test this hypothesis, we
utilized the fluorescent Aspergillus reporter (FLARE) assay to quantify both the uptake
and viability of A. fumigatus conidia within specific immune cell types in the murine
lungs (Fig. S5) (27). Thirty-six hours postinoculation of Alexa Fluor 633 (AF633)-labeled
monomeric red fluorescent protein (mRFP)-labeled CEA10 (FLARE) conidia, both neu-
trophils (Fig. 3A) and monocytes (Fig. 3B) showed a slight decrease in conidial uptake,
with an almost 2-fold increase in conidial viability within the IAV-Af superinfection group
compared to A. fumigatus-only infection. In contrast, we observed no differences in coni-
dial uptake or viability within alveolar macrophages (Fig. 3C) or interstitial macrophages
(Fig. 3D). Within cDC2 cells, we observed a very minor decrease in conidial uptake, but
no change in conidial viability (Fig. 3E). Besides the increase in intracellular viability of A.
fumigatus in neutrophils and monocytes, we also noticed that the remaining extracellu-
lar conidia showed higher viability in the single-cell suspension from murine lungs in the
FLARE assay (Fig. 3G). In parallel, single-cell lung suspensions showed an almost 2-fold
increase in fungal CFU from the IAV-Af superinfection group compared to the A. fumiga-
tus-only infection group (Fig. 3F), which corroborates our observations with the FLARE
assay. Collectively, these data suggest that both neutrophils and monocytes have defects
in their antifungal phagocytotic and killing processes in the post-IAV environment, which
could explain why A. fumigatus can germinate, grow, and form biofilms in the post-IAV
lung environment ultimately leading to the development of disease.

Neutrophils and monocytes induce ROS production normally in the post-IAV
lung environment. ROS production by innate leukocytes plays an important role in
controlling pathogen growth, particularly Staphylococcus aureus and A. fumigatus, as
highlighted by infections in patients with X-linked chronic granulomatous disease (28,
29) and mice lacking NADPH oxidase components (30). Previous studies observed that
impaired ROS production by innate immune cells is associated with decreased fungal
killing and phagocytotic function (21). Therefore, we hypothesized that neutrophils and
monocytes in the post-IAV lung environment were impaired in their ability to induce
ROS production. To test this hypothesis using the IAV-Af superinfection model, we iso-
lated immune cells from infected mice and incubated them with the cellular dye CM-
H2DCFDA [5-(and-6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate] to detect
total ROS production by both neutrophils and monocytes. We then determined both the

FIG 1 Legend (Continued)
day 6. Mice were euthanized at either 8, 24, 36, or 48 h post-CEA10 inoculation. (B) Survival curve (left) of mice with PBS inoculation, IAV
single infection, CEA10 single infection, and IAV-CEA10 superinfection (n = 10) and the weights (right) of mice in each group. Two
independent experiments were performed, and data are shown as the representative results. (C) For quantification of pathogen load, RNA
was isolated from the lungs of mice exposed to 6 days of either IAV or PBS followed by 36 h of CEA10 or PBS inoculation. Fungal burden
was examined by qRT-PCR on A. fumigatus 18S rRNA (n = 7). (D) Viral load was examined by qRT-PCR on viral matrix protein (n = 7).
Panels C and D are representative of three independent experiments. (E) For lung histology, mice were euthanized after 6 days of IAV or
PBS incubation followed by 48 h postinoculation with CEA10 or PBS. Representative histology images of mice lungs were observed with
(E) GMS staining and (F) H&E staining. Two independent experiments were performed with n = 5 per experiment. The log rank test and
Gehan-Breslow-Wilcoxon test were performed for statistical analysis of the survival curve, and nonparametric analyses were performed
(Mann-Whitney for single comparisons) for the pathogen load. All error bars represent standard deviations. NS, not significant at P . 0.05;
*, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001.

Postinfluenza Conidium Clearance and Aspergillosis mBio

Month YYYY Volume XX Issue XX 10.1128/mbio.02854-22 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
bi

o 
on

 0
8 

D
ec

em
be

r 2
02

2 
by

 2
60

1:
18

c:
43

00
:1

90
:6

c8
c:

bc
7d

:8
7e

7:
48

2f
.



	 57	

	
	
	
	
	

percentage of cells with a positive signal from CM-H2DCFDA as well as the amount of
ROS produced on a per cell basis. We chose to examine the ROS response during early
fungal infection since increased fungal germination and growth were observed by 24 h
post-A. fumigatus infection. To do this, we collected lung cells at 8 h post-A. fumigatus
infection. We observed increased ROS production in neutrophils and monocytes from
both A. fumigatus-only infection and IAV-Af superinfection groups compared to both the
PBS control and IAV-only infection groups. Furthermore, we observed no decrease in
ROS production from the neutrophils and monocytes from the IAV-Af superinfection
group compared to the A. fumigatus-only infection, suggesting that the fungus-induced
ROS burst was not impaired in the post-IAV lung environment (Fig. 4A and B). For the

FIG 2 Influenza A virus infection does not affect lung cellularity during A. fumigatus infection. C57BL/6J mice were inoculated with 100 EID50 of A/PR/8/34
(IAV) or PBS at day 0 followed by 3.4 ! 107 CEA10 conidia or PBS at day 6. Mice were euthanized at 36 h postinoculation with CEA10 or PBS for lung
cellularity experiments. Three independent experiments were performed, and data are shown as the combined results (PBS/PBS group, n = 7; IAV/PBS
group, n = 8; PBS/CEA10 group, n = 22; IAV/CEA10 group, n = 22). All lung cell numbers were acquired by flow cytometry as indicated: (A) total lung cells,
(B) neutrophils (CD451 Ly6G1 CD11b1), (C) alveolar macrophages (aMac) (Ly6G2 CD1032 SiglecF1 CD11b1), (D) interstitial macrophages (iMac) (Ly6G2

CD1032 SiglecF2 CD11bhi CD641), (E) monocytes (Ly6G2 CD1032 SiglecF2 CD11bhi CD642 MHC-II2), (F) CD1031 cDC1s (MHC-II1 CD11c1 CD11b2 CD1031),
(G) CD11b1 cDC2s (MHC-IIhi CD11chi CD1032 CD11b1), (H) pDCs (MHC-II1 CD11c1 CD11b2 CD1032 CD3171). The Kruskal-Wallis test with Dunn’s multiple
comparisons was performed for statistical analyses. All error bars represent standard deviations. NS, not significant at P . 0.05; *, P # 0.05; **, P # 0.01;
***, P # 0.001; ****, P # 0.0001.
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percentage of cells that produced ROS, we observed an increased percentage in IAV-
induced neutrophils and A. fumigatus-induced monocytes, but there was no significant
difference between the IAV- or A. fumigatus-only infection and IAV-Af superinfection
groups (Fig. S7A and B). Our data demonstrate that neutrophils and monocytes are still
capable of significant ROS production during early A. fumigatus infection in the post-IAV
environment, indicating a defect in ROS production from these two critical innate
immune cells is not likely responsible for the development of disease in our model.

Phagolysosome maturation is impaired in neutrophils and monocytes found in
the post-IAV lung environment. Rapid maturation of the phagosome through LC3-
associated phagocytosis and subsequent phagosome maturation to the phagolyso-
some is necessary for antifungal killing and control of A. fumigatus germination and
growth (31, 32). Since ROS production was not impaired by neutrophils and monocytes
isolated from the post-IAV lung environment, we next hypothesized that defects in
phagolysosome maturation within leukocytes from the IAV-Af superinfection contributes
to the impaired antifungal killing. To test this hypothesis, we quantified phagolysosome
maturation using pHrodo Green zymosan bioparticle (pHrodo-zymosan) staining in the
neutrophils and monocytes 8 h after A. fumigatus challenge. We determined the

FIG 3 Defects in leukocyte-mediated fungal killing post-influenza A virus infection. C57BL/6J mice were inoculated with 100 EID50 of A/PR/8/34 (IAV) or
PBS at day 0 followed by 3.4 ! 107 FLARE (mRFP1/AF6331) conidia or PBS at day 6. Mice were euthanized at 36 h postinoculation with FLARE conidia or
PBS. The percentage of cells positive for conidial tracer (AF6331) and conidial viability within the immune cells (mRFP1/AF6331) were analyzed.
Phagocytosis and conidial viability were examined in (A) neutrophils (CD451 Ly6G1 CD11b1), (B) monocytes (Ly6G2 CD1032 SiglecF2 CD11bhi CD642

MHC-II2), (C) alveolar macrophages (aMac) (Ly6G2 CD1032 SiglecF1 CD11b1), (D) interstitial macrophages (iMac) (Ly6G2 CD1032 SiglecF2 CD11bhi CD641),
and (E) CD11b1 cDC2s (MHC-IIhi CD11chi CD1032 CD11b1). (F) The viability of FLARE conidia within immune cells in the lung suspension was assessed by
CFU. (G) The viability of free FLARE conidia in the lung suspension is shown as the percentage of mRFP1 cells in the free conidial population (AF6331

FSClow SSClow). Three independent experiments were performed, and data are shown as the combined results (PBS/CEA10 group, n = 22; IAV/CEA10 group,
n = 21). The Mann-Whitney test with single comparisons was performed. All error bars represent standard deviations. NS, not significant at P . 0.05; *,
P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001.
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percentage of active cells by the percentage of cells with a positive signal from a color
change of pHrodo-zymosan and the number of mature phagolysosomes in these active
cells by the intensity of their pHrodo-zymosan signal. In our murine model, both neutro-
phils and monocytes from the IAV-only infection group had significant reductions in
their pHrodo-zymosan signal from mature phagolysosomes compared to the PBS control
(Fig. 5A and B). Similar to our observation in the IAV-only infection group, we also
observed reduced signal from mature phagolysosomes in neutrophils and monocytes
from the IAV-Af superinfection group compared to the PBS control (Fig. 5A and B). These
data suggest that the post-IAV lung environment significantly impacts phagolysosome
maturation in neutrophils and monocytes, which correlates with the impaired intracellu-
lar killing ability against fungal conidia we observed in the IAV-Af superinfection group
in the FLARE experiment (Fig. 3).

To check for the proportion of cells that are still capable of responding to fungal
PAMPs in the post-IAV environment, we examined the percentage of cells with a mature
phagolysosome. We observed that the percentages of lung neutrophils with mature
phagolysosomes from the A. fumigatus-only infection and IAV-Af superinfection groups
were reduced compared to those in the PBS controls, but there was no difference
between the IAV-Af superinfection and either of the single-infection groups (Fig. S8A).
Intriguingly, lung monocytes from the IAV-only infection and IAV-Af superinfection
groups showed reduced mature phagolysosome-containing cells in the population com-
pared with both the PBS control and A. fumigatus-only infection groups (Fig. S8B). To fur-
ther test the connection between the phagolysosome maturation defect and conidial
killing in the nonexhausted neutrophils from the post-IAV environment, we combined

FIG 4 Postinfluenza immunity does not hinder neutrophil or monocyte ROS production. C57BL/6J mice were
inoculated with 100 EID50 of A/PR/8/34 (IAV) or PBS at day 0 followed by 3.4 ! 107 CEA10 conidia or PBS at
day 6. Mice were euthanized at 8 h postinoculation with CEA10 or PBS for ROS measurement. Lung cell
suspensions were stained with CM-H2DCFDA for 30 min and then stained for neutrophils and monocytes. ROS
production was measured by the signal from CM-H2DCFDA staining in (A) neutrophils (Ly6G1) and (B)
monocytes (Ly6G2 SiglecF2 CD11bhi CD642 MHC-II2). Two independent experiments were performed, and data
are shown as the combined results (PBS/PBS group, n = 8; IAV/PBS group, n = 8; PBS/CEA10 group, n = 12;
IAV/CEA10 group, n = 11). The Kruskal-Wallis test with Dunn’s multiple comparisons was performed for
statistical analyses. All error bars represent standard deviations. NS, not significant at P . 0.05; *, P # 0.05; **,
P # 0.01; ***, P # 0.001; ****, P # 0.0001.
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the FLARE experiment with pHrodo-zymosan staining in our animal model. With confo-
cal imaging, we observed Ly6G1 neutrophils containing mature phagolysosome signal
as well as live or dead conidia (Fig. 6A). The presence of pHrodo-zymosan1 neutrophils
in the lung from IAV-Af superinfection mice suggests these neutrophils were still func-
tional in the post-IAV environment (Fig. 6B). However, these pHrodo-zymosan1 neutro-
phils had less mature phagolysosome signal (Fig. 6C) and show decreased conidial killing
(Fig. 6E). Collectively, these data suggest that neutrophils and monocytes in the post-IAV
environment are impaired in phagolysosome maturation (Fig. 5), which correlates with
decreased fungal killing (Fig. 3) and increased fungal burden (Fig. 1).

Increased inflammation but decreased PRR gene expression in the IAV-Af
superinfection environment. In order to investigate the potential upstream pathway(s)
contributing to defective phagolysosome maturation and fungal clearance we saw in the
IAV-Af superinfection model, we utilized qRT-PCR of antifungal genes in RT2 Profiler PCR
arrays (PAMM-147ZD) with immune cell RNA from lungs of mice challenged with A. fumi-
gatus only and IAV-Af superinfection. At 8 h post-A. fumigatus challenge, we found
increased mRNA levels for Nlrp3, Pycard, Ptgs2 , Cd36 , Cxcl10 , Nfkb1, Mapk14 , and Ccr5 and
decreased mRNA levels for Il10 , Il2 , and Jun in the IAV-Af superinfection group compared
to mice challenged only with A. fumigatus (Fig. 7). Interestingly, despite an enhanced
inflammatory environment under IAV-Af superinfection conditions, which likely reflects
the increased fungal growth, we observed a decrease in the mRNA levels of Tlr9 , Scarf1,
and Colec12 , as well as Irak4 , which is involved in myddosome and Toll-like receptor 9
(TLR9) signaling (Fig. 7). Our data reveal that while IAV-Af superinfected mice have a ro-
bust inflammatory response, there is a specific decrease in PRR mRNA levels that could
alter the early host-fungus interaction and drive the impaired phagolysosome matura-
tion and antifungal killing observed in neutrophils and monocytes. Future studies will

FIG 5 Reduced phagolysosome maturation can be detected in neutrophils and monocytes during early viral
infection. C57BL/6J mice were inoculated with 100 EID50 of A/PR/8/34 (IAV) or PBS at day 0 followed by 3.4 !
107 CEA10 conidia or PBS at day 6. Mice were euthanized at 8 h postinoculation with CEA10 or PBS for
phagolysosome maturation analysis. Lung cell suspensions were incubated with pHrodo-zymosan for 2 h and
then stained for neutrophils and monocytes. The phagolysosome maturation level was measured by the signal
from the color change of pHrodo-zymosan in (A) neutrophils (Ly6G1) and (B) monocytes (Ly6G2 SiglecF2

CD11bhi CD642 MHC-II2). Two independent experiments were performed, and data are shown as the combined
results (PBS/PBS group, n = 8; IAV/PBS group, n = 8; PBS/CEA10 group, n = 12; IAV/CEA10 group, n = 11). The
Kruskal-Wallis test with Dunn’s multiple comparisons was performed for statistical analyses. All error bars
represent standard deviations. NS, not significant at P . 0.05; *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****,
P # 0.0001.
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FIG 6 Functional neutrophils from the post-IAV environment show decreasing phagolysosome maturation and conidial killing. C57BL/6J mice were
inoculated with 100 EID50 of A/PR/8/34 (IAV) or PBS at day 0 followed by 3.4 ! 107 FLARE (mRFP1/AF6331) conidia or PBS at day 6. Mice were
euthanized at 36 h postinoculation with FLARE conidia or PBS. Lung cell suspensions were incubated with pHrodo-zymosan for 2 h and then stained
for neutrophils. (A) Representative confocal images of neutrophil labeling (Ly6G-Pb [white]), mature phagolysosome (pHrodo-zymosan [green]),
labeled conidia (AF633 [yellow]), and conidial viable marker (mRFP [pink]). The right images feature labeled conidia, neutrophils, and pHrodo-zymosan
signal. The left images feature labeled conidia and RFP to indicate fungal viability. Fungal conidia with no RFP signal are considered “dead.” (B)
Currently functional neutrophils are indicated as pHrodo-zymosan1 cells. (C) The number of mature phagolysosomes is shown by the geometric mean
fluorescent intensity (gMFI) of pHrodo-zymosan in Ly6G1 pHrodo-zymosan1 cells. The percentage of cells positive for conidia (AF6331) and conidial
viability within the immune cells (mRFP1/AF6331) were analyzed as (D) the percentage of conidial uptake in Ly6G1 pHrodo-Zymosan1 cells and (E)
the percentage of viable conidia in Ly6G1 pHrodo-zymosan1 cells. This repeated experiment was done as the combination of FLARE experiment
(Fig. 3) and phagolysosome maturation measurement (Fig. 5) (PBS/CEA10 group, n = 6; IAV/CEA10 group, n = 5). The Mann-Whitney test with single
comparisons was performed. All error bars represent standard deviations. NS, not significant at P . 0.05; *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****,
P # 0.0001.
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seek to explore the mechanism(s) underlying this virus-induced defect in phagolyso-
some maturation in the presence of A. fumigatus conidia.

DISCUSSION
Seasonal influenza infection is a common annual respiratory disease among humans,

and 1 to 2% of patients with symptomatic illness require hospitalization in the United
States (33). Of those hospitalized, ;5 to 10% progress to ICU admission (34). Patients in
the ICU due to severe IAV infections are well known to develop secondary bacterial
infections, but in recent years the incidence of secondary fungal infections has been
reported with a prevalence of IAPA between 5 and 19% and a mortality rate of;50% (7,
8, 35, 36). Importantly, both immunocompromised and immunocompetent individuals
in the ICU were at risk for developing IAPA (35). Moreover, this does not seem to be iso-
lated to severe respiratory infection with IAV, because recent clinical case reports from
the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) pandemic sug-
gest that secondary fungal infections are observed in patients with severe COVID-19
(37–39). COVID-19-associated pulmonary aspergillosis (CAPA) is reported in 20 to 35% of
cases in recent reports from Europe (37). Thus, severe respiratory viral infection is an
emerging risk factor for invasive aspergillosis and warrants further mechanistic studies.

Influenza infection can cause epithelial cell damage and leakage, induce antiviral
cytokine production, impair further inflammatory cellular recruitment, and impair the
phagocytic and antimicrobial activity of macrophages and neutrophils, which can all
contribute to the increased risk of developing secondary bacterial infection (12, 13).
However, there is a significant knowledge gap in understanding how IAV infection
makes the lung environment conducive for fungal growth leading to the development

FIG 7 Influenza A virus infection increases transcripts of genes associated with an inflammatory response but reduces transcript levels of known fungal
pattern recognition receptors. C57BL/6J mice were inoculated with 100 EID50 of A/PR/8/34 (IAV) or PBS at day 0 followed by 3.4 ! 107 CEA10 conidia or
PBS at day 6. Mice were euthanized at 8 h postinoculation with CEA10 or PBS for antifungal gene transcript analysis. Antifungal gene transcript levels
were measured by qRT-PCR with RNA from lung cell suspensions. (A) Increased (red) or decreased (green) transcript levels of genes associated with
antifungal responses in the IAV/CEA10 group compared to the PBS/CEA10 group are represented by the heat map (PBS/CEA10 group, n = 3; IAV/CEA10
group, n = 3). (B) A volcano plot shows the distribution of fold changes of antifungal gene transcript levels in the IAV/CEA10 group compared to the PBS/
CEA10 group. Genes with an increase in fold changes of .2 are shown in red, and genes with a decrease in fold changes of .2 are shown in blue. The P
value threshold of 0.05 (Student’s t test) is indicated by the line in the plot.
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of IAPA. Recently, in a human retrospective observational study, Feys et al. identified a
couple breaches in antifungal immunity in patients with IAPA and CAPA that included
decreased integrity of the epithelial barrier, decreased antifungal cytokine expression
(e.g., gamma interferon [IFN-g]), and decreased gene expression for pathways involved
in fungal phagocytosis and killing mainly mediated by neutrophils (38). One major hur-
dle to understanding virus-induced pulmonary aspergillosis has been the lack of exper-
imental models to dissect secondary fungal infection. Our work here, together with the
model from Robinson and colleagues (17), has established a robust IAV-Af superinfec-
tion mouse model that can be used for future mechanistic studies. To this end, we
used our new model to determine whether prior IAV infection created a favorable envi-
ronment for fungal escape from the host antifungal innate immune response, and if
so, to experimentally define the host cellular function(s) modulated by the post-IAV
lung environment.

Host resistance against A. fumigatus can be lost by either quantitative or qualitative
defects in the antifungal leukocyte response (39). To begin to investigate how prior
IAV infection enhanced susceptibility to A. fumigatus, we examined both inflammatory
immune cell accumulation in the lungs and their antifungal functions in that environ-
ment. Flow cytometry analysis of lung suspensions showed that levels of neutrophil,
interstitial macrophage, monocyte, and cDC2 accumulation in the lung parenchyma
were similar in IAV-Af-superinfected and A. fumigatus-only-infected mice (Fig. 2). This is
in line with the inferred cellular makeup of the human IAPA bronchoalveolar lavage
fluid in human patients with IAPA versus IAV infection alone (38). In contrast, Tobin
et al. previously found that the proportion of neutrophils and alveolar macrophages
was decreased in IAV-Af-superinfected mice compared to A. fumigatus-only infection
(17). The authors did not quantify absolute numbers of inflammatory cells but did note
overall increased inflammation in their histological analysis, which could explain our
discrepant results. Additionally, our studies utilized the CEA10 strain of A. fumigatus,
while Tobin et al. used the ATCC 42202 strain (17), which could also drive the differen-
ces in our findings since A. fumigatus strain heterogeneity alters virulence and host
immune responses (40–45). Future studies will examine the role of A. fumigatus strain
heterogeneity in driving IAPA.

Since we observed no obvious quantitative differences in the innate immune cell
response in the IAV-Af-superinfected mice versus mice infected with A. fumigatus only,
it was likely that the innate immune cells from the IAV-Af-superinfected mice had func-
tional defects in their antifungal effector response in the post-IAV lung environment.
To examine the overall antifungal effector functions of host leukocytes in our murine
IAV-Af superinfection model, we used the robust in vivo FLARE method to determine
both conidial uptake and killing by professional phagocytes in the presence or absence
of IAV infection (27). We found that neutrophils and monocytes had defects in both
conidial uptake and killing in the post-IAV lung environment (Fig. 3). This is in line with
what others have observed with regard to leukocyte function in IAV-induced second-
ary bacterial infections (16, 46). Moreover, this directly supports the transcriptome cor-
relates identified in human patients with IAPA (38).

Innate immune resistance against A. fumigatus requires both ROS-dependent and
ROS-independent mechanisms for fungal conidial clearance (39, 47). Oxidative stress
from host ROS production is known for preventing fungal conidial germination (48).
IAV infection can limit ROS production in neutrophils and monocytes after secondary
bacterial challenge (49). In contrast, to what was seen with bacterial challenge, we
observed no defect in ROS production by both neutrophils and monocytes from IAV-
Af-superinfected mice compared to mice infected with only A. fumigatus (Fig. 4). We
also noticed that there were more ROS-producing neutrophils in IAV single infection,
which was consistent with previous IAV infection studies (49, 50). Thus, our data sug-
gest that monocytes and neutrophils from IAV-Af-superinfected mice maintain robust
ROS production in response to secondary fungal challenge, which may be reflective of
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bacterial infections being highly dependent on TLRs for the induction of ROS, whereas
fungal infections are highly dependent on CLRs for the induction of ROS.

ROS-independent conidial clearance in both macrophages and neutrophils requires
phagolysosome maturation to create an acidic environment, which is necessary for
conidial killing (51, 52). A recent study also showed that betacoronavirus infection can
lead to lysosome destruction, affect its acidification, and reduce bacterial clearance in
the macrophage (53). To assess phagolysosome maturation in the neutrophils and
monocytes within the IAV-Af-superinfected lungs, we used pHrodo-zymosan staining.
Both neutrophils and monocytes displayed a significant reduction in pHrodo-zymosan
signal following both IAV infection alone or IAV-Af superinfection (Fig. 5), which is support-
ive of impaired or slowed phagolysosome maturation in the post-IAV lung environment.
In addition to the phagolysosome maturation level, we also examined the percentage of
cells that are still able to take up and send the pHrodo-zymosan into mature phagolyso-
somes through the percentage of pHrodo-zymosan-positive cells in neutrophil and mono-
cyte populations. Interestingly, we observed a significant reduction of monocytes that can
respond to and send pHrodo-zymosan into mature phagolysosomes in the post-IAV envi-
ronment. This suggests that the defects are in both pathogen-associated molecular pat-
tern (PAMP) responsiveness and phagolysosome maturation in the post-IAV environment
for monocytes (Fig. S8B). However, we did not detect a significant reduction in the per-
centage of pHrodo-zymosan1 neutrophils from IAV-infected mice, indicating potential dif-
ferences between neutrophils and monocytes in the post-IAV environment. Instead, the
significant reduction of pHrodo-zymosan uptake in both the A. fumigatus single-infection
and IAV-Af superinfection groups might be due to potential neutrophil exhaustion during
fungal infection since the pHrodo-zymosan uptake requires the recognition and binding
to the Dectin-1 receptor (Fig. S8A). Still, we can detect a decrease in mature phagolyso-
some and conidial killing in the pHrodo-zymosan1 neutrophils, suggesting that the phe-
notype is not contributed by cell exhaustion post-IAV infection (Fig. 6C and E). In summary,
our data revealed that the post-IAV environment does not inhibit immune cell recruitment
or ROS production in the face of a highly virulent A. fumigatus strain, but specifically
reduces phagolysosome maturation in neutrophils and monocytes, which can lead to con-
idial escape from the host innate immunity during fungal infection.

A major question remaining from our study is how the post-IAV lung environment
impairs phagolysosome maturation. To investigate the upstream signal that may drive
defective fungal clearance in the IAV-Af superinfection mice in our model, we exam-
ined antifungal gene expression in isolated immune cells. Based on viral-bacterial
superinfection literature, we expected to observe an anti-inflammatory gene expres-
sion profile after IAV infection and during early fungal infection (53–56). However, we
observed that immune cells from IAV-Af superinfection mice displayed increased
inflammatory gene transcript levels and decreased anti-inflammatory cytokine gene tran-
script levels (Fig. 7), indicating enhanced immune responses during early fungal infection.
This result may be due to the increase in fungal burden in the superinfection group.
Interestingly, we found reduced expression of three PRR genes (Tlr9 , Scarf1, and Colec12 )
(Fig. 7). TLR9 is known to be recruited to the A. fumigatus-containing phagosome and
contribute to fungus-induced immune cell activation (54, 55). On the other hand, TLR9
trafficking to the phagosome is mediated by Dectin-1 signaling and phagolysosome mat-
uration and acidification (56, 57). Although we did not observe a difference in Clec7a tran-
script levels in the IAV-Af superinfection mice compared to the A. fumigatus-only infection
group, the decreased Tlr9 expression and reduced phagosome acidification in our IAV-Af
superinfection model suggest impaired TLR9 activation and signaling. In addition to
decreased Tlr9 expression, we also observed decreased Irak4 expression (Fig. 7), which is
a component of the myddosome needed for TLR-dependent signaling (58). Therefore, it
is likely that reduction of TLR9 signaling contributes to defects in phagolysosome matura-
tion in neutrophils and monocytes or vice versa.

LC3-associated phagocytosis (LAP) is known to be associated with more rapid phag-
olysosome maturation (59). LAP is known to be essential for host resistance against A.
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fumigatus (31, 32). In human IAPA and CAPA patients, genes MAP1LC3B and SQSTM1,
related to LAP were decreased, while CDC20, the gene encoding for the CDC20 protein
which is involved in LC3 degradation, was upregulated in the superinfection group
comparing to viral single infection (38). Following CpG oligonucleotide activation of
TLR9, LC3 can be recruited to the signaling endosome and mediate IKKa recruitment
that leads to TRAF3 and IRF7 activation (60). Additionally, IFN-g enhances LAP following
A. fumigatus challenge, but in humans with IAPA, the levels of IFN-g are diminished
compared to those in infections with IAV only (38). Thus, we hypothesize that reducing
TLR9 signaling in our IAV-Af superinfection model contributes to a decrease in LAP, fur-
ther linking phagolysosome maturation and A. fumigatus clearance (32). This link between
phagosome maturation and effective fungal clearance is well supported by mechanistic
studies in other fungal pathogens, where phagolysosome maturation is key to clearance
of infection (61–63). Still, further investigation of the role of LAP components specifically
and contributions of TLR9 signaling in our IAV-Af superinfection model is required to
address this possibility and to assess whether therapeutically targeting this pathway
could restore host resistance against A. fumigatus after IAV infection.

In conclusion, we found that the post-IAV lung environment negatively affects
phagolysosome maturation, which corresponds to reduced antifungal killing by both
neutrophils and monocytes. This reduction in fungal killing leads to increased fungal
germination, fungal growth, and eventual establishment of IAPA. Further studies are
needed to investigate the upstream signals altering phagolysosome maturation in the
presence of IAV. More information could be leveraged therapeutically to restore anti-
fungal activity of impaired neutrophils and monocytes after IAV infection, to enhancing
fungal clearance and clinical outcomes in IAPA patients. The findings from this study
are also more broadly applicable, as recent clinical case reports have revealed that
patients with severe COVID-19 can develop a secondary infection with A. fumigatus
and these patients had worse clinical outcomes and higher mortality. It remains to be
determined what the underlying mechanisms are for SARS-CoV2-induced secondary
A. fumigatus infection.

MATERIALS ANDMETHODS
Animal inoculation. C57BL/6J mice between 8 and 10 weeks old were purchased from Jackson

Laboratories. Mice were housed in autoclaved cages at #4 mice per cage with a supply of HEPA-filtered
air and water. Only mice with a weight under 22 g were selected for all experiments. The stock of influ-
enza A/PR/8/34 H1N1 was purchased from Charles River, and the titer of the virus was quantified by
50% egg infectious dose (EID50). A. fumigatus strain CEA10 (also called CBS144.89) was grown on a 1%
glucose minimal medium (GMM) plate for 3 days at 37°C. The conidia were collected in 0.01% Tween 20
and washed 3 times with sterile PBS. Mice were infected with 100 EID50 of influenza A/PR/8/34 H1N1 (in
50 mL sterile PBS) or control PBS by intranasal instillation under isoflurane anesthesia. After 6 days of vi-
ral infection, mice were infected with 3.4 ! 107 CEA10 conidia (in 100 mL sterile PBS) or control PBS by
oropharyngeal instillation. Mice were then euthanized between 8 to 48 h post-Aspergillus challenge.
Animals were monitored daily for disease symptoms, and we carried out our animal studies in strict ac-
cordance with the recommendations in the Guide for the Care and Use of Laboratory Animals (64). The
animal experimental protocol (no. 00002167) was approved by the Institutional Animal Care and Use
Committee (IACUC) at Dartmouth College.

RNA preparation and pathogen quantification. Mice were inoculated with either PBS, influenza
A/PR/8/34 H1N1, or CEA10 as described previously, and the lungs were removed at euthanasia for RNA
extraction. Lungs were flash frozen, lyophilized, and homogenized with glass beads using a Mini-
Beadbeater (BioSpec Products, Inc., Bartlesville, OK) and resuspended in TRIzol reagent (Thomas
Scientific) and chloroform to extract RNA according to the manufacturer’s instructions. Five micrograms
of RNA was treated with Ambion Turbo DNase (Life Technologies) according to the manufacturer’s
instructions. One microgram of DNase-treated RNA was further processed with a QuantiTech reverse
transcription kit with an additional 0.5 ng of random decamer. The amounts of RNA were normalized to
Gapdh for fungal and viral burden. For murine GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
the following primers were used: forward, 59-TCATCCCAGAGCTGAACG-39; reverse, 59-GGGAGTTGCTGTT
GAAGTC-39. The fungal burden was measured by qRT-PCR on Aspergillus fumigatus 18S rRNA. For fungal
burden, the following primers and probe were used: forward primer, 59-GGCCCTTAAATAGCCCGGT-39;
reverse primer, 59-TGAGCCGATAGTCCCCCTAA-39; TaqMan probe, AGCCAGCGGCCCGCAAATG. The viral
load was measured by qRT-PCR on viral matrix protein (17). For viral load, the following primers and
probe were used: forward primer, 59-GGACTGCAGCGTAGACGCTT-39; reverse primer, 59-CATCCTGTTGT
ATATGAGGCCCAT-39; PrimeTime probe, 59-56-FAM (carboxyfluorescein)-CTCAGTTAT-ZEN-TCTGCTGGT
GCACTTGCCA-3IABkFQ-39.
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Histology staining. Mice were inoculated with either PBS, influenza A/PR/8/34 H1N1, or CEA10 as
described previously and euthanized at 48 h post-fungal inoculation. After euthanasia, cannulas were
inserted into the trachea and the lungs were removed from the body cavity. The lungs were inflated and
immersed in 10% buffered formalin phosphate for 24 h and stored in 70% ethanol until embedding.
Paraffin-embedded sections were stained with hematoxylin and eosin (H&E) to observe inflammation
and Grocott-Gomori methenamine silver (GMS) to observe fungi. The images of H&E and GMS slides
were analyzed microscopically with a Zeiss Axioplan 2 imaging microscope (Carl Zeiss Microimaging,
Inc., Thornwood, NY) fitted with a QImaging Retiga-SRV Fast 1394 RGB camera.

Flow cytometry: lung cellularity and fluorescence Aspergillus reporter analysis. For the fluores-
cence Aspergillus reporter (FLARE) experiments, the CEA10 conidia that expressed mRFP were generated
by ectopically insertion of a gpdA-driven mRFP construct with the ptrA gene as selection marker. To gen-
erate FLARE conidia, conidia that expressed mRFP were collected and labeled with Alexa Fluor 633 as
described previously (27). Mice were inoculated with either PBS, influenza A/PR/8/34 H1N1, or FLARE
conidia as described previously and euthanized at 36 h post-fungal inoculation. To harvest the single-
cell suspension from mouse lungs, the whole lungs were minced and digested in buffer containing
2.2 mg/mL collagenase type IV (Worthington), 1 U/mL DNase 1 (New England Biotech), and 5% fetal bo-
vine serum (FBS) at 37°C for 45 min. The digested samples were passed through 18-gauge needle, incu-
bated in red blood cell (RBC) lysis buffer (eBioScience), neutralized in PBS, passed through 100-mm-pore
filter, and counted. The antibodies used for the flow cytometry analysis of different populations were as
follows. For the neutrophil population, lung cells were stained with Survival dye (efluor780; eBioScience),
CD45 (Pacific Orange; Invitrogen), CD64 (BV421; BioLegend), Ly6G conjugated with fluorescein isothiocya-
nate (FITC) (BioLegend), and CD11b conjugated with peridinin chlorophyll protein ([PerCP]) and Cy5.5
(BioLegend). For the macrophage/monocyte population, lung cells were stained with Survival dye
(efluor780; eBioScience), IA/IE (MHC-II) (BV605; BioLegend), SiglecF (BV421; BD BioScience), Ly6G-FITC
(BioLegend), CD103-FITC (BioLegend), CD11b-PerCP-Cy5.5 (BioLegend), and CD64 conjugated with phy-
coerythrin (PE)-Cy7 (BioLegend). For DC populations, lung cells were stained with Survival dye (efluor780;
eBioScience), IA/IE (MHC-II) (BV605; BioLegend), CD11b (Pacific Blue; BioLegend), CD103-FITC (BioLegend),
CD317-PerCP-Cy5.5 (BioLegend), and CD11c-PE-Cy7 (BioLegend). The gating strategies for each of the cell
populations are indicated in Fig. S1 to S3 in the supplemental material. The data were collected by
Beckman Coulter Cytoflex S and analyzed with FlowJo version 10.8.1.

To quantify fungal CFU of intracellular conidia, lung cells in the single-cell suspension were further
homogenized with glass beads using Mini-Beadbeater (BioSpec Products, Inc., Bartlesville, OK) and resus-
pended in PBS. The samples were diluted 1:100 and then plated on 1/2 Sabouraud dextrose agar plates,
incubated overnight, and counted for CFU.

Immune cell function: intracellular ROS production and phagolysosome maturation. Mice were
inoculated with either PBS, influenza A/PR/8/34 H1N1, or CEA10 conidia as described previously and eutha-
nized at 8 h post-fungal inoculation. The single-cell suspensions were harvested as described previously.
For measurement of intracellular ROS, lung cells from the single-cell suspensions were incubated with 1
mM CM-H2DCFDA [5-(and-6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate] (Thermo) at 37°C for
30 min according to the manufacturer’s instructions. For the measurement of phagolysosome maturation,
lung cells were incubated with 0.05 mg/mL of pHrodo Green zymosan bioparticles (Invitrogen) at 37°C for
2 h according to the manufacturer’s instructions. CM-H2DCFDA or pHrodo-zymosan-stained lung cells were
then stained with Survival dye (efluor780; eBioScience), IA/IE (MHC-II) (BV605, BioLegend), SiglecF (BV421; BD
BioScience), Ly6G-PE (BioLegend), CD11b-PerCP-Cy5.5 (BioLegend), and CD64-PE-Cy7 (BioLegend) for the
gating of neutrophils and monocytes. The gating strategies for each of the cell populations are indicated in
Fig. S6. To confirm intracellular localization of signals by microscopy and verify flow cytometry results in
Fig. 6, mice were inoculated with CEA10-mRFP FLARE conidia, and lung cells were incubated with 0.05 mg/
mL of pHrodo-zymosan at 37°C for 2 h and stained with Survival dye (efluor780; eBioScience) and Ly6G-Pb
(BioLegend) or Ly6G-Pb (BioLegend) alone. Images were acquired using an Andor W1 spinning disk confocal
microscope mounted with a Nikon Eclipse Ti inverted microscope stand. Lasers with wavelengths of 405 nm
(Ly6G-Pb; BioLegend), 488 nm (pHrodo-zymosan; Invitrogen), 561 nm (CEA10-mRFP) and 633 nm (Alexa
Fluor 633-labeled conidia) (Invitrogen) were used for excitation. Images were viewed using Fiji software and
were used to visualize flow cytometry results. Flow cytometry data were collected by Beckman Coulter
Cytoflex S and analyzed with FlowJo version 10.8.1.

RNA preparation and antifungal gene expression evaluation. Mice were inoculated with either
PBS, influenza A/PR/8/34 H1N1, or CEA10 conidia as described previously and euthanized at 8 h post-
fungal inoculation. The single-cell suspensions were harvested as described previously. Following the
cell isolation, the cells were lysed and RNA was collected with an RNeasy kit according to the manufac-
turer’s instruction (Qiagen). A 0.5-mg sample of RNA was further processed with the RT2 First Strand kit
(Qiagen). cDNA was mixed with RT2 SYBR green master mix (Qiagen) and loaded onto RT2 Profiler PCR
arrays containing primers for antifungal genes (PAMM-147ZD; Qiagen) (Table S2). The RNA load was nor-
malized with Actb, Gapdh, and Hsp90ab1.

Statistical analysis. All statistical analyses were performed with Prism 9.3.0 software (GraphPad
Software, Inc., San Diego, CA). The log rank test and Gehan-Breslow-Wilcoxon test were performed for
statistical analysis of the survival curve. For animal experiments, nonparametric analyses were performed
(Kruskal-Wallis with Dunn’s multiple comparisons and Mann-Whitney test with single comparisons). All
error bars represent standard deviations, and significance is noted as follows: NS, not significant at P .
0.05; *, P# 0.05; **, P # 0.01; ***, P# 0.001; ****, P# 0.0001.
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SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1 MB.
FIG S2, TIF file, 1 MB.
FIG S3, TIF file, 1.1 MB.
FIG S4, TIF file, 0.5 MB.
FIG S5, TIF file, 1.4 MB.
FIG S6, TIF file, 1.4 MB.
FIG S7, TIF file, 0.3 MB.
FIG S8, TIF file, 0.4 MB.
TABLE S1, TIF file, 0.9 MB.
TABLE S2, XLSX file, 0.01 MB.
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Fig.	S1	Gating	strategy	for	Neutrophils.	The	neutrophils	were	identified	as	
CD45

(+)
Ly6G

(+)
CD11b

(+)
	cells	and	free	conidia	as	FSC

(low)
SSC

(low)
	cells.	
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Fig.	S2	Gating	strategy	for	Macrophages/Monocytes.	The	alveolar	macrophages	were	

identified	as	Ly6G
(-)
CD103

(-)
SiglecF

(+)
CD11b

(+)
	cells,	interstitial	macrophages	as	

Ly6G
(-)
CD103

(-)
SiglecF

(-)
CD11b

(hi)
CD64

(+)
	cells	and	monocytes	as	Ly6G

(-)
CD103

(-)
SiglecF

(-)	

CD11b
(hi)
CD64

(-)
MHCII

(-)
	cells.	
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Fig.	S3	Gating	strategy	for	DCs.	The	CD103(+)	cDC1	were	identified	as	
MHCII

(+)
CD11c

(+)
CD11b

(-)
CD103

(+)
cells,	CD11b

(+)
	cDC2	were	identified	as	

MHCII
(hi)
CD11c

(hi)
CD103

(-)
CD11b

(+)
	cells	and	pDC	were	identified	as	

MHCII
(+)
CD11c

(+)
CD11b

(-)
CD103

(-)
CD317

(+)
	cells.	
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Fig.	S4	Influenza	A	virus	infection	does	not	affect	immune	cell	composition	during	IA.	
C57BL/6	mice	were	inoculated	with	100	EID	50	IAV	or	PBS	at	Day	0	followed	by	3.4*10

7
	

CEA10	conidia	or	PBS	at	Day	6.	Mice	were	euthanized	at	36	hours	post	CEA10	or	PBS	

inoculation	for	lung	cellularity	experiments.	Three	independent	experiments	were	

performed	and	data	are	shown	as	the	combined	results	(PBS/PBS	group:	n=7;	IAV/PBS	

group:	n=8;	PBS/CEA10	group:	n=22;	IAV/CEA10	group:	n=22).	The	percentage	of	lung	

cells	was	acquired	by	flow	cytometry	as	indicated	as:	(A)	neutrophils	(CD45
(+)
Ly6G

(+)	

CD11b
(+)
),	(B)	alveolar	macrophages	(Ly6G

(-)
CD103

(-)
SiglecF

(+)
CD11b

(+)
),	(C)	interstitial	

macrophages	(Ly6G
(-)
CD103

(-)
SiglecF

(-)
CD11b

(hi)
CD64

(+)
),	(D)	monocytes	(Ly6G

(-)
CD103

(-)	

SiglecF
(-)
CD11b

(hi)
CD64

(-)
MHCII

(-)
),	(E)	CD103

(+)
	cDC1	(MHCII

(+)
CD11c

(+)
CD11b

(-)
CD103

(+)
),	

(F)	CD11b
(+)
	cDC2	(MHCII

(hi)
CD11c

(hi)
CD103

(-)
CD11b

(+)
),	(G)	pDC	(MHCII

(+)
CD11c

(+)
CD11b

(-)	

CD103
(-)
CD317

(+)
).	Kruskal-Wallis	with	Dunn’s	multiple	comparisons	was	performed	for	

statistical	analyses.	All	error	bars	represent	standard	deviations.	NS,	not	significant	at	

P>0.05;	*	P≤0.05;	**	P≤0.01;	***	P≤0.001;	****	P≤0.0001.			
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Fig.	S5	FLARE	results	of	lung	phagocytes.	The	gating	for	FLARE	experiments	in	the	(A)	

neutrophils	and	free	conidia,	(B)	alveolar	macrophages,	interstitial	macrophages	and	

monocytes,	(C)	CD11b
(+)
	cDC2.	R1	denotes	phagocytes	containing	live	conidia.	R2	

denotes	phagocytes	containing	killed	conidia.	(R1+R2)	indicates	conidial	uptake	of	

phagocytes	and	(R1/(R1+R2))	indicates	conidial	viability	in	the	phagocytes.	

	

	

	

	



	 75	

	
	
	
Fig.	S6	Gating	strategy	for	pHrodo/ROS	experiments.	The	neutrophils	were	identified	as	
Ly6G

(+)
	cells	and	monocytes	as	Ly6G

(-)
CD103

(-)
SiglecF

(-)
CD11b

(hi)
CD64

(-)
MHCII

(-)
	cells.	

Representative	dot	plots	were	from	pHrodo-Zymosan	staining	experiment.	
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Fig.	S7	Post	influenza	environment	does	not	reduce	ROS	productive	Neutrophils	and	
Monocytes.	C57BL/6	mice	were	inoculated	with	100	EID	50	IAV	or	PBS	at	Day	0	followed	

by	3.4*10
7
	CEA10	conidia	or	PBS	at	Day	6.	Mice	were	euthanized	at	8	hours	post	CEA10	

or	PBS	inoculation.	Lung	cell	suspensions	were	stained	with	CM-H2DCFDA	for	30	

minutes	and	then	stained	for	neutrophils	and	monocytes.	The	percentage	of	ROS	

producing	cells	was	shown	as	the	percentage	of	cells	with	positive	signal	from	CM-

H2DCFDA	staining	in	(A)	neutrophils	(Ly6G
(+)
),	(B)	monocytes	

(Ly6G
(-)
CD103

(-)
SiglecF

(-)
CD11b

(hi)
CD64

(-)
MHCII

(-)
).	Two	independent	experiments	were	

performed	and	data	are	shown	as	the	combined	results	(PBS/PBS	group:	n=8;	IAV/PBS	

group:	n=8;	PBS/CEA10	group:	n=12;	IAV/CEA10	group:	n=11).	Kruskal-Wallis	with	

Dunn’s	multiple	comparisons	was	performed.	All	error	bars	represent	standard	

deviations.	NS,	not	significant	at	P>0.05;	*	P≤0.05;	**	P≤0.01;	***	P≤0.001;	****	

P≤0.0001.			
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Fig.	S8	Post	influenza	environment	hinders	the	phagocytosis	of	Monocytes.	C57BL/6	
mice	were	inoculated	with	100	EID	50	IAV	or	PBS	at	Day	0	followed	by	3.4*10

7
	CEA10	

conidia	or	PBS	at	Day	6.	Mice	were	euthanized	at	8	hours	post	CEA10	or	PBS	inoculation	

for	phagolysosome	maturation	analysis.	Lung	cell	suspensions	were	incubated	with	

pHrodo-Zymosan	for	2	hours	and	then	stained	for	neutrophils	and	monocytes.	The	

percentage	of	active	cells	with	mature	phagolysosome	was	measure	by	the	percentage	

of	cells	with	positive	signal	from	the	color	change	of	pHrodo-Zymosan	in	(A)	neutrophils	

(Ly6G
(+)
),	(B)	monocytes	(Ly6G

(-)
SiglecF

(-)
CD11b

(hi)
CD64

(-)
MHCII

(-)
).	Two	independent	

experiments	were	performed	and	data	are	shown	as	the	combined	results	(PBS/PBS	

group:	n=8;	IAV/PBS	group:	n=8;	PBS/CEA10	group:	n=12;	IAV/CEA10	group:	n=11).	

Kruskal-Wallis	with	Dunn’s	multiple	comparisons	was	performed	for	statistical	analyses.	

All	error	bars	represent	standard	deviations.	NS,	not	significant	at	P>0.05;	*	P≤0.05;	**	

P≤0.01;	***	P≤0.001;	****	P≤0.0001.			
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(A)	Antibody	lists	

		
	(B)	Cellular	markers		

	
	
Table	S1	Staining	panels	and	cellular	markers	for	Flow	Cytometry.	(A)	Antibody	lists	for	
neutrophils	and	free	conidia	populations,	macrophages	and	monocytes	populations,	DC	
populations	and	pHrodo/ROS	staining	experiments.	(B)	Cellular	markers	for	neutrophils,	
alveolar	macrophages,	interstitial	macrophages,	monocytes,	CD103(+)	cDC1,	CD11b(+)	
cDC2,	pDC	and	neutrophils/monocytes	in	the	pHrodo	and	ROS	staining	experiments.	Cell	
types	within	the	specific	staining	panel	are	highlighted	with	same	color.		
	
	
	
	

For	NØ	Population	
Neutrophil	 CD45(+)Ly6G(+)CD11b(+)	
For	Macrophage/Monocyte	populations	
aMac	 Ly6G(-)CD103(-)SiglecF(+)CD11b(+)	
iMac	 Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(+)	
Monocyte	 Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(-)MHCII(-)	
For	DC	Populations	
cDC1	 MHCII(+)CD11c(+)CD11b(-)CD103(+)	
cDC2	 MHCII(hi)CD11c(hi)CD11b(+)CD103(-)	
pDC	 MHCII(+)CD11c(+)CD11b(-)CD103(-)CD317(+)	
For	pHrodo/ROS	staining	
Neutrophil	 Ly6G(+)	
Monocyte	 Ly6G(-)SiglecF(-)CD11b(hi)CD64(-)MHCII(-)	

For	NØ	Population	

CD64	 CD45	 Ly6G		 CD11b		 Survival	
AF	 AF	 		 		

Viability	 Tracer	 		 		
BV421	 PO	 FITC	 PC5.5	 e780	 mRFP	 A633	 		 		
For	Macrophage/Monocyte	populations	

Siglec	F		 MHCII		 CD64		 CD103		 Ly6G		 CD11b		 Survival	
AF	 AF	

Viability	 Tracer	
BV421	 BV605	 P7	 FITC	 FITC	 PC5.5	 e780	 mRFP	 A633	
For	DC	Populations	

CD11b		 MHCII		 CD11b		 CD103		 CD317		 Survival	
AF	 AF	 		

Viability	 Tracer	 		
Pb	 BV605	 P7	 FITC	 PC5.5	 e780	 mRFP	 A633	 		

For	pHrodo/ROS	staining	

Siglec	F		 MHCII		 CD64		
pHrodo/	

CD11b		 Survival	 Ly6G		
		 		

ROS	 		 		
BV421	 BV605	 P7	 FITC	 PC5.5	 e780	 PE	 		 		
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Gene name Fold Change T-TEST  Gene name Fold Change T-TEST 
Nlrp3 74.737 0.038  Bcl10 0.610 0.804 
Pycard 25.333 0.005  Il1b 0.603 0.119 
Ptgs2 8.280 0.005  Casp8 0.597 0.790 
Cd36 6.255 0.009  Il18 0.594 0.210 
Cxcl10 4.610 0.003  Ccl12 0.588 0.809 
Nfkb1 4.023 0.029  Ifng 0.588 0.809 
Clec4n 3.860 0.001  Myd88 0.588 0.809 
Mapk14 3.105 0.000  C5ar1 0.581 0.658 
Ptx3 3.088 0.011  Casp1 0.576 0.716 
Tlr2 2.620 0.070  Card9 0.558 0.684 
Tlr4 2.600 0.001  Cxcl1 0.549 0.068 
Ccr5 2.207 0.003  Plcg2 0.536 0.199 
Cd209a 1.552 0.035  Fcgr3 0.533 0.010 
Il23a 1.478 0.018  Clec7a 0.532 0.073 
Mbl2 1.323 0.090  Lyn 0.523 0.012 
Fcnb 1.186 0.297  Tirap 0.519 0.057 
Irak1 1.139 0.536  Nptx1 0.516 0.025 
Malt1 1.035 0.972  Cd207 0.503 0.039 
Map2k4 1.032 0.996  Il10 0.471 0.035 
Ccr1 1.021 0.987  Il2 0.425 0.018 
Cxcl3 1.015 0.794  Colec12 0.410 0.005 
Ccl5 0.931 0.663  Map3k7 0.409 0.073 
Sftpd 0.860 0.991  Cd83 0.398 0.008 
Csf3 0.858 0.359  Chia1 0.390 0.060 
Ccl20 0.840 0.518  Traf6 0.377 0.179 
Il1a 0.825 0.196  Csf2 0.374 0.130 
Cd14 0.794 0.058  Socs3 0.357 0.067 
Il6 0.793 0.424  Cd40 0.345 0.002 
Il12b 0.789 0.196  Jun 0.339 0.005 
Cxcl11 0.733 0.670  Cd5 0.339 0.003 
Stat1 0.728 0.048  Itgb2 0.337 0.012 
F2rl1 0.721 0.002  Tlr9 0.310 0.041 
St3gal5 0.715 0.116  Irak4 0.292 0.010 
Ikbkb 0.681 0.158  Syk 0.272 0.135 
Il12a 0.668 0.085  F3 0.269 0.119 
Mapk8 0.657 0.038  Raf1 0.267 0.002 
Itgam 0.652 0.844  Fcgr1 0.258 0.015 
C3 0.642 0.872  Cxcl9 0.249 0.001 
Nfkbia 0.639 0.015  Tnf 0.187 0.022 
Il1r1 0.635 0.009  Scarf1 0.183 0.000 
Fos 0.632 0.172  Ptpn6 0.104 0.001 
Fcgr4 0.624 0.034  Mrc1 0.030 0.068 

	
	
Table	S2	Gene	list	of	antifungal	RT2	Profiler	PCR	Arrays.	cDNA	of	mice	from	PBS/CEA10	
(n=3)	and	IAV/CEA10	groups	(n=3)	was	added	to	the	plates	containing	primer	sets	in	the	
table.	The	RNA	load	was	normalized	with	Actb,	Gapdh	and	Hsp90ab1.	The	gene	
expression	was	compared	by	IAV/CEA10	group	over	PBS/CEA10	group.	Genes	with	
increase	fold	changes	>2	were	shown	in	red	and	genes	with	decrease	fold	changes	>2	
were	shown	in	blue.	
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LysMD3,	a	potential	mammalian	PRR,	binds	to	fungal	cell	wall	
and	partially	contributes	to	anti-fungal	immunity	
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Abstract	

																						Chitin	is	one	of	the	most	abundance	molecules	on	the	planet,	and	also	a	

highly	potent	pathogenic	molecule,	composed	of	oligomerized	N-acetylglucosamine	

(GlcNAc).	Chitin	is	utilized	as	a	metabolite,	signaling	inducer,	and	can	be	recognized	by	

host	immune	systems	to	induce	complex	immunological	responses.	However,	despite	

numerous	reports	about	chitin	binding	proteins	and	capacity	for	inducing	downstream	

cytokine	production,	an	authentic	chitin	receptor	as	the	pattern	recognition	receptor	

(PRR)	responsible	for	chitin	induced	signaling	is	still	ill-defined.	Here	we	explored	a	

mammalian	protein,	LysMD3,	with	potential	fungal	cell	wall	binding	activity	that	

features	a	conserved	GlcNAc	binding	motif,	can	bind	to	fungal	surface,	and	has	some	

minor	changes	to	the	host	immune	response.	We	found	that	LysMD3	mRNA	expression	

is	induced	in	CD45(+)	lymphocytes	upon	Aspergillus	fumigatus	(A.	fumigatus)	infection.	

Additionally,	we	observed	defects	in	fungal	killing	by	LysMD3	deficient	neutrophils	and	

interstitial	macrophages	(iMacs),	although	the	LysMD3	knockout	(KO)	mice	we	

generated	revealed	largely	similar	mortality	and	cell	recruitment	during	A.	fumigatus	

infection	when	compared	to	wild	type	(WT)	mice.	Furthermore,	Fc-tagged	murine	

LysMD3	protein	reveals	binding	of	the	ectodomain	of	LysMD3	to	the	surface	of	both	

conidia	and	germlings	of	A.	fumigatus.	Compared	to	the	cellular	patterns	of	the	chitin	

and	β-glucan	binding	reagents	Wheat	Germ	Agglutinin	(WGA)	and	dectin-1	respectively,	

the	LysMD3	showed	a	unique	binding	pattern	on	both	conidia	and	germlings	of	A.	

fumigatus,	indicating	that	its	binding	to	fungal	surfaces	does	not	simply	rely	on	chitin	

and	β-glucan	amount	in	the	cell	wall.	Leveraging	the	galactosaminogalactan	(GAG)	

synthase	mutant	A.	fumigatus	with	LysMD3	binding,	we	demonstrated	that	GAG	is	

essential	for	LysMD3	binding	on	the	fungal	surface.	Overall,	our	results	showed	that	

murine	LysMD3,	as	a	potential	PRR,	can	bind	to	fungal	cell	wall	surfaces	in	a	GAG-

dependent	manner	and	this	recognition	may	partially	contribute	to	fungal	killing	during	

early	A.	fumigatus	infections.		
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Introduction	

																					Human	bodies	inhale	hundreds	to	thousands	of	fungal	conidia	each	day,	yet	

are	highly	efficient	at	fungal	clearance	after	exposure.	Upon	A.	fumigatus	exposure,	

fungal	recognition	through	pattern	recognition	receptors	(PRRs)	plays	an	important	role	

in	rapid	immune	cell	recruitment,	cell	activation	and	antifungal	responses	(1).	Due	to	

the	essential	role	of	cell	walls	in	cellular	maintenance,	the	innate	immune	system	

recognizes	pathogen	infection	through	multiple	PRRs	that	target	fungal	and	bacterial	

cell	wall	components	to	initiate	the	immune	responses	(2).	One	vital	cell	wall	

component,	chitin,	can	compose	10-20%	of	the	biomass	in	the	cell	wall	and	induce	

immune	responses	in	vitro	and	in	vivo	(3–5).	Chitin	itself	is	an	oligomer	of	N-

acetylglucosamine	(GlcNAc)	of	various	sizes	and	chitin-induced	immune	responses	have	

been	shown	to	be	size-dependent	(6).	At	the	initial	stages	of	fungal-host	interaction,	

large	polymers	of	chitin	induce	AMCase,	and	enzyme	that	degrades	the	larger	polymers	

into	intermediate	chitin	polymers	(40-70	μm).	These	intermediate-sized	chitins	

polymers	can	contribute	to	immune	cell	activation	and	downstream	cytokine	production	

(4).	However,	after	fungal	clearance	and	resulting	accumulation	of	small	chitin	particles	

(<40	μm)	induces	anti-inflammatory	cytokine	production	and	leads	to	the	immune	

resolving	phase	(7).	As	for	chitin	receptors	in	plants,	size-dependent	binding	of	chitin	

oligomers	to	specific	receptors	has	been	correlated	with	downstream	immune	

responses	(8).	However,	which	receptors	respond	to	these	different	sizes	of	chitin	and	

how	they	contribute	to	different	immune	responses	in	the	mammalian	system	are	still	

incompletely	described.		

	

																						Multiple	proteins	have	been	proposed	as	chitin	binding	proteins	in	

mammals.	The	Acidic	mammalian	chitinase	(AMCase)	and	other	chitinase-like	proteins	

(C/CLPs)	can	bind	and	degrade	chitin	to	inhibit	chitin	induced	inflammatory	response	

(9).	Fibrinogen	C	containing	domain	1	(FIBCD1)	has	strong	binding	to	chitin	and	fungal	

surface	(10,	11).	TLR2	and	Dectin-1	were	proposed	to	be	involved	in	chitin	induced	

immune	responses	(12,	13).	However,	without	a	direct	link	between	chitin	and	a	specific	
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immune	response	or	signaling	transduction	pathway,	these	proteins	are	still	not	

confirmed	as	chitin	receptors,	regardless	of	chitin	binding	affinity.	Here	we	propose	that	

an	ancient	protein	family	containing	Lysin	Motif	domains	(LysM)	might	serve	as	a	

mammalian	PRR	for	fungal	cell	wall	recognition.	LysM	proteins	have	a	structurally	

conserved,	but	not	sequence-conserved,	LysM	domain	with	βααβ	folding	structure	that	

can	bind	to	N-acetylglucosamine	(GlcNAc),	which	is	the	monomeric	constituent	of	chitin	

and	peptidoglycan	(14).	The	first	LysM	protein	described	was	found	by	Garvey	et	al.	in	

1986	as	a	lysozyme	of	Bacillus	phage	phi	29	(15).	LysM	domain-containing	proteins	are	

present	in	most	organisms	throughout	all	kingdoms	of	life	including	bacteria,	plants,	

fungi	and	animals,	with	the	notable	exception	of	archaea	(14).	Combination	of	LysM	

domains	with	other	functional	protein	domains	gives	LysM	proteins	specific	function	

after	binding	to	their	targets.	In	the	plant	field,	LysM	proteins	have	been	extensively	

studied	due	to	their	role	as	chitin	receptors	against	fungal	infection	(16).	While	fungi	can	

secrete	LysM	effectors	to	mask	their	chitin	exposure	(17),	the	LysM	receptors	in	the	

plant	bind	to	fungal	chitin	and	serve	as	PRRs	for	pathogen	detection	and	initiation	of	

immune	responses.	Plant	LysM	receptors	can	further	divide	into	two	subtypes:	1)	

receptor-like	kinases	(RLKs)	and	2)	receptor-like	proteins	(RLPs),	both	possessing	LysM	

domains	in	combination	with	transmembrane	domain.	RLKs	contain	canonical	

arginine/aspartate	kinase	(RD	kinase)	domains,	which	have	been	shown	to	result	in	

autophosphorylation	activity	for	downstream	signal	transduction	in	vitro	(18,	19).	RLKs	

with	different	chitin	binding	affinities	can	form	homodimers	or	heterodimers	and	serve	

to	pass	signaling	information	through	the	MAPK	signaling	pathway	for	immune	

activation	(8,	20,	21).	Multiple	LysM	domains	in	plant	RLKs	form	a	chitin	binding	pocket	

with	higher	affinity	for	specific	size	of	chitin,	greatly	affecting	the	efficacy	of	chitin-

induced	signaling	(8).	Outside	of	plants,	LysM	proteins	in	various	shrimp	species	have	

been	shown	to	play	a	role	in	bacterial	detection,	antimicrobial	peptide	expression,	and	

bacterial	clearance	(22,	23).	Thus,	we	hypothesize	that	LysM	proteins	in	the	mammalian	

immune	system	might	also	serve	as	bacterial	or	fungal	recognition	receptors	that	

recognize	surface-exposed	pathogen	associated	molecular	patterns	(PAMPs).		
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																					Similar	to	the	role	of	LysM	effector	proteins	of	fungal	pathogens	of	plants,	

fungal	pathogens	of	mammals	also	encode	LysM	effector	proteins	to	mask	their	chitin	

exposure	and	support	their	colony	expansion	in	the	host	or	environment	(24–26).	On	

the	host	side,	humans	and	mice	both	encode	6	LysM	domain-containing	proteins	

(LysMD1,	LysMD2,	LysMD3,	LysMD4,	Oxr1	and	Ncoa7).	This	cluster	of	LysM	family	

proteins	is	encoded	in	humans,	mice,	frogs	and	zebrafish	and	highlights	the	

conservation	of	LysM	proteins	in	animals	(27).	Among	these	LysM	proteins,	LysMD3	and	

LysMD4	both	feature	a	functionally	unannotated	singular	LysM	domain,	transmembrane	

domain	and	a	relatively	short	cytoplasmic-localized	region.	Previous	studies	have	shown	

that	murine	LysMD3	is	localized	within	cells	to	the	Golgi,	but	LysMD3	deficiency	in	mice	

does	not	reveal	increased	susceptibility	to	viral,	bacteria,	or	fungal	infections	(27).	

However,	a	recent	report	showed	that	cell	surface	localized	human	LYSMD3	has	weak	

binding	affinity	to	chitin	beads	(50-70	μm)	and	chitin	oligomers	with	different	degrees	of	

polymerization	(DP)	of	5	to	7	(DP5-7)	(28)	Additionally,	human	lung	epithelial	cell	

LYSMD3	responds	to	exogenous	chitin	and	this	response	can	induce	IL-6	and	IL-8	

production,	further	highlighting	the	potential	role	for	LysMD3	in	innate	immunity	

signaling	processes	(28).		

	

																								In	this	work,	we	examined	the	binding	affinity	of	LysMD3	to	different	

growth	stages	of	Aspergillus	fumigatus	and	if	murine	LysMD3-deficiency	affects	innate	

immunity	during	fungal	infection.	During	early	A.	fumigatus	infection,	we	observed	

upregulation	of	LysMD3	mRNA	expression	and	this	was	specific	to	immune	cells.	

Although	our	LysMD3	deficient	(knockout,	KO)	mice	did	not	show	drastically	altered	

susceptibility	to	A.	fumigatus	infection,	we	did	observe	that	LysMD3	deficient	

neutrophils	and	interstitial	macrophages	(iMacs)	show	decreased	fungal	killing	during	

early	fungal	infection.	Furthermore,	we	confirmed	that	the	ectodomain	of	murine	

LysMD3	can	bind	to	both	A.	fumigatus	conidia	and	germling	growth	stages.	LysMD3	

binding	to	fungal	conidia	and	germlings	does	not	reflect	the	chitin/β-glucan	content	in	
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the	fungal	cell	wall	but	does	appear	to	be	GAG-dependent.	In	summary,	our	data	shows	

that	murine	LysMD3	partially	contributes	to	antifungal	innate	immunity	as	a	fungal	

binding	receptor.	The	specific	fungal	binding	components	and	detailed	mechanism	of	

LysMD3-regulated	antifungal	immune	response	still	requires	further	study.		

	

Results	

LysMD3	is	a	potential	pattern	recognition	receptor	with	structural	conserved	LysM	

domain	

																					Previous	studies	about	phylogenetic	analysis	of	LysMs	protein	in	human,	

mice,	frog	and	zebrafish	showed	high	sequence	similarity	and	conservation	of	LysM	

domain	in	LysM	family	(LysMD1,	LysMD2,	LysMD3,	and	LysMD4)	(27).	In	order	to	

examine	potential	function	of	murine	LysMD3,	we	generated	the	predicted	protein	

structure	from	I-TASSER	(https://zhanggroup.org/I-TASSER/).	As	the	function	of	LysM	

domains	is	predicted	by	tertiary	protein	structure	rather	than	DNA	sequence,	the	

predicted	LysMD3	protein	(C-score=-3.74)	has	a	single	LysM	domain	with	conserved	

βααβ	structure	and	transmembrane	domain	(Fig.	1A,	labeled	in	cyan	and	yellow).	The	

closest	homologous	structure	found	in	Protein	Data	Bank	(PDB)	is	the	chitin	receptor	

OsCEBiP	from	Oryza	sativa	var.	japonica	(rice)	with	the	TM-score=0.769	(Fig.	1B,	labeled	

in	purple).	Using	COFACTOR	and	COACH	to	predict	function,	the	murine	LysMD3	protein	

has	a	potential	binding	site	for	degree	of	polymerization	3	(DP3)	of	GlcNAc	with	T74,	

L75,	N76	and	D100	(Fig.	1C),	which	fit	with	previous	studies	and	our	own	preliminary	

data	showing	that	human	LYSMD3	binds	to	different	sizes	of	chitin	((28),	Appendix	I,	Fig.	

1).	While	human	and	murine	LysMD3	have	high	similarity	in	their	DNA	sequence,	the	

mammalian	LysMD3	only	shares	some	conserved	key	residues	in	the	LysM	domain	to	

the	plant	LysM	receptor	(OsCEBiP),	further	highlighting	the	nature	of	LysMD3	function	is	

dependent	on	conserved	tertiary	structure	(Fig	1D).	From	the	I-TASSER	protein	

prediction	results,	we	found	that	the	murine	LysMD3	features	a	structurally	conserved	

LysM	domain	with	structural	similarity	with	plant	chitin	receptors.	As	for	the	predicted		
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Fig. 1 LysMD3 is a transmembrane protein with predicted LysM domain and 
GlcNAcs binding site
(A) Predicted protein structure of mouse LysMD3 by I-TASSER. (B) Structure com-
parison between mouse LysMD3 (color labeled as the predicted structure on the 
left) and rice chitin receptor OsCEBip (purple). (C) Predicted binding sites (T74, L75, 
N76 and D100) in LysM domain for GlcNAcs (Cluster size = 3) in the mouse LysMD3. 
(D) Sequence alignment of mouse LysMD3 (mLysMD3), human LysMD3 (hLysMD3) 
and rice chitin receptor (OsCEBip). The functional domains of LysM and transmem-
brane region (TM) are labeled in black for mouse and human LysMD3 and in 
orange for rice chitin receptor OsCEBip.

(D)

(A) (B)

(C)

N76
L75
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binding	affinity	of	the	LysM	domain,	structural	prediction	predicts	a	potential	binding	

pocket	to	DP3	chitin.	

LysMD3	has	enhanced	expression	in	the	immune	cells	during	early	fungal	infection	

																					Previous	studies	and	online	database	datasets	have	shown	that	human	

LYSMD3	is	expressed	in	epithelial	cells	and	various	immune	cell	types,	including	

neutrophils,	monocytes,	dendritic	cells,	nature	killer	cells	and	T/B	cells	((28);(27);	

https://www.proteinatlas.org;		https://www.immgen.org/).	As	enhanced	expression	of	

other	PRRs	can	be	found	during	infection	or	inflammatory	responses	(29,	30),	we	

hypothesized	that	LysMD3	expression	would	be	induced	upon	fungal	challenge	in	a	

murine	model	of	fungal	bronchopneumonia.	To	examine	mRNA	expression	of	LysMD3	

during	early	fungal	infection,	we	sorted	CD45(+)	and	CD45(-)	cells	from	murine	lungs	

challenged	with	A.	fumigatus	or	PBS	at	12	hours	post-fungal	inoculation.	After	RNA	

extraction	and	cDNA	synthesis,	we	examined	LysMD3	expression	in	CD45(+)	and	CD45(-)	

cells	by	quantitative	reverse	transcription-PCR	(qRT-PCR).	While	the	CD45(-)	cells	showed	

similar	LysMD3	expression	levels	between	CEA10-challenged	and	PBS	control	mice,	we	

found	that	the	CD45(+)	cells	had	significant	induction	of	LysMD3	mRNA	levels	at	12	hours	

post-Aspergillus	inoculation	(Fig.	2).	Thus,	LysMD3	is	expressed	in	immune	cells	and	

shows	increased	expression	upon	A.	fumigatus	challenge	of	the	lungs,	specifically	in	the	

immune	cells	(CD45(+)).	

Generation	of	LysMD3	KO	mice	by	CRISPR/Cas9	system	

																						To	further	investigate	the	function	of	LysMD3	and	its	role	in	anti-fungal	

immunity,	we	generated	a	LysMD3	knockout	(LysMD3	KO)	mouse	using	a	CRISPR/Cas9	

system	to	target	the	N-terminus	of	LysMD3.	The	mutant	LysMD3	mouse	generated	

features	a	16	base	pair	deletion	in	the	5’	region	of	LysMD3,	upstream	of	the	LysM	

domain	(Fig	3A	and	3B).	This	16	base	pairs	deletion	results	in	the	introduction	of	a	

premature	stop	codon,	culminating	in	a	LysMD3	protein	with	55	amino	acids	and	no	

known	functional	domains	(for	comparison,	the	native	protein	length	is	305	amino		
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Fig. 2 LysMD3 expression is induced in the immune cells during early fungal 
infection
C57BL/6 mice were inoculated with 5*107 CEA10 conidia or PBS and euthanized at 
12 hours post CEA10 inoculation. The RNA was isolated from sorted CD45(-) or 
CD45(+) lung cells. LysMD3 expression was examined by quantitative RT-PCR on 
LysMD3. Samples from (A) CD45(-) cells and (B) CD45(+) cells were shown with their 
normalized LysMD3 expression. Two independent experiments were performed 
and data are shown as the combined results (PBS group: n=4; CEA10 group: n=4). 
Mann-Whitney, with single comparisons were performed. All error bars represent 
standard deviations. NS, not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; 
**** P≤0.0001.
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acids)	(Fig	3A).	The	genotypes	of	LysMD3	WT,	LysMD3+/-	and	LysMD3	KO	mice	were	

confirmed	with	PCR	primer	set	for	LysMD3	WT	and	KO	sequences	(Fig.	3C).	With	results	

from	the	3’	rapid	amplification	of	cDNA	ends	(RACE)	experiments,	we	found	both	WT	

and	LysMD3	KO	mice	can	still	produce	stable	LysMD3	transcripts	(Fig.	3D).	To	confirm	if	

the	truncated	LysMD3	can	still	be	made,	we	extracted	protein	from	isolated	lung	cells	

and	examined	LysMD3	protein	expression	with	Western	blot.	The	binding	of	LysMD3	

antibody	was	confirmed	with	dot	blot	experiment.	The	LysMD3	antibody	can	specifically	

bind	to	LysMD3	protein	from	isolated	WT	neutrophils,	lung	from	WT	mouse,	purified	

human	and	murine	LysMD3,	but	not	the	negative	control	proteins	from	LysMD3	KO	lung	

or	A.	fumigatus	(Fig.	3E).	The	Western	blot	analysis	of	the	protein	from	isolated	WT	

immune	cells	revealed	a	lower	band	with	predicted	size	of	LysMD3	(34	kDa)	and	a	

higher,	smear	band,	which	might	be	the	modified	LysMD3	(Fig	3F).	Furthermore,	we	saw	

no	detectable	band	in	the	LysMD3	KO	group	indicating	that	cells	from	LysMD3	KO	mice	

no	longer	have	detectable	LysMD3	protein	production	(Fig	3F).	In	summary,	we	

generated	a	LysMD3	KO	mouse	line	with	CRISPR/Cas9	genetic	manipulation	and	

confirmed	the	loss	of	LysMD3	protein	expression.	

LysMD3	deficient	mice	feature	largely	similar	lung	cellularity	profiles	during	early	

fungal	infection	as	WT	

																						One	previous	study	showed	that	infection	with	fungal	strains	featuring	high	

chitin	levels,	A.	fumigatus	(Af5517),	can	lead	to	increased	eosinophil	recruitment	(31).	

At	the	same	time,	chitin	treatment	can	induce	chemokine	production	in	keratinocytes	

and	epithelial	cells	(28,	32).	Thus,	we	next	investigated	if	LysMD3	deficient	mice	

maintained	similar	cell	recruitment	profiles	during	early	A.	fumigatus	challenge.	We	

leveraged	different	flow	cytometry	staining	panels	to	examine	lung	cellularity	during	

early	fungal	infection	(Fig.	S1-S3).	At	12	hours	post-A.	fumigatus	(CEA10)	inoculation,	we	

observed	equivalent	numbers	of	total	lung	cells,	neutrophils	(CD45(+)Ly6G(+)CD11b(+)),	

eosinophils	(Ly6G(-)SiglecF(+)CD11b(dim	or	-)),	alveoli	macrophages	(aMac;	

Ly6G(-)CD103(-)SiglecF(+)CD11b(+)),	interstitial	macrophages	(iMac;	

Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(+)),	Type	I	conventional	CD103(+)	cDC1	cells		
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(E) (F)

Fig. 3 Generation of LysMD3 deficiency mice through CRISPR targeting method
(A) Schematic figures of wild type LysMD3 protein (top) and potential truncated 
LysMD3 protein (bottom) from CRISPR mutant mice. The site of CRISPR deletion 
sequence was indicated as 16 base pair (16 bp) deletion (red) with corresponded 
nucleotide and peptide sequences. The peptide sequence before the premature stop 
codon (purple) was indicated with LysMD3 mutant peptide. (B) Sequencing results of 
genomic DNA from WT (top) and LysMD3 mutant (bottom) mice. The 16 bp deletion 
is noted as indicated. (C) Genotyping results of WT, LysMD3+/- and LysMD3 KO mice 
with primer sets for WT and KO sequence. (D) 3’ RACE results with two primer sets 
crossing exon1 and exon 2 of LysMD3. (E) Dot blot of protein isolated from WT neu-
trophils (Neu), WT mouse lung (WT), LysMD3 KO mouse lung (KO), purified human 
LYSMD3 protein (hLYSMD3), purified murine LysMD3 (mLysMD3-JSM490 and 
-JSM675) and fungal hyphae (CEA10). (F) Western blot of protein isolated from 
immune cells of uninfected wild type (n=2) and LysMD3 KO  (n=2) mice. The LysMD3 
protein (predicted size: 34 kDa) was shown on the top and endogenous control 
(γ-tubulin; predicted size: 51 kDa) at the bottom. Three independent experiments 
were performed and data are shown as the representative results.
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(MHCII(+)CD11c(+)CD11b(-)CD103(+)),	Type	II	conventional	CD11b(+)	cDC2	cells	

(MHCII(hi)CD11c(hi)CD103(-)CD11b(+)),	and	pDCs	(MHCII(+)CD11c(+)CD11b(-)CD103(-)CD317(+))	

(Fig.	4A-4E,	4G-4I).	Among	the	cell	types	we	investigated,	we	only	observed	increased	

monocyte	recruitment	(Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(-)MHCII(-))	in	the	LysMD3	

KO	group	at	12	hours	post-A.	fumigatus	challenge	(Fig.	4F)	when	compared	with	WT	

cellularity	profiles.	These	cellularity	data	from	LysMD3	KO	and	WT	mice	showed	that	the	

deficiency	of	LysMD3	did	not	affect	cell	recruitment	against	fungal	infection	except	for	

the	monocyte	population.	

	

LysMD3	deficient	immune	cells	are	defective	at	fungal	killing,	but	this	deficiency	does	

not	contribute	to	a	significant	increase	in	overall	fungal	viability	

																					Because	the	predicted	LysMD3	structure	has	potential	fungal	cell	binding	

ability	and	enhanced	expression	in	immune	cells	during	fungal	infection,	LysMD3	might	

be	involved	in	fungal	recognition	during	early	fungal	infection.	As	with	other	PRRs,	like	

Dectin-1	and	TLRs,	we	hypothesize	that	LysMD3	might	modulate	A.	fumigatus	uptake	

and	killing	through	ligand	recognition	on	the	fungal	surface	(33,	34).	Using	a	fluorescent	

Aspergillus	reporter	(FLARE)	assay,	we	quantified	both	the	uptake	and	viability	of	A.	

fumigatus	conidia	within	specific	immune	cell	types	in	the	murine	lungs	to	test	this	

hypothesis	(35).	At	12	hours	post-inoculation	of	AF633	labeled	mRFP-CEA10	(FLARE)	

conidia,	we	examined	the	conidial	uptake	and	killing	in	immune	cells	as	previous	

described	(Fig.	S4)	(35,	36).	Among	all	the	professional	phagocytes	we	examined,	

LysMD3	deficient	neutrophils	and	iMacs	showed	higher	conidial	viability	but	no	

significant	difference	in	conidial	uptake	(Fig.	5A	and	5B).	At	the	same	time,	LysMD3	KO	

monocytes	showed	lower	conidial	uptake	but	no	significant	difference	in	conidial	

viability	(Fig.	5C).	Other	phagocytes,	including	aMacs	and	cDC2s,	showed	no	significant	

difference	in	either	conidial	uptake	or	viability	between	WT	and	LysMD3	KO	groups	(Fig.	

5D	and	5E).	Of	note,	we	did	not	observe	significant	differences	in	overall	conidial	

viability	for	both	immune	cell-engulfed	conidia	or	free	conidia	in	the	lungs	between	WT	

and	LysMD3	KO	groups	(Fig.	5F	and	5G).	Overall,	LysMD3	KO	mice	feature	slight	conidial		
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Fig. 4 LysMD3 KO mice showed similar cellularity during early fungal infection 
WT or LysMD3 KO C57BL/6 mice were inoculated with 5*107 CEA10 conidia and 
euthanized at 12 hours post CEA10 inoculation for lung cellularity experiments. All 
lung cell numbers were acquired by flow cytometry as indicated: (A) total lung 
cells, (B) neutrophils (CD45(+)Ly6G(+)CD11b(+)), (C) eosinophils (CD45(+)Ly6G(-)Si-
glecF(+)CD11c(-)), (D) alveolar macrophages (Ly6G(-)CD103(-)SiglecF(+)CD11b(+)), (E) 
interstitial macrophages (Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(+)), (F) monocytes 
(Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(-)MHCII(-)), (G) CD103(+) cDC1 (MHCII(+) 

CD11c(+)CD11b(-)CD103(+)), (H) CD11b(+) cDC2 (MHCII(hi)CD11c(hi)CD103(-)CD11b(+)), (I) 
pDC (MHCII(+)CD11c(+)CD11b(-)CD103(-)CD317(+)). Three independent experiments 
were performed and data are shown as the combined results (WT group: n=24; 
LysMD3 KO group: n=24). Mann-Whitney, with single comparisons were performed. 
All error bars represent standard deviations. NS, not significant at P>0.05; * P≤0.05; 
** P≤0.01; *** P≤0.001; **** P≤0.0001.
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killing	defects	in	neutrophils	and	iMacs,	but	we	anticipate	that	such	a	minor	defect	in	

fungal	killing	is	likely	not	strong	enough	to	significantly	impact	total	conidial	viability	

during	early	infection.		

Murine	LysMD3-deficiency	does	not	significantly	alter	mortality	outcomes	during	

fungal	infection	

																				We	next	investigated	if	the	loss	of	LysMD3	contributes	to	fungal	virulence,	

specifically	using	mortality	in	an	invasive	aspergillosis	model	as	an	experimental	

outcome.	Interestingly,	a	recently	published	study	observed	that	there	was	no	

difference	in	LysMD3-dependent	mortality	when	using	a	sublethal	dose	of	A.	fumigatus	

infection	(CEA10;	107	conidia	with	intranasal	injection)	(27).	To	further	contextualize	

these	findings	upon	A.	fumigatus	infection,	we	leveraged	multiple	high	virulent	A.	

fumigatus	strains	(CEA10,	EVOL20	and	ATCC46645)	in	both	immune	competent	and	

immune	suppression	mouse	models	of	fungal	infection.	However,	we	did	not	find	any	

significant	differences	in	murine	mortality	between	LysMD3	KO	and	WT	mice	in	this	

immune	competent	model	(Fig.	6A,	6B	and	6C)	or	in	an	immune	suppressed	model	with		

Fig. 5 LysMD3 KO mice showed minor defect in fungal killing during early fungal 
infection
WT or LysMD3 KO C57BL/6 mice were inoculated with 5*107 FLARE (mRFP(+)/AF633(+)) 
CEA10 conidia. Mice were euthanized at 12 hours post FLARE conidia inoculation. The 
percentage of cells positive for conidial tracer (AF633(+)) and conidial viability within 
the immune cells (mRFP(+)/AF633(+)) were analyzed. Phagocytosis and conidial viabili-
ty were examined in (A) neutrophils (CD45(+)Ly6G(+)CD11b(+)), (B) interstitial macro-
phages (Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(+)), (C) monocytes (Ly6G(-)CD103(-)Si-
glecF(-)CD11b(hi)CD64(-)MHCII(-)), (D) alveolar macrophages (Ly6G(-)CD103(-)SiglecF(+) 

CD11b(+)), and (E) CD11b(+) cDC2 (MHCII(hi)CD11c(hi)CD103(-)CD11b(+)). (F) The viability of 
FLARE conidia within immune cells in the lung suspension was assessed by colony 
forming units (CFUs). (G) The viability of free FLARE conidia in the lung suspension 
was shown as the percentage of mRFP(+) cells in free conidia population 
(Alexa633(+)FSC(low)SSC(low)). Three independent experiments were performed and data 
are shown as the combined results (For neutrophil: WT group: n=23; LysMD3 KO 
group: n=16; For iMac, monocyte and aMac: WT group: n=20; LysMD3 KO group: 
n=19; For cDC2: WT group: n=25; LysMD3 KO group: n=22). Mann-Whitney, with 
single comparisons were performed. All error bars represent standard deviations. NS, 
not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; **** P≤0.0001.
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Fig. 6 LysMD3 deficiency is not sufficient to contribute to mice mortality 
during fungal infection
(A) Survival curve of WT (n=6) or LysMD3 KO (n=5) C57BL/6 mice with 5*107 CEA10 
conidia with immune competent mice model. Three independent experiments 
were performed and data are shown as the representative results. (B) Survival 
curve of WT (n=6) or LysMD3 KO (n=7) C57BL/6 mice with 5*107 EVOL20 conidia 
with immune competent mice model. The experiment was performed once. (C) 
Survival curve of WT (n=7) or LysMD3 KO (n=8) C57BL/6 mice with 8*107 
ATCC46645 conidia with immune competent mice model. The experiment was 
performed once. (D) Survival curve of WT (n=6) or LysMD3 KO (n=10) C57BL/6 mice 
pre-treated with KENALOG-10 for 24 hours and inoculated 1*106 CEA10 conidia as 
immune suppression mice model. Two independent experiments were performed 
and data are shown as the representative results. The Log-rank test and 
Gehan-Breslow-Wilcoxon test were performed for statistical analysis of the survival 
curve. NS, not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; **** P≤0.0001.
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corticosteroid	treatment	(Fig.	6D).	As	we	saw	no	significant	difference	of	fungal	killing	in	

LysMD3	KO	mice,	here	we	have	also	confirmed	that	LysMD3	deficiency	in	mice	does	not	

lead	to	significant	differences	in	mortality	when	tested	in	various	invasive	aspergillosis	

models.		

	

LysMD3	can	recognize	A.	fumigatus	at	both	conidia	and	germling	growth	stages	

																				Even	though	LysMD3	deficiency	did	not	significantly	impact	overall	fungal	

uptake	or	clearance,	we	still	found	a	slight	reduction	in	conidial	killing	by	neutrophils	

and	iMacs	and	a	reduction	in	fungal	uptake	in	monocytes.	As	previous	studies	showed	

that	human	LYSMD3	can	bind	to	chitin	and	β-glucan	(28),	we	hypothesize	that	murine	

LysMD3	can	bind	to	the	fungal	cell	wall	and	initiate	immune	modulation	related	to	

fungal	clearance,	as	we	saw	in	neutrophils,	iMac	and	monocytes.	To	test	LysMD3	

binding	capability	and	affinity	to	A.	fumigatus,	we	generated	a	fusion	protein	containing	

the	ectodomain	of	LysMD3	and	human	IgG	Fc	as	the	binding	target	to	examine	the	

localization	of	LysMD3	binding,	differing	from	the	detection	method	(staining)	used	in	

the	previous	studies	to	determine	subcellular	localization	of	protein	binding	(37,	38).	

With	the	purified	LysMD3-Fc,	we	aimed	to	use	LysMD3-Fc	as	a	LysMD3-specific	reagent	

to	examine	if	LysMD3	can	bind	to	A.	fumigatus	surface	at	different	growth	stages.	The	

purified	biological	control,	dectin-1-Fc	-	which	binds	to	β-glucan	in	the	fungal	cell	wall,	

specifically	recognized	and	bound	to	swollen	conidia	(when	comparing	swollen	conidia	

to	resting	conidia	or	secondary	antibody	controls,	Fig.	7A).	Similarly,	LysMD3-Fc	staining	

showed	a	pattern	of	recognition	where	swollen	conidia	showed	ubiquitous	LysMD3-Fc(+)	

signal	(Fig.	7B).	Using	confocal	microscopy,	we	also	see	LysMD3-Fc	binding	to	the	

surface	of	swollen	conidia/germlings	and	enhanced	signal	at	the	tip	of	the	germ	tubes	of	

A.	fumigatus	(Fig.	7C).	To	confirm	the	signal	is	specific	for	LysMD3-Fc	staining,	we	used	a	

serial	dilution	of	LysMD3-Fc	concentrations	for	staining	and	the	intensity	of	LysMD3	

signal	was	dose-dependent	(Fig.	7D).	Thus,	experiments	with	LysMD3-Fc	staining	

demonstrates	that	murine	LysMD3	can	bind	to	the	surface	of	A.	fumigatus	at	both	

conidia	and	germling	growth	stages.	As	it	is	possible	that	there	is	a	potential	for		
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Fig. 7 LysMD3 binds to both fungal conidia and hyphae
CEA10 conidia was grown in LGMM at 37 °C 5 hours for swollen conidia (SC) and 14 
hours for germlings. CEA10 conidia and germling were stained with LysMD3-Fc to 
examine the LysMD3 binding to fungal surface. For resting conidia (RC) and swol-
len conidia (SC), the samples were staining with (A) Dectin-1-Fc or (B) LysMD3-Fc. 
The anti-Fc secondary antibody staining (2nd Ab only) was used as the negative 
control. Three independent experiments were performed and data are shown as 
the representative results. (C) Confocal images of different stages of conidia/germ-
ling with LysMD3-Fc staining. The images of LysMD3-Fc binding were shown on 
top and corresponded DIC images were shown at bottom. Three independent 
experiments were performed and data are shown as the representative results for 
LysMD3 binding. (D) Titration of LysMD3-Fc staining on germling. The corrected 
total cell fluorescence was calculated for individual germling. The experiment was 
performed once. Kruskal-Wallis with Dunn’s multiple comparisons were performed 
for statistical analyses. All error bars represent standard deviations. NS, not signifi-
cant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; **** P≤0.0001.
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overlapping/masking	of	binding	patterns	from	other	cell	wall	components	also	present	

on	the	fungal	cell	wall,	we	next	aimed	to	investigate	the	specific	binding	target	of	

murine	LysMD3.	

	

LysMD3-Fc	staining	reveals	a	unique	binding	pattern	on	the	fungal	surface	

																					A.	fumigatus	has	complex	cell	wall	composition	and	there	are	many	changes	

in	 the	 exposure	 of	 each	 particular	 cell	 wall	 components	 during	 growth	 from	 resting	

conidia	stages	to	hyphae	(39).	To	examine	what	LysMD3	recognizes	on	the	A.	fumigatus	

surface,	we	tested	LysMD3-Fc	binding	to	a	triple	α-(1,3)-Glucan	Synthases	(AGS)	mutant	

of	A.	fumigatus,	which	features	increased	chitin	and	β-glucan	exposure	compared	to	its	

parental	∆ku80	background	strain	(40).	We	started	our	analysis	of	LysMD3	binding	at	the	

swollen	conidial	growth	stage	and	then	separated	the	analysis	of	by	cell	sizes,	an	indicator	

of	 general	 growth	 state.	 These	 conidial	 subpopulations	 were	 then	 examined	 for	

recognition	by	staining	with	LysMD3-Fc,	Dectin-1-Fc	and	Wheat	Germ	Agglutinin	(WGA)	

to	 compare	 fungal	 recognition	 in	 the	∆ags	 strain	 versus	 the	parental	∆ku80	 strain.	 To	

ensure	that	our	comparison	of	binding	was	analyzing	swollen	conidia	at	the	same	growing	

stage,	we	grouped	swollen	conidia	with	two-fold	and	four-fold	increase	in	forward	scatter	

(FSC)	 compared	 to	 resting	 conidia	 group,	 as	 this	 indicates	 the	 relative	 size	 of	 swollen	

conidia	(2X	SC	and	4X	SC)	(Fig.	8A).	The	∆ags	swollen	conidia	(2X	SC	and	4X	SC)	revealed	

higher	 dectin-1-Fc	 and	WGA	 binding,	 which	 nicely	 confirms	 the	 reported	 increase	 in	

exposure	of	β-glucan	and	chitin	on	the	fungal	surface	(Fig.	8C,	8D,	8F	and	8G).	However,	

we	 did	 not	 detect	 significant	 differences	 in	 binding	 of	 LysMD3-Fc	 between	 ∆ags	 and	

∆ku80	parental	background	at	2X	SC	and	4X	SC	stages	(Fig.	8B	and	8E).	Furthermore,	∆ags	

germlings	reveal	enhanced	dectin-1-Fc	and	WGA	binding	compared	to	∆ku80	as	swollen	

conidia	(Fig.	8I	and	8J),	but	the	binding	of	LysMD3-Fc	was	actually	significantly	decreased	

on	the	∆ags	fungal	surface	in	germlings	compared	to	the	control	group	(Fig.	8H).	Besides	

chitin	 and	 β-glucan,	 we	 next	 examined	 another	 cell	 wall	 component	 that	 might	 be	

correlated	with	the	binding	of	LysMD3	on	the	fungal	surface.	The	hyphae	of	A.	fumigatus	

produce	galactosaminoglycan	(GAG),	which	is	present	on	the	fungal	cell	wall	surface	and		
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within	the	extracellular	matrix	(ECM)	(39).	GAG	production	is	involved	in	fungal	adhesion,	

immune	 cell	 recognition	 and	 immune	modulation,	 which	 can	 be	 largely	 disrupted	 by	

deleting	a	critical	epimerase,	Uge3	(41).	Thus,	we	stained	the	germlings	of	∆uge3	with	

LysMD3-Fc	and	compared	its	binding	to	the	parental	AF293	strain.	Surprisingly,	and	unlike	

the	complete	loss	of	Soybean	Agglutinin	(SBA)	binding	on	∆uge3	germlings,	the	LysMD3-

Fc	 binding	 profile	 revealed	 punctate	 signals	 in	 the	 extracellular	 medium	 instead	 of	

germling	surface	(Fig.	9).	In	summary,	we	found	LysMD3	shows	different	binding	patterns	

Fig. 8 LysMD3 does not have similar binding pattern correlated to β-glucan 
and chitin exposure on the fungal surface
For α-glucan synthase deletion mutant (del AGS) and its parental Ku80 strain, 
conidia was grown in LGMM at 37 °C 5 hours for swollen conidia (SC) and 14 hours 
for germlings. The gating strategy for 2X and 4X swollen conidia (SC) were shown in 
the (A) and the MFI of FSC was shown for each population. The swollen conidia and 
germling were stained with LysMD3-Fc (B, E and H) , Dectin-1-Fc (C, F and I) and 
WGA (D, G and J). The intensity of stained swollen conidia was acquired by flow 
cytometry and gated as 2X (B-D) and 4X (E-G) swollen conidia as indicated in (A). 
Four independent experiments were performed and data are shown as the com-
bined results. The intensity of stained germling was acquired by confocal micro-
scope and the corrected total cell fluorescence was shown in (H-J). Two indepen-
dent experiments were performed and data are shown as the representative results. 
Mann-Whitney with single comparisons was performed for statistical analyses. All 
error bars represent standard deviations. NS, not significant at P>0.05; * P≤0.05; ** P
≤0.01; *** P≤0.001; **** P≤0.0001.

WT del AGS
0

100

200

300

400

500

Germling_LysMD3-Fc

 

Ly
sM

D
3-

Fc
 b

in
di

ng
(A

U
, s

ub
tr

ac
t b

ac
kg

ro
un

d)

WT del AGS
0

200

400

600

800

Germling_Dectin-1-Fc

 
D

ec
tin

-1
-F

c 
bi

nd
in

g
(A

U
, s

ub
tr

ac
t b

ac
kg

ro
un

d)
WT del AGS

0

200

400

600

800

Germling_WGA

 

W
G

A 
bi

nd
in

g
(A

U
, s

ub
tr

ac
t b

ac
kg

ro
un

d)

(H) (I) (D)

Germling Germling Germling



	 102	

in	comparison	to	known	cell	wall	binding	reagents	(dectin-1,	WGA	and	SBA),	and	the	loss	

of	GAG	production	on	the	germling	surface	disrupts	LysMD3-Fc	binding.	Further	studies	

will	be	needed	to	determine	the	actual	LysMD3	binding	component(s)	in	the	fungal	cell	

wall.	

	

	

	

	

	

	

	

	

Fig. 9 GAG on the fungal surface regulates LysMD3 binding pattern
Uge3 deletion mutant (del Uge3) and parental AF293 strains were grown in LGMM at 
37 °C 18 hours for germlings. The germlings were stained with LysMD3-Fc or SBA for 
confocal imaging. The images of LysMD3-Fc/SBA binding were shown on top and 
corresponded DIC images were shown at bottom. Two independent experiments were 
performed and data are shown as the representative results.
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Discussion	

																						The	human	and	murine	LysMD3	both	feature	a	conserved	LysM	domain,	

which	is	conserved	in	other	animals,	as	mentioned	previously	(27).	Through	protein	

structure	prediction,	we	can	see	the	characteristic	βααβ	structure	of	LysM	domains	and	

a	predicted	binding	pocket	for	DP3	of	chitin	oligomers	(Fig.	1A	and	1B).	We	also	found	

the	predicted	DP3	GlcNAc	binding	site	with	T74,	L75,	N76	and	D100	is	conserved	in	both	

human	and	murine	LysMD3,	which	might	suggest	the	conserved	function	of	LysMD3	in	

mammalian	for	pathogen	recognition	(Fig.	1D).	However,	the	localization	of	LysMD3	

(which	is	correlated	to	its	binding	to	pathogens)	remains	controversial.	Previous	studies	

demonstrated	that	murine	and	human	LysMD3	is	a	type	II	integral	membrane	protein	

that	co-localizes	with	Golgi	marker	GM130	in	mouse	embryonic	fibroblast	cells	(MEFs)	

and	HeLa	cells	(27).	Another	group	also	showed	the	localization	of	human	LYSMD3	

within	Golgi	and	proposed	a	function	related	to	Golgi	stress	in	HeLa	cells	(42).	However,	

the	authors	also	found	that	the	enhanced	LYSMD3	expression	in	HeLa	cells	changes	its	

localization	to	the	cell	membrane	(42).	In	our	invasive	aspergillosis	model,	we	can	see	

the	enhanced	LysMD3	expression	in	CD45(+)	cells,	but	not	CD45(-)	cells	(Fig.	2),	which	

might	suggest	different	LysMD3	localization	dynamics	during	fungal	infection.	Such	

difference	of	LysMD3	expression	and	potentially	a	change	of	localization	could	affect	the	

function	and	kinetics	of	its	role	as	a	potential	pathogen	recognition	receptor	in	the	

immune	cells,	but	the	actual	localization	of	LysMD3	during	fungal	recognition	by	

immune	cells	remains	an	open	question	for	further	research.			

	

																						Previous	studies,	supported	by	the	use	of	two	different	LysMD3	KO	mouse	

lines,	found	no	significant	in	vivo	virulence	phenotypes	in	LysMD3	deficient	mice	when	

assessing	extracellular	and	intracellular	bacterial	infections,	influenza	A	virus	infection,	

and	A.	fumigatus	infection	(27).	We	generated	our	LysMD3	deficient	mouse	line	through	

a	CRISPR/Cas9	system	that	resulted	in	a	truncated	and	non-functional	protein,	then	

crossed	heterozygous	LysMD3+/-	individuals	to	generate	homozygous	LysMD3-/-	

individuals	and	LysMD3+/+	littermate	controls.	We	further	confirmed	the	CRISPR/Cas9-
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directed	16	base	pairs	deletion	and	the	introduction	of	a	premature	stop	codon	before	

the	LysM	domain	(Fig.	3A	and	3B).	Even	with	stable	Lysmd3	transcript	(Fig,	3D),	LysMD3-

/-	deficient	mice	showed	no	LysMD3	protein	production	from	immune	cells	in	the	lung	

(Fig.	3F)	and	we	used	this	mouse	line	to	further	study	the	role	of	LysMD3	in	antifungal	

immunity.	Due	to	the	heterogeneity	of	A.	fumigatus	in	models	of	invasive	aspergillosis	

(43–47),	we	further	confirmed	that	LysMD3-/-	mice	have	a	similar	mortality	with	increase	

dose	of	A.	fumigatus	infection	in	an	immune	competent	model	of	infection	with	various	

A.	fumigatus	strains	(CEA10,	EVOL20	and	ATCC46645),	comparing	LysMD3	deficient	

mice	to	littermate	controls	(Fig.	6A-6C).	We	observed	that	LysMD3	deficient	mice	have	

similar	mortality	in	a	model	of	immune	suppression	invasive	aspergillus	(Fig.	6D),	which	

notably	features	a	different	immune	profile	and	host	cell	functionalities	than	an	immune	

competent	model	(48).	Thus,	similar	to	previous	findings,	our	newly	generated	LysMD3	

KO	mice	are	still	able	to	recover	from	A.	fumigatus	infection.	

	

																						Although	we	did	not	observe	differences	in	mortality	in	an	invasive	

aspergillosis	model,	previous	work	has	shown	that	LysMD3	expression	in	human	

epithelial	cells	contributes	to	cytokine	production	(IL-6,	IL-8	and	IL-33)	upon	stimulation	

(28).	We	next	aim	to	see	if	LysMD3	plays	a	role	in	immune	modulation	during	early	

fungal	infection.	Despite	the	LYSMD3-dependent	regulation	of	chemokines	(IL-8)	in	

human	epithelial	cells,	our	LysMD3	KO	mice	revealed	similar	cell	recruitment	during	

early	fungal	infection	(Fig.	5).	When	investigating	infection	through	a	FLARE	assay,	we	

see	both	neutrophils	and	iMacs	from	LysMD3	KO	mice	did	have	defects	in	intracellular	

fungal	killing	when	compared	to	controls	(Fig.	6A	and	6B).	The	relative	LysMD3	

expression	level	in	these	cell	populations,	or	whether	there	is	an	induction	of	LysMD3	

expression,	can	be	correlated	to	functional	defects	in	fungal	killing,	as	high	expression	of	

LysMD3	is	reported	in	neutrophils	(proteinatlas	and	IMMGEN).	Still,	even	with	a	13.7%	

and	33.22%	increased	intracellular	fungal	viability	in	neutrophils	and	iMacs,	we	found	no	

significant	difference	in	overall	intracellular	and	extracellular	fungal	viability	between	

LysMD3	KO	mice	and	controls	(Fig.	6F	and	6G).	Thus,	we	found	that	LysMD3	KO	mice	do	
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show	minor	defects	in	intracellular	fungal	killing	in	specific	cell	types,	but	these	mice	are	

still	able	to	control	the	fungal	burden	within	the	lung,	potentially	explaining	why	we	did	

not	see	differences	in	morality	between	LysMD3	KO	and	controls	invasive	A.	fumigatus	

infection.		

	

																						From	literatures	on	plant	LysM	receptors,	it	has	been	reported	that	chitin	

recognition	can	be	through	LysM	homodimers	and	heterodimers	(8,	20,	21).	The	

predicted	LysMD3	protein	predicted	in	this	work	only	features	a	short	cytoplasmic	tail	

without	annotated	functional	domains,	so	it	might	form	a	heterodimer	with	other	PRRs	

to	initiate	downstream	signaling.	It	is	also	possible	that	even	without	chitin	recognition	

through	LysMD3,	other	PRRs	are	still	able	to	induce	host	antifungal	responses,	as	dectin-

1,	TLRs	and	mannose	receptor	have	all	been	implied	to	mediate	chitin	induced	immune	

responses	(49).	Even	if	LysMD3	is	essential	for	chitin	recognition,	host	innate	immunity	

might	still	be	able	to	initiate	immune	responses	through	the	recognition	of	other	PAMPs	

on	fungal	surface	by	TLRs	or	C-type	lectin	receptors	(CLRs)	(50).	At	the	same	time,	the	

high	similarity	of	protein	sequence	between	LysMD3	and	LysMD4	suggests	potential	

functional	redundancy	of	murine	LysM	proteins.	Due	to	this	redundancy,	the	loss	of	

LysMD3	might	only	partially	disrupt	host	immune	modulation,	explaining	why	we	only	

see	minor	defects	in	fungal	killing	in	LysMD3	KO	mice.	Another	potential	explanation	for	

the	minor	change	of	antifungal	response	in	LysMD3	KO	mice	is	related	to	the	role	of	

chitin	in	antifungal	immunity.	Since	the	concentration	of	chitin	(250–1000	µg/ml)	

required	to	induce	immune	response	toward	inflammation	might	be	higher	than	the	

physiological	chitin	concentration	(5),	chitin	sensing	might	not	be	the	main	input	for	

immune	activation.	Instead,	as	the	anti-inflammatory	response	can	be	induced	by	

smaller	sizes	of	chitin	(4),	chitin	sensing	and	signaling	might	be	more	important	in	the	

immune	resolving	phase	after	fungal	clearance.	As	the	predicted	ligand	for	LysMD3	is	

DP3	GlcNAc,	this	suggests	that	LysMD3	signaling	is	involved	in	anti-inflammatory	

responses	after	fungal	clearance,	rather	than	contributing	to	early	antifungal	immunity.	

To	fully	understand	the	role	of	LysMD3	in	innate	immunity,	we	will	need	a	complete	



	 106	

examination	of	1)	the	inflammatory	and	anti-inflammatory	responses	in	LysMD3	KO	

mice,	and	2)	insight	into	if	LysMD3	deficiency	in	conjunction	with	other	PRRs	addresses	

the	potential	for	functional	redundancy	of	PRRs	in	fungal	recognition.		

	

																							Besides	the	role	in	immune	modulation,	the	potential	binding	target	of	

LysMD3	is	another	focus	of	this	work.	As	the	predicted	function	of	LysM	domain	in	the	

LysMD3,	human	LYSMD3	has	been	shown	bind	to	chitin	oligomers	(DP5-7),	chitin	beads,	

and	fungal	species	(Candida	albicans	and	Alternaria	alternata)	(28).	We	first	aimed	to	

test	if	murine	LysMD3	binds	to	A.	fumigatus	in	our	invasive	aspergillosis	model.	We	

harvested	tagged	LysMD3	protein	(LysMD3-Fc)	comprised	of	the	LysMD3	ectodomain	

and	human	Fc	as	the	binding	target	for	secondary	antibody	recognition.	The	goal	is	to	

use	LysMD3-Fc	staining	to	examine	the	binding	of	LysMD3	to	A.	fumigatus,	similar	to	

experiments	where	dectin-1-Fc	binding	is	used	to	detect	β-glucan	(37).	As	fungal	cell	

wall	components	are	masked	by	hydrophobin	rodlets	(39),	dectin-1-Fc	staining	showed	

no	recognition	for	resting	conidia	and	strong	binding	to	swollen	conidia	(Fig.	7A).	

However,	binding	of	LysMD3-Fc	revealed	heterogeneous	recognition	of	resting	conidia	

and	stronger	and	more	uniform	binding	to	swollen	conidia	(Fig.	7B).	The	signal	resulting	

from	LysMD3-Fc	binding	is	about	10-fold	lower	than	the	dectin-1-Fc	signal,	but	we	do	

see	binding	of	LysMD3	on	the	fungal	surface	by	confocal	microscopy	(Fig.	7C).	The	

binding	pattern	of	LysMD3-Fc	suggests	that	it	might	bind	to	cell	wall	components	as	the	

loose	structure	at	the	tip	of	the	germ	tube	features	higher	exposure	of	cell	wall	

components	(51).	To	examine	the	binding	target	of	LysMD3-Fc,	we	stained	swollen	

conidia	and	hyphae	of	∆ags	A.	fumigatus	because	this	strain	features	increased	

exposure	of	chitin	and	β-glucan	compared	to	parental	controls	(Fig.	8C,	8D,	8F,	8G,	8I	

and	8J).	However,	the	LysMD3-Fc	staining	on	the	∆ags	strain	did	not	show	the	same	

trend	as	dectin-1-Fc	and	WGA	staining.	There	were	no	significant	differences	in	the	

pattern	of	LysMD3-Fc	staining	between	∆ags	and	control	group	at	the	conidia	stage,	and	

the	germling	stage	appears	to	show	opposite	results	when	comparing	dectin-1-Fc	and	

WGA	staining	(Fig.	8B,	8E	and	8H).	These	results	indicate	that	the	binding	of	LysMD3-Fc	
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to	A.	fumigatus	does	not	reflect	chitin	and	β-glucan	exposure	and	it	is	possible	that	

LysMD3-Fc	binding	to	the	fungal	surface	depends	on	α-glucan	binding	or	other	

receptors	that	involve	in	α-glucan	recognition	(52,	53).	To	further	investigate	other	cell	

wall	components	that	may	be	important	for	LysMD3	binding,	we	next	examined	if	GAG	

on	the	surface	of	germlings	is	essential	for	LysDM3-Fc	binding.	Surprisingly,	the	

germlings	of	∆uge3	cells,	which	lack	GAG	on	the	fungal	surface,	completely	abolished	

the	binding	of	LysMD3-Fc	to	the	fungal	surface	(Fig.	9).	However,	the	binding	pattern	of	

LysMD3-Fc	does	not	match	WT	patterns	of	GAG	distribution.	In	∆uge3	cells,	LysMD3-Fc	

shows	aggregated	clumps	of	signal	in	the	media	which	differs	from	the	complete	

absence	of	GAG	recognition	by	SBA.	We	also	noticed	some	net	structures	between	

germlings	stained	with	LysMD3-Fc,	which	could	indicate	binding	of	LysMD3-Fc	to	the	

extracellular	matrix	(ECM)	of	A.	fumigatus.	With	the	LysMD3-Fc	binding	data,	we	have	

shown	that	murine	LysMD3	does	bind	to	the	surface	of	A.	fumigatus	at	both	conidia	and	

germling	growth	stages.	In	summary,	the	changes	in	fungal	cell	wall	or	ECM	components	

does	affect	LysMD3	binding	to	the	fungal	surface,	but	the	exact	binding	target	and	

potential	regulation	of	LysMD3	both	require	further	studies.	
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Materials	and	Methods	

Strains	and	media	

																					A.	fumigatus	strain	CEA10,	AF293,	Ku80,	EVOL20,	ATCC46645	and	mutants	

derived	from	these	WT	strains	were	grown	on	a	1%	glucose	minimal	media	(GMM)	

plates	for	3	days	at	37	°C.	For	animal	experiments,	conidia	were	collected	in	0.01%	

Tween-20	and	washed	3	times	with	sterile	PBS.		

	

LysMD3	protein	prediction	

																					Murine	LysMD3	protein	structure	was	predicted	by	I-TASSER	

(https://zhanggroup.org/I-TASSER/).	The	predicted	model	with	higher	C-score,	which	

indicates	higher	confidence,	was	selected.	For	protein	structure	comparison,	the	protein	

with	highest	TM-score,	which	indicates	the	closest	structure	similarity,	was	identified	by	

TM-align	from	Protein	Data	Bank	(PDB).	For	potential	binding	site	prediction,	the	

predicted	site	was	annotated	by	COFACTOR	and	COACH.	The	potential	binding	pocket	

and	ligand	was	selected	based	on	highest	C-score	(Confidence	Score).	

	

Animal	inoculation	

																					To	generate	LysMD3	knockout	(KO)	mice,	the	eggs	from	WT	C57BL/6J	mice	

were	injected	with	5-7.5	ng/ul	of	our	CRISPR/Cas9	construct	to	target	LysMD3	by	the	

Transgenic	Service	of	Dartmouth	Cancer	Center.	Through	the	sequencing	results,	we	

picked	the	LysMD3	mutant	mouse	with	16	bp	deletion,	which	introduces	a	premature	

stop	codon	before	LysM	domain,	for	the	LysMD3	KO	mice	line.	LysMD3+/+	(WT)	and	

LysMD3-/-	C57BL/6J	mice	were	generated	from	the	intercross	of	LysMD3+/-	heterozygous	

mice.	For	mouse	genotyping,	genomic	DNA	was	isolated	from	mice	tail	by	Quick	DNA	

Mini-Prep	plus	kit	manufacturer’s	instruction	(ZYMO).	Primers	used	were:	Forward	

primer	for	WT	LysDM3:	5’-	GCTGAAGTCTACGAACTTCGGTCCA-3’.	Forward	primer	for	

mutant	LysMD3:	5’-	CTGAAGTCTACGAAAGGAGAAG-3’.	Common	reverse	primer	for	

LysMD3:	5’-	GGTCATGTCCACAGGACTAGGAGATTTC-3’.	Age-matched,	inbreed	mice	

between	8-12	weeks	old	were	used	for	animal	experiments.	Mice	were	housed	in	
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autoclaved	cages	at	≤	4	mice	per	cage	with	a	supply	of	HEPA-filtered	air	and	sterile	

water.	For	invasive	aspergillosis	model,	mice	were	inoculated	with	5x107	CEA10	(in	100	

μl	sterile	PBS)	or	control	PBS	by	oropharyngeal	instillation	under	isoflurane	anesthesia.	

For	cellularity	and	FLARE	experiments,	mice	were	humanely	euthanized	12	hours	post-

Aspergillus	challenge.	In	immune	suppressed	invasive	aspergillosis	model,	mice	between	

20-24	grams	were	immune-suppressed	with	40	mg/kg	triamcinolone	acetonide	

(Kenalog-10,	Bristol-Myers	Squibb)	subcutaneously	24	hours	prior	fungal	challenge.	

Mice	were	then	infected	with	1x106	CEA10	(in	50	μl	sterile	PBS)	by	intranasal	instillation	

under	isoflurane	anesthesia.	Survival	metrics	were	plotted	on	Kaplan-Meir	curves	and	

statistical	significance	between	curves	was	determined	using	Log-rank	test	and	Gehan-

Breslow-Wilcoxon	test.	Animals	were	monitored	daily	for	morbidity	symptoms	and	all	

animal	studies	were	performed	in	strict	accordance	with	the	recommendations	and	

guidelines	in	the	Guide	for	the	Care	and	Use	of	Laboratory	Animals.	Experimental	

protocol	#00002167	was	approved	by	the	Dartmouth	College	Institutional	Animal	Care	

and	Use	Committee	(IACUC).	

	

LysMD3	expression	(qPCR,	3’RACE	and	Western	blot)	

																					To	harvest	single	cell	suspensions	from	murine	lungs,	the	whole	lungs	were	

minced	and	digested	in	buffer	containing	2.2	mg/ml	Collagenase	type	IV	(Worthington),	

1	U/ml	DNase1	(New	England	Biotech)	and	5%	FBS	at	37	°C	for	45	min.	The	digested	

samples	were	passed	through	an	18-gauge	needle,	incubated	in	RBC	Lysis	buffer,	

neutralized	in	PBS,	passed	through	100	μm	filter,	and	enumerated.	The	isolated	lung	

cells	were	stained	with	Propidium	iodide	(eBioScience)	and	CD45	(Pacific	Orange,	

Invitrogen).	Live	CD45(+)	and	CD45(-)	cells	were	sorted	by	FACSAria	III	Cell	Sorter.	These	

sorted	cells	were	first	stored	in	RNAlater™	Stabilization	Solution	(Thermo),	lysed,	and	

harvested	for	RNA	with	Trisure	according	manufacturer’s	instruction	(Bioline).	5	μg	of	

RNA	was	treated	with	Ambion	Turbo	DNase	(Life	Technologies)	according	to	the	

manufacturer’s	instruction.	1	μg	of	DNase	treated	RNA	was	further	processed	with	

QuantiTech	Reverse	Transcription	kit.	cDNA	amplification	was	normalized	to	Gapdh,	
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Rpl13a	and	Hprt	for	LysMD3	expression.	Primers	used	were:	Forward	primer	for	murine	

GAPDH:	5’-TCATCCCAGAGCTGAACG-3’,	reverse	primer	for	murine	GAPDH:	5’-

GGGAGTTGCTGTTGAAGTC-3’.	Forward	primer	for	murine	RPL13A:	5’-

CTCTGGAGGAGAAACGGAAGGAAA-3’,	reverse	primer	for	murine	RPL13A:	5’-

GGTCTTGAGGACCTCTGTGAACTT-3’.	Forward	primer	for	murine	HPRT:	5’-

GGAGTCCTGTTGATGTTGCCAGTA-3’,	reverse	primer	for	murine	HPRT:	5’-

GGGACGCAGCAACTGACATTTCTA-3’.	Forward	primer	for	murine	LysMD3:	5’-

CATATGCCAAGGTGTGTGGCG-3’,	reverse	primer	for	murine	LysMD3:	5’-

CGCAAATCAGACCCCACTCC-3’.	For	3’RACE	experiment,	cDNA	from	WT	and	LysMD3	KO	

mice	were	used	for	first	round	of	PCR	with	LysMD3	3’RACE	Forward	primer-1:	5’-

GATGACGCACCGCAGGTTTG-3’.		Q0:	5’-	CCAGTGAGCAGAGTGACG-3’.	Primers	for	the	

second	round	of	PCR:	LysMD3	3’RACE	Forward	primer-1:	5’-	

GTGGAGGACATAACCGTGTCGC-3’.		LysMD3	3’RACE	reverse	primer-after	16	bp	del:	5’-

CGTACAGCAGTACTGAAGGGCTACTG-3’.	LysMD3	reverse	primer	for	HRM:	5’-	

GCGCTTCTTCGAACCTTCTCC-3’.	LysMD3	protein	was	examined	by	Western	blot	from	

isolated	lung	cells	as	previous	described.	Protein	was	extracted	from	freshly	collected	

cells	with	protein	extraction	Buffer	A	(10	mM	Tris-HCl;	1.5	mM	MgCl2;	10	mM	KCl;	2mM	

DTT;	0.4	mM	PMSF;	1X	HALT).	The	primary	antibody	for	LysMD3	(Proteintech;	1:1500)	

and	γ-tubulin	(Sigma;	1:2000)	was	used	for	overnight	incubation	at	4	°C	and	the	anti-

rabbit	secondary	antibody	for	LysMD3	(Proteintech;	1:5000)	and	γ-tubulin	(Sigma;	

1:100000)	was	incubated	for	one	hour	at	room	temperature.	For	chemifluorescence	

imaging,	the	Clarity	Western	ECL	Substrate	kit	(Bio-rad)	was	used	according	to	the	

manufacturer’s	instruction.	

	

Flow	cytometry:	Cellularity	experiments	and	FLuorescence	Aspergillus	REporter	(FLARE)	

Assay	Analysis	

																					For	FLARE	experiments,	CEA10-mRFP	conidia	were	generated	by	ectopic	

insertion	of	pGpdA-mRFP	construct,	using	the	ptrA	gene	as	selection	marker.	To	

generate	FLARE	conidia,	CEA10-mRFP	conidia	were	collected	and	labeled	with	Alexafluor	
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633	as	described	previously	(35,	36).	Mice	were	inoculated	with	FLARE	conidia	as	

described	previously	and	euthanized	at	12	hours	post	fungal	inoculation.	Single	cell	

suspensions	from	the	lungs	were	harvested	and	prepared	as	previously	described.	

Antibodies	used	for	Flow	cytometry	analysis	on	different	populations	were	as	follows:	

For	neutrophil	and	eosinophil	population,	lung	cells	were	stained	with	Survival	dye	

(efluor780,	eBioScience),	CD45	(Pacific	Orange,	Invitrogen),	SiglecF	(BV421,	BD	

BioScience),	Ly6G	(FITC,	BioLegend),	and	CD11b	(PercpCy5.5,	BioLegend).	For	

macrophage/monocyte	population,	lung	cells	were	stained	with	Survival	dye	(efluor780,	

eBioScience),	IA/IE	(MHCII)	(BV605,	BioLegend),	SiglecF	(BV421,	BD	BioScience),	Ly6G	

(FITC,	BioLegend),	CD103	(FITC,	BioLegend),	CD11b	(PercpCy5.5,	BioLegend),	and	CD64	

(PECy7,	BioLegend).	For	DC	populations,	lung	cells	were	stained	with	Survival	dye	

(efluor780,	eBioScience),	IA/IE	(MHCII)	(BV605,	BioLegend),	CD11b	(Pacific	Blue,	

BioLegend),	CD103	(FITC,	BioLegend),	CD317	(PercpCy5.5,	BioLegend),	and	CD11c	

(PECy7,	BioLegend).	The	gating	strategy	of	each	cell	population	is	described	in	prior	

published	work	(PMID:	36377895).	Data	were	collected	by	Beckman	Coulter	Cytoflex	S	

and	analyzed	with	FlowJo	version	10.8.1.	To	quantify	fungal	viability,	colony	forming	

units	(CFUs)	were	plated	from	single	cell	suspensions	that	were	further	homogenized	

with	glass	beads	using	a	Mini	Bead	Beater	(BioSpec	Products	Inc,	Bartlesville,	OK)	and	

resuspended	in	PBS.	Samples	were	diluted	1:100	and	then	plated	on	1⁄2	Sabouraud	

dextrose	agar	plates,	incubated	overnight,	and	counted	for	CFUs.	

	

Cell	wall	staining:	Conidia	and	germling	LysMD3-Fc	binding	profiles		

																					FreeStyle™	293-F	Cells	were	incubated	at	37°C	until	confluence	according	to	

the	manufacturer’s	instruction	(Gibco).	The	cells	were	transfected	with	LysMD3-fc	

protein	constructs	(LysMD3-Fc-pSecTag2)	with	a	concentration	of	0.5	mg	plasmid/L	Cell	

culture.	At	Day	6	post	transfection,	cell	supernatant	was	harvested	and	transferred	to	

the	Protein	A	Column.	After	the	flow-through	of	the	cell	supernatant,	the	Protein	A	

column	was	washed	with	Equilibrium	buffer	(1X	PBS,	5%	glycerol,	0.05%	Tween	20).	The	

proteins	were	eluted	with	Elution	buffer	(0.1	M	Glycine	(pH	3.0),	5%	glycerol,	0.05%	
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Tween	20)	and	loaded	into	size	exclusive	column	(S200)	with	Equilibrium	buffer	(1X	PBS,	

5%	glycerol,	0.05%	Tween	20)	for	further	separation	by	protein	sizes.		A.	fumigatus	

conidia	were	cultured	in	liquid	GMM	without	yeast	extract	at	37	°C	for	different	times	to	

enrich	for	swollen	conidia	or	germlings.	Conidia	were	cultured	for	5-9	hours	for	swollen	

conidia	in	96	well	plates	and	14-18	hours	for	germlings	on	glass	coverslips,	depending	on	

the	strains	tested.	Swollen	conidia	and	germlings	were	blocked	for	non-specific	binding	

in	blocking	reagent	(RPMI/10%	FBS/0.025%	Tween20)	for	1	hour	at	room	temperature	

and	then	incubated	with	5	μg/ml	of	LysMD3-Fc	(or	concentration	as	indicated)	or	dectin-

1-Fc	in	PBS/0.05%	Tween-20	for	1	hour	at	room	temperature.	Following	primary	

antibody	incubation,	the	samples	were	stained	with	Alexaflour	488	anti-human	IgG	

(Thermo;	1:300)	antibody	in	PBS/0.05%	Tween-20	for	1	hour	at	room	temperature.	

Samples	were	then	washed	with	PBS/0.05%	Tween-20	twice	between	each	step.	For	

WGA	and	SBA	staining,	samples	were	incubated	with	5	μg/ml	of	fluorescein-labeled	

WGA	or	SBA	after	blocking.	In	swollen	conidia	samples,	conidia	were	passed	through	

100	μm	filter,	and	data	was	collected	by	Beckman	Coulter	Cytoflex	S	before	analysis	

with	FlowJo	version	10.8.1.	Swollen	conidia	were	gated	as	shown	in	Fig	8A.	The	intensity	

of	conidial	cell	wall	labeling	was	calculated	as	“((geometric	mean	fluorescence	intensity	

(gMFI)	of	stained	group)	–	(gMFI	of	secondary	antibody	or	unstained	controls))	/	((gMFI	

of	parental	strains)	–	(gMFI	of	secondary	antibody	or	unstained	parental	strains))	*	

100%.	For	germling	samples,	samples	were	mounted	with	Prolong	Diamond	Antifade	

Mountant	(Thermofisher)	and	sealed	with	clear	nail	polish.	Images	were	acquired	using	

an	Andor	W1	spinning	disk	confocal	microscope	mounted	with	a	Nikon	Eclipse	Ti	

inverted	microscope	stand.	Images	were	viewed	and	analyzed	using	Fiji	Software.	The	

corrected	total	cell	fluorescence	for	confocal	images	was	calculated	as	“Integrated	

Density	-	(Area	of	selected	cell	*	Mean	fluorescence	of	background	readings)”.	
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Fig. S1 Gating strategy for Neutrophils. The neutrophils were identified as 
CD45(+)Ly6G(+)CD11b(+) cells, eosinophils as Ly6G(-)SiglecF(+)CD11b(dim or -)  and free 
conidia as FSC(low)AF Tracer(+) cells.
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Fig. S2 Gating strategy for Macrophages/Monocytes. The alveolar macrophages 
were identified as Ly6G(-)CD103 (-)SiglecF(+)CD11b(+) cells, interstitial macrophages as 
Ly6G(-)CD103 (-)SiglecF(-)CD11b(hi)CD64 (+) cells and monocytes as Ly6G(-)CD103 (-)SiglecF(-) 

CD11b(hi)CD64 (-)MHCII(-) cells.
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Fig. S3 Gating strategy for DCs. The CD103(+) cDC1 were identified as MHCII(+) 

CD11c(+)CD11b(-)CD103(+)cells, CD11b(+) cDC2 were identified as MHCII(hi)CD11c(hi) 

CD103(-)CD11b(+) cells and pDC were identified as MHCII(+)CD11c(+)CD11b(-)CD103(-) 

CD317 (+) cells.
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Fig. S4 FLARE results of lung phagocytes. The gating for FLARE experiments in the 
(A) neutrophils and free conidia, (B) alveolar macrophages, interstitial macrophages 
and monocytes, (C) CD11b(+) cDC2. R1 denotes phagocytes containing live conidia. R2 
denotes phagocytes containing killed conidia. (R1+R2) indicates conidial uptake of 
phagocytes and (R1/(R1+R2)) indicates conidial viability in the phagocytes.
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Host	innate	immunity,	from	antifungal	immunity	to	multiplex	superinfection	

	

																		In	this	dissertation,	we	covered	many	aspects	of	how	innate	immunity	is	

involved	in	antifungal	responses.	In	Chapter	1,	we	discussed	the	complexity	of	the	lung	

environment.	Multiple	organisms,	including	commensal	and	pathogens,	constantly	

interact	with	the	host	cells.	Our	immune	system	needs	to	maintain	a	basal	level	of	

immune	response	for	them	to	be	able	to	quickly	respond	to	pathogenic	infection.	At	the	

same	time,	setting	the	threshold	to	initiate	inflammatory	responses	is	also	critical	to	

prevent	excessive	immune	response,	since	unbiased	damage	from	innate	immunity	can	

also	cause	local	tissue	damage.	The	signal	for	reaching	the	threshold	to	initiate	immune	

responses	could	come	from	tissue	injury	or	exposure	to	a	high	number	of	pathogens,	

which	the	latter	is	more	similar	to	our	common	laboratory	inoculation	condition.	The	

other	potential	situation	that	causes	severe	inflammation	is	the	propagation	of	

pathogens	escaping	from	host	immunity	to	provide	a	significant	amount	of	input	for	

immune	activation.	Moreover,	the	lung	environment	is	way	more	complex	than	the	host	

response	to	a	single	pathogen	infection,	our	lung	immune	system	constantly	receives	

signals	from	both	the	commensals	and	evaded	pathogens,	which	can	be	bacteria,	fungi,	

or	viruses.	In	this	case,	the	host's	innate	immunity	needs	to	integrate	the	PRR	signals	

from	microbiome	recognition	and	decide	whether	it	is	time	to	break	the	homeostasis	

and	initiate	immune	responses.	

	

																		The	initiation	of	bacterial	and	fungal	infections	shares	many	common	

characteristics.	Bacteria	in	the	host	lung	are	very	small	microorganisms	that	have	an	

average	size	is	about	0.5-5	µm	in	diameter.	The	fungal	conidia	are	slightly	bigger	but	still	

within	2-10	µm	in	diameter	for	them	to	be	able	to	get	into	the	lung	(1).	Due	to	their	

small	size,	these	bacterial	and	fungal	pathogens	can	enter	the	host	airway	and	initiate	

their	colonization.	To	initiate	growth	in	the	lung,	both	bacteria	and	fungi	need	to	adapt	

to	a	new	environment	in	the	host.	In	the	lung,	the	change	of	temperature,	pH,	oxygen	

tension,	and	ion/nutrient	availability	will	stimulate	the	change	of	transcriptional	profile	
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and	turn	them	into	an	“active”	stage	to	initiate	colonization.	The	bacterial	colonization	

starts	with	attaching	to	a	niche	in	the	host	(2).	While	they	lose	their	mobility,	the	quick	

propagation	and	secreted	extracellular	matrix	(ECM)	gradually	form	the	bacterial	

biofilm,	which	greatly	enhances	their	fitness	in	the	host	environment	as	well	as	

competing	with	other	organisms	(3).	The	yeast	form	of	fungi	has	a	similar	initial	

adhesion	process	as	bacterial	infections.	However,	as	the	yeast	grows,	the	transition	to	

pseudohyphal	cells	and	hyphal	cells	increases	their	ECM	secretion	as	the	maturation	of	

fungal	biofilm	(4).	For	the	filament	fungi,	the	resting	conidia	break	their	dormancy	by	

sensing	environmental	clues	such	as	oxygen	in	the	lung	(5).	After	the	degradation	of	

surface	hydrophobin,	environmental	nutrients	and	liquid	enter	the	conidia,	change	the	

osmotic	tension,	swell	the	conidia	and	initiate	their	growth	as	the	process	of	

germination	(6).	Forming	the	germling	tube	and	the	continuing	growth	as	hyphae,	the	

filament	fungi	can	form	their	biofilm	with	secreted	ECM,	the	establishment	of	hypoxia	

gradient,	and	protection	from	the	host	immune	responses.	Although	the	resting	conidia	

are	immunologically	inert,	once	the	conidia	break	their	dormancy	and	initiate	

germination,	the	swollen	conidia	and	germlings	can	be	recognized	by	the	host	immune	

system	and	induce	immune	responses,	just	like	bacteria.	Pathogen	associated	molecular	

patterns	(PAMPs)	from	bacteria	and	fungi	can	be	recognized	by	pattern	recognition	

receptors	(PRRs)	as	we	mentioned	in	Chapter	1.	These	PRRs	activate	common	

transcriptional	factors	to	induce	cytokine	production	for	proinflammation	responses.	

Although	the	signal	from	bacteria	and	fungi	might	be	more	prominent	with	specific	

PRRs,	the	downstream	signaling	is	highly	overlapped.	The	immune	responses	from	

innate	immunity	for	bacterial	and	fungal	clearance	are	also	very	similar.	The	

cytokine/chemokine	production,	immune	cell	recruitment,	phagocytosis,	and	ROS	

production	mediated	by	innate	immunity	are	equally	important	for	bacterial	and	fungal	

clearance.	After	the	clearance	of	bacterial	or	fungal	infection,	the	immune	system	needs	

to	“turn	off”	its	inflammatory	responses	and	back	to	the	homeostasis	condition.	The	

immune	resolving	phase	in	the	post-bacterial	and	post-fungal	environment	requires	IL-

10	signaling	to	prevent	further	immune	activation	and	cell	recruitment.	The	remaining	
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activated	innate	immune	cells	receiving	anti-inflammatory	cytokines	or	loss	stimulation	

from	the	pathogens	will	turn	them	into	quiescence	stage	or	lead	to	cell	death	(7).	During	

and	after	bacterial/fungal	infections,	the	host	lung	environment	requires	tissue-resident	

macrophages	and	epithelial	cells	for	tissue	repair	(8,	9).	Because	of	the	high	overlapped	

between	anti-bacterial	and	anti-fungal	innate	immunity,	it	is	less	likely	to	have	

prolonged	bacterial-fungal	co-infection	in	the	immune	competent	hosts	(10).		

	

																		The	lifestyle	of	viruses	and	their	propagation	in	the	host	is	quite	different	from	

bacteria	and	fungi.	The	viral	infection	initiates	from	membrane	fusion	with	target	cells	

and	the	delivery	of	their	genetic	materials	into	the	host	cells.	These	genetic	materials	

are	the	main	source	of	PAMPs	to	promote	type	I	IFN	production	and	antiviral	responses.	

The	host	PRRs	recognized	viral	DNA/RNA	will	activate	the	transcription	factors	to	initiate	

immune	responses	as	we	discussed	before.	Unlike	bacterial	and	fungal	clearance	by	

innate	immunity,	antiviral	immunity	is	mediated	by	cytotoxic	T	cells,	as	part	of	adaptive	

immunity,	to	eliminate	virus-infected	cells	(11).	The	phagocytes,	like	macrophages	and	

neutrophils,	are	still	accounted	for	the	clearance	of	dead	cells	and	viral	particles,	but	the	

recruited	DC	and	their	antigen	presentation	to	the	T	cells	are	a	more	potent	part	of	

innate	immunity	for	antiviral	responses	(12).	During	bacterial,	fungal,	and	viral	infection,	

tissue	damage	can	be	contributed	by	the	excesses	of	ROS	from	recruited	immune	cells.	

In	addition	to	that,	the	killing	of	infected	host	cells	during	the	viral	infection	also	causes	

a	significant	amount	of	tissue	injury.	The	tissue	damage	will	release	damage	associated	

molecular	patterns	(DAMPs),	which	will	further	stimulate	the	immune	response.	At	the	

same	time,	nutrient	releasement,	as	well	as	binding	capacity	in	the	damage	site,	can	

provide	a	niche	for	secondary	infection,	in	terms	of	superinfection	as	we	explored	in	

Chapter	2.	During	the	viral	infection,	the	robust	immune	responses	in	the	innate	

immunity	should	halt	the	secondary	bacterial/fungal	infection	and	the	aberrant	growth	

of	the	commensal	bacteria.	However,	in	the	post-viral	environment	with	tissue	damage	

as	well	as	immune	suppression	in	the	immune	resolving	phase,	the	viral-bacterial	or	
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viral-fungal	superinfection	could	happen	and	initiate	the	second	round	of	immune	

responses.		

Immune	status	in	the	post-viral	environment	and	their	similarity/difference	against	

secondary	fungal/bacterial	infections	

	

																		Because	of	the	similarity	of	bacterial/fungal	infection	and	the	host	responses	

against	them,	there	might	be	some	overlaps	of	the	cause	of	viral-bacterial	or	viral-fungal	

superinfection.	The	damaged	lung	tissue	can	provide	binding	and	initiation	of	

bacterial/fungal	colonies.	The	immune	suppression	condition	in	the	post-viral	

environment	could	reduce	the	pro-inflammatory	responses	and	restrain	host	

phagocytes	for	bacterial/fungal	clearance.	However,	we	found	the	post-viral	

environment	(Day	6	post-viral	infection)	is	still	toward	the	inflammatory	responses	upon	

secondary	fungal	infection,	in	the	term	of	anti-fungal	gene	transcripts	(Chapter	2,	Fig.	7).	

We	found	the	transcripts	related	to	inflammasome	(Nlrp3	and	Pycard),	chemokine	

(Cxcl10),	chemokine	receptor	(Ccr5),	genes	activated	by	proinflammatory	cytokines	

(Nfkb1	and	Mapk14)	and	stress	response	(Ptgs2)	are	significantly	enhanced	in	the	IAV-Af	

superinfection	group	comparing	to	A.	fumigatus	single	infection	group.	On	the	other	

hand,	we	also	found	that	the	gene	transcripts	of	anti-inflammation	(Il10	and	Jun)	and	

Th2	response	(Il2)	were	downregulated	in	the	IAV-Af	superinfection	group	compared	to	

A.	fumigatus	single	infection	group.	These	data	suggested	that	the	robust	Th1	immune	

responses	can	still	be	found	in	the	post-viral	environment	upon	A.	fumigatus	infection,	

instead	of	immune	suppression	described	in	the	viral-bacterial	superinfection.	Thus,	the	

concept	of	immune	suppression	from	the	immune	resolving	phase	in	the	post-viral	

environment	might	not	be	the	case	in	viral-fungal	superinfection.	However,	in	our	viral-

fungal	superinfection	mice	model,	we	still	saw	the	fungal	escape	from	host	innate	

immunity	in	the	post-viral	lung	environment,	and	all	the	mice	in	the	superinfection	

group	died	at	Day	5	post	A.	fumigatus	inoculation	(Chapter	2,	Fig.	1).	The	proposed	

mechanism	contributed	to	the	increase	fungal	burden	and	host	mortality	in	the	post-

viral	environment	is	due	the	defective	phagolysosome	maturation	and	related	fungal	
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conidial	killing	(Chapter	2,	Fig.	6).	The	potential	upstream	signal	contributes	to	this	

phenotype	might	come	from	intracellular	fungal	recognition,	as	we	saw	the	significant	

transcriptional	reduction	of	PRR	(Tlr9),	signaling	component	(Irak4),	transcription	factor	

(Jun)	and	downstream	genes	(Il10	and	Tnf)	in	the	lung	from	viral-fungal	superinfection	

group.	Thus,	we	hypothesize	that	the	downregulation	of	TLR9	signaling	for	fungal	

recognition	in	the	phagosome	in	the	post-viral	could	lead	to	local	inflammation	due	to	

the	downregulation	of	IL-10	and	impaired	immune	cell	function	because	of	reduced	TNF	

production	(Chapter	4,	Fig.	1).	However,	whether	the	downregulation	of	TLR9	signaling	

is	leading	to	defective	phagolysosome	maturation	or	the	decrease	of	phagosome	

acidification	is	contributing	to	reduced	TLR9	signaling	still	require	proof	from	future	

experiments.	The	decreased	signal	from	other	receptors	might	also	contribute	to	this	

signaling	transduction	as	the	dectin-1	signaling	can	regulate	TLR9	recruitment	to	the	

phagosome	(13)	and	Fcgr	shared	downstream	signal	components	with	TLR9	(Chapter	4,	

Fig.	1).		

Fig. 1 Potential signaling pathway related to immune modulation of antifungal 
responses in post-viral environment. 
Illustration of potential genes involved in immune regulation in the post viral envi-
ronment. Genes and cell function were significant downregulated were labeled in 
blue. Genes shown trend to downregulation were labeled in grey. Other genes 
might be correlated with the signaling pathway were labeled in black. 
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																		Although	the	immune	response	upon	secondary	infection	in	a	post-viral	

environment	is	different	between	viral-bacterial	and	viral-fungal	superinfection,	the	

phagocytosis	process,	including	uptake	and	killing	in	the	mature	phagolysosome,	is	

equally	important	for	both	bacterial	and	fungal	clearance.	We	hypothesize	that	the	

defective	phagolysosome	maturation	may	not	be	specific	to	the	uptake	of	zymosan	from	

S.	cerevisiae.	To	test	if	the	defective	phagolysosome	maturation	can	also	be	found	upon	

the	uptake	of	bacteria,	the	neutrophils,	and	monocytes	from	PBS-treated,	IAV,	CEA10	

single	infection,	and	IAV/CEA10	superinfection	groups	were	incubated	with	the	pHrodo-

E.	coli	to	examine	the	phagolysosome	maturation	(Chapter	4,	Fig.	2).	With	the	

neutrophils	and	monocytes	from	IAV	single	infection	group,	we	saw	similar	defective	

phagolysosome	maturation	with	pHrodo-E.	coli	staining	in	the	post-viral	environment.	

The	equal	cellular	responsiveness	of	neutrophils	and	significant	reduction	in	monocytes	

can	also	be	found	with	the	pHrodo-E.	coli	staining	as	the	previous	results	with	pHrodo-

zymosan.	These	data	suggest	that	immune	modulation	on	phagolysosome	maturation	in	

the	post-viral	environment	could	be	a	conserved	phenotype	against	secondary	bacterial	

and	fungal	infection.	However,	the	pHrodo-E.	coli	treated	neutrophils	from	both	fungus	

single	infection	and	viral-fungal	superinfection	groups	have	a	similar	reduction	of	

phagolysosome	maturation.	This	is	different	from	the	neutrophils	from	CEA10	single	

infection	group	with	pHrodo-zymosan,	which	have	relatively	normal	phagolysosome	

maturation	compared	to	the	PBS	group.	This	suggests	neutrophils	undergoing	antifungal	

responses	might	lose	their	capacity	for	phagocytosis	of	another	pathogen.	Whether	this	

is	due	to	the	temporary	availability	of	neutrophils	or	the	cells	were	actually	becoming	

exhausted	in	the	acute	fungal	infection	will	need	more	experiments	to	examine.	

Surprisingly,	monocytes	from	a	fungal	single	infection	environment	still	have	the	

capability	for	phagolysosome	maturation	with	pHrodo-E.	coli.	This	suggests	there	might	

be	different	modulations	on	neutrophils	and	monocytes	as	we	mentioned	before.	With	

the	results	from	pHrodo-E.	coli	staining,	we	found	that	defective	phagolysosome	

maturation	can	also	be	found	with	the	uptake	of	E.	coli	in	the	post-viral	environment.	

Although	the	immune	modulation	on	neutrophils	and	monocytes	is	not	exactly	the		



	 130	

	

PBS/PBS

IAV/PBS

PBS/C
EA10

IAV/C
EA10

0

50

100

150

200

 

R
at

io
 o

f p
H

ro
do

-E
. c

ol
i g

M
FI

 (N
or

m
al

iz
ed

 to
 P

B
S/

C
EA

10
)

Neutrophil

PBS/PBS

IAV/PBS

PBS/C
EA10

IAV/C
EA10

0

50

100

150

Monocyte

 

R
at

io
 o

f p
H

ro
do

-E
. c

ol
i g

M
FI

 (N
or

m
al

iz
ed

 to
 P

B
S/

C
EA

10
)

ns

ns

PBS/PBS

IAV/PBS

PBS/C
EA10

IAV/C
EA10

0

20

40

60

80

100

 

%
 o

f p
H

ro
do

-E
. c

ol
i+

 c
el

ls

Neutrophil

ns

PBS/PBS

IAV/PBS

PBS/C
EA10

IAV/C
EA10

0

5

10

15

20

Monocyte

 

%
 o

f p
H

ro
do

-E
. c

ol
i+

 c
el

ls

(A)

(B)

Fig. 2 Neutrophils and monocytes in the post-viral environment revealed 
decreased bacterial uptake.
C57BL/6 mice were inoculated with 100 EID50 of IAV or PBS at day 0 followed by 
3.4*107 CEA10 conidia or PBS at day 6. Mice were euthanized at 8 hours post inocula-
tion with CEA10 or PBS for phagolysosome maturation analysis. Lung cell suspensions 
were incubated with pHrodo-E. coli for 2 hours and then stained for neutrophils and 
monocytes. (A) The phagolysosome maturation level was measured by the signal from 
the color change of pHrodo-E. coli in neutrophils (Ly6G(+); left) and monocytes (Ly6G(-) 
SiglecF(-)CD11b(hi)CD64(-)MHC-II(-); right). (B) The percentage of active cells with mature 
phagolysosome was measure by the percentage of cells with positive signal from the 
color change of pHrodo-E. coli in neutrophils (left) and monocytes (right). The experi-
ment were performed once (PBS/ PBS group, n=8; IAV/PBS group, n=8; PBS/CEA10 
group, n=8; IAV/CEA10 group, n =7). The Kruskal-Wallis test with Dunn’s multiple 
comparisons was performed for statistical analyses. All error bars represent standard 
deviations. NS, not significant at P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P 
≤ 0.0001. 
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same,	the	defective	bacterial	clearance	due	to	phagolysosome	maturation	might	also	be	

found	in	the	viral-bacterial	superinfection.		

	

																		Pinocytosis	is	the	other	part	of	endocytosis	that	is	without	stimulation	for	cell	

activation.	Thus,	we	hypothesize	that	the	post-viral	environment	might	also	affect	the	

pinocytosis	and	the	maturation	of	the	endosome.	To	test	this	hypothesis,	neutrophils	

and	monocytes	from	PBS	control,	IAV	or	CEA10	single	infection,	and	IAV-Af	

superinfection	groups	were	incubated	with	the	pHrodo-dextran	to	examine	the	

endosome	maturation	in	the	viral-fungal	superinfection	(Chapter	4,	Fig.	3).	The	post-

viral	environment	has	similar	regulation	on	the	pinocytosis	for	monocyte	population	as	

we	could	see	the	decrease	endosome	maturation	and	cellular	responsiveness	with	

pHrodo-dextran	in	both	viral	single	infection	and	viral-fungal	superinfection	groups.	

Interestingly,	neutrophils	from	the	post-viral	environment	did	not	have	defective	

endosome	maturation.	These	neutrophils	were	shown	with	higher	responsiveness,	

which	might	be	correlated	with	their	role	in	dead	cells	and	debris	clearance	during	viral	

infection	(14).	On	the	other	hand,	neutrophils	from	fungal	single	infection	and	viral-

fungal	superinfection	environments	have	an	equal	decrease	in	endosome	maturation	

and	similar	responsiveness	compared	to	the	PBS	control	group.	This	might	be	due	to	

neutrophil	exhaustion	after	encountering	fungal	infection	as	we	saw	the	decreased	

neutrophil	responsiveness	to	pHrodo-zymosan	in	CEA10	single	infection	and	IAV/CEA10	

superinfection	group	(Chapter	2,	Fig.	S8).	A	similar	potential	exhaustion	phenotype	was	

found	with	additional	bacteria	uptake	as	we	saw	the	reduction	of	phagolysosome	

maturation	in	neutrophils	from	fungal-infected	mice	with	pHrodo-E.	coli.		

	

																	With	the	pHrodo-zymosan,	-E.	coli	and	-dextran,	we	showed	that	the	post-viral	

environment	has	different	modulation	on	neutrophils	and	monocytes.	For	the	monocyte	

population,	the	post-viral	environment	significantly	inhibits	their	phagocytosis	and	

pinocytosis	as	we	saw	the	decreased	uptake	and	killing	of	fungal	conidia	in	the	IAV-Af	

model.	The	acute	immune	response	to	the	A.	fumigatus	single	infection	(8	hours)	did		
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Fig. 3 Neutrophils and monocytes in the post-viral environment revealed 
decreased endocytosis.
C57BL/6 mice were inoculated with 100 EID50 of IAV or PBS at day 0 followed by 3.4*107 
CEA10 conidia or PBS at day 6. Mice were euthanized at 8 hours post inoculation with 
CEA10 or PBS for phagolysosome maturation analysis. Lung cell suspensions were 
incubated with pHrodo-dextran for 2 hours and then stained for neutrophils and mono-
cytes. (A) The phagolysosome maturation level was measured by the signal from the 
color change of pHrodo-dextran in neutrophils (Ly6G(+); left) and monocytes (Ly6G(-) 
SiglecF(-)CD11b(hi)CD64(-)MHC-II(-); right). (B) The percentage of active cells with mature 
phagolysosome was measure by the percentage of cells with positive signal from the 
color change of pHrodo-dextran in neutrophils (left) and monocytes (right). . The experi-
ment were performed once (PBS/ PBS group, n=8; IAV/PBS group, n=8; PBS/CEA10 
group, n=8; IAV/CEA10 group, n =7). The Kruskal-Wallis test with Dunn’s multiple com-
parisons was performed for statistical analyses. All error bars represent standard devia-
tions. NS, not significant at P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 
0.0001. 
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not	have	much	impact	on	the	monocytes	suggesting	that	the	immune	modulation	on	

monocytes	might	be	contributed	by	the	immune	suppression	from	the	immune	

resolving	phase	in	the	post-viral	environment.	For	the	neutrophil	population,	the	viral	

infection	and	fungal	infection	have	the	similar	effect	on	their	bacterial	phagocytosis	with	

the	pHrodo-E.	coli	staining,	which	might	be	due	to	cell	exhaustion.	Intriguingly,	

neutrophils	lost	their	responsiveness	to	zymosan	and	dextran	during	fungal	infection	

but	most	of	the	neutrophils	were	still	able	to	uptake	E.	coli.	Thus,	with	different	pHrodo	

staining,	we	further	demonstrated	that	endocytosis	against	pathogens	might	be	

modulated	in	the	post-viral	environment.	The	similar	and	different	immune	modulations	

in	the	post-viral	environment	on	endocytosis	of	pathogens	and	other	materials	might	

allow	us	to	explore	the	upstream	mechanism	that	controls	the	endosome	maturation	

process.		

	

Future	directions	for	the	IAV-Af	superinfection	model	

	

																	With	our	IAV-Af	superinfection	mouse	model,	we	showed	that	host	immunity	

has	similar	cell	recruitment	and	ROS	production	in	the	post-viral	environment.	The	

enhanced	inflammation	in	the	superinfection	environment	does	not	help	with	fungal	

clearance	due	to	defective	phagolysosome	maturation.	Besides	immune	modulation	on	

antifungal	cellular	function	in	the	post-viral	environment,	there	are	still	many	remaining	

questions	that	can	be	further	addressed	with	our	viral-fungal	superinfection	model.		

	

Can	the	phagolysosome	maturation	defect	also	be	found	in	the	viral-bacterial	

superinfection?	As	we	discussed	previously,	both	bacterial	and	fungal	clearance	require	

the	integration	of	PAMP	signals	from	bacteria	or	fungi.	The	regulation	of	phagocytosis	

can	affect	bacterial	clearance	in	the	post-viral	environment.	Previous	studies	have	

shown	that	influenza	infection	can	suppress	phagocytic	bacterial	clearance	through	the	

inhibition	of	ROS	production	in	macrophages	and	neutrophils	(15).	Overexpression	of	

GM-CSF	can	alleviate	viral-bacterial	superinfection	by	enhancing	macrophages	and	
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neutrophils	recruitment	and	ROS	production	specifically	in	macrophages	(16).	But	these	

results	were	quite	different	from	what	we	saw	in	our	viral-fungal	superinfection	mice	

model	since	we	saw	no	difference	in	cell	recruitment	as	well	as	ROS	production	(Chapter	

2,	Fig.2	and	Fig.	4)	and	the	phagocytes	with	defective	fungal	clearance	are	neutrophils	

and	monocytes	instead	of	macrophages	(Chapter	2,	Fig.	3).	Thus,	our	proposed	model	of	

ROS-independent	phagocytic	defect	might	provide	a	novel	immune	modulation	in	the	

viral-bacterial	superinfection.	The	reduction	of	phagolysosome	maturation	with	pHrodo-

E.	coli	in	the	post-viral	environment	did	fit	with	this	hypothesis,	but	we	will	need	

bacterial	viability	data	to	further	support	this	hypothesis.		

Why	do	we	see	different	immune	modulation	in	the	viral-fungal	superinfection	

compared	to	viral	bacterial	superinfection?	In	our	IAV-Af	superinfection	mouse	model,	

we	saw	no	difference	in	cell	recruitment	and	ROS	production.	Instead,	the	

phagolysosome	maturation	defect	leads	to	defective	fungal	killing	and	IA	progression	in	

the	lung.	Previous	studies	showed	the	desensitization	of	macrophage	TLR	for	bacterial	

ligands	in	the	post-viral	environment	(17).	And	these	TLR	signals	are	essential	for	ROS	

production	and	bacterial	killing	(18).		

However,	the	activation	of	CLRs	by	the	variety	of	cell	wall	components	from	fungal	

infection	is	triggering	phagocytosis	and	ROS	production	in	innate	immunity	(19).	Was	

the	phenotype	due	to	the	distinct	integration	of	PAMP	signals	from	fungi	and	bacteria?	

This	comes	to	the	next	big	question	we	need	to	address:	What	is/are	the	upstream	

signal(s)	contributing	to	the	phagolysosome	maturation	defect?	The	qPCR	data	from	

CEA10	single	infection	and	IAV-Af	superinfection	mice	showed	a	transcriptional	

reduction	of	TLR9	and	other	downstream	signaling	components.	But	at	the	same	time,	

we	saw	no	difference	in	dectin-1	expression	and	enhanced	TLR4	and	Dectin-2	

expression.	This	could	suggest	the	modulation	might	specifically	rely	on	intracellular	

pathogen	detection	and	the	stimulation	for	the	killing	through	phagolysosome	

maturation.	We	still	need	to	examine	the	gene	expression	profile	in	the	viral	single	

infection	group	to	further	confirm	if	the	phenotype	is	specific	to	the	viral-fungal	

infection	or	if	it	is	a	conserved	phenotype	in	the	post-viral	environment.	Another	part	of	
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the	transcriptional	profile	that	needs	further	addressed	is	the	cell	type.	The	samples	we	

used	for	the	qPCR	were	the	RNA	from	total	lung	immune	cells.	As	we	know	that	the	

majority	of	cell	types	contributing	to	the	bulk	RNA	will	be	the	neutrophils	(~60%).	Thus,	

the	dataset	we	have	shown	is	more	likely	representative	of	neutrophil	phenotypes.	

Since	we	saw	the	difference	between	neutrophils	and	monocytes	in	the	pHrodo	

experiments,	whether	we	can	see	a	similar	gene	expression	profile	in	the	minor	

monocyte	population	(~4%)	requires	further	examination.	A	single-cell	RNA	sequencing	

data	of	mice	with	PBS	treatment,	IAV	or	CEA10	single	infection	and	IAV/CEA10	

superinfection	can	help	to	distinguish	the	gene	expression	profile	in	the	specific	cell	

type.	The	“monocyte”	population	we	gated	in	our	works	is	the	

Ly6G(-)CD103(-)SiglecF(-)CD11b(hi)CD64(-)MHCII(-)	cells.	We	did	not	see	a	similar	phenotype	

in	the	CD11b(+)	cDC2,	so	there	was	less	likelihood	of	contamination	from	DC	population.	

However,	we	will	need	more	markers	(Ly6C,	Cx3cr1,	Ccr2,	CD62L,	CD43,	and	Treml4)	to	

further	confirm	whether	these	monocytes	are	non-classical	monocytes	or	other	

monocyte	populations	(20).		

	

Was	the	phenotype	contributed	by	immune	suppression	or	cell	exhaustion?	The	

ImmGen	data	indicate	that	blood	monocytes	have	much	higher	TLR9	expression	than	

bone	marrow	neutrophils.	The	actual	TLR9	expression	in	the	lung	monocytes	and	

neutrophils	requires	further	confirmation,	but	this	might	explain	why	we	saw	much	

stronger	inhibition	in	the	monocytes	compared	to	the	neutrophils.	The	other	

explanation	could	be	the	capability	for	dealing	with	multiple	pathogens.	The	

phagocytosis	of	innate	immune	cells	is	not	infinite.	After	encountering	certain	amounts	

of	pathogens,	the	cells	will	reach	their	capacity	and	become	exhausted	as	shown	in	

macrophage	hypophagia	(21).	Unlike	the	cell	recovery	of	monocyte	and	macrophage	

lineages,	the	short-lived	neutrophils	become	“paralysis”	once	they	reach	their	limitation	

(22).	The	neutrophils	under	paralysis	or	exhausted	condition	are	less	likely	to	recover	

and	perform	the	functional	activity	for	secondary	pathogen	encounters.	In	our	pHrodo-

zymosan	experiments,	more	than	half	of	the	neutrophils	(70%	for	IAV	single	infection,	



	 136	

55%	for	CEA10	single	infection,	and	60%	for	IAV/CEA10	superinfection)	were	still	

capable	of	uptaking	the	pHrodo-zymosan.	In	the	pHrodo-E.	coli	experiments,	over	90%	

of	neutrophils	were	still	capable	of	uptaking	the	pHrodo-E.	coli.	These	data	suggest	that	

the	neutrophils	in	our	IAV/CEA10	model	were	not	paralyzed	or	exhausted.	But	these	

phagosomes	in	the	neutrophils	were	not	able	to	have	full	acidification	and	maturation,	

so	there	should	be	some	immune	modulation	upstream	of	phagolysosome	maturation.	

We	hypothesize	that	the	phagocytes	might	miss	a	secondary	signal	(like	TLR9	signal)	

from	the	phagosome	to	stimulate	the	following	maturation	process.	To	further	examine	

the	phagolysosome	maturation	process,	we	could	co-stain	the	cells	with	endosome	

markers	(Rba5,	Rab7,	and	Lamp1)	to	further	examine	the	progression	of	phagocytosis	in	

the	post-viral	environment	(23).	However,	the	monocytes	from	IAV	infected	were	

almost	no	response	to	the	pHrodo-zymosan,	pHrodo-E.	coli	or	pHrodo-dextran	

incubation,	suggesting	that	these	monocytes	might	actually	be	exhausted	or	under	

immune	suppression	in	the	post-viral	environment.	Staining	the	monocytes	from	the	

post-viral	environment	with	exhaustion	related	marker	(CD38)	or	exploring	the	genetic	

profile	for	the	immune	suppression	target	genes	in	the	monocytes	could	the	

experiments	we	can	try	to	further	distinguish	these	two	conditions	(24,	25).	It	is	

interesting	that	acute	immune	response	to	fungal	infection	did	not	lead	to	defective	

phagolysosome	maturation	in	monocytes,	which	could	once	again	suggest	that	the	

immune	modulation	of	the	monocyte	population	is	contributed	by	immune	suppression	

in	the	post-viral	environment.			

	

																			Overall,	our	studies	in	IAV-Af	superinfection	mouse	model	provide	some	

candidate	pathways	with	key	cell	types	in	the	innate	immunity	to	examine	the	causes	of	

viral-fungal	superinfection.	What	the	upstream	genes/signals	controlling	the	defect	of	

phagolysosome	maturation	remain	an	open	question	for	future	works.	To	answer	these	

questions,	we	really	need	to	have	a	broader	view	of	the	immune	modulation	in	the	

superinfection	condition	and	the	upstream	signaling	that	contributes	to	the	phenotypes.	

The	similarity	and	difference	between	antifungal	and	antibacterial	innate	immunity	
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together	with	the	phenotypes	we	found	in	our	model	versus	the	previous	results	in	the	

viral-bacterial	superinfection	literature	could	set	up	the	ground	to	move	forward.	

	

LysMD3	protein	–	does	it	actually	bind	to	chitin?	

	

																		The	second	part	of	the	dissertation	is	about	fungal	recognition	through	a	

potential	fungal	recognition	receptor	–	LysMD3.	In	Chapter	1,	we	emphasized	the	

importance	of	pathogen	recognition	and	different	PRRs	that	are	involved	in	bacterial,	

fungal,	and	viral	detection	and	their	downstream	signalings.	In	Chapter	3,	we	showed	

enhanced	transcripts	of	LysMD3	in	leukocytes	upon	fungal	infection	and	the	LysMD3	

binding	to	the	fungal	conidia	and	germling.	However,	even	with	enhanced	expression	

and	fungal	binding	ability,	LysMD3	only	has	a	very	minimal	effect	on	host	antifungal	

innate	immunity.	The	FLARE	experiments	showed	that	the	LysMD3	deficient	neutrophils	

and	interstitial	macrophages	have	increased	intracellular	conidial	viability	(Chapter	3,	

Fig.	5A	and	5B).	However,	13.7%	and	33.22%	increased	intracellular	fungal	viability	in	

neutrophils	and	iMacs	in	the	LysMD3	KO	mice	compared	to	WT	mice	were	not	able	to	

contribute	to	overall	fungal	viability	(CFU)	in	the	lung.	In	our	IAV-Af	superinfection	

models,	there	were	56.7%	and	107.3%	increased	intracellular	fungal	viability	in	

neutrophils	and	monocytes	in	the	FLARE	experiments	and	2.27	folds	increase	in	overall	

fungal	viability	in	the	lung.	With	such	a	minor	difference	in	fungal	killing,	we	saw	no	

difference	in	mice	mortality	and	cellularity	in	the	lung.	However,	the	tagged	LysMD3	

ectodomain	(LysMD3-Fc)	did	show	its	binding	to	both	fungal	conidia	and	germling	

(Chapter	3,	Fig.	7A	and	7C).	Based	on	the	predicted	protein	structure,	LysMD3	has	one	

annotated	LysM	domain,	which	has	a	potential	binding	pocket	for	N-acetylglucosamine	

(GlcNAc)	binding.	However,	unlike	the	specific	binding	of	dectin-1	to	the	exposed	β-

glucan	on	the	swollen	conidia,	the	LysMD3-Fc	did	have	some	binding	to	resting	conidia,	

which	have	surface	hydrophobin	for	GlcNAc	masking	(Chapter	3,	Fig.	7B).	Also,	the	

LysMD3-Fc	binding	pattern	on	the	α-glucan	synthase	deletion	A.	fumigatus	strain	was	

different	from	their	β-glucan	and	chitin	exposure	(Chapter	3,	Fig.	8).	The	loss	of	LysDM3	
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binding	on	the	fungal	surface	of	Uge3	deletion	A.	fumigatus	strain	is	intriguing	(Chapter	

3,	Fig.	9),	but	so	far	we	don’t	have	much	clue	about	the	LysMD3	binding	target.	We	have	

some	preliminary	data	from	biochemistry	approaches	to	study	the	binding	of	LysMD3	to	

chitin	polymers.	The	previous	studies	suggested	that	human	LYSMD3	can	bind	to	chitin	

and	β-glucan	(26).	Thus,	we	examined	the	purchased	human	LYSMD3	binding	to	a	

different	degree	of	polymerization	(DP)	of	chitin	polymers	through	isothermal	titration	

calorimetry	(ITC)	(Appendix	I,	Fig.	1).	Based	on	the	dissociation	constant	(Kd),	human	

LYSMD3	does	have	the	binding	ability	to	different	sizes	of	chitin	from	DP3	to	DP6,	but	

not	DP7.	However,	this	is	contradictory	to	the	previous	works	as	they	showed	the	

LYSMD3	binding	with	DP7	chitin	and	cytokine	production	with	DP7	chitin	stimulation	

(26).	Another	concern	about	the	experiment	is	that	the	differential	power	of	each	

titration	did	not	have	much	add-up	over	time,	indicating	the	weak	binding	between	

LYSMD3	and	chitin.	The	weak	binding	between	LYSDM3	and	chitin	was	shown	in	the	

previous	literature	as	most	loaded	LYSMD3	did	not	bind	to	the	chitin	beads	in	the	

column	(26).	Thus,	human	LYSMD3	might	have	some	binding	capacity	to	certain	sizes	of	

chitin	but	the	binding	might	be	relatively	weak.	We	also	aimed	to	produce	and	purify	

murine	LysMD3	for	the	ITC	experiments.	We	constructed	a	murine	LysMD3	ectodomain	

with	His-tag	for	purification	and	Strep-tag	for	Western	blotting.	To	harvest	the	murine	

LysMD3	from	the	transfected	cell	culture	(Freestyle	293	cells)	supernatant,	the	LysMD3	

constructs	were	made	in	the	plasmids	without	(JSM490)	or	with	(JSM675)	artificial	

secretary	peptide.	We	were	able	to	harvest	LysMD3	protein	from	both	LysMD3	

constructs	but	there	was	a	size	difference	between	these	two	constructs	(Appendix	I,	

Fig.	2A).	The	LysMD3	peptides	without	secretary	peptides	(JSM490)	was	a	single	band	

with	a	slight	increase	in	size	(predicted	size:	27	kDa).	However,	the	LysMD3	peptides	

with	secretary	peptides	(JSM675)	had	two	sizes	of	proteins,	the	smaller	size	band	was	

close	to	the	predicted	size	(32	kDa)	but	the	larger	size	of	the	smear	band	was	at	the	size	

around	40	kDa.	The	protein	of	LysMD3ect_JSM490	and	two	sizes	of	LysMD3ect_JSM675	

were	confirmed	as	our	constructed	proteins	since	they	can	be	recognized	by	the	anti-

Strep	antibody	in	the	Western	blotting	(Appendix	I,	Fig.	2B).	Interestingly,	the	upper	
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smear	band	of	LysMD3ect_JSM675	was	the	glycosylated	LysMD3	and	the	glycosylation	

can	be	removed	by	the	PNGase	F	treatment	(Appendix	I,	Fig.	2C).	Thus,	we	were	able	to	

harvest	the	purified	murine	LysMD3	ectodomain	from	the	transfected	cell	supernatant,	

and	we	found	the	addition	of	glycosylation	on	the	murine	LysMD3	through	the	secretory	

pathway.	With	the	purified	murine	LysMD3	proteins	(LysMD3ect_JSM490	and	

_JSM675),	we	next	examined	their	binding	with	chitin	(DP5)	through	ITC	experiments.	

Similar	to	human	LYSMD3,	both	constructs	of	murine	LysMD3	were	able	to	show	some	

bindings	to	the	DP5	of	chitin	but	the	bindings	were	not	very	strong	compared	to	

differential	power	in	the	WGA-chitin	binding	(Appendix	I,	Fig.	3).	Overall,	both	the	

human	and	murine	LysMD3	did	show	with	some	chitin	binding	capacity	comparing	to	

WGA,	fungal	LysM	protein	ECP6	and	plant	chitin	receptor	CERK1	based	on	their	Kd	value	

from	ITC	experiment	(Appendix	I,	Table	1).	But	whether	the	LysMD3	binding	we	saw	in	

Chapter	3	relied	upon	their	chitin	binding	will	require	more	experimental	support.	As	we	

mentioned	in	the	discussion	of	Chapter	3,	LysMD3	might	require	other	proteins	to	form	

a	heterodimer	for	its	binding	to	chitin	since	the	knockdown	of	human	LYSMD3	in	

epithelial	cell	line	did	reduce	their	response	to	chitin	treatment	with	IL-8	production	

(26).		

	

																			Besides	ITC	experiments,	we	also	did	the	competition	assays	as	an	alternative	

way	to	test	whether	the	LysMD3	binding	to	the	fungal	surface	is	through	chitin	

recognition.	We	first	tested	if	LysMD3-Fc	can	compete	with	WGA	binding	to	the	exposed	

chitin	on	the	fungal	surface	(Appendix	I,	Fig.	4).	The	co-staining	of	LysMD3-Fc	and	WGA	

on	the	fungal	germlings	revealed	an	overlap	signal	at	the	tip	of	germling	tube.	The	

reduction	of	LysMD3-Fc	and	WGA	signal	in	the	co-staining	group	compared	to	single	

staining	further	supported	that	LysMD3-Fc	and	WGA	were	binding	to	the	same	target.	

We	also	pre-incubated	LysMD3-Fc	with	different	sizes	of	chitin	to	see	if	that	will	block	

their	binding	to	the	fungal	surface	(Appendix	I,	Fig.	5).	Surprisingly,	the	pre-incubation	of	

chitin	greatly	enhanced	the	LysMD3-Fc	binding	to	the	fungal	surface.	We	even	need	to	

reduce	the	exposure	time	to	show	the	different	binding	of	LysMD3-Fc	with	or	without	
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chitin	pre-incubation	to	fungal	germlings.	The	results	from	the	competition	assays	

provided	us	with	some	thoughts	about	LysMD3	binding.	First,	LysMD3	does	bind	to	the	

fungal	surface,	specifically	the	area	with	more	cell	wall	component	exposure.	The	loose	

cell	wall	structures,	including	the	tip	and	new	forming	area	of	the	germling	tube,	are	

also	the	binding	target	for	other	cell	wall	binding	materials.	This	may	explain	why	we	

were	able	to	see	the	competition	between	LysMD3	and	WGA,	but	the	previous	LysMD3	

single	staining	on	the	α-glucan	synthase	deletion	strain	did	not	reflect	their	increased	

chitin	exposure	(Chapter	3,	Fig.	8).	Secondly,	the	enhanced	binding	to	the	fungal	surface	

by	the	pre-incubated	LysMD3	with	chitin	suggested	that	LysMD3	might	have	multiple	

binding	sites	for	fungal	surface	components.	If	that	is	the	case,	the	pre-incubation	of	

chitin	with	LysMD3	might	actually	facilitate	the	LysMD3	binding	to	the	other	binding	

targets	instead	of	blocking	its	binding	to	fungal	surface	chitin.	This	could	explain	why	

LysMD3	has	different	binding	patterns	on	the	A.	fumigatus	mutant	but	did	not	reflect	a	

trend	of	the	known	cell	wall	components.	However,	we	will	need	to	repeat	these	

competition	experiments	before	we	make	any	conclusion	about	LysMD3	binding	target.	

Other	competition	experiments	we	can	try	will	be	the	pre-incubation	with	other	cell	wall	

or	ECM	components,	such	as	α-glucan,	β-glucan,	GAG,	or	mannan,	to	see	if	any	of	them	

can	block	the	LysMD3	binding	to	the	fungal	surface.		

	

The	potential	role	of	LysMD3	in	host	adaptive	immunity		

	

																			Previous	studies	and	our	works	about	the	in	vivo	role	of	LysMD3	in	antifungal	

immunity	were	mainly	focused	on	the	early	stages	of	A.	fumigatus	infection	due	to	its	

potential	function	as	a	PRR.	However,	our	early	transcriptional	study	with	the	RNA	from	

LysMD3	KO	mice	and	non-littermate	WT	mice	control	at	10	hours	post	A.	fumigatus	

inoculation	showed	not	much	difference	in	the	gene	expression	in	the	Nanostring	

experiment	(Appendix	II,	Fig.	1).	The	only	three	genes	showed	significant	difference	

were	IL-23a,	Ccr3,	and	Hamp.	None	of	them	is	really	correlated	with	early	innate	

immune	responses,	especially	functionally	related	to	fungal	clearance	by	macrophages	
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and	neutrophils.	The	cell	type	profiling	based	on	gene	expression	data	suggested	that	

LysMD3	deficiency	might	affect	T	cells	instead	of	innate	immunity.	Thus,	instead	of	

focusing	on	early	immune	modulation,	we	might	want	to	further	examine	the	kinetics	of	

LysMD3	expression	and	find	the	potential	timing	that	it	might	play	a	role	in	immune	

regulation.	Because	of	the	potential	role	of	LysMD3	in	adaptive	immunity,	we	examined	

the	LysMD3	KO	mice	with	allergic	bronchopulmonary	aspergillosis	(ABPA)	model.	We	

published	a	paper	using	serial	inoculations	of	W72310	to	induce	ABPA	in	the	mice	

(Appendix	III).	With	the	sensitization	and	sensitization	with	a	fungal	challenge,	we	

collected	blood	from	the	LysMD3	KO	mice	and	their	littermate	control	to	see	if	there	

was	a	difference	in	IgE	production,	indicating	regulation	of	adaptive	immunity	in	the	

ABPA	model	(Appendix	II,	Fig.	2).	However,	there	was	no	significant	difference	in	IgE	

production	between	LysMD3	KO	and	WT	mice	in	both	models.	The	transcriptional	

profiles	of	LysMD3	KO	and	WT	controls	with	the	sensitization	model	have	also	been	

examined	by	Nanostring	(Appendix	II,	Fig.	3).	There	was	also	not	much	difference	in	

transcriptional	profiles	between	LysMD3	KO	and	WT	controls,	but	we	did	find	

significantly	reduced	expression	of	allergy-related	gene	IL-33	in	the	LysMD3	KO	mice.	

The	cell	type	profiling	also	suggested	that	LysMD3	deficiency	might	affect	T	cells	in	the	

sensitization	model.	Even	though	we	did	not	see	much	difference	in	IgE	production	from	

LysMD3	KO	mice,	we	did	see	a	significant	difference	in	lung	and	spleen	cellularity	in	the	

sensitization	and	challenge	model	(Appendix	II,	Fig.	4).	There	was	no	significant	

difference	in	the	neutrophil	and	eosinophil	numbers	between	LysMD3	KO	and	WT	mice,	

but	we	found	significant	increase	of	B	and	T	cells	(CD4	T	cells	and	CD8a	T	cells)	in	both	

lung	and	spleen	from	LysMD3	KO	mice	comparing	to	WT	controls.	Thus,	the	data	from	

Nanostrings	and	cellularity	of	LysMD3	KO	mice	with	ABPA	models	suggested	that	

LysMD3	might	actually	play	a	role	in	adaptive	immunity	instead	of	innate	immunity.	

Intriguingly,	the	role	of	LysMD3	in	adaptive	immunity	might	be	both	locally	or	

systematically	regulated	since	we	can	see	an	increase	in	T	and	B	cells	in	both	the	lung	

and	spleen.	How	does	LysMD3	contribute	to	the	increase	of	T	and	B	cells	and	do	these	
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regulations	come	from	their	fungal	recognition	ability	will	be	an	interesting	future	

direction	for	the	LysMD3	project.		

	

The	redundancy	of	other	PPRs	for	antifungal	immunity	

	

																		As	we	mentioned	in	Chapter	3,	there	are	seven	LysM-containing	proteins	in	

the	mammalian.	Among	all	the	LysM	proteins,	LysMD3	and	LysMD4	share	similar	

sequences	with	their	LysM	domain	and	transmembrane	domain.	Thus,	it	is	possible	that	

LysMD4	can	have	a	similar	function	as	LysMD3.	We	crossed	the	LysMD4	heterozygous	

mice	purchased	from	Jackson	lab	to	generate	LysMD4	homozygous	KO	mice	and	their	

littermate	controls.	The	LysMD4	KO	mice	and	their	WT	controls	were	inoculated	with	

CEA10	conidia	as	the	immune-competent	IA	model	(Appendix	II,	Fig.	5).	The	LysMD4	KO	

mice	were	able	to	recover	from	the	A.	fumigatus	infection	but	with	delayed	recovery.	

Thus,	it	is	possible	that	LysMD4	can	compensate	for	the	role	of	LysMD3	in	the	LysMD3	

KO	mice,	and	that	might	explain	why	we	can	see	the	binding	capacity	of	LysMD3	but	not	

much	contribution	to	the	innate	immunity.	We	can	also	test	if	LysMD4	has	a	similar	role	

as	LysMD3	with	the	previous	experimental	design	for	LysMD3.	We	can	examine	their	

binding	to	fungi	or	different	cell	wall	components	with	LysMD4-Fc	protein.	The	

expression	of	LysMD4	RNA	and	protein	in	the	immune	cells	upon	A.	fumigatus	infection	

can	be	addressed	as	their	role	in	antifungal	immunity.	The	cellularity	and	FLARE	

experiments	with	the	LysMD4	KO	mice	can	further	address	if	the	LysMD4	proteins	can	

serve	as	a	redundant	receptor	in	the	LysMD3	KO	mice.	We	can	also	try	the	ABPA	model	

with	LysMD4	KO	mice	to	see	if	we	can	also	detect	an	increase	of	T/B	cells	in	the	lung	and	

spleen.	However,	the	key	experiment	for	the	LysMD3	project	will	be	the	survival	curve	

of	LysMD3/LysMD4	double	KO	mice	with	immune	competent	IA	model.	We	are	

currently	breeding	for	the	LysMD3/LysMD4	double	KO	mice	for	future	experiments.	

LysMD3	or	LysMD4	single	KO	mice	do	not	have	any	breeding	issue.	We	were	also	able	to	

cross	LysMD3/LysMD4	double	heterozygous	mice	to	generate	LysMD3/LysMD4	double	

KO	mice.	However,	we	do	have	a	breeding	issue	to	expand	the	mice	colony	by	crossing	
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the	male	and	female	LysMD3/LysMD4	double	KO	mice.	The	breeding	cages	of	male	

LysMD3/LysMD4	double	KO	mouse	with	either	LysMD3/LysMD4	double	KO	or	LysMD3	

heterozygous/LysMD4	KO	female	mouse	never	have	the	new	pups.	At	the	same	time,	

we	already	lost	two	female	LysMD3/LysMD4	double	KO	mice	when	we	crossed	them	

with	LysMD3	heterozygous/LysMD4	KO	or	LysMD3	KO/LysMD4	heterozygous	male	

mouse.	The	N	number	of	these	breeding	tests	was	low,	but	it	could	suggest	that	there	

might	be	fertility	issues	for	LysMD3/LysMD4	double	KO	mice.	The	alternative	breeding	

strategy	will	be	breeding	the	LysMD3	heterozygous/LysMD4	KO	mouse	with	LysMD3	

KO/LysMD4	heterozygous	mouse	to	avoid	the	potential	fertility	issues	for	

LysMD3/LysMD4	double	KO	mice.	

	

																		As	we	mentioned	in	the	discussion	of	Chapter	3,	other	PRRs	(TLRs	or	CLRs)	

might	compensate	for	the	deficiency	of	LysMD3.	This	compensation	could	be	directly	

binding	to	LysMD3	target(s)	to	induce	immune	responses	or	their	activation	are	already	

sufficient	for	antifungal	responses,	even	without	a	LysMD3	signal.	A	double	KO	mouse	

with	a	deficiency	of	LysMD3	and	other	PRRs	can	be	an	alternative	way	to	explore	the	

role	of	LysMD3	in	antifungal	immunity.	Among	all	the	PRRs,	TLR2	might	be	a	good	

candidate.	Previous	reports	showed	that	TLR2	can	recognize	chitin	and	induce	

antifungal	immunity,	including	phagocytosis	and	cytokine	production	(27,	28).	As	the	

original	hypothesis	about	the	size	of	chitin	and	their	induced	immune	responses,	these	

chitin-induced	TLR2-dependent	immune	responses	were	contributed	by	the	large	size	of	

chitin	microparticles	(1-10	μm)	or	the	larger	chitin	oligomers	(DP6,	DP7,	and	DP10-15).	

Instead,	our	ITC	experiments	suggested	LysMD3	might	bind	to	smaller	sizes	of	chitin	

oligomers	(DP3-6).	Thus,	the	LysMD3	and	TLR2	double	KO	mice	could	potentially	lose	

their	responses	to	the	whole	spectrum	of	different	sizes	of	chitin.		

	

																	Another	future	direction	of	the	LysMD3	project	could	be	moving	out	from	

acute	innate	immunity.	As	LysMD3	binds	to	smaller	sizes	of	chitin,	it	is	less	likely	that	

LysMD3	signaling	can	be	stimulated	during	the	early	fungal	infection.	Instead,	it	might	
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contribute	to	the	immune	resolving	phase	or	Th2	responses.	We	can	add	the	chitin	

oligomers	into	the	immune	cell	from	WT	or	LysMD3	KO	mice	and	examine	their	cytokine	

production.	The	induction	of	proinflammatory	cytokines	or	immune	suppression	

cytokines	with	a	specific	size	of	chitin	can	further	support	whether	LysMD3	is	involved	in	

antifungal	immunity	or	the	immune	resolving	phase	in	a	post-fungal	environment.	

Another	direction	for	the	LysMD3	project	could	be	looking	for	its	role	in	stress	response	

as	it	was	proposed	to	be	related	to	Golgi	stress	(29).	LysMD3	could	have	its	role	in	stress	

response	during	fungal	infection,	but	detailed	mechanisms	or	regulation	require	more	

experimental	data	supporting.				

	

Host	immunity	of	antifungal	responses	

	

																			Through	the	dissertation,	we	explored	the	function	and	regulation	of	host	

immunity	with	various	models.	The	viral-fungal	superinfection	model	demonstrated	the	

complexity	of	the	host	innate	immune	response	to	multi	microbiome	environment.	The	

experiments	we	perform	in	the	studies	provide	qualitative	and	quantitative	functional	

analysis	of	innate	immunity	against	fungal	infection.	We	performed	the	traditional	

mouse	survival	experiments	and	qualitative	analysis	of	fungal	burden	and	immune	

response	with	lung	histology	samples.	To	have	a	more	quantitative	analysis	of	the	host-

fungal	interaction,	we	did	various	experiments	with	flow	cytometry.	The	different	

staining	panels	for	flow	cytometry	provide	us	with	a	broader	view	of	different	cell	

populations	of	innate	immunity	in	antifungal	response.	The	inoculation	of	the	FLARE	

strain	combined	with	cellularity	in	the	flow	cytometry	experiments	gives	us	the	

capability	to	examine	antifungal	immunity	at	the	cell	level.	The	ROS	and	pHrodo	staining	

combined	with	cellularity	in	the	flow	cytometry	experiments	provide	us	with	specific	

functional	analysis	during	the	fungal	killing.	These	tools	are	not	just	specifically	for	the	

viral-fungal	superinfection	model	but	also	can	be	applied	to	any	other	project	related	to	

antifungal	or	antibacterial	responses.	The	findings	of	our	IAV-Af	superinfection	model	
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could	also	be	crucial	in	other	superinfection	models,	including	the	recent	pandemic	of	

SARS-CoV-2.	

	

																			To	characterize	the	role	of	LysMD3	in	host	immunity,	we	leveraged	tools	for	

molecular	studies	and	different	animal	models.	The	western	blot	with	LysMD3	antibody	

confirmed	the	protein	deletion	in	the	newly	generated	LysMD3	KO	mice	line.	The	qPCR	

and	Nanostring	data	provided	thoughts	about	genetic	regulation	in	both	WT	and	

LysMD3	KO	mice.	For	the	early	innate	immune	response	against	fungal	infection,	we	

performed	the	IA	models	with	immune-competent	mice	or	immune-compromised	mice.	

At	the	same	time,	we	examined	the	chronic	adaptive	immune	responses	through	APBA	

models	with	sensitization	or	sensitization	with	a	fungal	challenge.	These	models	let	us	

explore	the	role	of	LysMD3	in	both	innate	and	adaptive	immunity	during	early	fungal	

infection	and	long-term	Th2	response.	The	purification	of	LysMD3	protein	provides	

some	thoughts	about	the	modification	of	LysMD3	proteins.	The	staining	of	purified	Fc	

proteins	(LysMD3-Fc	and	Dectin-1-Fc)	with	A.	fumigatus	or	other	microbes	can	be	used	

to	study	the	cell	wall	composition	at	the	conidial	and	germling	stage.	The	characteristic	

of	the	role	of	LysMD3	in	immune	modulation	could	be	important	for	exploring	

alternative	fungal	recognition	in	host	immunity	if	we	can	figure	out	its	binding	target(s)	

and	potential	redundancy	of	other	receptor	proteins.		

	

	

	

	

	

	

	

	

	

	



	 146	

References	

1.		 Patel	TY,	Buttner	M,	Rivas	D,	Cross	C,	Bazylinski	DA,	Seggev	J.	2018.	Variation	in	
airborne	fungal	spore	concentrations	among	five	monitoring	locations	in	a	desert	
urban	environment.	Environ	Monit	Assess	190.	

	
2.		 Muhammad	MH,	Idris	AL,	Fan	X,	Guo	Y,	Yu	Y,	Jin	X,	Qiu	J,	Guan	X,	Huang	T.	2020.	

Beyond	Risk:	Bacterial	Biofilms	and	Their	Regulating	Approaches.	Front	Microbiol	
11.	

	
3.		 Kostakioti	M,	Hadjifrangiskou	M,	Hultgren	SJ.	2013.	Bacterial	biofilms:	

development,	dispersal,	and	therapeutic	strategies	in	the	dawn	of	the	
postantibiotic	era.	Cold	Spring	Harb	Perspect	Med	3.	

	
4.		 Talapko	J,	Juzbašić	M,	Matijević	T,	Pustijanac	E,	Bekić	S,	Kotris	I,	Škrlec	I.	2021.	

Candida	albicans-	The	Virulence	Factors	and	Clinical	Manifestations	of	Infection.	J	
Fungi	(Basel)	7:1–19.	

	
5.		 Taubitz	A,	Bauer	B,	Heesemann	J,	Ebel	F.	2007.	Role	of	respiration	in	the	

germination	process	of	the	pathogenic	mold	Aspergillus	fumigatus.	Curr	Microbiol	
54:354–360.	

	
6.		 Baltussen	TJH,	Zoll	J,	Verweij	PE,	Melchers	WJG.	2019.	Molecular	Mechanisms	of	

Conidial	Germination	in	Aspergillus	spp.	Microbiol	Mol	Biol	Rev	84.	
	
7.		 Ayala	A,	Chung	CS,	Grutkoski	PS,	Song	GY.	2003.	Mechanisms	of	immune	

resolution.	Crit	Care	Med	31.	
	
8.		 Wynn	TA,	Vannella	KM.	2016.	Macrophages	in	Tissue	Repair,	Regeneration,	and	

Fibrosis.	Immunity	44:450–462.	
	
9.		 Blanpain	C,	Fuchs	E.	2014.	Stem	cell	plasticity.	Plasticity	of	epithelial	stem	cells	in	

tissue	regeneration.	Science	344.	
	
10.		 Zhao	Z,	Song	J,	Yang	C,	Yang	L,	Chen	J,	Li	X,	Wang	Y,	Feng	J.	2021.	Prevalence	of	

Fungal	and	Bacterial	Co-Infection	in	Pulmonary	Fungal	Infections:	A	Metagenomic	
Next	Generation	Sequencing-Based	Study.	Front	Cell	Infect	Microbiol	11.	

	
11.		 Hope	JL,	Bradley	LM.	2021.	Lessons	in	antiviral	immunity.	Science	371:464–465.	
	
12.		 Summerfield	A,	McCullough	KC.	2009.	Dendritic	Cells	in	Innate	and	Adaptive	

Immune	Responses	against	Influenza	Virus.	Viruses	1:1022–1034.	
	



	 147	

13.		 Khan	NS,	Kasperkovitz	P	v.,	Timmons	AK,	Mansour	MK,	Tam	JM,	Seward	MW,	
Reedy	JL,	Puranam	S,	Feliu	M,	Vyas	JM.	2016.	Dectin-1	Controls	TLR9	Trafficking	
to	Phagosomes	Containing	β-1,3	Glucan.	J	Immunol	196:2249–2261.	

14.		 Kolaczkowska	E,	Kubes	P.	2013.	Neutrophil	recruitment	and	function	in	health	
and	inflammation.	Nat	Rev	Immunol	13:159–175.	

	
15.		 Sun	K,	Metzger	DW.	2014.	Influenza	infection	suppresses	NADPH	oxidase-

dependent	phagocytic	bacterial	clearance	and	enhances	susceptibility	to	
secondary	methicillin-resistant	Staphylococcus	aureus	infection.	J	Immunol	
192:3301–3307.	

	
16.		 Subramaniam	R,	Barnes	PF,	Fletcher	K,	Boggaram	V,	Hillberry	Z,	Neuenschwander	

P,	Shams	H.	2014.	Protecting	against	post-influenza	bacterial	pneumonia	by	
increasing	phagocyte	recruitment	and	ROS	production.	J	Infect	Dis	209:1827–
1836.	

	
17.		 Didierlaurent	A,	Goulding	J,	Patel	S,	Snelgrove	R,	Low	L,	Bebien	M,	Lawrence	T,	

van	Rijt	LS,	Lambrecht	BN,	Sirard	JC,	Hussell	T.	2008.	Sustained	desensitization	to	
bacterial	Toll-like	receptor	ligands	after	resolution	of	respiratory	influenza	
infection.	J	Exp	Med	205:323–329.	

	
18.		 West	AP,	Brodsky	IE,	Rahner	C,	Woo	DK,	Erdjument-Bromage	H,	Tempst	P,	Walsh	

MC,	Choi	Y,	Shadel	GS,	Ghosh	S.	2011.	TLR	signalling	augments	macrophage	
bactericidal	activity	through	mitochondrial	ROS.	Nature	472:476–480.	

	
19.		 Tang	J,	Lin	G,	Langdon	WY,	Tao	L,	Zhang	J.	2018.	Regulation	of	C-Type	Lectin	

Receptor-Mediated	Antifungal	Immunity.	Front	Immunol	9.	
	
20.		 Han	S,	Zhuang	H,	Arja	RD,	Reeves	WH.	2022.	A	novel	monocyte	differentiation	

pattern	in	pristane-induced	lupus	with	diffuse	alveolar	hemorrhage.	Elife	11.	
	
21.		 Pinney	JJ,	Rivera-Escalera	F,	Chu	CC,	Whitehead	HE,	Vandermeid	KR,	Nelson	AM,	

Barbeau	MC,	Zent	CS,	Elliott	MR.	2020.	Macrophage	hypophagia	as	a	mechanism	
of	innate	immune	exhaustion	in	mAb-induced	cell	clearance.	Blood	136:2065–
2079.	

	
22.		 Hong	CW.	2017.	Current	Understanding	in	Neutrophil	Differentiation	and	

Heterogeneity.	Immune	Netw	17:298–306.	
	
23.		 Kinchen	JM,	Ravichandran	KS.	2008.	Phagosome	maturation:	going	through	the	

acid	test.	Nat	Rev	Mol	Cell	Biol	9:781–795.	
	
24.		 Pradhan	K,	Yi	Z,	Geng	S,	Li	L.	2021.	Development	of	Exhausted	Memory	

Monocytes	and	Underlying	Mechanisms.	Front	Immunol	12.	



	 148	

	
25.		 Kiefer	J,	Zeller	J,	Bogner	B,	Hörbrand	IA,	Lang	F,	Deiss	E,	Winninger	O,	Fricke	M,	

Kreuzaler	S,	Smudde	E,	Huber-Lang	M,	Peter	K,	Woollard	KJ,	Eisenhardt	SU.	2021.	
An	Unbiased	Flow	Cytometry-Based	Approach	to	Assess	Subset-Specific	
Circulating	Monocyte	Activation	and	Cytokine	Profile	in	Whole	Blood.	Front	
Immunol	12.	

26.		 He	X,	Howard	BA,	Liu	Y,	Neumann	AK,	Li	L,	Menon	N,	Roach	T,	Kale	SD,	Samuels	
DC,	Li	H,	Kite	T,	Kita	H,	Hu	TY,	Luo	M,	Jones	CN,	Okaa	UJ,	Squillace	DL,	Klein	BS,	
Lawrence	CB.	2021.	LYSMD3:	A	mammalian	pattern	recognition	receptor	for	
chitin.	Cell	Rep	36.	

	
27.		 Davis	S,	Cirone	AM,	Menzie	J,	Russell	F,	Dorey	CK,	Shibata	Y,	Wei	J,	Nan	C.	2018.	

Phagocytosis-mediated	M1	activation	by	chitin	but	not	by	chitosan.	Am	J	Physiol	
Cell	Physiol	315:C62–C72.	

	
28.		 Fuchs	K,	Cardona	Gloria	Y,	Wolz	O,	Herster	F,	Sharma	L,	Dillen	CA,	Täumer	C,	

Dickhöfer	S,	Bittner	Z,	Dang	T,	Singh	A,	Haischer	D,	Schlöffel	MA,	Koymans	KJ,	
Sanmuganantham	T,	Krach	M,	Roger	T,	le	Roy	D,	Schilling	NA,	Frauhammer	F,	
Miller	LS,	Nürnberger	T,	LeibundGut-Landmann	S,	Gust	AA,	Macek	B,	Frank	M,	
Gouttefangeas	C,	dela	Cruz	CS,	Hartl	D,	Weber	AN.	2018.	The	fungal	ligand	chitin	
directly	binds	TLR2	and	triggers	inflammation	dependent	on	oligomer	size.	EMBO	
Rep	19.	

	
29.		 Serebrenik	Y	v.,	Hellerschmied	D,	Toure	M,	López-Giráldez	F,	Brookner	D,	Crews	

CM.	2018.	Targeted	protein	unfolding	uncovers	a	Golgi-specific	transcriptional	
stress	response.	Mol	Biol	Cell	29:1284–1298.	

		

	



	 149	

Appendix	I	
Biochemistry	property	of	LysMD3	proteins	
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Abstract	
																		The	conserved	annotated	LysM	domain	suggested	that	human	and	murine	

LysMD3	can	bind	to	N-acetylglucosamine	(GlcNAc),	which	is	the	building	block	for	chitin	

and	peptidoglycan.	The	previous	works	showed	that	human	LYSMD3	can	bind	to	chitin	

oligomers	with	the	degree	of	polymerization	(DP)	5	and	7,	as	well	as	chitin	beads.	

However,	even	with	the	sequence	similarity	between	human	and	murine	LysMD3,	the	

binding	of	murine	LysMD3	to	different	sizes	of	chitin	oligomers	has	not	been	addressed.	

Here	we	harvested	and	purified	murine	LysMD3	proteins	(LysMD3ect-JSM490,	

LysMD3ect-JSM675,	and	LysMD3-Fc)	from	the	transfected	cell	line.	The	purchased	

human	LYSMD3	and	our	purified	LysMD3	(LysMD3ect-JSM490	and	LysMD3ect-JSM675)	

were	shown	with	binding	capacity	with	different	sizes	of	chitin,	which	have	similar	

dissociation	constant	(Kd)	as	WGA	and	LysM	proteins	in	the	literature.	The	co-staining	of	

murine	LysMD3-Fc	and	WGA	suggested	that	they	might	have	a	similar	binding	site	on	

the	fungal	surface.	Interestingly,	the	pre-incubation	of	LysMD3-Fc	with	different	sizes	of	

chitin	can	strongly	enhance	their	binding	to	the	fungal	surface.	These	results	support	

our	hypothesis	that	LysMD3	can	bind	to	chitin	and	potentially	contribute	to	their	fungal	

binding	capacity.				
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Results	

Human	LYSMD3	can	bind	to	specific	sizes	of	chitin	

																						Previous	experiments	done	by	Xin	He	et	al.	showed	that	human	LYSMD3	can	

bind	to	different	sizes	of	chitin	by	ELISA-based	assays.	Here	we	collaborated	with	

Fangfang	Zhong	and	Ekaterina	V	Pletneva	with	purchased	human	LYSMD3	and	different	

degree	of	polymerizations	(DPs)	of	chitin	with	isothermal	titration	calorimetry	(ITC).	The	

PBS	with	DP5	chitin	was	done	as	a	negative	control	as	no	heat	was	released	from	the	

titration	(Fig.	1A).	The	human	LYSMD3	showed	their	binding	capacity	with	DP3	chitin	

(Kd:38±14.6!M),	DP4	chitin	(Kd:409±203!M),	DP5	chitin	(Kd:30.7±32.2!M),	and	DP6	

chitin	(Kd:116±90.2!M)	(Fig.	1B-1E).	Based	on	the	dissociation	constant	(Kd)	value,	

human	LYSMD3	has	a	stronger	binding	with	DP3	and	DP5	chitin	and	weaker	binding	with	

DP4	and	DP6	chitin.	In	contrast	to	the	ELISA-based	binding	shown	in	the	previous	

literature,	human	LYSMD3	showed	no	binding	to	DP7	chitin	based	on	the	ITC	result	(Fig.	

1F).	Note	that	we	were	able	to	calculate	the	Kd	from	the	differential	power	with	

LYSMD3	and	chitin	binding,	but	the	value	was	kind	of	low,	indicating	the	weak	binding	

between	LYSMD3	and	different	sizes	of	chitin.	

	

Murine	LysMD3	is	glycosylated	through	the	secretary	pathway	

																					We	harvested	and	purified	murine	ectodomain	of	LysMD3	(LysMD3ect)	from	

a	transfected	cell	line	(FreeStyle™	293-F	Cells)	with	protein	construct	without	(JSM490)	

or	with	(JSM675)	artificial	secretory	peptide.	The	proteins	were	purified	from	

supernatant	of	transfected	cells	through	the	Ni	column	and	size-exclusive	column	S200.	

The	purified	LysMD3ect-JSM490	showed	a	single	band	with	slightly	bigger	size	than	its	

prediction	(27	kDa)	(Fig.	2A).	Interestingly,	the	purified	LysMD3ect-JSM675	from	the	

secretary	pathway	has	a	lower	band	with	predicted	size	(32	kDa),	and	a	smear	upper	

band	(Fig.	2A).	Both	constructs,	including	the	smear	band	in	the	LysMD3ect-JSM675	

group,	were	confirmed	as	our	LysMD3	proteins	by	the	recognition	of	anti-Strep	antibody	

to	our	tagged	proteins	(Fig.	2B).	The	smear	band	of	LysMD3ect-JSM675	was	confirmed	

to	be	the	glycosylated	proteins	as	we	can	reverse	the	protein	size	back	to	the	predicted		
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Fig. 1 Human LYSMD3 showed their binding to specific size of chitin
The binding of human LYSMD3 with different degree of polymerization (DP) of chitin 
was examined by isothermal titration calorimetry (ITC). The differential power (DP (μ
cal/s); Top) of each group was measured by their energy release to the medium (PBS). 
The binding curve (Bottom) of each group was calculated based on the differential 
power with unit of energy release per second (μcal/s) measured at each time point. 
The binding of LYSMD3 to chitin was shown with their dissociation constant (Kd) in 
the unit of concentration (μM). The differential power and binding curve were shown 
for (A) PBS with DP5 chitin as negative control. (B) LYSMD3 with DP3 chitin. (C) LYSMD3 
with DP4 chitin. (D) LYSMD3 with DP5 chitin. (E) LYSMD3 with DP6 chitin. (F) LYSMD3 
with DP7 chitin. The experiments were performed once. N.D.: not determined
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lower	band	with	PNGaseF	treatment	(Fig.	2C).	Thus,	we	confirmed	that	we	can	harvest	

purified	ectodomain	of	murine	LysMD3	from	our	two	constructs,	and	the	LysMD3	

through	secretory	pathway	was	shown	to	have	the	glycosylation	modification.	

	

Both	glycosylated	and	non-glycosylated	murine	LysMD3	can	bind	to	chitin	

																				To	test	if	our	newly	purified	murine	LysMD3	proteins	can	bind	to	the	chitin,	

we	performed	the	ITC	experiments	with	the	DP5	chitin,	which	has	the	strongest	binding	

potential	based	on	the	Kd	value.	As	we	saw	previously,	PBS	with	DP5	chitin	as	a	negative	

control	showed	no	energy	release	from	binding	(Fig.	3A).	When	we	used	Wheat	germ	

agglutinin	(WGA),	a	known	chitin-binding	lectin,	we	can	detect	the	binding	to	DP5	chitin	

through	ITC	(Kd:201±847!M)	(Fig.	3B).	Both	the	non-glycosylated	(LysMD3ect-JSM490)	

and	glycosylated	(LysMD3ect-JSM675)	form	of	the	LysMD3	also	showed	their	binding	to	

DP5	chitin	(LysMD3ect-JSM490:	Kd:159±402!M;	LysMD3ect-JSM675:	Kd:51.3±52.6!M)	

(Fig.	3C	and	3D).	Based	on	the	Kd	value,	both	LysMD3	proteins	have	similar	binding		

Fig. 2 Murine LysMD3 protein received glycosylated modification through 
secretary pathway.
 Freestyle 293 cells were transfected with plasmids containing murine LysMD3 
ectodomain fused with 6 His tags and Strep tag without secretory peptide 
(JSM490; predicted size: 27 kDa) or with secretory peptide (JSM675; predicted size: 
32 kDa). (A) Fractions of samples with different purification steps were ran with SDS 
PAGE and stained with coomassie blue to show the sizes of proteins. Samples 
before and after passing through column with Ni-NTA His-Bind Resin was shown on 
the left. Ori: Original filtered supernatant. FL: Flow through of Ori. B: Flow through 
of Binding buffer. W: Flow through of Washing buffer. E: Eluted protein. Eluted 
proteins from Ni-NTA column were further separated by their sizes through size 
exclusive column (S200) and shown on the right. (B) Purified LysDM3 without or 
with secretory peptide were stained with anti-strep antibody for Western Blotting. 
(C) Purified LysMD3-JSM675 was treated with different concentrations of PNGase F 
under denature (10% SDS and 1M DTT) or without denature condition.The treated 
proteins were ran with SDS PAGE and stained with coomassie blue to show the 
sizes of proteins. U: untreated sample. L: 0.1 μg PNGase F. M: 1 μg PNGase F. H: 2 μg 
PNGase F. P: Positive control from PNGase F digestion. * the upper band was the 
loaded PNGase F protein. ** the lower band was with similar size as the predicted 
LysMD3ect_JSM675 (32 kDa). The experiment was performed once. 
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(A) (B) (C) (D)

Fig. 3 Murine LysMD3 also showed their binding to specific size of chitin
The binding of murine LysMD3 with different degree of polymerization (DP) of 
chitin was examined by isothermal titration calorimetry (ITC). The differential 
power (DP (μcal/s); Top) of each group was measured by their energy release to the 
medium (PBS). The binding curve (Bottom) of each group was calculated based on 
the differential power with unit of energy release per second (μcal/s) measured at 
each time point. The binding of LysMD3 to chitin was shown with their dissociation 
constant (Kd) in the unit of concentration (μM). The differential power and binding 
curve were shown for (A) PBS with DP5 chitin as negative control. (B) Wheat germ 
agglutinin (WGA) with DP5 chitin as positve control. (C) LysMD3-JSM490 with DP5 
chitin. (D) LysMD3-JSM675 with DP5 chitin. The experiments were performed once. 
N.D.: not determined.
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affinity	to	DP5	chitin	as	WGA,	and	glycosylated	LysMD3	has	stronger	binding	affinity	

than	the	non-glycosylated	form.	Note	that	the	binding	between	both	murine	LysMD3	

proteins	with	DP5	chitin	is	also	weak	compared	to	WGA,	based	on	the	differential	power	

at	each	titration.	Based	on	the	ITC	experiments,	we	showed	both	human	and	murine	

LysMD3	can	bind	to	different	sizes	of	chitin	with	reasonable	Kd	value	compared	to	

known	chitin-binding	lectin	and	LysM	proteins	(Table	1),	but	the	small	change	of	the	

differential	power	at	each	titration	suggests	that	the	binding	between	LysMD3	and	

chitin	is	not	very	strong.	

	

Murine	LysMD3	can	compete	with	the	WGA	binding	on	the	fungal	surface	

																					For	the	ITC	experiments,	we	showed	that	murine	LysMD3	has	the	binding	

capacity	to	chitin,	which	is	one	of	the	major	components	in	the	fungal	cell	wall.	Our	

LysMD3-Fc	construct	also	showed	its	binding	to	the	fungal	surface	(Chapter	3,	Fig.	7).	

We	next	aim	to	examine	if	LysMD3	can	compete	for	the	fungal	surface	binding	with	

WGA.	As	we	saw	in	previous	LysMD3-Fc	staining,	LysMD3-Fc	can	bind	to	the	loosed	

structure	at	the	tip	of	A.	fumigatus	germling	(Fig.	4A).	We	can	see	the	co-localized	

signals	from	LysMD3-Fc	and	WGA	binding	on	the	fungal	surface,	suggesting	that	they	

might	have	similar	binding	sites	(Fig.	4A).	Next	we	examined	if	co-staining	of	LysMD3-Fc	

and	WGA	can	reduce	their	binding	signal	comparing	to	single	staining	due	to	the	

competition	for	fungal	surface	binding.	Through	the	quantification	of	confocal	imaging,	

we	can	detect	the	significant	reduction	of	both	LysMD3-Fc	and	WGA	signal	in	the	co-

staining	compared	to	single	staining	(Fig.	4B	and	4C).	These	results	further	support	our	

hypothesis	that	LysMD3	can	bind	to	the	fungal	surface	through	their	chitin	recognition.	

	

Murine	LysMD3	with	Chitin	incubation	revealed	enhanced	binding	to	the	fungal	surface		

																				Due	to	the	chitin	capacity	of	LysMD3	and	their	competition	with	WGA	on	the	

fungal	surface,	we	next	aim	to	examine	if	the	pre-occupied	murine	LysMD3	chitin	

binding	pocket	can	diminish	their	binding	to	the	fungal	surface.	We	pre-incubated	the	

LysMD3-Fc	with	different	sizes	of	chitin	overnight	and	applied	them	for	fungal	staining		
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(A)

(B)

(C)

Table 1. Human and murine LysMD3 proteins shows different binding affinities to 
different sizes of chitin oligomers.
Dissociation constant (Kd) from isothermal titration calorimetry (ITC) experiments for 
the binding between chitin and (A) human LYSMD3, (B) murine LysMD3, wheat germ 
agglutinin (WGA) and (C) fungal/plant LysM proteins from the literatures were shown 
in each table.
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as	previously.	However,	we	surprisingly	found	that	we	need	to	reduce	the	exposure	

time	on	the	confocal	microscope	from	100	ms	to	20	ms	to	avoid	signal	saturation	in	the	

chitin	pre-incubated	groups.	The	LysMD3-Fc	pre-incubated	with	DP2-DP6	chitin	showed	

an	enhanced	LysMD3-Fc	signal	on	the	fungal	surface	(Fig.	5A).	If	we	compare	the	

enhancement	of	LysMD3	binding	with	different	sizes	of	chitin,	the	DP3,	DP5,	and	DP6	

chitin	had	significant	enhanced	LysMD3	binding	signal	on	the	fungal	surface	comparing	

to	DP2	and	DP4	chitin	(Fig.	5B).	In	summary,	our	LysMD3-Fc	staining	results	showed	that	

occupied	chitin	binding	pocket	in	the	LysMD3-Fc	with	chitin	oligomers	can	enhance	the	

LysMD3	binding	to	the	fungal	surface	and	the	enhancement	might	be	related	to	sizes	of	

chitin.	

	

	

	

	

	

	

	

	

	

Fig. 4 Competitive binding between LysMD3-Fc and WGA on the fungal surface
CEA10 conidia was grown in LGMM at 37 °C 14 hours for germlings. CEA10 germlings 
were stained with LysMD3-Fc and wheat germ agglutinin (WGA) to examine their 
competitive binding to fungal surface. The samples were staining with (A) co-localiza-
tion of LysMD3-Fc and WGA singal in the co-staining samples. (B) Confocal images of 
single staining with either LysMD3-Fc (Left, top) or WGA (Left, bottom) or co-staining 
group with their signals from either LysMD3-Fc (Right, top) or WGA (Right, bottom). (C) 
Quantification of LysMD3-Fc (Left) and WGA (Right) signals were shown in the single 
staining and co-staining groups. The corrected total cell fluorescence was calculated 
for individual germling. The experiment was performed once. Mann-Whitney, with 
single comparisons were performed. All error bars represent standard deviations. NS, 
not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; **** P≤0.0001.
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LysMD3-Fc      +       +        +       +       +       +

(A)

(B)

Fig. 5 Chitin enhanced LysMD3 binding to the fungal surface.
LysMD3-Fc was pre-incubated with different sizes of chitin at 4°C overnight. CEA10 
conidia was grown in LGMM at 37 °C 14 hours for germlings. The CEA10 germlings 
were stained with the mixtures of LysMD3-Fc and chitin. Note that the exposure time 
was reduced from 100 ms to 20 ms in this experiment due to high intensity of the 
enhanced LysMD3 signaling in the chitin pretreated group. (A) confocal images of 
CEA10 germilngs with the staining of LysMD3 alone or pre-incubated with different 
degree of polymerization (DP) of chitin. (B) Quantification of LysMD3-Fc binding on 
the fungal surface.The corrected total cell fluorescence was calculated for individual 
germling. The experiment was performed once. Mann-Whitney, with single compari-
sons were performed. All error bars represent standard deviations. NS, not significant 
at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; **** P≤0.0001.
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Materials	and	Methods	

Human	LYSMD3	and	Chitin	oligomers	

																					Human	LYSMD3	was	purchased	from	GenScript	and	reconstituted	in	PBS.	

Different	sizes	of	chitin	oligomers	(DP2,	DP3,	DP4,	DP5,	DP6,	DP7)	were	purchased	from	

OligoTech	and	reconstituted	in	PBS.	

	

Harvest	of	murine	LysMD3	proteins	

																					FreeStyle™	293-F	Cells	were	incubated	at	37°C	until	confluence	according	to	

the	manufacturer’s	instruction	(Gibco).	The	cells	were	transfected	with	two	LysMD3	

protein	constructs	(LysMD3ect-JSM490	and	-JSM675)	with	a	concentration	of	0.5	mg	

plasmid/L	Cell	culture.	At	Day	5	post	transfection,	cell	supernatant	was	harvested	and	

transferred	to	the	Ni-NTA	Column	containing	HisPur	Ni-NTA	Superflow	Agarose.	After	

the	flow-through	of	the	cell	supernatant,	the	Ni-NTA	column	was	washed	with	Binding	

buffer	(20	mM	Tris,	pH	8.0;	20	mM	imidazole,	pH	8.0;	300	mM	NaCl)	and	Wash	buffer	

(20	mM	Tris,	pH	8.0;	50	mM	imidazole,	pH	8.0;	300	mM	NaCl).	The	proteins	were	eluted	

with	Elution	buffer	(20	mM	Tris,	pH	8.0;	250	mM	imidazole,	pH	8.0;	300	mM	NaCl)	and	

loaded	into	size	exclusive	column	(S200)	for	further	separation	by	protein	sizes.	Protein	

samples	from	different	purification	steps	were	run	with	SDS-PAGE	and	stained	with	

GelCode	Blue	Safe	Protein	Stain.	LysMD3ect-JSM675	(2.5	!g)	was	treated	with	0.1,	1,	
and	2	!g	PNGaseF	with	or	without	denature	condition	(10%	SDS	and	1M	DTT)	at	37°C	

for	12	hours.	

	

Isothermal	Titration	Calorimetry	(ITC)	

																					All	experiments	were	performed	at	25°C	using	MicroCal	ITC	instrument.	All	

the	samples	ran	with	PBS.	As	the	negative	control,	DP5	chitin	(800	μM)	was	added	to	

PBS.	For	human	LYSMD3	with	different	sizes	of	chitin,	the	concentrations	were	used	as	

follows:	DP3	chitin	(4000	μM)	with	human	LYSMD3	(20	μM);	DP4	chitin	(2000	μM)	with	

human	LYSMD3	(20	μM);	DP5	chitin	(2000	μM)	with	human	LYSMD3	(20	μM);	DP6	chitin	

(4000	μM)	with	human	LYSMD3	(20	μM);	DP7	chitin	(400	μM)	with	human	LYSMD3	(30	
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μM).	For	different	murine	LysMD3	constructs	and	WGA	with	chitin,	the	concentrations	

were	used	as	follows:	DP5	chitin	(400	μM)	with	WGA	(15	μM);	DP5	chitin	(5000	μM)	

with	LysMD3ect-JSM490	(20	μM);	DP5	chitin	(1000	μM)	with	LysMD3ect-JSM675	(24	

μM).	

	

Competition	for	fungal	cell	wall	staining	

																					CEA10	conidia	were	grown	in	LGMM	at	37	°C	14	hours	for	germlings.	For	

LysMD3	and	WGA	co-staining,	the	germlings	were	stained	with	0.5	μg/ml	of	LysMD3-Fc	

or	WGA	as	previously	described	(Chapter	3;	Materials	and	methods).	For	chitin	pre-

incubation,	0.5	μg/ml	LysMD3-Fc	was	pre-incubated	with	9	μM	of	different	sizes	of	

chitin	(DP2,	DP3,	DP4,	DP5,	and	DP6)	at	4°C	overnight.	The	mixture	of	LysMD3-Fc	and	

chitin	was	then	used	for	germling	staining.	The	samples	were	mounted	with	Prolong	

Diamond	Antifade	Mountant	(Thermofisher)	and	sealed	with	clear	nail	polish.	Images	

were	acquired	using	an	Andor	W1	spinning	disk	confocal	microscope	mounted	with	a	

Nikon	Eclipse	Ti	inverted	microscope	stand.	Images	were	viewed	and	analyzed	using	Fiji	

Software.	The	corrected	total	cell	fluorescence	for	confocal	images	was	calculated	as	

“Integrated	Density	-	(Area	of	selected	cell	*	Mean	fluorescence	of	background	

readings)”.			
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Appendix	II	
Additional	animal	models	of	LysMD3/LysMD4	KO	mice	

	
Ko-Wei	Liu,	and	Robert	A.	Cramer	

	
	
	
	

This	Appendix	contains	data	as	the	additional	results	from	Chapter	3	and	figures	for	
discussion	in	Chapter	4.	

	
	
	

KWL	designed	and	performed	the	experiments,	analyzed	the	results,	and	wrote	the	
manuscript.	

RAC	designed	the	experiments,	analyzed	the	results,	and	wrote	the	manuscript.	
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Abstract	

																						Our	LysMD3-Fc	binding	experiments	revealed	that	LysMD3	can	recognize	

fungal	surfaces.	However,	previous	studies	and	our	animal	experiments	showed	that	

LysMD3	KO	mice	have	no	in	vivo	phenotype	in	the	invasive	aspergillosis	(IA)	model.	The	

nature	of	small	sizes	chitin	oligomers	(DP3,	DP4,	DP5,	DP6)	binding	by	LysMD3	

suggested	that	LysMD3	might	be	involved	in	immune	modulation	post	initial	fungal	

clearance.	Here	we	examined	the	transcriptomic	profile	of	LysMD3	KO	mice	at	early	

fungal	infection	in	the	IA	model	and	chronic	Allergic	bronchopulmonary	aspergillosis	

(ABPA)	model.	Both	data	suggested	that	LysMD3	KO	mice	might	have	different	genetic	

profiles	that	affect	T	cell	populations.	With	our	previously	established	ABPA	model,	we	

showed	that	LysMD3	KO	mice	did	not	affect	IgE	production	but	have	increasing	T	and	B	

cell	populations.	In	addition	to	regulation	in	adaptive	immunity,	we	also	found	a	delayed	

recovery	from	A.	fumigatus	infection	in	the	LysMD4	KO	mice,	which	suggests	that	

LysMD4	might	play	a	role	in	antifungal	immunity.	These	additional	animal	experiments	

provide	additional	hints	for	the	future	direction	of	the	LysMD3	project.		
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Results	

LysMD3	KO	mice	have	similar	gene	expression	profiles	during	IA	

																					In	our	previous	results,	LysMD3	KO	mice	have	similar	cell	recruitment	and	

mortality	in	the	IA	model	(Chapter	3,	Fig.	4	and	6).	At	the	same	time,	the	LysMD3	

deficient	neutrophils	and	interstitial	macrophages	(iMacs)	had	slightly	defective	fungal	

killing	but	were	not	sufficient	to	contribute	to	overall	fungal	viability.	Here	we	examined	

the	immune-related	gene	expression	profile	by	the	Nanostring	at	10	hours	post	A.	

fumigatus	inoculation	to	see	if	LysMD3	has	immune	modulation	for	antifungal	

immunity.	In	this	data	set,	we	saw	only	three	genes	(Il23,	Ccr3,	and	Hamp)	that	were	

significantly	different	in	the	LysMD3	KO	mice	compared	to	the	WT	group	(Fig.	1A).	The	

expression	of	IL-23	can	support	the	survival	of	myeloid	cells	for	antifungal	immunity	(1).	

Ccr3	is	expressed	in	eosinophils,	basophils,	mast	cells,	epithelial	cells,	and	T	cells	(2–6).	

And	the	expression	of	Ccr3	is	correlated	with	allergy	responses	(7,	8).	The	Hamp	gene	

encodes	for	hepcidin,	which	is	induced	by	the	systemic	ion	level	and	inflammation	

responses.	The	function	of	hepcidin	is	known	for	its	role	in	ion	homeostasis	but	the	

infection-induced	hepcidin	also	acts	as	an	antimicrobial	peptide	(9).	Based	on	the	gene	

expression	profile,	the	potential	difference	of	immune	modulation	in	the	LysMD3	KO	

mice	was	shown	with	the	highest	correlation	with	the	T	cell	population	(Fig.	1B).	These	

Nanostring	data	showed	that	there	was	not	much	difference	in	gene	transcripts	related	

to	immune	responses	in	LysMD3	KO	mice.	The	potential	gene	regulation	in	the	T	cells	

suggests	that	LysMD3	might	play	a	role	in	adaptive	immunity.	

	

LysMD3	KO	mice	have	similar	IgE	production	in	the	ABPA	model	

																							Because	of	the	potential	immune	modulation	in	T	cells	in	LysMD3	KO	mice	

and	the	recognition	of	small	sizes	of	chitin	oligomers	by	LysMD3	protein,	we	next	

applied	our	LysMD3	KO	mice	to	our	recently	established	ABPA	mouse	model	(Appendix	

III).	In	short,	we	inoculated	107	W72310	conidia	at	day	0,	7,	8,	9,	10,	and	11	as	the	ABPA	

sensitization	model	and	one	additional	challenge	at	day	14	as	the	ABPA	sensitization	

plus	challenge	model	(Fig.	2).	We	euthanized	the	mice	at	day	12	and	day	15	for	the	two		
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Fig. 1 LysMD3 KO mice revealed similar gene expression profile comparing to 
WT mice in the IA model
WT (n=3) or LysMD3 KO (n=3) C57BL/6 mice with 7*107 CEA10 conidia with immune 
competent mice model. Note that the WT mice were purchased from Jackson lab 
instead of littermate control from LysMD3 KO mice breeding. Mice were euthanized 
at 10 hours post-inoculation with CEA10 for immune gene transcript analysis. 
Immune related gene transcript levels were measured by Nanostring with RNA from 
total lung. (A) A volcano plot shows the distribution of fold changes of immune 
related gene transcript levels in the LysMD3 KO mice compared to the WT mice 
group. The P value threshold of 0.05 (Welch’s t-test) and fold change threshold of 2 
were indicated by the lines in the plot. Table listed the three genes with significant 
difference and fold change >2. (B) Cell type profiling based on gene expression data 
in the Fig. 1A. The experiment was performed once. Heteroscedastic t-test (Welch’s), 
with single comparisons were performed. 

(A)

(B)
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(A) (B)

Fig. 2 No significant difference of IgE production in the ABPA model between 
WT and KO mice.
WT or LysMD3 KO C57BL/6 mice were inoculated with W72310 conidia for allergic 
bronchopulmonary aspergillosis (ABPA) mouse model. Blood samples were collect-
ed at day 12 or day 15 for IgE quantification by ELISA. (A) For ABPA Sensitization 
mice model, WT (n=5) or LysMD3 KO (n=5) C57BL/6 mice were inoculated with 107 
W72310 conidia at day 0, 7, 8, 9, 10 and 11. Mice were euthanized at day 12 post 
initial W72310 inoculation. (B) For ABPA Sensitization mice model with fungal chal-
lenge, WT (n=8) or LysMD3 KO (n=8) C57BL/6 mice were inoculated with 107 W72310 
conidia at day 0, 7, 8, 9, 10, 11 and extra challenge at day 14. Mice were euthanized 
at day 15 post initial W72310 inoculation. The experiment was performed once. 
Mann-Whitney, with single comparisons were performed. All error bars represent 
standard deviations. NS, not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤0.001; 
**** P≤0.0001. 
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models	and	harvested	the	blood	to	examine	the	IgE	production.	The	ELISA	results	

showed	that	in	both	sensitization	and	sensitization	plus	challenge	models,	LysMD3	KO	

mice	still	produce	a	similar	amount	of	IgE	(Fig.	2).			

	

LysMD3	KO	mice	have	similar	gene	expression	profiles	during	ABPA	

																				Even	though	we	saw	similar	IgE	production	in	our	ABPA	models,	we	next	

aimed	to	see	if	there	was	a	difference	in	genetic	profiles	between	LysMD3	KO	and	WT	

mice.	The	RNA	was	extracted	from	the	ABPA	sensitization	mouse	model	and	applied	to	

Nanostring	for	immune	gene	profiles	in	LysMD3	KO	mice.	As	shown	in	the	volcano	plot,	

most	of	the	genes	were	shown	with	similar	expression	levels	between	LysMD3	KO	and	

WT	mice	(Fig.	3A).	The	top	three	genes	with	a	significant	difference	between	LysMD3	KO	

and	WT	mice	were	Cul9,	Il33,	and	Cxcr3.	The	Cul9	gene	is	encoded	for	a	putative	E3	

ligase	related	to	genome	integrity	and	tumor	suppression	(10,	11).	IL-33	signaling	can	

suppress	IL-17/IL-22	during	fungal	infection	and	promote	Th2	cytokines	for	allergy	

responses	(12–14).	Cxcr3	signaling	in	pDCs	can	promote	fungal	killing	by	neutrophils	

(15).	At	the	same	time,	Cxcr3	is	highly	expressed	in	T	cells	and	correlated	to	their	

trafficking	and	activation	(16,	17).	Similar	to	the	cell	modulation	in	the	IA	model,	

LysMD3	KO	mice	in	the	ABPA	model	also	showed	a	potential	immune	modulation	in	the	

T	cell	population	(Fig.	3B).	Thus,	LysMD3	KO	mice	with	the	ABPA	model	also	did	not	

show	much	difference	in	gene	transcripts	of	immune	responses.	However,	the	decrease	

in	Il-33	and	potential	regulation	in	T	cell	populations	suggest	that	LysMD3	might	affect	

the	T	cell	population	in	the	ABPA	model.	

	

LysMD3	KO	mice	showed	both	local	and	systematic	increases	of	T	and	B	cells	in	the	

ABPA	model	

																					Although	we	did	not	see	a	difference	in	IgE	production	between	LysMD3	KO	

and	WT	mice	in	our	ABPA	model,	the	Nanostring	data	in	both	IA	and	ABPA	models	

suggested	that	there	might	be	immune	modulation	in	T	cells.	Thus,	we	examined	the	

cellularity	in	the	lung	and	spleen	with	our	sensitization	plus	challenge	ABPA	model	(Fig.		
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(A)

(B)

Fig. 3 LysMD3 KO mice revealed similar gene expression profile comparing to 
WT mice in the ABPA model.
For ABPA Sensitization mice model, WT (n=3) or LysMD3 KO (n=3) C57BL/6 mice 
were inoculated with 107 W72310 conidia at day 0, 7, 8, 9, 10 and 11. Mice were 
euthanized at day 12 post initial W72310 inoculation for immune gene transcript 
analysis. Immune related gene transcript levels were measured by Nanostring with 
RNA from total lung. (A) A volcano plot shows the distribution of fold changes of 
immune related gene transcript levels in the LysMD3 KO mice compared to the WT 
mice group. The P value threshold of 0.05 (Welch’s t-test) and fold change threshold 
of 2 (labeled with red) or -2 (labeled with blue) were indicated by the lines in the 
plot. Table listed the top three genes with most significant difference. (B) Cell type 
profiling based on gene expression data in the Fig. 4A. The experiment was 
performed once. Heteroscedastic t-test (Welch’s), with single comparisons were 
performed. 
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4).	We	saw	no	difference	in	cell	recruitment	for	neutrophils	and	eosinophils	in	

bronchoalveolar	Lavage	(BAL)	and	lung	(Fig.	4C	and	4D).	Although	there	were	no	

difference	in	total	CD45(+)	cells,	we	saw	a	significant	increase	of	B	cells	and	T	cells	(CD4(+)	

and	CD8a(+)	T	cells)	in	the	lung	(Fig.	4A,	4E-4H).	For	the	splenocytes,	we	can	detect	a	

significant	increase	of	CD45(+)	cells,	which	was	mainly	contributed	by	the	increase	of	B	

cells	and	T	cells	(CD4(+)	and	CD8a(+)	T	cells)	(Fig.	4A,	4E-4H).	Thus,	although	we	did	not	

see	a	functional	difference	in	IgE	production	in	our	ABPA	model	with	LysMD3	KO	mice,	

the	cellularity	data	showed	that	LysMD3	might	affect	the	B/T	cell	recruitment	to	the	

lung	and	spleen.		

	

LysMD4	KO	mice	can	recover	from	A.	fumigatus	infection	but	with	delayed	recovery	

																					Human	and	murine	LysMD3	and	LysMD4	share	high	similarity	in	their	LysM	

domain,	which	suggests	that	there	might	be	functional	redundancy	between	these	two	

LysM	receptor	proteins	(18).	To	examine	if	LysMD4	deficient	mice	are	susceptible	to	

fungal	infection,	we	purchased	the	LysMD4+/-	mice	for	Jackson	Lab.	We	cross-breed	the	

LysMD4+/-	mice	to	obtain	the	LysMD4	KO	mice	and	their	littermate	WT	controls	and	

tested	their	mortality	with	our	immune	competent	IA	model.	Both	the	LysMD4	KO	and	

WT	mice	were	able	to	survive	the	acute	A.	fumigatus	infection,	but	we	saw	a	delayed	

weight	recovery	in	the	LysMD4	KO	mice	(Fig.	5).	This	might	suggest	that	the	LysMD4	KO	

mice	also	have	some	minor	defects	in	fungal	clearance,	similar	to	what	we	saw	in	the	

LysMD3	KO	mice.			
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Fig. 4 Challenged LysMD3 KO mice have more T/B cells in both lung and spleen 
comparing to WT mice in the ABPA model.
For ABPA Sensitization mice model with fungal challenge, WT (n=8) or LysMD3 KO 
(n=8) C57BL/6 mice were inoculated with 107 W72310 conidia at day 0, 7, 8, 9, 10, 11 
and extra challenge at day 14. Mice were euthanized at day 15 post initial W72310 
inoculation for lung and spleen cellularity experiments. All lung cell numbers were 
acquired by flow cytometry as indicated: (A) CD45(+) cells in BAL and lung. (B) CD45(+)  

cells in spleen. (C) Neutrophils (CD45(+) SiglecF(-)Ly6G(+)) in BAL and lung. (D) Eosino-
phils (CD45(+)SiglecF(+)Ly6G(-)CD11c(-)) in BAL and lung. (E) B cells (CD45(+)CD19(+)CD3(-)) 
in lung and spleen. (F) Total T cells (CD45(+)CD19(-)CD3(+)) in lung and spleen. (G) CD4(+) 
T cells (CD45(+)CD19(-)CD3(+)CD4(+)CD8a(-)) in lung and spleen. (H) CD8a(+) T cells 
(CD45(+)CD19(-)CD3(+)CD4(-)CD8a(+)) in lung and spleen. The experiment was performed 
once. Mann-Whitney, with single comparisons were performed. All error bars repre-
sent standard deviations. NS, not significant at P>0.05; * P≤0.05; ** P≤0.01; *** P≤
0.001; **** P≤0.0001.  
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Fig. 5 LysMD4 KO mice can survive from A. fumigatus infection but with poten-
tial delayed of recovery.
WT (n=5) or LysMD4 KO (n=5) C57BL/6 mice were inoculated with 5*107 CEA10 conid-
ia with immune competent mice model. Three independent experiments were 
performed and the data was shown as the representative. The weigh loss curves were 
shown as mean and error and the log rank (Mantel-cox) test were performed for 
statistical analysis of the curves. 



	 173	

Materials	and	Methods	

Mice	inoculation	

LysMD3	KO	and	WT	mice	between	8	and	12	weeks	old	were	bred	and	genotyped	as	

previously	described	(Chapter	3).	LysMD4+/-	mice	were	purchased	from	Jackson	lab	and	

bred	for	LysMD4	KO	mice	and	WT	littermate	controls.	For	mouse	genotyping,	genomic	

DNA	was	isolated	from	the	mouse	tail	by	Quick	DNA	Mini-Prep	plus	kit	according	to	the	

manufacturer’s	instruction	(ZYMO).	Primers	used	for	LysMD4	KO	mice	were:	Forward	

primer	for	LysMD4	WT:	5’-AAAGCTGAGAAAGGGACAGC-3’.	Forward	primer	for	LysMD4	

KO:	5’-	GGAAGAAGGGTGGGGAATCT-3’.	And	Common	reverse	primer	for	LysMD3:	5’-	

TCCCTGGCCACATAAGGA-3’.	Mice	were	housed	in	autoclaved	cages	at	≤ 4	mice	per	cage	

with	a	supply	of	HEPA-filtered	air	and	water.	A.	fumigatus	strain	CEA10	and	W72310	

were	grown	on	1%	glucose	minimal	media	(GMM)	plates	for	3	days	at	37	°C.	For	animal	

experiments,	conidia	were	collected	in	0.01%	Tween-20	and	washed	3	times	with	sterile	

PBS.	For	the	IA	model,	mice	were	inoculated	with	5x107	CEA10	(in	100	μl	sterile	PBS)	and	

euthanized	at	10	hours	post-inoculation.	For	ABPA	sensitization	mice	models,	mice	were	

inoculated	with	1x107	W72310	(in	100	μl	sterile	PBS)	at	day	0,	7,	8,	9,	10,	and	11	and	

euthanized	at	day	12	post	initial	inoculation.	For	ABPA	sensitization	plus	challenge	mice	

models,	mice	were	inoculated	with	1x107	W72310	(in	100	μl	sterile	PBS)	at	day	0,	7,	8,	9,	

10,	11,	and	14	and	euthanized	at	day	15	post	initial	inoculation.	The	murine	lungs	were	

harvested	for	RNA	extraction	and	blood	was	extracted	for	IgE	ELISA.	For	the	survival	

experiments	of	LysMD4	KO	mice	and	WT	controls,	the	weights	of	the	mice	were	

monitored	daily.	Animals	were	monitored	daily	for	disease	symptoms,	and	we	carried	

out	our	animal	studies	in	strict	accordance	with	the	recommendations	in	the	Guide	for	

the	Care	and	Use	of	Laboratory	Animals.	The	animal	experimental	protocol	(no.	

00002167)	was	approved	by	the	Institutional	Animal	Care	and	Use	Committee	(IACUC)	

at	Dartmouth	College.	
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RNA	extraction	and	Nanostring	

Mice	were	inoculated	with	CEA10	or	W72310	as	described	previously,	and	the	lungs	

were	removed	at	euthanasia	for	RNA	extraction.	Lungs	were	flash	frozen,	lyophilized,	

and	homogenized	with	glass	beads	using	a	Mini	Beadbeater	(BioSpec	Products,	Inc.,	

Bartlesville,	OK)	and	resuspended	in	TRIzol	reagent	(Thomas	Scientific)	and	chloroform.	

The	upper	aqueous	phase	was	transferred	to	a	column	from	the	RNeasy	kit	to	extract	

RNA	according	to	the	manufacturer’s	instructions	(Qiagen).	The	purified	RNA	was	mixed	

with	Reporter	CodeSet	and	Capture	ProbeSet	reagent	according	to	the	manufacturer’s	

instructions	(Nanostring;	Mouse	immunology	panel).	The	samples	were	then	added	to	

NanoString	prep	station	and	digital	analyzer	to	acquire	gene	expression	profiles.		

	

Flow	cytometry:	Cellularity	experiments		

For	ABPA	sensitization	plus	challenge	mice	models,	mice	were	inoculated	with	1x107	

W72310	(in	100	μl	sterile	PBS)	at	day	0,	7,	8,	9,	10,	11,	and	14	and	euthanized	at	day	15	

post	initial	inoculation.	Single-cell	suspensions	from	the	lungs	were	harvested	and	

prepared	as	previously	described.	Antibodies	used	for	Flow	cytometry	analysis	on	

different	populations	were	as	follows:	For	neutrophil	and	eosinophil	populations,	lung	

cells	were	stained	with	Survival	dye	(PI,	eBioScience),	CD45	(Pacific	Orange,	Invitrogen),	

SiglecF	(BV421,	BD	BioScience),	CD11b	(PercpCy5.5,	BioLegend),	Ly6G	(FITC,	BioLegend),	

and	CD11c	(PECy7,	BioLegend).	For	the	T/B	cells	population,	lung	cells	and	splenocytes	

were	stained	with	Survival	dye	(PI,	eBioScience),	CD45	(Pacific	Orange,	Invitrogen),	CD19	

(PECy7,	BioLegend),	CD3	(PE,	BioLegend),	CD4	(APC,	BioLegend),	CD8a	(Pb,	BioLegend)	

The	gating	strategy	of	each	cell	population	is	shown	in	Fig	S1	and	S2.	Data	were	

collected	by	Beckman	Coulter	Cytoflex	S	and	analyzed	with	FlowJo	version	10.8.1.	
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Fig.	S1	Gating	strategy	for	neutrophils	and	eosinophils.	The	neutrophils	were	identified	
as	CD45(+)	SiglecF(-)Ly6G(+)CD11b(+)	cells,	and	eosinophils	as	CD45(+)	SiglecF(+)	
Ly6G(-)CD11c(dim	or	-).	
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Fig.	S2	Gating	strategy	for	T	cells	and	B	cells.	The	B	cells	were	identified	as	
CD45(+)CD19(+)CD3(-)	cells,	and	T	cells	as	CD45(+)CD19(+)CD3(-)	cells	(subpopulations	as	
CD4(+)CD8a(-)	and	CD4(-)CD8a(+)	T	cells)	
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Appendix	III	
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Aspergillus fumigatus Strain-Specific Conidia Lung Persistence
Causes an Allergic Broncho-Pulmonary Aspergillosis-Like
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ABSTRACT Aspergillus fumigatus is a filamentous fungus which can cause multiple
diseases in humans. Allergic broncho-pulmonary aspergillosis (ABPA) is a disease
diagnosed primarily in cystic fibrosis patients caused by a severe allergic response
often to long-term A. fumigatus colonization in the lungs. Mice develop an allergic
response to repeated inhalation of A. fumigatus spores; however, no strains have
been identified that can survive long-term in the mouse lung and cause ABPA-like
disease. We characterized A. fumigatus strain W72310, which was isolated from the
expectorated sputum of an ABPA patient, by whole-genome sequencing and in vitro
and in vivo viability assays in comparison to a common reference strain, CEA10.
W72310 was resistant to leukocyte-mediated killing and persisted in the mouse lung
longer than CEA10, a phenotype that correlated with greater resistance to oxidative
stressors, hydrogen peroxide, and menadione, in vitro. In animals both sensitized
and challenged with W72310, conidia, but not hyphae, were viable in the lungs for
up to 21 days in association with eosinophilic airway inflammation, airway leakage,
serum IgE, and mucus production. W72310-sensitized mice that were recall chal-
lenged with conidia had increased inflammation, Th1 and Th2 cytokines, and airway
leakage compared to controls. Collectively, our studies demonstrate that a unique
strain of A. fumigatus resistant to leukocyte killing can persist in the mouse lung in
conidial form and elicit features of ABPA-like disease.

IMPORTANCE Allergic broncho-pulmonary aspergillosis (ABPA) patients often present
with long-term colonization of Aspergillus fumigatus. Current understanding of ABPA
pathogenesis has been complicated by a lack of long-term in vivo fungal persistence
models. We have identified a clinical isolate of A. fumigatus, W72310, which persists
in the murine lung and causes an ABPA-like disease phenotype. Surprisingly, while
viable, W72310 showed little to no growth beyond the conidial stage in the lung.
This indicates that it is possible that A. fumigatus can cause allergic disease in the
lung without any significant hyphal growth. The identification of this strain of A.
fumigatus can be used not only to better understand disease pathogenesis of
ABPA and potential antifungal treatments but also to identify features of fungal
strains that drive long-term fungal persistence in the lung. Consequently, these
observations are a step toward helping resolve the long-standing question of
when to utilize antifungal therapies in patients with ABPA and fungal allergic-
type diseases.
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Individuals with atopic asthma, chronic obstructive pulmonary disease (COPD), and
particularly cystic fibrosis (CF) are susceptible to chronic fungal colonization and

infections in the lung (1). For example, 30 to 80% of CF patients persistently test posi-
tive for growth of the filamentous fungus Aspergillus fumigatus in expectorated sputum
(2–4), and this finding is associated with overall decreased lung function (5). These
findings demonstrate that A. fumigatus colonization is a critical aspect of CF disease
pathogenesis. A subset of these patients develops allergic broncho-pulmonary asper-
gillosis (ABPA), a particularly difficult disease to diagnose and treat. Individuals with CF
and/or asthma are typically diagnosed with ABPA and exhibit a type 2 immune
response that leads to the production of high levels of interleukin 4 (IL-4), airway eosin-
ophilia, and increased total and A. fumigatus-specific IgE (6, 7). Recurrent ABPA exacer-
bations lead to the development of bronchiectasis, airway remodeling, and fibrosis as
a long-term consequence of fungal colonization (8). Although treating ABPA patients
with antifungal drugs can improve symptoms in some cases (9, 10), it is not known
how or whether persistence of A. fumigatus in the lungs specifically contributes to
ABPA disease pathogenesis.

Murine models of fungal persistence using agar beads containing A. fumigatus coni-
dia successfully recapitulated long-term (21 to 28 days) colonization of fungal hyphae
in the lung (11, 12); however, mice in this specific agar bead model do not develop the
strong IgE/Th2 response observed in ABPA patients. Numerous other mouse models
that seek to recapitulate human ABPA have been described, including utilizing A. fumi-
gatus antigens (13) and repeated challenge with live conidia (14), though none of
these models exhibited long-term persistence of A. fumigatus in the airways, a com-
mon and important feature of ABPA (5, 15, 16). Importantly, the extent of fungal
growth in ABPA patients’ airways is unclear, though hyphae have been identified in
sputum and tissue in some patient samples (17, 18). Consequently, in vivo studies
examining the fungal contribution to ABPA development, persistence, and disease pro-
gression are currently difficult to conduct. This is a critical question to address because
it is expected to help inform when antifungal therapies may be effective in the context
of ABPA.

The goal of the current study was to identify a strain of A. fumigatus that is capable
of long-term persistence in the lung of immunocompetent mice. Using a clinical strain
isolated from a sputum sample of an ABPA patient, viable A. fumigatus was recovered
from the murine airways for up to 21 days. Animals with persistent fungal burden
developed increased serum IgE, eosinophilia, airway damage, mucus production, and
an increased immune response to reexposure to fungi, all common features of ABPA.
Surprisingly, these symptoms developed despite little to no hyphal growth observed
in the airways of animals with persistent fungal burden. Consequently, these data dem-
onstrate that a fungal strain with resistance to leukocyte killing and relatively low viru-
lence is capable of long-term persistence in the murine lung and initiating ABPA-like
disease pathogenesis.

RESULTS
Aspergillus fumigatus clinical isolate W72310 is resistant to immune cell-

mediated killing and persists in the murine lung. Previous work from our laboratory
found that a clinical isolate strain, W72310, had reduced virulence compared to the
commonly studied reference strain CEA10 in mice with suppressed immune systems
(19). Conidia from W72310 have also been reported to germinate more slowly under a
variety of conditions (20) in comparison to other A. fumigatus strains. We hypothesized
that a slow-growing, less virulent strain may evade immune clearance and allow estab-
lishment of long-term fungal persistence in murine airways. In order to test this hy-
pothesis, we first compared W72310 and CEA10 persistence in the immunocompetent
murine lung 7 days after one fungal intranasal inoculation. Grocott-Gomori methena-
mine silver (GMS) staining of fixed lungs revealed that fungal conidia were still present
in W72310-exposed lungs 7 days postinoculation; however, no observable conidia
were found in CEA10-challenged animals (Fig. 1A). While swollen conidia could be
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observed in W72310-inoculated animals, no hyphal growth was visible across multiple
independent histopathology sections. In a parallel experiment, quantification of total
CFU revealed viable fungi only from lungs inoculated with W72310 (Fig. 1B), indicating
W72310 persists longer than CEA10 in C57BL6/J mice.

To address how W72310 conidia persist in the lung, we assayed the susceptibility of
W72310 and CEA10 fungal conidia to killing by bone marrow-derived macrophages

FIG 1 A. fumigatus clinical isolate W72310 persists longer in the murine lung and is resistant to leukocyte-mediated death
compared to the common laboratory strain CEA10. (A) C57BL/6 mice were intranasally inoculated with 1! 10^7 live CEA10 or
W72310 conidia and euthanized after 7 days. Lungs were fixed in formalin and stained for fungi (GMS stain, black). n= 6 to 8
animals, scale bars = 100 mm, 40!. (B) Lungs from parallel experiments were assessed for total CFU (n= 6 to 8 animals). (C) CEA10
and W72310 live conidia were incubated with primary bone marrow-derived macrophages for 1 or 4 h, and CFU were quantified.
Data are represented as percent survival of 4 h/1 h. Data include 3 independent experiments. C57BL/6 mice were
oropharyngeally inoculated with 3.0! 10^7 AF633-stained mRFP-CEA10 or mRFP-W72310 conidia for 36 h. (D to F) Lungs were
analyzed by flow cytometry for percent phagocytosis of conidia in immune cells (AF6331/CD451) (D), percent positive conidia
(AF633) in neutrophils and macrophages (E), and total neutrophils (CD451/Ly6G1/CD11b1) and macrophages (CD451/Ly6G2/
CD11b1/CD641) (F). (G and H) Viability of conidia phagocytosed in neutrophils and macrophages was analyzed by flow cytometry
(G) and quantified (H). Representative micrographs were selected out of 6 mice per group. Mann-Whitney single comparisons
were used. ns, P. 0.05; *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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(BMDMs) ex vivo. After incubation of either W72310 or CEA10 conidia with BMDMs for
4 h, W72310 conidial survival was 6-fold higher than CEA10 (Fig. 1C). In order to test
this observation in vivo, CEA10 and W72310 that ectopically express monomeric red
fluorescent protein (mRFP) were generated in order to distinguish live (mRFP1) from
dead (mRFP2) conidia by flow cytometry. Given the relatively short half-life of RFP
(approximately 45 min) in the phagolysosome of leukocytes, this fluorescent protein
functioned as a fungal viability marker during cellular interactions with leukocytes. A
fluorescent tracer dye (Alexa Fluor 633 [AF633]) was covalently attached to the surface
of the mRFP-expressing strains and served as a conidial tracer (21). We utilized this
assay to quantify leukocyte uptake and viability of W72310 and CEA10 conidia in the
murine lung. At 36 h after inoculation with AF633-stained mRFP-CEA10 or W72310 con-
idia, the percentage of W72310 conidia that were phagocytosed by CD451 immune
cells was 30% less than the percentage of CEA10 conidia in CD451 immune cells
(Fig. 1D). However, comparison of neutrophil and macrophage conidial uptake (% posi-
tive AF633) showed no difference between CEA10 and W72310 (Fig. 1E). The reduced
phagocytosis of W72310 conidia correlated with a 4-fold reduction in neutrophils and
2-fold reduction in total macrophages in the lungs of mice inoculated with W72310
compared to CEA10 (Fig. 1F). The percentage of viable W72310 conidia phagocytosed
by neutrophils and macrophages significantly increased 4-fold in comparison to CEA10
(Fig. 1G and H). Taken together, these data suggest the A. fumigatus strain W72310
recruits fewer inflammatory cells and is killed less efficiently than the highly virulent
CEA10 strain in a murine model of fungal bronchopneumonia.

Comparison of W72310 sensitization to CEA10 sensitization in the murine
lung. Given the persistent presence of the W72310 strain in the murine lung, its
increased resistance to leukocyte-mediated killing, and the altered cellular response to
W72310 conidia, we next compared the overall immune responses to sensitization
with CEA10 and W72310 live conidia. Animals were intranasally inoculated and sensi-
tized to W72310 or CEA10 conidia as indicated (Fig. 2A). Compared to phosphate-buf-
fered saline (PBS)-sensitized animals, CEA10 and W72310 animals had 6- and 8-fold-
increased serum IgE, respectively (Fig. 2B). Although we observed a trend for more
total IgE in animals exposed to W72310 compared to CEA10, the difference was not
statistically significant. Additionally, small but detectable CFU were observed in lungs
sensitized with CEA10; however, approximately 10^6 CFU were detected in lungs of
animals sensitized with W72310 (Fig. 2C). In parallel, total RNA was extracted from
whole lungs and analyzed for changes in mRNA levels of immune-related genes using
NanoString nCounter technology. As expected, overall changes in mRNA levels were
strikingly different in PBS-sensitized animals compared to the two fungal strains
(Fig. 2D). Increased signatures in pathways related to cytokine/chemokine signaling,
host-pathogen interactions, and innate and adaptive immune signaling were observed
in fungal challenged animals as expected (Fig. 2E). Interestingly, the only immune-
related pathways with reduced mRNA levels in fungus-exposed mice compared to PBS
were transforming growth factor b (TGF-b) and inflammasome-encoding genes
(Fig. 2E). Using GO-term analysis with a cutoff of P# 0.01 to differentiate highly signifi-
cant pathways in the W72310-sensitized lung compared to PBS, analysis showed prev-
alent eosinophil, monocyte, and lymphocyte chemotaxis, ERK1 and ERK2 signaling,
interferon gamma (IFN-g) response signaling, and general immune system responses
(Fig. 2F). Comparison of PBS- and W72310-sensitized lungs revealed 174 increased and
38 decreased mRNA transcripts (Fig. 2G). Surprisingly, transcripts of only 9 genes were
differentially abundant (2-fold or higher) between CEA10- and W72310-challenged
mice. Of these, transcripts of all 9 genes were increased in W72310-sensitized animals
compared to CEA10-sensitized animals (Fig. 2H). These differentially expressed tran-
scripts are encoded by the genes nos2, clec4e, cxcl-9, cxcl-10, ccl4, cxcl-11, klra21, cxcl3,
and tnfa, transcripts largely involved in T cell/monocyte recruitment and activation,
host defense, and CXCR3 receptor activation. The lack of differences between CEA10-
and W72310-challenged animals seems especially striking given the clear differences
in persistent fungal burden.
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FIG 2 W72310-induced sensitization is similar to CEA10-induced sensitization in the murine lung. (A) Mice were inoculated with either PBS or
1! 10^7 live W72310/CEA10 conidia on the indicated days and euthanized on day 14. (B) Total serum IgE was measured by ELISA on blood

(Continued on next page)
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W72310 accumulates in the murine lung during sensitization. ABPA patients are
sensitized to A. fumigatus antigens (22). A previous report demonstrated that fungi
could persist longer in an allergen-sensitized murine lung than a control lung (23), so
we next determined whether sensitization with W72310 or CEA10 increased persist-
ence of a subsequent exposure to W72310 or CEA10 conidia. In light of the data from
the immunocompetent murine model (Fig. 1), it is likely that W72310 sensitization
alone would cause an accumulation of fungi in the lung, so in order to differentiate
between fungi present from sensitization and fungi present due to challenge, we gen-
erated CEA10 and W72310 strains that were resistant to hygromycin. Mice were sensi-
tized with either PBS, wild-type (WT) CEA10, or WT W72310 and challenged with either
PBS, W72310-hyg, or CEA10-hyg. CFU were measured on Sabouraud dextrose agar
(SAB)-containing plates (total CFU) or SAB/hygromycin-containing plates (“challenge”
CFU) from the lungs of mice euthanized 7 days after challenge (Fig. 3A). Interestingly,
no live conidia were detected in mice sensitized with CEA10 and challenged with PBS,
demonstrating that repeated intranasal (i.n.) inoculation was not sufficient to drive
CEA10 fungal conidia accumulation in the murine lung (Fig. 3B). In contrast, approxi-
mately 1! 10^7 live conidia were detected from mice sensitized with W72310 and
challenged with PBS, indicating an accumulation of viable fungi in the lung from
repeated W72310 i.n. sensitizations (Fig. 3B). Challenge with CEA10-hyg in W72310-
sensitized mice did not facilitate persistence of CEA10; however, an almost 2-fold
increase in CFU was observed in W72310-challenged mice when sensitized with
W72310 but not CEA10 (Fig. 3B). Collectively, these data indicate that sensitization
causes a modest increase in persistence of W72310 but not CEA10. Consequently, fun-
gal sensitization itself is not sufficient or necessary to promote fungal persistence in
the lung with all strains of A. fumigatus.

Sensitization and challenge with W72310 cause increased fungal persistence in
the lung in association with increased serum IgE. To determine whether W72310
persists long-term in the mouse lung, we sensitized animals as described for Fig. 2 and
subsequently “challenged” mice with another fungal dose on day 0 (Fig. 4A). As a con-
trol, animals were sensitized to PBS only and challenged with one dose of W72310 on
day 0. To determine fungal persistence, CFU were chosen for quantitation despite the
filamentous morphology of A. fumigatus because hyphal elements could not be
observed in histopathology samples at any time point. Total CFU increased in the lungs
of animals sensitized and challenged with W72310 at 2, 7, and 21 days postchallenge
in comparison to PBS-sensitized controls (Fig. 4B). This significance was not observed
in lungs 28 days postchallenge. CFU were detected 2 and 7 days postchallenge in the
PBS-sensitized control group. Surprisingly, CFU were still detectable 21 and 28 days
postchallenge in this group as well, although to a much lesser extent. Fixed lungs were
stained for fungi (GMS) to observe the fungal presence and morphology. At 2 and
7 days postchallenge in both PBS- and W72310-sensitized mice, prominent conidia
were visible (Fig. 4C). Despite the quantification of detectable CFU in PBS-sensitized
mice 21 and 28 days postchallenge, conidia were not visible by GMS stain after 7 days
(Fig. 4C). Conidia were strongly visible 21 days after challenge in the W72310-sensitized
mice; however, they appeared to be taken up in large vacuolar phagocytes (Fig. 4C).
Interestingly, multiple conidia were visible in a single host cell. Conidia were mostly

FIG 2 Legend (Continued)
samples collected from animals. n= 6 to 7 mice. (C) Total CFU were measured in the lungs of mice. n= 8 mice. Mann-Whitney test with Dunn’s
multiple comparison was used. *, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001. (D) Total mRNA was extracted from the whole lung, and
gene expression was analyzed by NanoString nCounter immunology panel. Downregulation (blue) or upregulation (red) of individual replicates
was represented by heatmap; n= 4 mice/group. (E) Pathway signature of mice sensitized to either PBS, CEA10, or W72310. (F) Heatmap
showing the degree of enrichment and P value for each GO-term enriched in increased genes. The color of each tile indicates the log2-
transformed degree of enrichment for a given term within each gene set. The P value is overlaid in text to show the significance of each term.
The terms on the y axis are ordered according to decreasing degree of enrichment from top to bottom. (G) Volcano plot showing the
distribution of fold changes in gene expression in W72310-treated mice compared to PBS: genes with absolute fold changes #2 and with P
value#0.05 (Student’s t test) are shown in blue, and genes with absolute fold changes $2 and with P value#0.05 (Student’s t test) are shown
in red. (H) Volcano plot showing the distribution of fold changes in gene expression in W72310-treated mice compared to CEA10: genes with
absolute fold changes $2 and with P value#0.05 (Student’s t test) are shown in red.
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nondetectable by 28 days, with a small number visible by GMS stain. Collectively, these
data demonstrate that W72310 can persist in a fungus-sensitized murine lung up to 1
month after inoculation.

Blood was collected from each animal, and total serum IgE levels were measured by
enzyme-linked immunosorbent assay (ELISA) to determine the overall allergic
response. As expected, total IgE levels increased 2 and 7 days postchallenge in
W72310-sensitized mice compared to controls (Fig. 4D); however, significant increases
were not detected at 21 and 28 days. Interestingly, even in the PBS-sensitized animals,
total serum IgE was increased at 21 days compared to PBS-sensitized control at 2 days.
Overall, these data indicate that sensitization and challenge with strain W72310 main-
tain high levels of IgE.

Sensitization and challenge with W72310 cause increased inflammation,
leakage, and mucous cell metaplasia. Eosinophilia is a hallmark of ABPA disease
(24). Differential staining of airway/bronchoalveolar lavage (BAL) fluid cells revealed
that eosinophils were increased 2, 7, and 21 days after sensitization and challenge with
W72310 live conidia in comparison to PBS-sensitized controls (Fig. 5A). Moreover, mac-
rophages and lymphocytes were increased at all time points (Fig. 5A). Interestingly,
lymphocytes and eosinophils continued to be detectable 28 days postchallenge but at
lower levels. Overall neutrophils decreased over time, but no significant differences
were observed between control and experimental groups at any time points (Fig. 5A).
The inflammatory response was also assessed by staining lung sections for hematoxy-
lin and eosin (H&E). Some cellular infiltrates were observed in PBS-sensitized mice 2
and 7 days postchallenge with W72310, while robust inflammation, including eosino-
phils, was observed in animals sensitized and challenged with W72310 at all time
points (Fig. 5B). Furthermore, animals sensitized and challenged with W72310 for all
time points had detectable mucous cells in airways as shown by periodic acid-Schiff

FIG 3 W72310 accumulates in the mouse lung during sensitization. (A) C57BL/6 mice were inoculated
with either PBS or 1! 10^7 live W72310/CEA10 conidia on the indicated days (sensitization) and
challenged on day 0 with either PBS, Hyg-CEA10, or Hyg-W72310; animals were euthanized 7days after
challenge. (B) Lung homogenates were spread on plates containing SAB alone or SAB plus hygromycin
and quantified for total CFU. “Challenge” CFU were identified as colonies grown on hygromycin plates,
and “Sensitization” CFU were calculated by subtracting hygromycin CFU values from total CFU values
(SAB-alone plates). HYGS, hygromycin-sensitive; HYGR, hygromycin resistant. n = 6 to 12 mice per group.
Mann-Whitney test with Dunn’s multiple comparison was used. *, P# 0.05.
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(PAS)-stained lung sections (Fig. 5B, black arrows). At early time points, 2 and 7 days af-
ter challenge, there were a large number of mucus-producing cells, which persisted at
lower levels at later time points.

Total albumin in the BAL fluid was measured to evaluate the extent of vascular leak-
age and potential damage to the lungs in the airways. Quantification of albumin
showed significant increases in animals sensitized and challenged with W72310 at 7
and 21 days compared to PBS-sensitized controls, indicating airway damage that
resolved by day 28 (Fig. 5C).

Mice recall challenged with W72310 have increased airway inflammation and
damage in the lungs. Major features of ABPA disease are periods of remission and
exacerbation (25). To determine if mice with persistent W72310 in the lungs were sus-
ceptible to a recall response, mice were sensitized and challenged with either PBS or
W72310 and 21 days after challenge all animals were recall challenged with either PBS
or W72310 live conidia (Fig. 6A). We chose to rechallenge mice at 21 days after the ini-
tial challenge because we wanted to use a time point in which conidia had been per-
sistent long-term but were still highly prevalent. This was in order to determine if the
presence of conidia themselves could maintain an environment in the lung prone to
“exacerbations.” BAL fluid and lung suspension neutrophils and eosinophils were sig-
nificantly increased in the W72310 recall-challenged group compared to the PBS recall-
challenged group (Fig. 6B). Serum IgE levels were increased 5-fold in mice sensitized
and challenged with W72310 at 21 days compared to PBS-sensitized challenged mice,
as would be expected (based on results from the time course [Fig. 4D]), and BAL fluid
albumin was measured in order to assess damage and leakage in the airways (Fig. 6C).
Total albumin levels were increased 2-fold in the airways of mice sensitized, chal-
lenged, and recall challenged with W72310 compared to both PBS controls. Th2

FIG 4 Sensitization and challenge with W72310 causes increased fungal persistence in the lung in association with increased serum IgE. (A) Schematic of
ABPA model protocol. C57BL/6 mice were inoculated with either PBS or 1! 10^7 live W72310 conidia on the indicated days and challenged on day 0.
Animals were subsequently euthanized on days 2, 7, 21, and 28. (B) CFU were quantified from total lung homogenates at the indicated time points and
represented on a log scale. (C) Paraffin-embedded fixed lungs were stained with GMS, and images were captured at 40!; scale bar = 100 mm. (D) Total
serum IgE was measured by ELISA on blood samples collected from animals. (B and D) Kruskal-Wallis with Dunn’s comparison to 2-day time point (within
same sensitization protocol): *, #0.05. Kruskal-Wallis with Dunn’s comparison to same time point (within different sensitization protocol): #, #0.05. Data
include 2 independent experiments and n= 8 to 12 mice.
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FIG 5 Sensitization and challenge with W72310 cause increased pulmonary inflammation, leakage, and mucous cell
metaplasia. (A) Total BAL fluid was quantified for individual cell populations of macrophages, neutrophils, lymphocytes, and

(Continued on next page)
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cytokines IL-4/IL-10 and Th1 cytokine IFN-g were significantly increased in BAL fluid of
mice sensitized, challenged, and recall challenged with W72310 compared to PBS con-
trols (Fig. 6D). IL-17A cytokine levels were not detectable (data not shown).
Collectively, these data demonstrate that W72310 persists for several weeks in a fun-
gus-sensitized murine lung and elicits strong inflammation, damage, mucus produc-
tion, and an exacerbation-like immune response.

Comparison of W72310 and CEA10 whole-genome sequences. Given the clear
differences in immune response to CEA10 and W72310, we wanted to address poten-
tial fungus-mediated mechanisms for these observations. As a first step toward under-
standing the fungal contribution to these responses, whole-genome sequencing of
CEA10 and W72310 was conducted. Sequencing and variant analysis revealed a total
of 56,036 variants in W72310 that differed from the AF293 reference genome, com-
pared to only 13,014 variants identified in CEA10. These variants included 2,392 posi-
tions in W72310 and 874 variants in CEA10 for which no allele could be determined
(and which possibly represent a deletion at that position compared to the AF293 refer-
ence genome). We consequently identified 49,806 variants that were exclusive to
W72310 and not shared with CEA10 (18,088 excluding synonymous and intergenic var-
iants), compared to only 8,302 variants found in CEA10 but not present in W72310
(1,922 excluding synonymous and intergenic variants). W72310 also had a greater
number of missense variants with a total of 6,486, compared to only 814 in CEA10.
Given the differences observed between W72310 and CEA10 in conidial viability, ger-
mination rate, and persistence in the lung, we narrowed our focus to nonsynonymous
variants unique to W72310 (not present in CEA10) occurring in genes involved in oxi-
dative stress responses, cell wall biology, melanin, and metabolism using reverse GO-
term mapping. Variants were identified in 20 unique oxidative stress response genes, 6
cell wall genes, and 6 melanin genes (Table 1). Interestingly, no variants were identified
in core metabolism genes. When nonsynonymous variants unique to W72310 were
mapped onto putative allergen genes, 184 single nucleotide polymorphisms (SNPs)
and indels in 69 unique genes, with mutation load ranging from 1 to 21 variants per
gene, were found (Table 2). In order to corroborate differences observed in oxidative
stress resistance, mRFP-CEA10 and mRFP-W72310 strains were assayed for susceptibil-
ity to oxidative stress-inducing agents, hydrogen peroxide and menadione. The per-
centage of viable CEA10 conidia (RFP1) was significantly reduced by 50% (hydrogen
peroxide) and 40% (menadione), respectively. In contrast, incubation of W72310 with
hydrogen peroxide and menadione decreased the percentage of viable conidia by
only less than 5% (Fig. 7). Collectively, these data show that W72310 conidia are less
susceptible to oxidative stress-induced death than those of CEA10 and this may con-
tribute to its persistent phenotype in the mouse lung. The allele(s) driving this pheno-
type in W72310 conidia remains to be determined in future studies.

DISCUSSION
In the current study, we characterized a unique clinical strain of A. fumigatus which

persists in the murine lung and elicits an ABPA-like disease state. By identifying and
characterizing the W72310 strain, our studies demonstrated that an A. fumigatus strain
can be resistant to immune cell-mediated killing and that it can persist in the murine
lung as viable conidia while eliciting a strong IgE/inflammatory/damage response.
These data are important because they suggest A. fumigatus strains exist in the popula-
tion that can persist in mammalian airways and induce pathological immune responses
without robust fungal growth. Moreover, our data provide an opportunity to uncover

FIG 5 Legend (Continued)
eosinophils. (B) Paraffin-embedded fixed lungs were stained with H&E and PAS, and images were captured at 20!; scale
bar = 100 mm. (C) BAL supernatant was analyzed for total concentrations of albumin. (A and C) Kruskal-Wallis with Dunn’s
comparison to 2-day time point (within same sensitization protocol): *, #0.05. Kruskal-Wallis with Dunn’s comparison to
same time point (within different sensitization protocol): #, #0.05. Data include 2 independent experiments and n= 8 to 12
mice.
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novel fungal contributions to allergy-like diseases due to the long-term persistence of
W72310 conidia in murine lungs.

We hypothesize that a key fungal mechanism for fungal persistence is enhanced
oxidative stress resistance of the W72310 conidia. Reactive oxygen species (ROS)
generated by NADPH-oxidases in neutrophils and macrophages are critical compo-
nents in host defense against A. fumigatus infection (26, 27). Intriguingly, our data
demonstrate that W72310 conidia are more resistant to both hydrogen peroxide-
and menadione-induced death than CEA10 conidia (Fig. 7). Moreover, neutrophils
and macrophages have reduced killing of W72310 conidia compared to CEA10 coni-
dia (Fig. 1G). Genome sequencing revealed that W72310 has 20 oxidative stress
response genes with high-impact SNPs (Table 1). Of particular interest, perhaps, the
catalase Afu6g03890/catA has 6 variants in W72310 and not CEA10 (Table 1).
Previous studies demonstrated that a catalase mutant generated in A. fumigatus was
more sensitive to hydrogen peroxide. Interestingly, its conidia did not have any

FIG 6 Sensitization and challenge with W72310 and subsequent recall challenge cause increased tissue inflammation, damage, Th1/2, and IgE response.
(A) Schematic of ABPA exacerbation protocol. C57BL/6 mice were inoculated with either PBS or 1! 10^7 live W72310 conidia on the indicated days
(sensitization and challenge) and recall challenged 21 days after initial challenge. Animals were subsequently euthanized 48 h later. (B) Neutrophils (CD451/
SiglecF2/Ly6G1/CD11b1) and eosinophils (CD451/SiglecF1/CD11clow) were quantified by flow cytometry in BAL fluid and lung suspensions. (C) Serum was
isolated from mice, total IgE levels were quantified, and BAL supernatant was analyzed for total albumin. (D) BAL supernatant IL-4, IL-10, and IFN-g were
measured. Mann-Whitney test with Dunn’s multiple comparison was used. *, P# 0.05.
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difference in susceptibility to immune-cell-mediated killing and had similar patho-
genicity in mouse models of aspergillosis as did wild-type controls (28–30). Since
there are 20 oxidative stress response genes with variants in the W72310 strain, it
seems likely that more than one gene/mechanism is involved in its defense against
ROS-induced killing. However, we cannot rule out that novel alleles of genes like
catA encode proteins with increased activity.

Another fungus-centric striking observation from our studies is that W72310 per-
sists in the mouse lung largely as viable conidia. Based on the histology at 21 days
postchallenge (Fig. 4C), we observed that the majority of conidia appear to be phago-
cytosed by large macrophage-like cells. Previous histological analyses of invasive
aspergillosis patients have also demonstrated the presence of multiple conidia per
giant cell (31); however, the viability of the fungus is not known. Case reports often
show A. fumigatus in the lung as germlings or hyphae by GMS stain (32), but it is not
known whether conidia, germlings, hyphae, or some combination contribute to ABPA
and fungal allergic disease pathogenesis. Given that W72310 has previously been
shown to have reduced germination rates in comparison to other strains (19, 20),
another explanation for its persistence is that remaining in its conidial form does not

TABLE 1 Nonsynonymous variants found in W72310 relative to AF293 that are not found in CEA10 (O2 stress, cell wall, and melanin genes)

Gene ID
No. of exclusive
variants Annotation

O2 stress Afu2g01520 10 Ortholog(s) has role in ascospore formation, hyphal growth, response to oxidative stress, sporocarp
development involved in sexual reproduction

Afu3g10530 6 Putative protein serine/threonine kinase
Afu6g03890 6 Spore-specific catalase
Afu2g04680 5 Protein serine/threonine kinase
Afu4g10770 5 Psi-producing oxygenase A
Afu5g11820 5 Ortholog(s) has cytosol, nucleus localization
Afu6g12522 5 Putative transcription factor and response regulator of a two-component signal transduction system
Afu2g00200 4 Ortholog(s) has catalase activity
Afu1g13600 3 Ortholog(s) has cyclin-dependent protein kinase activating kinase activity, cyclin-dependent protein

serine/threonine kinase regulator activity, protein serine/threonine kinase activity
Afu3g12670 3 Putative serine/threonine protein kinase
Afu4g09110 3 Putative cytochrome c peroxidase
Afu2g01700 2 Ortholog(s) has AMP-activated protein kinase activity, ARF guanyl-nucleotide exchange factor activity
Afu3g02270 2 Mycelial catalase
Afu4g00180 2 Fatty acid 8,11-diol synthase
Afu7g03720 2 Ortholog(s) has RNA polymerase II carboxy-terminal domain kinase activity, cyclin-dependent protein

kinase activating kinase activity, cyclin-dependent protein serine/threonine kinase activity
Afu1g01980 1 Ortholog(s) has role in hyphal growth, response to cold, response to heat, response to oxidative

stress, response to salt stress, sporocarp development involved in sexual reproduction
Afu1g05930 1 Ortholog(s) has protein serine/threonine kinase activity
Afu3g12120 1 Putative fatty acid oxygenase
Afu5g08580 1 Putative alpha-1,6-mannosyltransferase that initiates the linkage of the N-glycan outer chain
Afu5g09240 1 Cu/Zn superoxide dismutase

Cell wall Afu1g13670 5 Conidial cell wall protein A
Afu6g08510 5 Putative cell wall biosynthesis protein
Afu3g07650 4 Has domain(s) with predicted pectinesterase activity, role in cell wall modification and cell wall

localization
Afu2g03120 2 Putative cell wall glucanase
Afu4g03240 2 Putative cell wall galactomannoprotein
Afu8g06880 2 Ortholog(s) has pectinesterase activity and role in pectin catabolic process

Melanin Afu2g04200 9 4-Hydroxyphenylpyruvate dioxygenase involved in the L-tyrosine degradation pathway
Afu1g16590 7 Putative C2H2 transcription factor
Afu1g15440 4 Putative alpha(1-3) glucan synthase
Afu2g17550 1 Heptaketide hydrolyase ayg1
Afu2g17560 1 1,3,6,8-Tetrahydroxynaphthalene reductase arp2
Afu2g17600 1 Conidial pigment polyketide synthase alb1
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TABLE 2 Nonsynonymous variants found in W72310 relative to AF293 that are not found in CEA10 (allergen genes)

Gene ID
No. of exclusive
variants Annotation

Afu1g02980 21 Putative 6-phosphogluconolactonase
Afu7g05740 10 Putative NAD-dependent malate dehydrogenase
Afu5g11320 9 Allergen Asp f 29
Afu5g04170 6 Heat shock protein
Afu1g14560 5 Putative 1,2-alpha-mannosidase
Afu2g01010 5 Putative myo-inositol-phosphate synthase
Afu2g01170 5 1,3-Beta-glucanosyltransferase with a role in elongation of 1,3-beta-glucan chains
Afu3g11690 5 Putative class II fructose-bisphosphate aldolase
Afu1g09470 4 Putative class V aminotransferase
Afu1g09670 4 Putative HLH transcription factor
Afu2g13530 4 Putative translation elongation factor EF-2 subunit
Afu3g00590 4 Asp-hemolysin
Afu4g01290 4 Glycosyl hydrolase family 75 chitosanase
Afu6g10300 4 Allergen Asp f 28
Afu1g14570 3 Putative phosphoribosyl-AMP cyclohydrolase
Afu2g03830 3 Allergen Asp f 4
Afu2g09960 3 Putative mitochondrial Hsp70 chaperone
Afu3g01110 3 Putative GMP synthase (glutamine-hydrolyzing)
Afu4g10130 3 Ortholog(s) has alpha-amylase activity and role in carbohydrate catabolic process
Afu4g11720 3 Putative phosphatidyl synthase
Afu5g09580 3 Conidial hydrophobin
Afu6g04920 3 Putative NAD-dependent formate dehydrogenase
Afu6g10660 3 Putative ATP citrate lyase subunit
Afu7g05720 3 Pyruvate dehydrogenase complex, dihydrolipoamide acetyltransferase component
Afu1g04130 2 FG-GAP repeat protein
Afu2g10100 2 Allergen Asp f 8
Afu2g11150 2 Putative secretory-pathway GDP dissociation inhibitor
Afu2g11260 2 Putative 3-isopropylmalate dehydratase with a predicted role in nitrogen metabolism
Afu2g16820 2 Putative curved DNA-binding protein
Afu3g00600 2 Ortholog of Aspergillus fumigatus A1163: AFUB_047840
Afu3g02270 2 Mycelial catalase
Afu3g09320 2 Serine hydroxymethyltransferase
Afu4g03240 2 Putative cell wall galactomannoprotein
Afu4g06670 2 Allergen Asp f 7
Afu4g10460 2 Homocitrate synthase, essential enzyme of the alpha-aminoadipate pathway of lysine biosynthesis
Afu5g05540 2 Putative nucleosome assembly protein
Afu5g09210 2 Autophagic (vacuolar) serine protease
Afu5g13300 2 Putative extracellular aspartic endopeptidase
Afu6g02230 2 Putative glucokinase
Afu6g02280 2 Allergen Asp f 3
Afu6g09690 2 Glutathione S-transferase gliG
Afu6g09740 2 Thioredoxin reductase gliT
Afu8g07080 2 Putative secreted metalloprotease
Afu1g02820 1 Putative NADH-quinone oxidoreductase
Afu1g06830 1 Putative 60s acidic ribosomal protein superfamily member
Afu1g07440 1 Molecular chaperone
Afu1g08980 1 UPF0160 domain protein
Afu1g10630 1 Putative S-adenosylmethionine synthetase
Afu1g11460 1 Putative 1,3-beta-glucanosyltransferase
Afu2g00690 1 Ortholog(s) has glucan 1,4-alpha-glucosidase activity, role in polysaccharide metabolic process

and Golgi apparatus, endoplasmic reticulum, prospore membrane localization
Afu2g06150 1 Putative protein disulfide isomerase
Afu2g12630 1 Allergen Asp f 13
Afu2g13250 1 Putative bifunctional tryptophan synthase
Afu2g15430 1 Sorbitol/xylulose reductase
Afu3g03060 1 Allergen Asp f 34
Afu3g07430 1 Putative peptidyl-prolyl cis-trans isomerase
Afu3g10460 1 Putative nuclear transport factor
Afu3g11300 1 Putative proteasome component
Afu3g11400 1 Aspartic acid endopeptidase
Afu4g00610 1 Putative aryl-alcohol dehydrogenase

(Continued on next page)
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allow full immune recognition of the fungus. Of note, W72310 elicited less of an inflam-
matory response than CEA10 in an immunocompetent pulmonary challenge model
(Fig. 1E). LC3-associated phagocytosis has been shown to be critical in fungal killing
and is dependent on exposure of the fungal cell wall components melanin and b-glu-
can (33). Sequence analysis showed high-impact SNPs in 6 cell wall genes and 6 mela-
nin genes which could potentially prevent full recognition and/or killing of the fungus
(Table 1). Collectively, SNPs in melanin and cell wall stress genes may affect overall ger-
mination, and immune cell recognition of W72310 and SNPs in oxidative stress
response genes could affect overall viability of phagocytosed W72310 conidia.
Rigorous fungal genetic studies will be needed to determine specifically which gene(s)
is important overall for the persistent phenotype.

Despite a similar immunological response to sensitization between W72310 and
CEA10, select interferon-responsive genes were differentially expressed. CXCR3 was
not differentially expressed between W72310 and CEA10 (data not shown); however,
expression of its ligands, CXCL-9 and CXCL-10, was higher in W72310-sensitized lungs
than in those sensitized to CEA10. CXCL9 and CXCL10, which have been shown to be
induced in other mouse models of asthma and A. fumigatus-induced inflammation
(34–36), activate Th1-type immune responses through CXCR3. Because CXCR3 is prefer-
entially expressed in Th1 cells (37), this could indicate a potential role for the Th1
immune response in the overall persistence observed from W72310. Both in a mouse
model of severe asthma and in humans with severe asthma, CXCL-10 was shown to
play a critical role in corticosteroid resistance and Th1-mediated inflammation (38).

TABLE 2 (Continued)

Gene ID
No. of exclusive
variants Annotation

Afu4g07410 1 Has domain(s) with predicted catalytic activity
Afu4g07690 1 Putative phosphoribosylaminoimidazole-carboxamide formyltransferase/IMP cyclohydrolase
Afu4g08720 1 Putative secreted phospholipase B
Afu5g06390 1 Putative adenosine kinase
Afu5g10550 1 ATP synthase F1, beta subunit
Afu6g06770 1 Putative enolase
Afu6g11330 1 Ortholog(s) has thiamine phosphate phosphatase activity and role in dephosphorylation, thiamine

biosynthetic process
Afu6g12930 1 Mitochondrial aconitate hydratase
Afu8g05020 1 Putative secreted N-acetylhexosaminidase

FIG 7 W72310 is more resistant to oxidative stress-induced death than CEA10. mRFP-CEA10 and
mRFP-W72310 were incubated with either 25mM menadione or 5mM H2O2 for 6 h and analyzed by
flow cytometry for viability (%RFP1). Data are representative of 3 independent experiments with 3 to
4 technical replicates/experiment. One-way analysis of variance (ANOVA) with Tukey’s multiple
comparison was used; ****, P# 0.0001.
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However, differences in the immune response at this time point could be in response
to either the different strains of fungi or different quantities of fungi, since we observe
significantly more W72310 CFU at this time point (Fig. 2C).

The results of our present study indicate that persistent conidial colonization in the
fungus-sensitized mouse lung causes many features of APBA-like disease (Fig. 4 and 6).
Diagnosis of ABPA has proven to be challenging, and it has long been postulated that
ABPA rates are underrepresented due to a lack of consistency in diagnostic methods
(22). Elevated total and A. fumigatus-specific IgE, A. fumigatus cutaneous reactivity,
bronchial asthma, airway eosinophilia, and bronchiectasis are the major criteria utilized
to diagnose APBA. Our data show increased airway eosinophilia, serum IgE, and albu-
min in the BAL fluid of mice up to 21 days after challenge with A. fumigatus, indicating
a pathogenic role for A. fumigatus long-term persistence. In other published mouse
models of ABPA, repeated inoculation is required for these phenotypes to be main-
tained (34, 39). Further analysis of airway mechanics, host immunology, and changes
in morphology will be needed to determine the extent of ABPA disease-like pathoge-
nesis in animals with a longer-term W72310 infection.

Importantly, ABPA is primarily diagnosed in patients with cystic fibrosis, due to an
environment in the lung prone to long-term microbial colonization. Mouse models of
CF have also shown a strong role for A. fumigatus in CF disease pathogenesis. CF trans-
membrane conductance regulator (CFTR) knockout (KO) and dF508 mice develop ro-
bust inflammatory, IL-4, and IgE (specifically in CD41 T cells) responses to A. fumigatus
hyphal extract (40). Additionally, exposure of mice to A. fumigatus conidia for 24 to 72
h causes increased inflammation, mucus production, and BAL fluid inflammatory cyto-
kine production in CFTR KO compared to WT mice (41), and increased inflammasome
activity was observed in CFTR KO mice in response to A. fumigatus conidial exposure
(42). Future experiments exposing genetically engineered CF mice to W72310 could
provide valuable insight into mechanisms of disease pathogenesis and therapeutic effi-
cacy. These types of studies could be especially critical because the concept that
strains of A. fumigatus can survive in the lung without germinating but cause ABPA-
like disease would significantly affect the types of treatments a patient would receive,
including antifungals. Moreover, identification of specific fungal alleles that promote
long-term persistence may help diagnose chronic infections in lieu of transient coloni-
zation that would help guide antifungal deployment in these at-risk groups, such as CF
patients.

MATERIALS ANDMETHODS
Animal inoculations.Mice were housed in autoclaved cages at#4 mice per cage with HEPA-filtered

air and water. For single-exposure studies, outbred wild-type C57BL/6 female mice 8 to 12weeks old
(Jackson Laboratories) were intranasally inoculated with 1! 10^7 live conidia (in 40ml PBS) per mouse.
A. fumigatus strains CEA10 and W72310 were grown on 1% glucose minimal medium (GMM) for 3 days
at 37°C, and conidia were collected in 0.01% Tween and washed 3 times in sterile PBS. Animals were ino-
culated with 3! 10^7 live conidia for 36 h (FLARE), 1! 10^7 live conidia 1 time in week 1 and 5 times in
week 2 (sensitization), and 1! 10^7 live conidia on the first day of week 3 (challenge). Animals were
monitored daily for disease symptoms, and we carried out our animal studies in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals (43). The animal experi-
mental protocol 00002241 was approved by the Institutional Animal Care and Use Committee (IACUC)
at Dartmouth College.

Isolation of bone marrow and coculture conditions. After euthanasia, femur and tibia were
extracted from 8- to 12-week-old C57BL/6 mice and the bones were flushed with PBS to collect bone
marrow-derived cells. After red blood cell lysis, cells were counted and cultured with either mRFP-CEA10
or mRFP-W72310 AF633-stained conidia as described previously (21) for 16 h at a 10:1 multiplicity of
infection (MOI) with 10 ng/ml interferon gamma (IFN-g) and 25mM hydroxyurea (HU).

In vitro conidial killing assay. Freshly harvested murine BMDMs were dosed to 1! 10^6/ml in me-
dium, and 1ml of the above culture was transferred to each well of a 24-well plate. After an overnight
incubation at 37°C with 5% CO2 to allow attachment, the BMDM medium was removed and replaced
with 0.5ml of fresh BMDM medium containing 2! 10^6/ml A. fumigatus conidia from strains of interest
(MOI = 1). After 1 h, unbound/unphagocytosed conidia were removed in all wells by aspirating the
BMDM medium and gently washing with 1ml of PBS for each well. For the 1-h group, 200ml 0.5% sterile
SDS in distilled water was added and incubated for 10 min to lyse the macrophages and conduct serial
dilutions in sterile 0.01% Tween 80 in distilled water. For the 4-h group, 0.5ml BMDM medium was
added back and incubated for another 3 h before lysing the SDS solution followed by serial dilutions as
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above. All serial dilutions (from 10^1 to 10^5, 100ml) were pipetted on GMM plates via sterile plate
spreaders and incubated for 2 days. Plates containing between 30 and 200 colonies were counted, and
the number of viable conidia was calculated. The survival rate of 3-h BMDM killing was calculated by n
(4-h group)/n(1-h group).

Hygromycin-resistant and mRFP strain generation. Protoplasts from strains CEA10 and W72310
were generated with Trichoderma harzianum (Millipore Sigma) lysing enzyme and transformed ectopi-
cally with linear constructs of the gpdA-driven hph hygromycin resistance gene or H2A:mRFP (CEA10) as
previously described (44, 45).

RNA preparation and NanoString analysis. Animals were “sensitized” to either PBS, CEA10, or
W72310 as described previously, and lungs were removed at euthanasia for mRNA analysis. Lungs were
freeze-dried, homogenized with glass beads using Mini Bead Beater (BioSpec Products Inc., Bartlesville,
OK), and resuspended in TRIzol (Thomas Scientific) and chloroform to extract RNA according to manufac-
turer’s instructions. After RNA was assessed for quality, 500 ng of RNA was used per NanoString reaction
using the nCounter Mouse Immunology v1 Gene Expression Panel (NanoString). nSolver 4.0 software
was used for background subtraction and normalization. nCounter Advanced Analysis 2.0 was used for
quality control analysis and pathway analysis. For additional pathway analysis, accession numbers were
converted to Entrez IDs via the DAVID Gene Accession Conversion Tool (46, 47). The Entrez IDs were
then used to pull GO terms for each gene from the Mouse Genome Informatics’ website (http://www
.informatics.jax.org/batch). The resulting file was reformatted to fit the TopGO package’s requirements
for gene ID to GO ID conversion (gene_ID\t GOID1;GOID2;. . .;GOIDX). Genes were classified as increased
or decreased based on a 2-fold change cutoff and a P value of #0.05. Lists of all differentially expressed
genes (DEGs), increased DEGs, or decreased DEGs were inserted into separate TopGOdata objects using
the gene ID to GO ID conversion file to assign all possible GO terms for each gene. A nodesize cutoff of
10 was used, and a classic Fisher test followed by a Benjamini-Hochberg correction for multiple testing
was performed via the TopGO R package (48) to determine enriched GO terms within the data sets. The
degree of enrichment was calculated as the number of significant genes divided by the number of
genes expected by random chance. Data were plotted via the ggplot2 and ComplexHeatmap (49) pack-
ages in R version 3.6.2 (12 December 2019).

CFU.Whole lungs were homogenized in 1ml sterile PBS using glass beads in a Mini Bead Beater. Serial
dilutions (1:10 to 1:1,000) were then spread onto agar plates containing Sabouraud medium or Sabouraud
medium containing 175mg/ml hygromycin and incubated overnight (O/N) at 37°C. Plate dilutions contain-
ing 50 to 100 visible colonies were quantified and expressed as a measurement of CFU per milliliter.

Histology: GMS, PAS, and H&E. After euthanasia, cannulas were inserted into trachea and lungs
were excised from the body cavity. Lungs were inflated with 10% buffered formalin phosphate for 24 h
and stored in 70% ethanol until embedding. Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E), Grocott-Gomori methenamine silver (GMS), and periodic acid-Schiff (PAS). Slides were
analyzed microscopically with a Zeiss Axioplan 2 imaging microscope (Carl Zeiss Microimaging, Inc.,
Thornwood, NY) fitted with a QImaging Retiga-SRV Fast 1394 RGB camera.

Serum analysis. Cardiac punctures were performed postmortem. After 1 h at room temperature,
blood samples were centrifuged at 2,000 ! g for 30 min, and serum was isolated. Total IgE was meas-
ured by ELISA using a kit (Invitrogen) and performed according to the manufacturer’s instructions.

BAL analysis (inflammatory cells, albumin, ELISAs). After euthanasia, cannulas were inserted into
trachea and lungs were removed. Lungs were lavaged with 3 sequential cold PBS washes (1ml, 0.5ml,
0.5ml). Broncho-alveolar lavage (BAL) fluid was centrifuged at 300 ! g for 5 min, and supernatant was
removed for cytokine (IL-4, IL-10, and IFN-g [R&D]) and albumin (Eagle Diagnostics) analysis according to
manufacturer’s instructions. Remaining cells were counted and centrifuged onto slides using Rotofix
Cytospin. Up to 300 cells were counted to determine percentages of macrophages, neutrophils, eosino-
phils, and lymphocytes. Total numbers of individual cell populations were calculated using individual
percentages multiplied by total BAL cell numbers.

Cell death assay. Liquid GMM was inoculated with 2.0! 10^6 mRFP-CEA10 or mRFP-W72310 and
incubated with either 25mM menadione or 5mM hydrogen peroxide for 6 h at 37°C. After incubation,
conidia were run on a Beckman Coulter Cytoflex S flow cytometer for percent positive RFP (viability).
Analysis was performed using FlowJo version 9.9.6 as previously described (26).

Flow cytometry and Fluorescence Aspergillus REporter (FLARE) analysis. Whole-lung single-cell
suspensions were prepared as described previously (45). Briefly, lungs were minced and digested in
buffer containing 2.2mg/ml collagenase type IV (Worthington), 100mg/ml DNase I (Zymo Research),
and 5% fetal bovine serum (FBS) at 37°C rotating for 45 min. Digested samples were then passed
through an 18-gauge needle, resuspended in red blood cell lysis buffer, diluted with PBS, passed
through a 100-mm filter, and counted. For flow cytometry analysis, cells were stained with a viability
dye (eFluor 780; eBioscience), anti-CD45 (Pacific Orange; Invitrogen), anti-CD11b (PECy5 [BioLegend]
for cellularity, PerCPCy5.5 [BioLegend] for FLARE), anti-CD11c (phycoerythrin [PE], BioLegend), anti-
Ly6G (fluorescein isothiocyanate [FITC], BioLegend), anti-CD64 (BV421; BioLegend), and anti-SiglecF
(BV421; BD Bioscience). Samples were analyzed on a MACSQuant VYB flow cytometer (cellularity) or
Beckman Coulter Cytoflex S (FLARE). Macrophages were identified as CD451/Ly6G2/CD11b1/CD641,
neutrophils were identified as CD451/SiglecF2/Ly6G1/CD11b1, and eosinophils were identified as
CD451/SiglecF1/CD11clow. Analysis was performed with FlowJo version 9.9.6.

Genome sequencing and variant analyses. Mycelial cultures of A. fumigatus using liquid glucose
minimal medium with yeast extract were inoculated in small petri dishes grown overnight (18 to 24 h) at
37°C. Mycelia were collected, lyophilized, and bead beaten to powder, and DNA was extracted as previ-
ously described (50). Genomic sequencing libraries of the DNA were constructed using the SeqOnce
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(SeqOnce Biosciences, Pasadena, CA) with multiplexing barcodes by the Genomics Core at UC Riverside
Institute for Integrative Genome Biology. The genomic libraries were sequenced as 2! 150-bp reads on an
Illumina Novaseq 6000 (Illumina, San Diego, CA) at UC San Francisco Sequencing Core to generate
;2.17Gb of sequence. Sequence data for strain CEA10 were obtained from the Sequence Read Archive
under accession no. ERR232423 and BioProject PRJEB1497. The sequence reads for each strain were
aligned to the Af293 genome downloaded from FungiDB v.46 (51, 52) using BWA v0.7.17 (53) and con-
verted to the BAM file format after running fixmate and sort commands in SAMtools v1.10 (54). Duplicate
reads were removed, and reads were indexed using MarkDuplicates and Build BamIndex in Picard tools
v2.18.3 (http://broadinstitute.github.io/picard). To avoid overcalling variants near alignment gaps, reads
were further realigned using RealignerTargetCreator and IndelRealigner in the Genome Analysis Toolkit
GATK v3.7 (55). The variants (SNPs and indels) for W72310 and CEA10 were genotyped relative to the A.
fumigatus reference genome Af293 using the HaplotypeCaller step in GATK v4.0 (https://doi.org/10.1101/
201178). Filtering was accomplished using GATK’s SelectVariants call with the following parameters: for
SNPs, -window-size =10, -QualByDept, 2.0, -MapQual, 40.0, -QScore, 100, -MapQualityRankSum,
212.5, -StrandOddsRatio. 3.0, -FisherStrandBias. 60.0, -ReadPosRankSum,28.0; for indels, -window-
size=10, -QualByDepth, 2.0, -MapQualityRankSum,212.5, -StrandOddsRatio. 4.0, -FisherStrandBias.
200.0, -ReadPosRank,220.0, -InbreedingCoeff,20.8. Resultant variants were annotated with snpEff
(56) using the Gene File Format gene annotation for Af293 v.46 in FungiDB. Variants that overlapped trans-
posable elements (TEs) were removed by positional mapping to locations of annotated TEs in the FungiDB
v.46 release of the Af293 reference genome, using BEDtools -subtract (57). Mutations in W72310 were ana-
lyzed relative to CEA10 using a custom script implemented in the R programming environment (58). To
identify mutations occurring in allergen genes, a database of genes putatively capable of eliciting an
immune response was curated from the published literature (n=113) (Table 2) and mapped against
W72310 variant positions using a custom script in R. Putative allergen genes in W72310 containing variants
other than synonymous or intergenic mutations were annotated in Fungi DB v.46 (52). To investigate var-
iants unique to W72310 and occurring in genes relevant to the phenotypes of interest in this study (oxida-
tive stress, cell wall integrity, primary metabolism, and melanin production), we used reverse GO mapping
of the terms GO:0006979 (response to oxidative stress), GO:0005618 (cell wall), GO:0044238 (primary meta-
bolic process) GO:0006582 (melanin metabolic process), and GO:0042438 (melanin biosynthetic process).

Statistical analysis. All statistical analyses were performed with Prism 8.3 software (GraphPad
Software Inc., San Diego, CA). For in vitro comparison of 2 groups, Student’s t test was used. For animal
experiments, nonparametric analyses were performed (Kruskal-Wallis, Dunn’s multiple comparisons;
Mann-Whitney, single comparisons). All error bars represent standard errors of the means. NS, P. 0.05;
*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001.

Data availability. Sequence data for W72310 were deposited in the Sequence Read Archive under
BioProject no. PRJNA614926. The code and data files for variant assessment associated with this pro-
ject can be accessed via GitHub in the repository stajichlab/W72310 (https://doi.org/10.5281/zenodo
.4116457) (59).
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Surface-dwelling microorganisms organize into macroscopic 
colonies of intricately structured populations that have 
intrigued scientists for decades1,2. For bacteria and yeast, the 

inter- and intraspecies heterogeneity of these macroscopic mor-
phologies in  vitro are well-understood3,4; and microbial colony 
morphology (CM) variants are observed in clinical samples5,6. The 
challenge remains to determine how CM diversity reflects physi-
ological variation and contributes to environmental fitness. CM is 
associated with changes in extracellular matrix7, stress resistance8, 
reproduction9 and metabolism10; but it remains unclear, particu-
larly for filamentous fungi, how CM affects pathogenesis and what 
genetic factors play a role in fungal CM diversification.

Intraspecies CM variation can arise through accumulated 
genetic changes or through transcriptional rewiring resulting in 
phenotypic switching11,12. The human pathogenic mould Aspergillus 
fumigatus shows phenotypic plasticity at 0.2% O2, where CM dif-
fers compared to that at 21% O2 and is variable across strains13. 
Physiological changes and genetic mechanisms facilitating stable 
morphotype variants in A. fumigatus and other human pathogenic 
filamentous fungi are not well-characterized, nor is their effect on 
pathogenesis and disease progression. Progress in understanding 
fungal CM and phenotypic variability has been limited partly by the 
underlying genetic complexity. Given the intraspecies CM variation 
found in A. fumigatus isolates and the effect of oxygen on CM, we 
sought to assess how a low-oxygen CM variant affects A. fumigatus 
pathogenesis and invasive aspergillosis disease progression and to 
identify genetic factors involved in CM variation.

Results
Oxygen tension significantly influences fungal CM and biofilm 
architecture. A. fumigatus CM is heterogeneous in response to oxy-
gen tension13. A screen of 58 isolates at 0.2% O2 for two morphologi-
cal features—colony furrowing and percentage vegetative mycelia 
(white, non-conidiating mycelia; PVM)—revealed abundant fur-
rowing (mean, 5.30) and a high PVM (mean, 70.4%) (Fig. 1a and 

Supplementary Fig. 1a). Colonies at 21% O2 have significantly fewer 
furrows (mean, 1.85; P < 0.0001) and significantly reduced PVM 
(mean, 32%; P < 0.0001) (Fig. 1b). Oxygen tension is a significant 
source of variation for both colony furrowing (31.67%, P < 0.0001) 
and PVM (55.77%, P < 0.0001) (Fig. 1c,d). Most isolates screened 
have low furrowing and low PVM at normal oxygen (N-MORPH) 
and increased furrowing and PVM at low oxygen (hypoxia; 
H-MORPH; Fig. 1e). We consider a strain to be H-MORPH if fur-
rows are greater than three and PVM is greater than 40% when 
grown in our culture conditions. A subset of clinical strains adopt 
H-MORPH even at 21% O2 (filled circles, Fig. 1b–d,f). Three 
such strains—CDC20.2, F11698 and F16311—have significantly 
increased low oxygen fitness (H/N) relative to the N-MORPH refer-
ence AF293 (Fig. 1f and Supplementary Fig. 1b).

H-MORPH submerged fungal biofilms have altered biofilm 
architecture compared to AF293 (Fig. 1g). AF293 biofilms have 
a mat of filaments at the base perpendicular to the vertical axis. 
Above ~50 µm, filaments grow polarized toward the air–liquid 
interface with little deviation from the vertical axis (Fig. 1h and 
Supplementary Video 1). Clinical H-MORPH strains are similar in 
the first ~50 µm but the remaining volume contains filaments that 
deviate from the vertical axis (Fig. 1h and Supplementary Fig. 2). 
This pattern of altered architecture is similar to AF293 cultured 
at 0.2% O2 (Supplementary Video 2) and in the AF293 hypoxia-
evolved H-MORPH strain EVOL20 independent of oxygen tension 
(Supplementary Videos 3 and 4, Fig. 1i,j and Supplementary Figs. 1c 
and 2). These data suggest that CM is an indicator of microscopic 
biofilm architecture affected by oxygen.

H-MORPH occurs throughout genetically diverse strains of A. 
fumigatus. H-MORPH is not segregated by clade in the A. fumiga-
tus phylogeny (Supplementary Fig. 3). Two H-MORPH clinical 
strains—F11698/NCPF−7816 and F13611—represent the abun-
dant A. fumigatus genetic diversity with one present in each of 
the two major clades (Supplementary Fig. 3). Genetically similar, 
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Microbial populations form intricate macroscopic colonies with diverse morphologies whose functions remain to be fully under-
stood. Despite fungal colonies isolated from environmental and clinical samples revealing abundant intraspecies morphological 
diversity, it is unclear how this diversity affects fungal fitness and disease progression. Here we observe a notable effect of oxy-
gen tension on the macroscopic and biofilm morphotypes of the human fungal pathogen Aspergillus fumigatus. A hypoxia-typic 
morphotype is generated through the expression of a subtelomeric gene cluster containing genes that alter the hyphal surface 
and perturb interhyphal interactions to disrupt in vivo biofilm and infection site morphologies. Consequently, this morphotype 
leads to increased host inflammation, rapid disease progression and mortality in a murine model of invasive aspergillosis. 
Taken together, these data suggest that filamentous fungal biofilm morphology affects fungal–host interactions and should be 
taken into consideration when assessing virulence and host disease progression of an isolated strain.
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co-isolated, clinical strains, IFM 59356-3 and IFM 59356-1, have 
H-MORPH and N-MORPH respectively (Supplementary Fig. 4a)6. 
Consistent with H-MORPH (Fig. 1g,h), IFM 59356-3 has a biofilm  

with greater filament deviation from the vertical relative to its 
N-MORPH counterpart IFM 59356-1 (Supplementary Fig. 4b,c). 
The lack of clustering of H-MORPH in the phylogeny and the  
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Fig. 1 | Macroscopic morphotypes and biofilm architecture of A. fumigatus are influenced by oxygen tension. a,b, Environmental (n!=!29 biologically 
independent samples) and clinical (n!=!29 biologically independent samples) isolates of A. fumigatus strains plotted for morphotype characteristics 
(furrowing and percentage vegetative mycelia) when grown at 0.2% O2 (a) or 21% O2 (b). c,d, Two-way ANOVA shows oxygen tension significantly 
contributes to the variation of colony furrowing (31.67%, P!<!0.0001) (c) and PVM (55.77%, P!<!0.0001) (d) in clinical (n!=!29 biologically independent 
samples) and environmental (n!=!29 biologically independent samples) strains. Dashed lines indicated the mean values per condition; error bars 
indicate s.e.m. (centre). e, Representative isolates with an increased PVM (white) and furrowing when cultured at 0.2% O2 versus 21% O2. Images are 
representative of three biologically independent experiments. f, Example clinical strains that adopt H-MORPH during growth at 21% O2 (closed blue circles 
in b, c and d). Images are representative of three biologically independent replicates. g, Representative side-view slices of submerged fungal biofilms from 
A. fumigatus H-MORPH clinical isolates in f. h, Quantification of vertical alignment of filaments as a function of biofilm depth. i,j Representative side-view 
slices of submerged fungal biofilms of AF293 and the H-MORPH EVOL20 at 21% O2 (24!h) and 0.2% O2 (36!h) (i) with vertical alignment quantification 
(j). For h and j each lane is a representative alignment from a minimum of three independent biological replicates. Biofilm images are sample volumes of 
approximately 300!µm (height)!×!500!µm (length)!×!200!µm (width) and represent a minimum of three biologically independent experiments.
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ability to generate this CM suggest multiple genetic mechanisms 
probably exist through which A. fumigatus evolves these morpho-
logical features.

A subtelomeric gene hrmA allele is sufficient to generate 
H-MORPH. An in  vitro experimental evolution approach with 
AF293 in 0.2% O2 generated the strain EVOL20 that adopts 
H-MORPH independent of oxygen tension (Supplementary  
Fig. 1c,d)13. Whole-genome sequence analysis of EVOL20 revealed  
three non-synonymous mutations compared to AF293 (Supple-
mentary Table 1), including a missense mutation in an uncharac-
terized hypothetical protein Afu5g14900. This single nucleotide 
polymorphism (D304G) was only identified in H-MORPH EVOL20 
from the passaged population (Supplementary Fig. 1f). RNA 
sequencing indicates that Afu5g14900 transcript is significantly 
increased in EVOL20 relative to AF293 in both normal (P = 0.0002) 
and low-oxygen conditions (P < 0.0001; Supplementary Fig. 1e). Due 
to the generation of H-MORPH in EVOL20, the gene Afu5g14900  
is named hypoxia-responsive morphology factor A, hrmA.

In AF293, hrmA loss (∆hrmAAF) does not alter in vitro CM in 
terms of furrowing and PVM, however, reconstitution of ∆hrmAAF 
with the EVOL20 allele of hrmA (hrmAR-EV) is sufficient to gener-
ate H-MORPH independent of oxygen tension (Fig. 2a,b). Allele 
hrmAR-EV has hypoxia fitness equivalent to EVOL20 (Fig. 2c). 
Conversely, hrmA loss in EVOL20 (∆hrmAEV) results in a loss of 
H-MORPH during growth at 21% O2 (Fig. 2a,b) and a reduction 
in hypoxia fitness (Fig. 2c). Similar to H-MORPH locked clinical  
isolates (Fig. 1g) and EVOL20, hrmAR-EV generates a biofilm with 
vertically misaligned filaments above the first ~50 µm (Fig. 2d,e). 
Loss of hrmA in EVOL20 restores AF293-like biofilm architecture 
(Fig. 2f,g). Thus, the hypoxia-evolved allele of hrmA is sufficient 
and necessary to generate H-MORPH in AF293 and EVOL20, 
respectively.

H-MORPH coincides with the initiation of the hypoxia transcrip-
tional response at ambient oxygen tensions. RNA sequencing was 
used to visualize broad consequences of H-MORPH at normal- and 
low-oxygen tensions. Hierarchical clustering of the transcriptomes 
reveals H-MORPHs hrmAR-EV and hrmAOE (overexpression of the 
AF293 allele in AF293) cluster independently from N-MORPHs 
AF293 and ∆hrmAAF (Supplementary Fig. 5). Of the differentially 
expressed transcripts between hrmAR-EV and AF293 in 21% and 
0.2% O2, 58% are oxygen-responsive genes in AF293 (Fig. 3a and 
Supplementary Table 3). The gene ontology functional categories 
GO:0016491 oxidoreductase activity (32/904) and GO:0005506 iron 
ion binding (7/142) are significantly enriched in the differentially 
expressed genes between hrmAR-EV and AF293 (Supplementary 
Table 2); two categories shown previously to be enriched during the 
hypoxia response14.

Transcripts with an increase or decrease of at least fourfold 
between AF293 and hrmAR-EV were categorized as ‘hypoxia-induced 
genes’ (H/N > 4), ‘hypoxia-reduced genes’ (H/N < −4) or ‘hypoxia 
non-responsive genes’ (4 > H/N < −4) (Supplementary Table 4). At 
21% O2, 51% of the transcripts increased in hrmAR-EV compared to 
AF293 are hypoxia-induced genes; conversely, 45% of the transcripts 
reduced in hrmAR-EV compared to AF293 are hypoxia-reduced genes 
(Fig. 3b). Thus, H-MORPH strains, mediated by hrmA, activate 
the transcriptional hypoxic response despite oxygen replete condi-
tions. At 0.2% O2 where hrmAR-EV is more fit than AF293, 71.8% 
of increased transcripts are hypoxia-reduced transcripts, further 
supporting an altered physiological response to hypoxic stress in 
H-MORPH strains (Fig. 3b). The inverted hypoxia response of 
hrmAR-EV coincides with reduced fungal biomass at 21% O2 and 
increased biomass at 0.2% O2 (Fig. 3c). However, following a shift 
from ambient oxygen to low oxygen the H-MORPH hrmAR-EV has 
increased growth rate compared to the N-MORPH AF293 (Fig. 3d).

HrmA is induced during murine pulmonary aspergillosis and 
facilitates the expression of a subtelomeric gene cluster. Previous 
reports suggest increased hrmA expression in vivo in a triamcino-
lone murine model of invasive aspergillosis15. In that model, hrmA 
transcript levels significantly increase from 24 to 72 h after fungal 
inoculation (Fig. 4a). An increase in hrmA transcript in hrmAR-EV 
(at the native locus) is also observed (Fig. 4b). The allele hrmA is 
a member of a subtelomeric gene cluster that responds to nitrogen 
starvation, a laboratory condition that transcriptionally correlates 
with a host-adaptation transcriptional response16. Consistent with 
the assignment of hrmA to a subtelomeric gene cluster, we observe 
an influence of hrmA on transcript levels of genes surrounding  
its native locus, termed here the hrmA-associated cluster (HAC). 
In ∆hrmAEV, the messenger RNA levels of three surrounding  
genes (Afu5g14880, Afu5g14890 and Afu5g14910) are significantly 
reduced compared to EVOL20 (Fig. 4c). Ectopic overexpression 
of the AF293 allele of hrmA (hrmAOE) acts in trans to facilitate an 
increase in transcripts of four HAC genes (Afu5g14880, Afu5g14890, 
Afu4g14910 and Afu5g14920; Fig. 4d).

Analysis of co-regulated transcripts from RNA sequenc-
ing predicts that HAC extends from Afu5g14865 to Afu5g14920 
and includes a putative unannotated ORF 3' to Afu5g14910 
(Supplementary Fig. 6a,c). The average gene size and percentage 
GC content of HAC is not different from the AF293 genomic aver-
age (Supplementary Fig. 6b)17; but in the hypoxia-fit strain A1163 
(ref. 13), there is a subtelomeric HAC that is syntenic to AF293 
HAC and two additional putative homologous clusters that are not 
present in AF293 (Supplementary Fig. 6c). The presence of these 
potential homologous clusters in a distantly related A. fumigatus 
strain suggests intragenomic movement of this genomic region. 
The clusters share certain genic components including genes 
encoding a MyB/SANT domain, a kinase domain, a DUF2841 
domain and putative hrmA paralogs (hrmB, AFUB_044390; hrmC, 
AFUB_096600). Analysis of HAC across sequenced strains indi-
cates heterogeneous abundance of the original and homologous 
gene clusters (Supplementary Fig. 3, alignment: https://github.com/
stajichlab/Afum_hrmA_cluster_evolution; https://doi.org/10.5281/
zenodo.3257606), potentially highlighting a role for these homolo-
gous clusters in H-MORPH generation where HAC is absent. Other 
Ascomycetes encode genes similar to hrmA, including the human 
fungal pathogens Histoplasma capsulatum and Coccidioides immi-
tis (Supplementary Table 7; https://github.com/stajichlab/Afum_
hrmA_cluster_evolution).

HrmA nuclear localization is necessary for the induction of 
HAC. The HrmA protein sequence reveals a predicted N-terminal 
bipartite nuclear localization signal (http://nls-mapper.iab.keio.
ac.jp/) and a weakly predicted RNA recognition motif domain 
(E-value, 0.01) (Supplementary Fig. 7a). Overexpression of the 
parental allele of hrmA with a C-terminal green fluorescent protein 
(GFP) tag in AF293 generates oxygen-independent H-MORPH 
(Fig. 4e,f). In contrast, overexpression of hrmA with a disrupted 
nuclear localization signal is unable to generate H-MORPH  
(Fig. 4e,f) despite increased levels of hrmA transcript (Fig. 4i). 
Confocal imaging reveals GFP signal enriched in the same location 
as the nuclear DAPI stain for the WT (wild type, AF293) allele but 
a lack of this enrichment for the nuclear localization signal mutant 
(Fig. 4g,h). Without localization to the nucleus or nuclear region, 
HrmA is unable to facilitate HAC induction as shown by the cluster 
gene cgnA (Afu5g14910) (Fig. 4i).

Despite low sequence similarity in the alignment to the RNA 
recognition motif domain in HrmA, there are two conserved phe-
nylalanine residues in this domain that are also present in hrmB 
and hrmC in strain A1163. When these conserved phenylalanine 
residues are each mutated to alanine, overexpression of this allele 
cannot generate H-MORPH despite observing hrmA nuclear region 
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localization (Supplementary Fig. 7b–d). Aromatic residues are 
critical in many RNA recogntion motif protein structures for direct 
interaction with nucleic acids18. Further studies are needed to deter-
mine the molecular function of hrmA in fungi.

H-MORPH is generated through HrmA-mediated induction 
of HAC. Loss of HAC induction abolishes H-MORPH indicating 
that HAC is necessary for this morphotype and increased hypoxia 
fitness (Fig. 5 and Supplementary Fig. 7). Expression of the HAC 
gene Afu5g14910, cgnA, is an indicator of HrmA downstream 
effects and encodes a predicted collagen-like protein, a class of 
proteins present but unstudied in other fungi (Supplementary 
Table 5). In A. fumigatus, CgnA has a tripeptide G-X-Y repeat of 
G-Q-I and G-Q-S and lacks a canonical secretion signal. Despite 
induction of cgnA greater than 100-fold relative to AF293 in 
hrmAOE (Fig. 4d; morphology Supplementary Fig. 8e), compara-
tive levels of cgnA overexpression in the absence of increased hrmA 

(cgnAOE) does not induce H-MORPH nor alter the hypoxic growth 
of AF293 (Supplementary Fig. 8). Loss of cgnA in the context of 
increased HAC abolishes H-MORPH, indicating a role for cgnA and  
possibly other HAC genes, in the generation of H-MORPH  
(Fig. 5a,b and Supplementary Fig. 8e). Loss of cgnA in HAC-
induced strains EVOL20 and hrmAR-EV reduces the hypoxia fitness 
of these strains (Fig. 5c and Supplementary Fig. 8f) and restores the 
N-MORPH biofilm architecture and filament alignment to that of 
AF293 (Fig. 2).

To further characterize the role of cgnA and HAC in the gen-
eration of H-MORPH, we assessed features of the hyphal surface, 
as surface alteration and adhesion are associated with other micro-
bial collagen-like proteins19–21. Loss of cgnA and regeneration of 
N-MORPH increases surface adherence of H-MORPH strains 
(Fig. 5d), probably the consequence of extracellular matrix detach-
ment from the H-MORPH strains (Supplementary Fig. 8g and  
Fig. 5e) that is dependent on cgnA. In the clinical strains IFM 59356-1 

21
%

 O
2

0.
2%

 O
2

AF293 ∆hrmAAF EVOL20hrmAR-EV
a

d e f g

b c

50

100

150

200

250

300

350

A
F

29
3

∆h
rm

A
A

F
hr

m
A

R
-E

V

∆hrmAEV

0 5 10
0

20

40

60

80

100

HypoxiaNormoxia

EVOL20

AF293

hrmAR-EV

hrmAR-EVAF293

EVOL20

ΔhrmAEV

ΔhrmAEV

ΔhrmAAF

ΔhrmAAF

Number of furrows

P
er

ce
nt

ag
e 

ve
ge

ta
tiv

e 
m

yc
el

ia
50

EVOL2
0

∆hr
mA

EV

∆cg
nA

EV

AF29
3

100

150

200

250

300A
F

29
3

E
V

O
L2

0
∆h

rm
A

E
V

∆c
gn

A
E

V

0.2

0.4

0.6

0.8

1

1.2

A
ngle of departure from

 vertical (radians)

D
is

ta
nc

e 
fr

om
 s

ub
st

ra
tu

m
 (

µm
)

0.2

0.4

0.6

0.8

1

1.2

A
ngle of departure from

 vertical (radians)

D
is

ta
nc

e 
fr

om
 s

ub
st

ra
tu

m
 (

μm
)

0.00

hr
mA

R-E
V

hr
m

A
R

-E
V
; ∆

cg
nA

EVOL2
0

Δhr
mA

EV

Δhr
mA

AF

AF29
3

hr
mA

R-E
V

hr
mA

R-E
V ;

Δcg
nAΔhr

mA
AF

AF29
3

0.02

0.04

0.06

0.08

0.10

H
/N

 (
dr

y 
w

ei
gh

t)

a
b

Fig. 2 | The hypoxia-evolved allele of the subtelomeric gene hrmA is sufficient to generate H-MORPH and collapse biofilm architecture. a, A hypoxia-
evolved allele of hrmA, from the hypoxia-evolved strain EVOL20, is sufficient to generate H-MORPH in AF293 (hrmAR-EV) and necessary for H-MORPH in 
EVOL20. Images are representative of three biologically independent experiments. b, Morphotype quantification indicates that hrmAR-EV and EVOL20 are 
above the mean (dashed lines) for furrowing and PVM, regardless of oxygen tension but dependent on hrmA/cgnA. c, Allele hrmAR-EV (n!=!3 biologically 
independent samples per group) has increased fitness (a, P!=!0.9942; b, P!=!0.0033 by one-way ANOVA with Tukey’s multiple comparison test) in 
low oxygen as determined by dry weight. Error bars indicate s.e.m. (centre). d,e, Representative side-view slices of submerged fungal biofilms reveal 
that altered biofilm architecture in hrmAR-EV is dependent on cgnA as shown in d and quantified in e. f,g, Representative side-view slices of submerged 
fungal biofilms revealing that hrmA and cgnA are necessary for the collapse in biofilm architecture observed with EVOL20 as shown in f and quantified 
in g. Colony and biofilm analysis are representative of three biological replicates. Biofilm images are sample volumes of approximately 300!µm 
(height)!×!500!µm (length)!×!200!µm (width).

NATURE MICROBIOLOGY | VOL 4 | DECEMBER 2019 | 2430–2441 | www.nature.com/naturemicrobiology 2433



	 204	

	
	

	
	
	
	

ARTICLES NATURE MICROBIOLOGY

(N-MORPH) and IFM 59356-3 (H-MORPH), matrix detachment 
and reduced surface adherence is observed in H-MORPH rela-
tive to the N-MORPH (Supplementary Fig. 4d,e). Matrix detach-
ment from the H-MORPH filaments is not a defect in extracellular 
matrix production as it is still visibly secreted into the biofilms  
(Fig. 5e). A significant component of the extracellular matrix is 
galactosaminogalactan (GAG) and loss of GAG through deletion of 
the UDP-glucose-4-epimerase uge3 abolishes surface adherence22,23. 
Chemical modifications of GAG also prevents attachment of  
matrix to the hyphae23, so we investigated the ability of secreted 
GAG from hrmAOE to complement the adherence defect of the 
GAG-deficient strain ∆uge3AF. Culture supernatants containing 
secreted GAG from AF293 and hrmAOE were both able to signifi-
cantly increase adherence of ∆uge3AF (Fig. 5f). These data suggest 

that HAC/cgnA modifies the hyphal surface mediating matrix/
GAG detachment. To determine if GAG secretion was neces-
sary for H-MORPH, we generated uge3 deletions in hrmAOE and 
EVOL20; as a result, CM did not change but surface adherence was 
abolished (Supplementary Fig. 9a,b). Loss of GAG production in 
AF293 does not affect hypoxia fitness nor the biofilm architecture 
(Supplementary Fig. 9d,e).

H-MORPHs hrmAR-EV and EVOL20 have significantly thinner 
cell walls than the N-MORPH AF293 and in EVOL20 this is depen-
dent on cgnA (Fig. 5g and Supplementary Fig. 10). To determine  
if the cell wall architecture is altered, we imaged cell wall compo-
nents through the use of calcofluor white (CFW) stain for chitin 
detection and soluble Dectin-1 for β-glucan detection24. H-MORPH 
hrmAR-EV has reduced total chitin that is dependent on the induction 
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of cgnA (Fig. 5h and Supplementary Fig. 11a). In contrast, hrmAR-EV  
has significantly increased cgnA-dependent β-glucan exposure  
(Fig. 5i and Supplementary Fig. 11b). Allele hrmAR-EV is also more 
sensitive to growth on CFW in both normal and low oxygen com-
pared to AF293, ∆hrmAAF and hrmAR-EV; ∆cgnA (Supplementary 
Fig. 11c). No difference in sensitivity to the β-glucan synthase 
inhibitor caspofungin was observed (Supplementary Fig. 11d). We 
propose that these surface changes alter matrix attachment and 
inter-hyphal interactions in the developing biofilms resulting in a 
loss of vertically aligned polarized growing filaments.

H-MORPH altered biofilm architecture occurs in vivo. We next 
sought to determine if the altered filament surface influences the 
inter-filament interactions in vivo. We adopted the miPACT/PACT 
tissue-clearing methods (microbial identification after passive clar-
ity technique) to visualize in  vivo fungal lesions in three dimen-
sions using fluorescently labelled fungi (we term this technique 
funPACT: fungal imaging after passive clarity technique)25–27. At 
4 days post inoculation (d.p.i.) and 5 d.p.i. large inflammatory foci 

with fungal elements are observed in the airways of animals chal-
lenged with AF293 or EVOL20. At both time points, AF293 lesions 
are dense at the centre with filaments radiating from the foci of 
infection, becoming less dense away from the centre (Fig. 6a and 
Supplementary Video 5). There is a high degree of connectivity 
between filaments in AF293 lesions but not in EVOL20 lesions. At 
4 d.p.i. and 5 d.p.i. the EVOL20 lesions are visibly more diffuse than 
those of AF293 (Fig. 6a,b and Supplementary Fig. 13). There are 
no dense foci in the EVOL20 lesions and single filaments can be 
observed dispersed in distinct locations in the mass of host immune 
infiltrate (Fig. 6b and Supplementary Video 6).

To quantify differences in lesion architecture, we performed 
Gömöri methenamine silver stain and applied a nearest-neighbour 
algorithm to quantify the ‘compactness’ of fungal lesions in the large 
airways. The more compact a fungal lesion is, the shorter the dis-
tance between each filament and its nearest neighbours; while more 
diffuse lesions have larger average distances between filaments. 
Qualitative analysis of the histopathology between N-MORPH 
AF293 and H-MORPH EVOL20 supported the hypothesis that 
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H-MORPH fungal lesions are more diffuse and quantification 
reveals significantly less compact lesions with EVOL20 than AF293 
(Fig. 6c). Expansion of this algorithm to lesions of N-MORPHs 

∆hrmAAF and hrmAR-EV; ∆cgnA and H-MORPH hrmAR-EV reveal 
significantly reduced compactness of hrmAR-EV compared to the 
N-MORPH strains (Fig. 6c and Supplementary Figs. 12 and 13c). 
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The diffuse nature of the hrmAR-EV lesion is dependent on cgnA and 
only coincides with H-MORPH.

H-MORPH facilitate disease progression. H-MORPH F11698 
(Supplementary Fig. 4h) (n = 7) is significantly increased in murine 
virulence relative to AF293 (n = 5; P = 0.0096; Supplementary  
Fig. 4i). However, these are non-isogenic strains with an estimated 
35,759 single nucleotide polymorphisms between them that could 
contribute to differences in virulence and morphology. A second 
comparison between closely related clinical isolates N-MORPH 
IFM 59356-1 and H-MORPH IFM 59356-3 reveals a 40% increase 
in survival at 14 d.p.i. and a 5-d delay before the first mortality 
event in N-MORPH inoculated animals. By quantitative real-time 
polymerase chain reaction (qRT-PCR) no significant difference in 
mRNA levels of hrmA or the HAC gene cgnA is observed between 
these two strains that contain 51 non-synonymous single nucleotide 
polymorphisms between them (Supplementary Fig. 4g).

Loss of hrmA in AF293 does not affect murine mortality, how-
ever introduction of the hypoxia-evolved allele of hrmA (hrmAR-EV) 
and generation of H-MORPH significantly augments virulence in 
a cgnA-dependent manner (Fig. 6d). Loss of hrmA or cgnA in the  
H-MORPH EVOL20 significantly attenuates EVOL20 virulence 
(Fig. 6e). Despite the H-MORPH strains increased virulence,  
there is no significant difference in fungal burden between AF293, 
hrmAR-EV, ∆hrmAAF and hrmAR-EV;∆cgnA at 4 d.p.i. (Fig. 6f). 
Increased β-glucan exposure in the cell wall of H-MOPRH strains  
is consistent with observed increases in inflammation at 4 d.p.i.  
(Fig. 6g and Supplementary Fig. 1h,i). The airways where H-MORPH  
hrmAR-EV is growing are full of immune cell infiltrate that is reduced 
around lesions of N-MORPH strains (Fig. 6g).

Host cell damage measured through lactate dehydrogenase 
(LDH) release in bronchoalveolar lavage fluid (BALF) after inoc-
ulation with hrmAR-EV indicates a significant increase in host cell 
damage (Fig. 6h). In both the airways and lung tissue, H-MORPH 
inoculum is associated with a significant increase in total cells 
(Supplementary Fig. 14a,e) and CD45+ leucocytes (Supplementary 
Fig. 14b,f). A significant increase in the neutrophil chemoattractant 
KC from BALF is detected (Fig. 6i) and corresponds with an increase 
in airway neutrophils (Fig. 6j). The elevated host response to inoc-
ulation with H-MORPH hrmAR-EV is dependent on HAC/cgnA, as 
loss of cgnA does not reduce hrmA transcripts (Supplementary  
Fig. 14h). These data indicate that localized pulmonary inflam-
mation is increased following inoculation with H-MORPH; but in 
addition, systemic inflammation, as measured by spleen weight, is 
significantly increased 60 h after fungal inoculation with hrmAR-EV  
compared to AF293, ∆hrmAAF and hrmAR-EV; ∆cgnA (Fig. 6k). 
Together, these data suggest H-MORPH occurs in  vivo and sig-
nificantly affects disease progression in part through an increase in 
immunopathogenesis.

Discussion
While morphological heterogeneity has been reported among fila-
mentous fungi6,13,28,29, there is an existing gap in knowledge that 
links CM with specific genetic determinants and disease outcomes. 
Here we discover an oxygen-mediated mechanism of A. fumigatus 
CM that is associated with increased disease progression and fungal 
virulence. H-MORPH CM leads to increased hypoxia fitness and 
enhanced virulence through alterations in fungal biofilm architec-
ture that promote increased host inflammation. It remains an open 
question how H-MOPRH confers a fitness benefit during low-oxy-
gen growth on a population scale and, on the microscale, how the 
coinciding altered biofilms affect oxygen metabolism of individual 
filaments. Colony wrinkling or rugose CM has been characterized 
in a number of microorganisms, including Candida albicans, where 
increased oxygen penetration is observed in wrinkles30. Further 
investigation is necessary to address how the morphotype variant 
H-MORPH confers increased hypoxia fitness.

Our studies identified a subtelomeric gene cluster probably 
regulated by the gene hrmA that is sufficient to drive H-MORPH 
when expressed (Supplementary Fig. 15). This cluster of genes is 
interesting independent of its facilitation of H-MORPH for more 
reasons including: (1) its location in the subtelomeric region16,  
(2) its mysterious origin and strain-dependent putative duplications 
(Supplementary Fig. 6), (3) its strain-specific occurrence across the 
A. fumigatus phylogeny (Supplementary Fig. 3) and (4) its genic 
content (Supplementary Fig. 6). Genetic variation in the cluster 
genes (Afu5g14865 and Afu5g14920) has also been observed in 
clinical strains28. The evolutionary history of HAC and the putative 
homologous gene clusters and their molecular functions remains an 
intriguing area of future study. However, the isogenic set of mor-
photype variants generated here will serve as tools to continue to 
interrogate the physiological consequences of CM on A. fumigatus 
pathogenesis. Understanding how fungal macroscopic morphot-
ypes reflect in vivo phenotypic changes in human fungal pathogens 
may allow for morphotype indicators of disease progression and 
advancement of patient care.

Methods
Strains and growth conditions. A. fumigatus AF293 was used in the published 
experimental evolution approach that generated EVOL20 (ref. 13). Mutant strains 
were generated in AF293, the uracil/uridine auxotroph AF293.1 or EVOL20 
(Supplementary Table 6). IFM 59356-1 and IFM 59356-3 were provided by  
D. Hagiwara6. Strains were cultured as described on 1% glucose minimal media 
(GMM)31 and collected for experimentation as previously described31.

Strain construction. Strain genotypes are provided in Supplementary Table 6.  
Gene replacement mutants were generated as previously described using overlap 
extension PCR32. The hrmA-GFP alleles were constructed through overlap 
extension PCR to tag HrmA at the C terminus. Site-directed mutation of 
hrmA was carried out using QuikChange Site-Directed Mutagenesis (Agilent). 

Fig. 6 | H-MORPH contributes to increased virulence through increased inflammation and diffuse lesion morphology. a,b, EVOL20tdtomato (a) or 
AF293tdtomato (b) murine lesions stained with DAPI and FITC-soy bean agglutinin. Scale bars: 4 d.p.i., 10!µm; 5 d.p.i.,100!µm. Results represent five 
independent animals from two independent preparations. c, Nearest-neighbour algorithm shows significantly increased distances between intralesion 
filaments in AF293 and EVOL20 (**P!=!0.0052) and hrmAR-EV (a, P!=!0.0003; b, P!=!0.0068) (AF293 n!=!45, EVOL20 n!=!24, ∆hrmA n!=!25, hrmAR-EV 
n!=!61, hrmAR-EV; ∆cgnA n!=!22 biologically independent samples). One-way ANOVA with Sidak’s multiple comparison test. d, hrmAR-EV (n!=!28 independent 
animals) is significantly more virulent (P!=!0.0346 by Gehan–Breslow–Wilcoxon test, GBW) than AF293 (n!=!16 independent animals) and hrmAR-EV; 
∆cgnA (n!=!10 independent animals, P!=!0.0417 by GBW). AF293 and hrmAR-EV; ∆cgnA do not differ in virulence (NS: P!=!0.2087 by GBW). e, EVOL20 
(n!=!30 independent animals) is significantly more virulent than ∆hrmAEV (n!=!20 independent animals, P!=!0.0008 by GBW), ∆cgnAEV (n!=!10 independent 
animals, P!=!0.0353 by GBW) and AF293 (n!=!10 independent animals, P!=!0.0465 by GBW). AF293, ∆hrmAEV (P!=!0.1731 by GBW) nor ∆cgnAEV 
(P!=!0.7812 by GBW) differ in virulence. f, hrmAR-EV does not increase fungal burden (a, P!=!0.4669; b, P!=!0.1322; c, P!=!0.7960, one-way ANOVA with 
Dunnett’s multiple comparison test, n!=!5 independent animals each). g, Histopathology (n!=!6 independent animals each from two separate preparations) 
at 4 d.p.i. indicate a cgnA-dependent increase in cellular infiltrate in hrmAR-EV lesions (scale bar, 20!µm). h–k, Mice inoculated with hrmAR-EV (n!=!8 
independent animals per group) at 60!h after inoculation show increased LDH (a, P!<!0.0001; b, P!=!0.0013; c, P!=!0.0009) (h), chemoattractant KC  
(a, P!=!0.0013; b, P!=!0.0052; c, P!=!0.0001) (i), BALF neutrophils (a, P!<!0.0001) (j) and spleen weight (a, P!=!0.0009; b, P!=!0.0191; c, P!=!0.0021) (k). 
One-way ANOVA with Dunnett’s multiple comparisons test for h–k. All error bars indicate s.e.m.
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Overexpression strains used the A. nidulans gpdA promoter for constitutive 
expression and this was introduced ectopically. Fluorescent strains expressing 
tdtomato were transformed with linear constructs of gpdA-driven tdtomato. 
Protoplasting was done with Trichoderma harzianum (Sigma) lysing enzyme33,34. 
Strains were confirmed by Southern blotting as described previously33,34.

Growth and CM assays. Growth assays were performed as previously described13. 
Macroscopic morphology was quantified on GMM. A total 1,000 spores were 
spotted at the centre of the plates and grown for 72–96 h at 21% O2 or 0.2% O2. 

Representative images are of three biological replicates. Statistics were performed 
with one-way analysis of variance (ANOVA) with Tukey post test for multiple 
comparisons or two-tailed Students t-test. Error bars indicate s.e.m. centred at the 
mean. For shift experiments, cultures were started as described at 21% O2 for 48 h, 
then shifted to 0.2% O2 for 48 h.

Macroscopic morphology quantification. Colonies were imaged with a Canon 
PowerShot SX40 HS. In Fiji (ImageJ), images were converted to 8-bit. Colony 
perimeter was selected and a colour threshold was set to quantify percentage of the 
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colony that was ‘white’. Furrows were counted by selecting only those that radiated 
away from the point of inoculation. A ‘branched’ furrow counted as a single furrow 
(Supplementary Fig. 1). The influence of oxygen on morphology was measured 
with a two-way ANOVA (GraphPad Prism).

RNA extraction and qrtPCR. Mycelia from liquid shaking cultures were flash 
frozen (~50 mg) and bead beaten for 1 min with 2.3 mm beads in 200 μl of Trisure 
(Bioline Reagents). Homogenate was brought to a total volume of 1 ml of Trisure 
and RNA was extracted as previously described31. For RNA sequencing and 
qrtPCR, 50 ml cultures of 106 spores ml–1 were grown in normoxia (21% O2)  
at 37 °C at 200 r.p.m. for 18 h before being shifted to low oxygen (0.2% O2). 
When necessary, 25 ml culture was collected at 18 h for the normoxia samples. 
For qrtPCR and RNA sequencing, 5 μg of RNA was DNase treated with Ambion 
Turbo DNAse (Life Technologies) according to the manufacturer’s instruction. For 
qrtPCR DNase-treated RNA was processed as previously described31. The mRNA 
levels were normalized to actA and tub2 for all qrtPCR analyses. Statistical analysis 
for n > 2 was performed with one-way ANOVA with Dunnet post test for multiple 
comparisons. Error bars indicate s.e.m. The qrtPCR data were collected on a CFX 
Connect Real-Time PCR Detection System (Bio-Rad) with CFX Maestro Software 
(Bio-Rad) and primer sequences are provided in Supplementary Table 9.

RNA sequencing and analysis. RNA sequencing and RNA library preparation 
were carried out by SeqMatic LLC. Briefly, DNase-treated RNA (400–600 ng l–1 ) 
were sent for QC using RNA Screen Tape Analysis (Agilent) and RNA library 
preparation using an Illumina TruSeq Standard mRNA library35 preparation kit 
with poly-A mRNA enrichment. RNA sequencing was performed as Illumina 
NextSeq High Output Run with single end reads at 1 × 75 base pairs (bp). Analysis 
of RNA-Seq was performed by aligning sequence reads to the annotated genome 
of A. fumigatus strain Af293 obtained from FungiDB (release 35)36 with GSNAP 
(2 December 2018) with splice-aware, single-ended mode37. The alignments 
were processed with Picard (v.2.14.1) to clean, sort and assign read groups (tools 
CleanSam, AddOrReplaceReadGroups) (http://broadinstitute.github.io/picard/). 
Sequence read counts overlapping genes were computed with featureCount tool 
in the Subread package (v.1.6.2; ref. 38). The read count table was processed in R 
using the DESeq2 (v.3.8) to identify differentially regulated genes and generate 
heat maps. Pipeline BASH scripts for the alignment, read count pipeline and R 
analysis are available in the github repository (https://github.com/stajichlab/Afum_
RNASeq_hrmA; BioProject PRJNA551460). Heat map in Fig. 4 was drawn using 
collapsed replicates showing top DESeq2 with a P < 0.05 and log of differential 
expression >1 and a minimum FPKM (fragments per kilobase of transcript 
per million mapped reads) of 5. Heat map in Fig. 4 was drawn using collapsed 
replicates showing transcripts with computed expression value difference with an 
adjusted P < 0.05 and log of differential expression >1 and a minimum FPKM of 5. 
Heat map in Supplementary Fig. 5 was drawn showing all replicates and a P-value 
cutoff of 0.05 for genotype as an explaining variable for expression differences.

Surface attachment assays. Briefly, 104 spores seeded per well in a round-bottom 
96-well polystyrene plate were incubated for 24 h at 37 °C at ambient oxygen in  
1% GMM. Wells were washed twice with water and stained for 10 min with  
0.1% (wt/vol) crystal violet. Following two washes with water, remaining crystal  
violet was dissolved in 100% ethanol and absorbance was quantified at 600 nm. 
For matrix complementation experiments, matrix donating strains were cultured in 
RPMI 1640 (Gibco) at 5 × 107 spores ml–1 in 100 ml for 24 h at 37 °C at ambient  
oxygen. Cultures were filtered through Miracloth to remove fungus and super-
natants were further filtered through a 0.22 μm PVDF sterile filter syringe. Filtered 
supernatants containing secreted GAG were diluted to 40% in fresh RPMI 1640 and 
used to perform the adherence assay with the attachment-deficient strain ∆uge3.

Murine virulence assays. Survival. Female CD-1 outbred mice (Charles River 
Laboratory), 20–24 g were immune-suppressed with a single dose of triamcinolone 
acetonide (Kenalong-10, Bristol-Myer Squibb) at 40 mg kg–1 24 h before 
inoculation. Mice were inoculated with 105 spores per 40 μl of sterile PBS buffer 
as previously described13,31 and monitored for end-point criteria. Kaplan–Meier 
curves were generated and log-rank Mantel–Cox tests and Gehan–Breslow–
Wilcoxon tests were performed.

Histopathology, fungal burden and nearest-neighbour calculation. Lungs from mice 
immune-suppressed as described were harvested 4 d.p.i. Lungs were prepared 
for Gömöri methenamine silver and hematoxylin and eosin staining or fungal 
burden quantification as described31. A nearest-neighbour calculation was 
applied to Gömöri methenamine silver images39. In Matlab (MathWorks), binary 
images were generated and filaments defined as objects. Lesions in airways were 
analysed blindly. Mean distances between each object in a lesion and its 30 nearest 
neighbours was calculated. For nearest-neighbour calculations four murine lungs 
were processed per experimental group with two histopathology slides prepared 
per animal. For fungal burden four to five animals were used per group.

FunPACT sample preparation. Lungs from mice immune-suppressed as described 
above were harvested on days 4 and 5 after inoculation. Lungs were harvested 

and perfused with 1% paraformaldehyde and fixed for 24 h at room temperature. 
Following fixation, lobes of fixed lungs were separated with one lobe per 1.75 ml 
microcentrifuge tube. Lobes were washed with PBS and embedded in 4% (vol/vol) 
29:1 acrylamide:bis-acrylamide (Bio-Rad) and 0.25% (wt/vol) VA-044 (Wako) in 
PBS25. To facilitate polymerization, tubes were left open at 0.2% O2 at 37 °C  
for 1 h and then closed and incubated at 37 °C in a water bath for 4 h. Embedded 
lobes were maintained at 4 °C or were processed for PACT tissue clearing. To  
clear the lobes, embedded lobes were trimmed of excess polymer and cut  
into 1 mm cubes using a stereomicroscope. Cubes were incubated in 20 ml of  
8% (wt/vol) sodium dodecyl sulfate in PBS shaking at 150 r.p.m. at 37 °C for  
6–8 weeks in the dark. When cubes became transparent, they were processed for 
staining and imaging.

After clearing, the cubes were washed three times with PBS for 1 h each. A 
subset of cubes was then transferred to a 1.75 ml microcentrifuge tube and stained 
for 48 h with FITC-soy bean agglutinin at 20 μg ml–1 (Vector Labs). Lectin-labelled 
cubes were washed in PBS for 24 h to remove excess lectin and cubes were placed 
in a refractive index matching solution (40 g HistoDenz: Sigma, in 30 ml of PBS40) 
with DAPI (10 μg ml–1). Stained cubes in refractive index matching solution + DAPI 
were mounted on standard 24 × 40 × 1.5 glass slides with a press-to-seal silicone 
isolator (Invitrogen: P24744).

Cellularity and immunological studies. Mice were immune-suppressed and 
inoculated as described above with eight mice per group. At 60 h after fungal 
inoculation, animals were killed using a lethal dose of pentobarbital and 
bronchoalveolar lavage was performed, then BALF and cells, lungs and spleens 
were collected. Cells from bronchoalveolar lavage and lungs were prepared for 
staining. Lung tissue was minced and digested with 2.2 mg ml–1 collagenase IV 
(Worthington), 1 U ml–1 DNase1 (Zymo Research) and 5% FBS at 37 °C for 45 min. 
BALF was centrifuged to isolate cells and suspended in red blood cell lysis buffer. 
Re-suspended cells from lung homogenate were also treated for red blood cell lysis. 
Cell numbers were enumerated with Trypan Blue staining. For cellularity analysis, 
the cells were stained with fixable viability dye (eFluor 780, eBioscience), anti-
CD45 (Pacific orange, Invitrogen), anti-CD11b (PECy5, BioLegend), anti-Ly6G 
(FITC, BioLegend) and anti-SiglecF (BV421, BD bioscience), and then analysed 
on a MacsQuant VYB cytometer. The neutrophils were identified as CD45+Siglec
F−Ly6G+CD11b+ cells and alveolar macrophages as CD45+SigletF+CD11bdim cells. 
Methods were adapted from Misharin et al.41. Samples were run on a MacsQuant 
VYB cytometer and analysed with FlowJo v.9.9.6. The gating strategy is provided 
in Supplementary Fig. 16. BALF was used to quantify host cell damage and 
chemoattractant KC through the use of LDH-cytotoxicity colorimetric assay 
(BioVision no. K311) and Mouse CXCL1/KC DuoSet ELISA (R&D Systems no. 
DY453), respectively.

Fungal biofilm sample preparation. Biofilms for imaging were cultured in 
MatTek dishes (MatTek no. P35G-1.0-14-C) by seeding 105 spores ml–1 of GMM 
with 2 ml per dish for 24 h at 37 °C with 5% CO2 at 21% O2 or 0.2% O2. CFW  
stain (Sigma) was used to visualize the hyphae at a final concentration of 25 μg ml–1 
for 15 min.

Fluorescent microscopy. Fluorescent confocal microscopy was performed  
on an Andor W1 Spinning Disk Confocal with a Nikon Eclipse Ti inverted 
microscope stand with Perfect Focus, a Zeiss LSM880 with two multi-alkali 
photomultiplier tubes, GaAsP detector and a transmitted light detector or a  
Zeiss LSM800 AxioObserver.

HrmA localization studies. Fungi were cultured on coverslips in GMM at 30 °C 
for 18 h until short hyphae, were washed, ultraviolet fixed, stained with 5 μg ml–1 
DAPI (Life Technologies) and mounted on slides. Images were acquired with 
a ×100 oil-immersion objective at 488 nm (GFP) and 405 nm (DAPI) on the 
Andor W1 Spinning Disk Confocal. Z-stacks were assembled in Fiji (ImageJ) 
with sum intensity projections. Images are representative of at least ten images. 
Quantification was performed as previously described42.

Fungal biofilm imaging and quantification. Biofilms were imaged in MatTek dishes 
with a ×20 multi-immersion objective (Nikon) or ×10 multi-immersion objective 
(Zeiss, C-Apochromat ×10/0.45 W M27) using water. CFW biofilms were imaged 
at 405 nm and tdtomato biofilms were imaged at 561 nm at depths from 300 to 
500 nm. Three-dimensional projections were generated in Nikon NIS-Elements 
Viewer (Nikon) or Zeiss Blue (Zeiss). For quantification of biofilm architecture 
strains expressed tdtomato and were imaged on the Zeiss LSM880 AxioObserver 
with the exception of IFM 59356-1 and IFM 59356-3 which were stained with 
CFW (25 µg ml–1). To quantify the branch length and branch density distribution of 
the hyphae network image stacks were processed in BiofilmQ (https://drescherlab.
org/data/biofilmQ/) as follows. First, noise and background fluorescence where 
removed by local averaging, that is Tophat-filtering, respectively. Second, the 
hyphae structure was binarized by thresholding using Otsu’s method43. Third, the 
obtained data were skeletonized with a custom BiofilmQ analysis module and 
all branches above a threshold length were considered for further investigation. 
Visualization of branch features was performed in BiofilmQ.
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FunPACT imaging. Mounted samples for funPACT were imaged on the Andor 
W1 Spinning Disk Confocal with a ×20 multi-immersion objective lens used with 
oil or a ×40 oil-immersion objective. Areas of fungal growth were identified by 
manual scanning at 561 nm. Lesions were imaged at 405, 488 and 561 nm at various 
depths. Images were processed in Nikon NIS-Elements Viewer for deconvolution 
and three-dimensions rendering.

Cell wall staining. Hyphae were generated as described for localization studies. 
Filaments were stained with 25 µg ml–1 CFW (Fluorescent Brightener 28, Sigma) 
for 15 min or soluble Dectin-1 as described previously44. Ten hyphae images were 
processed per strain.

Scanning and transmission electron microscopy. Fungal biofilms for scanning 
and transmission electron microscopy were grown on 12 mm sterile glass 
coverslips in six-well plates for 24 h at 37 °C at 21% O2 with 106 spores ml–1 in 
RPMI 1640 (Gibco). Two coverslips were generated per sample. Samples were 
processed for SEM (scanning electron microscopy) through a critical point drying 
method. Briefly, media were removed and replaced with fixative (2% GTA/2% 
PF in 0.05 M sodium cacodylate at pH 7.4) for 15 min at room temperature. 
Fresh fixative was then added for 24 h. Coverslips were then washed three times 
(0.05 M sodium cacodylate at pH 7.4 for 5 min) and then incubated for 1 h at room 
temperature in 1% OsO4 in 0.05 M sodium cacodylate before three washings as 
before. Samples were then ethanol dehydrated for 10 min in each 30%, 50%, 70% 
and 85% ethanol and were then washed three times in 100% ethanol. Coverslips 
were then transferred to a critical point drying holder and incubated in 100% 
hexamethyldisilazane twice for 10 min each. Samples were then mounted on 
SEM stubs and coated with osmium plasma coater (4 nm) and were stored in a 
desiccator before imaging. SEM images were acquired on an FEI (Thermo Fisher 
Scientific) Scios2 LoVac dual beam FEG/FIB scanning electron microscope with a 
Schottky emitter source. Images were acquired at 15.0 kV with 3 nm spot size.

Transmission electron microscopy and cell wall measurements. For transmission 
electron microscopy fungal biofilms were fixed in 5 ml of 2× fixative (2% GTA/2% 
PF in 0.05 M sodium cacodylate pH 7.4) for 1 h and then replaced with fresh 
fixative. Biofilms were scraped from coverslips and hyphae were pelleted and 
excess fixative removed. Hyphae were transferred to 100 µl of 2% molten agar and 
solidified. Agar drops were trimmed to removed excess agar and transferred to 1 ml 
of fresh fixative and rotated for 3 h at room temperature then 48 h at 4 °C. Pellet was 
rinsed in 0.1 M sodium cacodylate/0.1 M sucrose to remove GTA and then postfix 
treated with 2% OsO4 in 0.1 M sodium cacodylate/0.07 M sucrose for 2 h. Soft 
agar pellet was then rinsed twice with dH2O and then transferred to En-bloc stain 
with 1% uranyl acetate for 2 h at room temperature in the dark. Pellet was then 
dehydrated through ethanol series at room temperature with 30%, 50%, 70% for 
30 min each, then on a rotator for 2 d, followed by further dehydration with 85% 
then 95% ethanol for 30 min and then 100% ethanol for six rinses over 6 h. Samples 
were then left at 4 °C for 48 h. Samples were then incubated twice in propylene 
oxide for 30 min each, then immersed in 1:1 LX112 (LADD):PO for 1 h at room 
temperature and then in 1.5:1 LX112:PO for 18 h. LX112 from LADD epoxy 
solution was used in 6A:4B for medium hard block. Excess fluid was removed 
and samples were placed in vacuum desiccator for 24 h before being transferred 
to BEEM capsules with fresh LX112, centrifuged for 30 min at 1500 r.p.m. and 
returned to vacuum desiccator for 12 h. Samples were polymerized at 45 °C for 
24 h, 60 °C for 24 h and then cooled and thin sectioned and placed in 2% UAMeOH 
for 10 min followed by 3% Reynolds lead citrate for 2–3 min. Protocol was based on 
Burghardt & Droleskey45. Samples were imaged on JEOL JEM 1010 transmission 
electron microscope at 100.0 kV. To determine cell wall size, ImageJ was used to 
open images files and for each cross-section of a filament ten measurements  
of cell wall thickness, disregarding the electron-dense extracellular matrix, were 
averaged per filament.

Statistics and reproducibility. All statistical analysis was performed in GraphPad 
Prism 5, GraphPad Prism 8 and R. Unless otherwise noted, all statistical analyses 
were performed with a minimum of three biologically independent samples. All 
images are representative of a minimum of three biologically independent samples 
that represent a minimum of three independent experimentations unless otherwise 
noted. The funPact images are representative of five independent animals but to 
reduce the use of animals, samples for funPact images were generated from two 
independent sample preparations. For comparisons between two groups two-tailed 
unpaired t-tests were performed. For comparisons between more than two groups 
one-way ANOVA with Tukey, Sidak or Dunnett post tests for multiple comparisons 
were performed. All error bars indicate s.e.m. centred around the mean.

Ethics statement. The National Research Council Guide for the Care and Use 
of Laboratory Animals was strictly followed for all animal experiments. The 
animal experiment protocol was approved by Institutional Animal Care and Use 
Committee at Dartmouth College (protocol: cram.ra.1)

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
RNA sequencing data that support the findings of this study have been deposited 
under NCBI Gene Expression Omnibus with the identifier GSE133440 under the 
BioProject PRJNA551460. The genomic sequencing data for EVOL20 and reference 
AF293 have been deposited under BioProject identifier PRJNA417720. All strains 
and any other data used to support these findings will be made available upon 
reasonable request to the corresponding author.

Code availability
The custom scripts that were used in this study are available at https://github.com/
stajichlab/Afum_RNASeq_hrmA, https://github.com/stajichlab/Afum_hrmA_
cluster_evolution, https://github.com/stajichlab/Afum_popgenome and https://
github.com/stajichlab/Afum_EVOL20. The BiofilmQ software is available for 
public download at https://drescherlab.org/data/biofilmQ/. Other data that  
support the findings presented here are available upon request from the 
corresponding author.

Received: 19 December 2018; Accepted: 9 August 2019;  
Published online: 23 September 2019

References
 1. Slutsky, B., Buffo, J. & Soll, D. R. High-frequency switching of colony 

morphology in Candida albicans. Science 230, 666–669 (1985).
 2. Simpson, L. M., White, V. K., Zane, S. F. & Oliver, J. D. Correlation between 

virulence and colony morphology in Vibrio vulnificus. Infect. Immun. 55, 
269–272 (1987).

 3. Kuthan, M. et al. Domestication of wild Saccharomyces cerevisiae is 
accompanied by changes in gene expression and colony morphology.  
Mol. Microbiol. 47, 745–754 (2003).

 4. Workentine, M. L. et al. Phenotypic heterogeneity of Pseudomonas aeruginosa 
populations in a cystic fibrosis patient. PLoS ONE 8, e60225 (2013).

 5. Haussler, S. et al. Highly adherent small-colony variants of Pseudomonas 
aeruginosa in cystic fibrosis lung infection. J. Med. Microbiol. 52,  
295–301 (2003).

 6. Hagiwara, D. et al. Whole-genome comparison of Aspergillus fumigatus 
strains serially isolated from patients with aspergillosis. J. Clin. Microbiol. 52, 
4202–4209 (2014).

 7. Fong, J. C. & Yildiz, F. H. The rbmBCDEF gene cluster modulates 
development of rugose colony morphology and biofilm formation in  
Vibrio cholerae. J. Bacteriol. 189, 2319–2330 (2007).

 8. Drenkard, E. & Ausubel, F. M. Pseudomonas biofilm formation and antibiotic 
resistance are linked to phenotypic variation. Nature 416, 740–743 (2002).

 9. Miller, M. G. & Johnson, A. D. White-opaque switching in Candida albicans 
is controlled by mating-type locus homeodomain proteins and allows efficient 
mating. Cell 110, 293–302 (2002).

 10. Workentine, M. L. et al. Phenotypic and metabolic profiling of colony 
morphology variants evolved from Pseudomonas fluorescens biofilms.  
Environ. Microbiol. 12, 1565–1577 (2010).

 11. Jain, N., Guerrero, A. & Fries, B. C. Phenotypic switching and its implications 
for the pathogenesis of Cryptococcus neoformans. FEMS Yeast Res. 6,  
480–488 (2006).

 12. Jain, N., Hasan, F. & Fries, B. C. Phenotypic switching in fungi. Curr. Fungal 
Infect. Rep. 2, 180–188 (2008).

 13. Kowalski, C. H. et al. Heterogeneity among isolates reveals that fitness in  
low oxygen correlates with Aspergillus fumigatus virulence. MBio 7, 
e01515-16 (2016).

 14. Barker, B. M. et al. Transcriptomic and proteomic analyses of the Aspergillus 
fumigatus hypoxia response using an oxygen-controlled fermenter.  
BMC Genom. 13, 62 (2012).

 15. Kale, S. D. et al. Modulation of immune signaling and metabolism highlights 
host and fungal transcriptional responses in mouse models of invasive 
pulmonary aspergillosis. Sci. Rep. 7, 17096 (2017).

 16. McDonagh, A. et al. Sub-telomere directed gene expression during initiation 
of invasive aspergillosis. PLoS Pathog. 4, e1000154 (2008).

 17. Fedorova, N. D. et al. Genomic islands in the pathogenic filamentous fungus 
Aspergillus fumigatus. PLoS Genet 4, e1000046 (2008).

 18. Law, M. J., Chambers, E. J., Katsamba, P. S., Haworth, I. S. &  
Laird-Offringa, I. A. Kinetic analysis of the role of the tyrosine 13, 
phenylalanine 56 and glutamine 54 network in the U1A/U1 hairpin II 
interaction. Nucleic Acids Res. 33, 2917–2928 (2005).

 19. Abdel-Nour, M. et al. The Legionella pneumophila collagen-like protein 
mediates sedimentation, autoaggregation, and pathogen-phagocyte 
interactions. Appl. Environ. Microbiol. 80, 1441–1454 (2014).

 20. Chen, S. M. et al. Streptococcal collagen-like surface protein 1 promotes 
adhesion to the respiratory epithelial cell. BMC Microbiol. 10, 320 (2010).

 21. Wang, C. & St Leger, R. J. A collagenous protective coat enables Metarhizium 
anisopliae to evade insect immune responses. Proc. Natl Acad. Sci. USA 103, 
6647–6652 (2006).

NATURE MICROBIOLOGY | VOL 4 | DECEMBER 2019 | 2430–2441 | www.nature.com/naturemicrobiology2440



	 211	

	
	

	
	
	
	

ARTICLESNATURE MICROBIOLOGY

 22. Gravelat, F. N. et al. Aspergillus galactosaminogalactan mediates adherence to 
host constituents and conceals hyphal beta-glucan from the immune system. 
PLoS Pathog. 9, e1003575 (2013).

 23. Lee, M. J. et al. Deacetylation of fungal exopolysaccharide mediates adhesion 
and biofilm formation. mBio 7, e00252–00216 (2016).

 24. Brown, G. D. & Gordon, S. Immune recognition: a new receptor for 
beta-glucans. Nature 413, 36–37 (2001).

 25. DePas, W. H. et al. Exposing the three-dimensional biogeography and 
metabolic states of pathogens in cystic fibrosis sputum via hydrogel 
embedding, clearing, and rRNA labeling. mBio 7, e00796-16 (2016).

 26. Yang, B. et al. Single-cell phenotyping within transparent intact tissue 
through whole-body clearing. Cell 158, 945–958 (2014).

 27. Chung, K. et al. Structural and molecular interrogation of intact biological 
systems. Nature 497, 332–337 (2013).

 28. Ballard, E. et al. In-host microevolution of Aspergillus fumigatus: a phenotypic 
and genotypic analysis. Fungal Genet. Biol. 113, 1–13 (2018).

 29. Gago, S., Denning, D. W. & Bowyer, P. Pathophysiological aspects of Aspergillus 
colonization in disease. Med. Mycol. 57, S219–S227 (2018).

 30. Morales, D. K. et al. Control of Candida albicans metabolism and  
biofilm formation by Pseudomonas aeruginosa phenazines. mBio 4, 
e00526–00512 (2013).

 31. Beattie, S. R. et al. Filamentous fungal carbon catabolite repression supports 
metabolic plasticity and stress responses essential for disease progression. 
PLoS Pathog. 13, e1006340 (2017).

 32. Szewczyk, E. et al. Fusion PCR and gene targeting in Aspergillus nidulans. 
Nat. Protoc. 1, 3111–3120 (2006).

 33. Grahl, N. et al. In vivo hypoxia and a fungal alcohol dehydrogenase influence 
the pathogenesis of invasive pulmonary aspergillosis. PLoS Pathog. 7, 
e1002145 (2011).

 34. Willger, S. D. et al. A sterol-regulatory element binding protein is required for 
cell polarity, hypoxia adaptation, azole drug resistance, and virulence in 
Aspergillus fumigatus. PLoS Pathog. 4, e1000200 (2008).

 35. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

 36. Basenko, E. Y. et al. FungiDB: an integrated bioinformatic resource for fungi 
and oomycetes. J. Fungi (Basel) 4, 39 (2018).

 37. Wu, T. D., Reeder, J., Lawrence, M., Becker, G. & Brauer, M. J. GMAP and 
GSNAP for genomic sequence alignment: enhancements to speed, accuracy, 
and functionality. Methods Mol. Biol. 1418, 283–334 (2016).

 38. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics 30, 
923–930 (2014).

 39. Friedman, J. H., Bentely, J. & Finkel, R. A. An algorithm for finding  
best matches in logarithmic expected time. ACM Trans. Math. Softw. 3, 
209–226 (1977).

 40. Treweek, J. B. et al. Whole-body tissue stabilization and selective extractions 
via tissue-hydrogel hybrids for high-resolution intact circuit mapping and 
phenotyping. Nat. Protoc. 10, 1860–1896 (2015).

 41. Misharin, A. V., Morales-Nebreda, L., Mutlu, G. M., Budinger, G. R. & 
Perlman, H. Flow cytometric analysis of macrophages and dendritic cell 
subsets in the mouse lung. Am. J. Respir. Cell Mol. Biol. 49, 503–510 (2013).

 42. Danhof, H. A. & Lorenz, M. C. The Candida albicans ATO gene family 
promotes neutralization of the macrophage phagolysosome. Infect. Immun. 
83, 4416–4426 (2015).

 43. Liao, P. S., Chew, T. S. & Chung, P. C. A fast algorithm for multilevel 
thresholding. J. Inf. Sci. Eng. 17, 713–727 (2001).

 44. Shepardson, K. M. et al. Hypoxia enhances innate immune activation to 
Aspergillus fumigatus through cell wall modulation. Microbes Infect. 15, 
259–269 (2013).

 45. Burghardt, R. C. & Droleskey, R. Transmission electron microscopy.  
Curr. Protoc. Microbiol. 3, 1–39 (2006).

Acknowledgements
We thank J. Obar (Dartmouth) for his helpful comments, A. Lavanway and L. Howard 
(Dartmouth) for their microscopy expertise, T. J. Smith for graphical model design 
and construction, D. Limoli for funPACT assistance, S. Dhingra for tool development 
(plasmids), D. Carter-House for assistance with DNA extraction for whole genome 
sequencing and S. Lockhart, S. Howard, and D. Hagiwara for sharing A. fumigatus 
isolates. This work was supported by the efforts of R.A.C. through funding by NIH 
National Institute of Allergy and Infectious Diseases (NIAID) (grant nos. R01AI130128 
and 2R01AI081838). R.A.C holds an Investigators in Pathogenesis of Infectious Diseases 
Award from the Burroughs Wellcome Fund. C.H.K. was supported by the Molecular 
and Cellular Biology Training Grant at Dartmouth (no. 5T32 GM 8704-20, principal 
investigator: D. Compton) from the National Institute of General Medical Sciences 
from July 2016 to June 2018 and the NIH NIAID Ruth L. Kirschstein National Research 
Service Award (no. F31AI138354) from July 2018. C.D.N. is supported by the National 
Science Foundation (grant no. MCB 1817342), a Burke Award from Dartmouth College, 
a pilot award from the Cystic Fibrosis Foundation (grant no. STANTO15RO) and 
NIH grant no. P20-GM113132 to the Dartmouth BioMT COBRE. Data analyses were 
performed on the UC Riverside High-Performance Computational Cluster supported  
by grant nos. NSF DBI-1429826 and NIH S10-OD016290.

Author contributions
C.H.K. designed, performed and analysed most of the experiments and wrote the manuscript. 
J.D.K. performed the histopathology quantification and assisted with funPact analysis. 
K.L. performed the cellularity analysis. M.C.B. assisted with fluorescent microscopy 
analysis. R.H. generated software for biofilm analysis. C.D.N. generated software for 
biofilm analysis and performed the biofilm analysis. J.E.S. performed analysis on 
genomic and RNA sequencing and phylogenetic analysis. R.A.C. designed experiments, 
supervised the study and edited the manuscript. All authors reviewed and approved  
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41564-019-0558-7.
Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to R.A.C.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature Limited 2019

NATURE MICROBIOLOGY | VOL 4 | DECEMBER 2019 | 2430–2441 | www.nature.com/naturemicrobiology 2441



	 212	

	
	

	

1

nature research  |  reporting sum
m

ary
O

ctober 2018

Corresponding author(s): Robert Cramer

Last updated by author(s): 08/08/2019

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Nikon NIS-Elements Viewer (Nikon) software, Bio-Rad CFX Maestro, Zeiss Black, MACSQuant VYB

Data analysis Nikon NIS-Elements Viewer, FIJI (ImageJ), GraphPad Prism 5, MatLab, R, BiofilmQ, Zeiss Blue, FlowJo version 9.9.6

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The following figures have associated raw data: Figure S4, Figure S1, Figure 4, Figure 1. Following the final draft of the manuscript accession numbers to the raw 
data will be uploaded with accession numbers and doi addresses provided. These data include genome sequencing and RNA-sequencing. 

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences



	 213	

	
	

	

2

nature research  |  reporting sum
m

ary
O

ctober 2018

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Power analysis was performed to determine sample size for animal experiments (survival etc.)

Data exclusions Data were excluded from animal studies when mice were sacrificed due to symptoms of central nervous system (CNS) infection. These 
exclusions were based on the pre-established criteria that mice suffering from CNS infection present different pathologies than those with 
pulmonary infections. A replicate for hrmAR-EV in hypoxia for the RNA-sequencing was excluded due to poor RNA quality and PCA plot 
indicating that this sample did not cluster with the other replicates. 

Replication All attempts at replication were successful. FunPACT was not replicated with these exact samples because of the use of animal lives and the 
10-12 week period of sample processing, however n=5 were utilized for each experimental group and were accumulated from two separate 
sample preparations/processings. 

Randomization For animal studies, mice were randomly sorted (by groups of 4 or 5) into experimental or mock groups. For in vitro fungal assays no 
randomization was performed. 

Blinding Blinding was use in the replication of all animal studies and in the analysis of histopathology samples and fluorescent fungal biofilms. Blinding 
was not used in other in vitro fungal assays. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The antibodies used in the paper were bought from eBioscience, Invitrogen, Biolegend and BD bioscience: 

Fixable Viability Dye (eFluor™ 780, eBioscience, 65-0865-14) 
anti-CD45 (Pacific orange, Invitrogen, Clone 30-F11, MCD4530) 
anti-CD11b (PECy5, BioLegend, Clone M1/70, 101209) 
anti-Ly6G (FITC, BioLegend, Clone 1A8, 127605)  
anti-SiglecF (BV421, BD bioscience, Clone E50-2440, 562681)   

Validation The antibodies were validated based on the datasheet provided by the manufacturers. 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Charles River CD-1 outbred female mice 6-8 weeks (20-24 grams). 

Wild animals The study did not involve wild animals

Field-collected samples The study did not involve field-collected samples. Clinical samples were published previously and provided by those laboratories. 

Ethics oversight The National Research Council Guide for the Care and Use of Laboratory Animals was strictly followed for all animal experiments. 
The animal experiment protocol was approved by Institutional Animal Care and Use Committee (IACUC) at Dartmouth College 
(protocol: cram.ra.1). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The lungs were minced in the digestion buffer containing PBS, 2.2 mg/ml Collagenase IV (Worthington), 1U/ml DNaseI (Zymo 
research) and 5% FBS and were incubated in 37 °C for 45 minutes. The suspended cells from BAL and lungs were treated with 
RBC lysis buffer and enumerated with Trypan blue staining.

Instrument MacsQuant VYB cytometer

Software FlowJo version 9.9.6

Cell population abundance The isolated cells from BAL and lung were sufficient for antibody staining and data analysis.  

Gating strategy The gating strategies were the same as the supplementary figure. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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MDA5 is an essential vita-PAMP sensor necessary for host 
resistance against Aspergillus fumigatus

Xi Wang*,§, Alayna K. Caffrey-Carr*,†,2,§, Ko-wei Liu*, Vanessa Espinosa‡, Walburga 
Croteau*, Sourabh Dhingra*,3, Amariliz Rivera‡, Robert A. Cramer*, Joshua J. Obar*,#

*Geisel School of Medicine at Dartmouth, Department of Microbiology & Immunology, Lebanon, 
NH 03756, United States
†Montana State University, Department of Microbiology & Immunology, Bozeman, MT 59718, 
United States
‡Center for Immunity & Inflammation, Rutgers - New Jersey Medical School, Newark, NJ, 07103, 
United States

Abstract
RIG-I like receptors (RLR) are cytosolic RNA sensors that signal through the MAVS adaptor to 
activate interferon responses against viruses. Whether the RLR family has broader effects on host 
immunity against other pathogen families remains to be fully explored. Herein we demonstrate 
that MDA5/MAVS signaling was essential for host resistance against pulmonary Aspergillus 
fumigatus challenge through the regulation of antifungal leukocyte responses in mice. Activation 
of MDA5/MAVS signaling was driven by dsRNA from live A. fumigatus serving as a key vitality-
sensing pattern-recognition receptor. Interestingly, induction of type I interferons after A. 
fumigatus challenge was only partially dependent on MDA5/MAVS signaling, whereas type III 
interferon expression was entirely dependent on MDA5/MAVS signaling. Ultimately, type I and 
III interferon signaling drove the expression of CXCL10. Furthermore, the MDA5/MAVS-
dependent interferon response was critical for the induction of optimal antifungal neutrophil 
killing of A. fumigatus spores. In conclusion, our data broaden the role of the RLR family to 
include a role in regulating antifungal immunity against A. fumigatus.

INTRODUCTION
Aspergillus fumigatus is a ubiquitous environmental mold that humans inhale on a daily 
basis. Multiple environmental surveys have demonstrated a range of several hundred to 
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thousands of A. fumigatus conidia can be inhaled daily (1–3). Individuals with normal 
immune systems readily clear A. fumigatus conidia from their airways without problems. 
However, immunocompromised individuals are at significantly greater risk of developing 
invasive pulmonary aspergillosis (IPA)4. IPA is a life-threatening disease with over 300,000 
cases globally and a high mortality rate of 30% – 50% (4). Patients at increased risk of 
developing IPA include those receiving chemotherapy treatments for cancer and patients 
receiving immunosuppressive regimens to prevent graft-versus-host disease (GVHD) 
following hematopoietic stem cell transplants or solid organ transplants (5–9). Furthermore, 
epidemiology studies predict a steady increase of IPA cases in the future due to the projected 
continual increase of immune compromised patients (10). Additionally, individuals with 
single nucleotide polymorphisms (SNPs) or primary immunodeficiencies in key antifungal 
signaling or effector pathways, such as CARD9 (11), pentraxin 3 (12, 13), or NADPH 
oxidase (14, 15) are highly susceptible to IPA. Thus, these clinical observations demonstrate 
that host innate immune responses are imperative in deactivating viable fungal conidia to 
avoid fungal establishment in the lung, and failure of such processes result in fungal 
germination and fungal growth and dissemination, ultimately culminating in IPA.

If the physical barriers of the lungs are bypassed by the inhaled A. fumigatus conidia, airway 
epithelial cells and lung-resident macrophages comprise the first line of defense against 
inhaled conidia. It is well established that lung resident macrophages, including alveolar 
macrophages (16, 17) and CCR2+ monocytes (18, 19) are critical for initiating the early 
inflammatory milieu necessary for the recruitment of innate immune cells to the respiratory 
tract to mediate host resistance against invasive disease. These innate immune effector cells 
include neutrophils (20, 21), inflammatory monocytes (18, 19), NKT cells (22), and 
plasmacytoid dendritic cells (23–25). The cytokine/chemokine signaling networks necessary 
to regulate the recruitment of inflammatory cells to the respiratory tract are rapidly 
emerging, but still much remains to be learnt.

Recently, it has become well appreciated that the host inflammatory response induced by A. 
fumigatus is tightly tuned to the virulence of the individual strain under study (26–30). 
Being able to recognize pathogenic traits of microbes is key to appropriately responding to 
infection (31), one such trait is being able to resist killing and remain viable (32). Two 
crucial inflammatory pathways in signaling bacterial vitality are inflammasome-dependent 
secretion of IL-1β and induction of the interferon response, which both can be driven by 
bacterial RNA (33, 34). We and others have previously demonstrated that inflammasomes 
are essential for IL-1β production after A. fumigatus challenge (35–38). Interestingly, 
Kanneganti and colleagues have shown to the NLRP3 and AIM2 inflammasomes could be 
activated by fungal RNA and DNA, respectively (35). Moreover, both type I and type III 
interferons have been shown to be essential for host resistance against pulmonary A. 
fumigatus challenge (39), but the fungal PAMP and host pattern-recognition pathways 

4Abbreviations: RLR, RIG-I like receptors; IPA, invasive pulmonary aspergillosis; GVHD, graft-versus-host disease; SNP, single 
nucleotide polymorphism; GMM, glucose minimal medium; PBS, phosphate buffered saline; i.t., intratracheal; BALF, 
bronchoalveolar lavage fluid; GMS, Grocott-Gomori methenamine silver; FLARE, fluorescent Aspergillus reporter; vita-PAMP, 
vitality pathogen-associated molecular pattern
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leading to type I and type III interferon expression following A. fumigatus challenge have 
not been well elucidated.

Type I and type III interferon responses are best understood in the context of virus 
infections. Following virus infections, Toll-like receptors (including TLR3, TLR7/8, TLR9), 
cGAS/STING, and RIG-I-like receptors (RIG-I and MDA5) are known to be critical in the 
induction of type I and type III interferons (review by (40–42)). However, during fungal 
infections much less is currently known. Both TLR3 and TLR9 are known to be involved in 
the antifungal defenses against A. fumigatus (43–46), but only their role in the induction of 
type I interferons has been explored (45, 47). Following Candida albicans infection TLR7 is 
known to be involved in the induction of type I interferons (48, 49). Moreover, a 
Dectin-1/Syk/Irf5 signaling network has been shown to be critical in the induction of type I 
interferons following C. albicans challenge (50). Finally, Dectin-1 has been shown to be 
partially involved in the induction of type I and III interferons following respiratory A. 
fumigatus challenge (51). However, the role of cytosolic sensing pattern-recognition 
receptors systems in the antifungal interferon response has not been well studied.

Our data demonstrate that MDA5/MAVS-dependent signaling is necessary for host 
resistance against A. fumigatus infection through the accumulation and activation of 
antifungal effector functions of neutrophils in the fungal challenged airways. MAVS 
signaling drove expression of both type I and type III interferon, which ultimately drove the 
expression of the interferon inducible chemokines CXCL9 and CXCL10. Overall, our study 
reveals a critical role for MDA5 in host anti-fungal immunity, which supports a broader role 
of MDA5 in monitoring the health of the host cytosol.

MATERIALS AND METHODS
Mice.

C57BL/6J (Jackson Laboratory, Stock #000664), Mavs−/− (Jackson Laboratory, Stock 
#008634), and Ifih1−/− (Jackson Laboratory, Stock # 015812) were all originally purchased 
from Jackson Laboratories and sequentially bred in-house at Geisel School of Medicine at 
Dartmouth. Ifnar−/−, Ifnlr−/−, and Ifnar−/− Ifnlr1−/− DKO were kindly provided by Dr. Sergei 
Kotenko and Dr. Joan Durbin (52) and bred in-house at Rutgers – New Jersey Medical 
School. Wild-type B6.129F2 (Jackson Laboratory, Stock #101045) mice, used as controls 
for the Mavs−/− mice, were purchased directly from Jackson Laboratories. All mice were 8–
16 weeks of age at the time of challenge. Both male and female mice were used for these 
experiments. All animal experiments were approved by either the Rutgers – New Jersey 
Medical School Institutional Animal Care and Use Committee or Dartmouth College 
Institutional Animal Care and Use Committee.

Preparation of Aspergillus fumigatus conidia.
A. fumigatus CEA10 and Af293 strains were used for this study. Each strain was grown on 
glucose minimal media (GMM) agar plates for 3 days at 37°C. Conidia were harvested by 
adding 0.01% Tween 80 to plates and gently scraping conidia from the plates using a cell 
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scraper. Conidia were then filtered through sterile Miracloth, were washed, and resuspended 
in phosphate buffered saline (PBS), and counted on a hemocytometer.

Preparation of swollen conidia and heat-killing.
A. fumigatus CEA10 conidia were collected, as described above. To generate a homogenous 
population of swollen conidia, conidia were resuspended at 5×106 conidia per ml in RPMI 
containing 0.5 µg/ml of voriconazole (Sigma-Aldrich) and incubated at 37°C for 15 h, as 
previously done (53). Conidia were then washed twice and adjusted to 4×108 conidia per ml 
in PBS-Tween 80. To heat-kill the swollen conidia, the conidial suspension was incubated in 
a 100°C water bath for 30 minutes. The conidial concentration and efficiency of heat-killing 
was verified by plating on GMM agar.

Aspergillus fumigatus pulmonary challenge model.
Mice were challenged with A. fumigatus conidia by the intratracheal (i.t.) route. Mice were 
anesthetized by inhalation of isoflurane; subsequently, mice were challenged i.t. with ~4 × 
107 A. fumigatus conidia in a volume of 100 µl PBS. At the indicated time after A. 
fumigatus challenge, mice were euthanized using a lethal overdose of pentobarbital. 
Bronchoalveolar lavage fluid (BALF) was collected by washing the lungs with 2 ml of PBS 
containing 0.05M EDTA. BALF was clarified by centrifugation and stored at −20°C until 
analysis. After centrifugation, the cellular component of the BALF was resuspended in 200 
µl of PBS and total BAL cells were determined by hemocytometer count. BALF cells were 
subsequently spun onto glass slides using a Cytospin4 cytocentrifuge (Thermo Scientific) 
and stained with Diff-Quik (Siemens) or Hema 3™ Stat Pack (Fisher Scientific) stain sets 
for differential counting. For histological analysis lungs were filled with and stored in 10% 
buffered formalin phosphate for at least 24 hours. Lungs were then embedded in paraffin and 
sectioned into 5-micron sections. Sections were stained with Grocott-Gomori methenamine 
silver (GMS) using standard histological techniques to assess lung inflammatory infiltrates 
and fungal germination, respectively. Representative pictures of lung sections were taken 
using either the 20X or 40X objectives on an Olympus IX73 with a Zeiss Aziocam 208 color 
camera.

Luminex assay for cytokine and chemokine secretion from experimental murine models of 
invasive aspergillosis.

BALF and lung homogenates from B6/129F2 mice and Mavs−/− mice challenged with A. 
fumigatus 12 or 48 h prior were analyzed for cytokines and chemokines using Milliplex 
Mouse Cytokine & Chemokine 32-plex (Millipore). Plates were read using a BioPlex 200 
(Bio-Rad) in the Immune Monitoring and Flow Cytometry Core Facility at Dartmouth 
College.

Quantitative RT-PCR analysis.
Total RNA from lungs was extracted with Trizol (Invitrogen). One microgram of total RNA 
was reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). TaqMan Fast Universal Master Mix (2X) No AmpErase UNG and TaqMan 
probes (Applied Biosystems, Catalog #4331182) for Ifna2 (Mm00833961_s1), Ifnb1 
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(Mm00439552_s1), Ifnl2/3 (Mm0404158_gH), Ifng (Mm01168134_m1), Cxcl9 
(Mm00434946_m1), and Cxcl10 (Mm00445235_m1) were used and normalized to Gapdh 
(Mm99999915_g1). Gene expression was calculated using ∆∆CT method relative to naïve 
sample.

Western blot analysis.
Total protein from whole lungs was extracted using RIPA buffer. Total protein was 
quantified using a DC™ Protein Assay (Bio-Rad). For Western Blot analysis, 40µg of total 
protein was loaded per well. Gels were run at 100V for ~1 hour at room temperature and 
then transferred to PVDF membranes at 100V for ~1 hour at 4°C. After transfer, the 
membranes were blocked with TBST + 5% milk for 1 hour at room temperature. Following 
blocking, blots were rinsed twice with TBST buffer. Staining with primary antibodies was 
done in TBST with 5% BSA at 4°C for overnight on a roller. Primary antibodies used for 
these studies were rabbit anti-STAT1 (Cell Signaling, #9172S, 1/1000), rabbit anti-pSTAT1 
(Cell Signaling, #7649P, 1/1000 dilution), and rabbit anti-β-actin (Abcam, ab75186, 
1/40,000). After primary antibody staining blots were washed four times with TBST. Blots 
were then stained with a donkey anti-rabbit IgG conjugated to HRP (Cell Signaling, 
#7074P2, 1/4000 dilution) in TBST + 5% milk for 1 hour at room temperature with gentle 
shaking. After secondary antibody staining blots were washed four times with TBST. Blots 
were developed using ECL Clarity (Bio-Rad) for 5 minutes, then analyzed using an Alpha 
Innotech FluorChem Q imager.

Generation of a Fluorescent Aspergillus fumigatus reporter (FLARE) strain in the CEA10 
background.

CEA10:H2A.XA. nidulans∷ptrA was constructed in two steps. First, gpdA(p) was amplified 
from DNA isolated from strain A. nidulans A4 (Source: FGSC) using primers RAC2888 and 
RAC2799. Histone variant H2A.X (AN3468) was amplified (without stop codon) from A4 
DNA using primers RAC4582 and RAC4583. mRFP fragment was amplified from plasmid 
pXDRFP4 (Source: FGSC) using primers RAC2600 and RAC4575 and terminator for A. 
nidulans trpC gene was amplified using primers RAC2536 and RAC2537. The four 
fragments were then fused together with primers RAC1981 and RAC4134 using fusion PCR 
resulting in H2A.X first round fragment as described earlier (54). All primers are listed in 
Supplemental Table 1.

Secondly, we targeted integration of the H2A.X∷rfp to the intergenic locus between 
AFUB_023460 and AFUB_023470. For this, left homology arm was amplified from CEA10 
genomic DNA using primers RAC3873 and RAC3874. Right homology arm was amplified 
with primers RAC3875 and RAC3876. Dominant selection marker gene ptrA conferring 
resistance to pyrithiamine hydrobromide was amplified from plasmid pSD51.1 with primers 
RAC2055 and RAC2056. The four fragments were then fused together with primers 
RAC3877 and RAC3878 using fusion PCR as described earlier (54). After the construct 
generation, polyethylene glycol mediated transformation of protoplast was performed as 
described earlier (54). Transformants were screened by PCR (data not shown) and confirmed 
with southern blot analysis as described earlier (55). mRFP fluorescence was confirmed with 
FACS (Fluorescence activated cell sorting) analysis.
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Fluorescent Aspergillus fumigatus reporter (FLARE) assay.
To measure both conidial uptake and viability in distinct immune cell populations we used 
fluorescent Aspergillus reporter (FLARE). The CEA10-based FLARE was labelled with 
AlexaFlour 633 membrane labeling, as described elsewhere (56). Bronchoalveolar lavage 
(BAL) and lung cell suspensions were prepared as described elsewhere (56) and stained with 
anti-Ly6G (1A8), anti-CD11b (M1/70), anti-CD11c (HL3), anti-CD45 (30-F11), anti–
CD206 (C068C2) and a fixable viability dye (eBioscience; Catalog #65-0865-14). 
Neutrophils were identified as CD45+CD11b+Ly6G+, alveolar macrophages as 
CD45+CD11b+Ly6G−CD206dim, interstitial macrophages as CD45+CD11b+Ly6G−CD206−, 
and monocytes as CD45+CD11bdimLy6G−CD206+ cells, as previously defined (57, 58). 
Flow cytometric data were collected on a CytoFLEX (Beckman Coulter). All data was 
analyzed using FlowJo software.

Primary murine fibroblast cultures.
Ears from 6–12 week-old C57BL/6J and Ifih1−/− mice were collected, washed in 70% 
EtOH, then PBS, and finally minced using scissors. For each ear, 500 µl of 1000 U/ml 
collagenase (Gibco, REF 17101–015) in HBSS was used to digest them at 37°C for 25 
minutes. The tissues were then centrifuged at 500 × g for 3 minutes and then washed once 
with HBSS. Ears were subsequently digested with 500 µl of 0.05% trypsin in HBSS for a 
further 20 minutes in 37°C. The tissues were then centrifuged again at 500 x g for 3 minutes, 
and the trypsin was discarded and replaced by 0.5ml fibroblast media [10% FCS, 1% MEM 
Non-essential amino acids, 1% pencillin-streptomycin in DMEM]. The tissues were then 
pushed through a sterile 40 µm cell strainer via the plunger of a 3ml syringe to obtain single 
cell suspensions. For every ear, 25ml of fibroblast media was used to initiate the murine 
fibroblast culture in tissue culture flasks and a media change was conducted every two days. 
The fibroblasts were usually confluent and harvested on day 6 by 0.25% trypsin digest for 
5min in 37°C and then collected with fresh fibroblast media.

Isolation of total RNA from Aspergillus fumigatus.
A. fumigatus conidia was harvested from GMM plates and inoculated at 1 × 106 per ml in 
liquid GMM. Cultures were grown for 24h in 37°C with shaking at 250 rpm in an orbital 
shaker. Mycelia were then filtered and wrapped in sterile Miracloth, dried by repeated paper 
towel absorption, and weighed. For every 50 mg of mycelium, 1 ml of Trisure (Bioline) was 
added and mixed. The Trisure-mycelium mixture was frozen by liquid nitrogen to release 
cellular content and then homogenized using a mortar and pestle. For every 1 ml of Trisure 
used, 0.2 ml chloroform was added and vortexed, and the solution was centrifuged for 15 
min at 12000 x g at 4°C. The aqueous phase was then transferred to a new tube and 0.5 ml of 
isopropanol was added, vortexed, and centrifuged for 10 min at 12000 x g at 4°C. The 
supernatant was then removed, and the pellet was washed by 1 ml 75% ethanol via vortexing 
followed with centrifuging for 5 min at 7500 x g at 4°C. The 75% ethanol was then removed 
to allow a complete air dry of the RNA, followed by dissolving in molecular biology grade 
water and stored in −80°C.
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Stimulation of murine fibroblasts with fungal RNA.
Freshly harvested murine fibroblasts were dosed at 5 ×104/ml in fibroblast media and 
transferred to 24-well tissue culture treated plates with 0.5 ml per well. The plate was 
incubated for one day to allow the attachment of murine fibroblasts. Fibroblasts were then 
transfected via LyoVec™ (Invivogen)/RNA complexes. For every 200 µl of LyoVec™, 2 µg 
of either poly-IC (Invivogen), 5’-ppp RNA (Invivogen), or A. fumigatus RNA was diluted in 
80 µl molecular biology grade water, mixed, and incubated in room temperature for 30 
minutes to assemble the liposome. The assembled liposome complexes were then added to 5 
ml of fibroblast medium and 0.5 ml of the above transfection media was transferred to each 
well of 24-well plates after removal of the original medium. Twenty-four hours after 
transfection the supernatant was collected for subsequent ELISA analysis.

ELISA analysis for cytokine and chemokine secretion.
Cell culture supernatants from fibroblast stimulated with A. fumigatus RNA were analyzed 
by ELISA for CXCL10 (R&D Systems, Cat. DY466) and Interferon alpha (Invitrogen, Cat. 
BMS6027TWO). Plates were read using an Epoch BioTek Gen5 microplate reader at 
450nm, and the background was subtracted at 570nm.

Statistical analysis.
Statistical significance for in vitro and ex vivo data was determined by a Mann-Whitney U 
test, one-way ANOVA using a Tukey’s or Dunn’s post-test, or two-way ANOVA with 
Tukey’s post-test through the GraphPad Prism 7 software as outlined in the figure legends. 
Mouse survival data were analyzed with the Mantel-Cox log rank test using GraphPad 
Prism.

RESULTS
Induction of an optimal interferon response by Aspergillus fumigatus is dependent on 
viable conidia.

The polysaccharide-rich cell wall is a major driver of the inflammatory response against A. 
fumigatus and other fungi. Following C. albicans challenge the Dectin-1 (Clec7a) receptor is 
critical in the induction of type I interferons following (50). Dectin-1 is only partially 
responsible for induction of the type I and type III interferon response induced by A. 
fumigatus (51). To test whether the fungal cell wall was essential for driving the type I and 
type III interferon response, we stimulated C57BL/6J mice with 4×107 live or heat-killed 
swollen conidia of the CEA10 strain of A. fumigatus. Forty hours post-challenge with live 
swollen conidia there was an induction of IL-28 (IFN-λ), CXCL10, and TNFα secretion 
(Figure 1). In contrast, when challenged with heat-killed swollen conidia secretion of both 
IL-28 (IFN-λ) and CXCL10 was markedly reduced, while TNFα was still induced (Figure 
1). These finding demonstrate that while cell carbohydrates in heat-killed swollen conidia 
still drove robust inflammatory cytokines (such as TNFα), as has previously been 
demonstrated (53, 59), there is an alternative pattern-recognition receptor pathway which is 
largely responsible for the interferon response induced by live A. fumigatus conidia.
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dsRNA from Aspergillus fumigatus drives an MDA5-dependent interferon response.
Vitality sensing during bacterial infection through recognition of bacterial RNA has been 
shown to be critical for the induction of protective immune responses through the secretion 
of both IL-1β and type I interferons (33). Thus, we next wanted to test whether A. fumigatus 
RNA could drive interferon release. To test this hypothesis, primary murine fibroblasts from 
C57BL/6J mice were stimulated with naked or liposome packaged total RNA from the 
Af293 strain of A. fumigatus. As expected, untreated fibroblast or empty liposome treated 
did not drive significant secretion of IFNα or CXCL10, while liposome packaged polyI:C 
drove significant secretion of both (Figure 2A). Liposome-packaged Af293 RNA drove 
secretion of both IFNα and CXCL10, while naked Af293 could not drive their production 
(Figure 2A). Taken together, these data demonstrate that intracellular sensing of A. 
fumigatus RNA can drive an interferon-dependent inflammatory response.

Intracellular sensing of RNA is mediated by the RIG-I-like receptor family, composed of 
RIG-I and MDA5, for the induction of interferons. Both RIG-I and MDA5 recognize distinct 
structures in foreign RNA (60, 61). To test whether ssRNA or dsRNA from A. fumigatus 
was required to drive type I IFN secretion, we extended these in vitro fibroblast stimulation 
studies by pre-treating the A. fumigatus RNA pool with either RNase S1 or RNase III, 
which will selectively cleave ssRNA and dsRNA, respectively, prior to liposome packaging. 
We also treated the fungal RNA pool with DNase I as a control. Similar to our previous 
result, total A. fumigatus RNA packaged in liposomes was able to induce IFNα secretion 
from murine fibroblast (Figure 2B). Pre-treatment of the A. fumigatus RNA with either 
RNase S1 or DNase I had no impact on the secretion of IFNα (Figure 2B). In contrast, pre-
treatment of the A. fumigatus RNA with RNase III completely ablated the secretion of IFNα 
from primary murine fibroblasts (Figure 2B). These data suggest that recognition of double-
stranded fungal RNA in the cytosol is necessary for the interferon response induced by A. 
fumigatus.

To date the most well characterized intracellular receptor for dsRNA is MDA5 (60). To test 
whether A. fumigatus RNA initiates an interferon response in a MDA5-dependent manner 
we treated primary murine fibroblasts isolated from C57BL/6J or Ifih1−/− mice liposome 
packaged fungal RNA. As positive controls, we utilized high molecular weight polyI:C, a 
known MDA5 ligand, and 5’ppp-RNA, a known RIG-I ligand. Eighteen hours are 
stimulation cell culture supernatants were collected for ELISA analysis to assess IFNα 
secretion. Unstimulated or LyoVec™ only stimulated fibroblast did not secrete any IFNα 
(Figure 2B). As positive controls, 5’ppp-RNA stimulated equivalent secretion of IFNα from 
both wild-type and Ifih1-deficient fibroblasts; while high molecular weight polyI:C 
stimulated robust IFNα secretion from wild-type fibroblast, which was significantly reduced 
in Ifih1-deficient fibroblasts (Figure 2B). The induction of IFNα secretion by A. fumigatus 
RNA was partially dependent on MDA5, like what we also observed with high molecular 
weight polyI:C (Figure 2B). Interestingly, RNase III treatment ablated both the MDA5-
dependent and -independent IFN-α response (Figure 2B), which suggests there is another 
dsRNA receptor that contributions to the IFN-α response in response to encapsulated fungal 
RNA.
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MAVS-dependent signaling is required for interferon expression after Aspergillus 
fumigatus challenge

During viral infections RLR family members are critical in initiating both the type I and type 
III interferon responses (62). Moreover, stimulation of Ifih1-deficient murine macrophages 
with C. albicans resulted in a slight decrease in Ifnb mRNA expression, which did not reach 
significance (63). However, the specific role of MDA5/MAVS in initiating the induction of a 
broad range of interferons to other fungal pathogens has not been explored. To test the role 
of MAVS signaling in the induction of interferons after respiratory challenge with A. 
fumigatus, we challenged B6.129F2 mice and Mavs−/− mice with 4×107 conidia of CEA10. 
We collected lungs from the A. fumigatus challenged mice at 3 and 48 h post-inoculation for 
quantitative RT-PCR analysis to assess interferon expression patterns. Similar to previous 
observations with C57BL/6J mice (39), wild-type B6.129F2 mice expressed high levels of 
type I interferons, Ifna4 (Figure 3A) and Ifnb (Figure 3B), at 3 h post-inoculation that waned 
with time. Both type II interferon (Ifng) (Figure 3D) and type III interferon (Ifnl2/3) (Figure 
3C) were expressed at higher levels at 48 h post-inoculation in wild-type B6.129F2 mice. 
Interestingly, in the Mavs-deficient mice type I interferon levels were only decreased by 
approximately 50% (Figure 3A–B), whereas the expression of type II and type III 
interferons were nearly completely ablated in the absence of MAVS (Figure 3C–D). Thus, 
MAVS-dependent signaling is essential for the late expression of type III interferon and only 
partially responsible for early expression of type I interferons.

To confirm that the expression of interferons resulted in down-stream IFN signaling, we next 
examined the phosphorylation of STAT1. STAT1 phosphorylation is essential for the 
signaling of all interferon classes. Lungs from C57BL/6J mice challenged 6, 24, or 48 h 
prior with either the CEA10 or Af293 strains were collected, and total proteins were 
extracted for Western blot analysis. Both the CEA10 and Af293 strains induced a bi-phasic 
induction of STAT1 phosphorylation (Figure 4A). Specifically, significant STAT1 
phosphorylation was observed at 6 and 48 h after challenge, but minimal phosphorylation 
was observed at 24 h (Figure 4A). These data fit with our earlier observation that type I 
interferons are produced by 3 h post-challenge, while type II and type III interferons are 
highly expressed at later times (Figure 3). We next examined the phosphorylation of STAT1 
in the lungs of B6.129F2 and Mavs−/− mice challenged with the CEA10 stain of A. 
fumigatus at 6 and 48 h after challenge, times when we saw high levels of STAT1 
phosphorylation. Like C57BL/6J mice, wild-type B6.129F2 mice induced robust 
phosphorylation of STAT1 at both 6 and 48 h (Figure 4B). Interestingly, at 6 h after 
challenge with A. fumigatus the phosphorylation of STAT1 in the Mavs−/− mice was not 
significantly different, although there was a slight but reproducible reduction (Figure 4B–C), 
which fits with our earlier observation that type I interferon mRNA levels were only mildly 
reduced at 3 h post-challenge with A. fumigatus (Figure 3A–B). In contrast, phosphorylation 
of STAT1 in the Mavs−/− mice was significantly decreased at 48 h post-challenge with A. 
fumigatus (Figure 4B–C), which corresponds with the significant decrease in type III 
interferon mRNA levels we observed at this time (Figure 3C). Taken together, these results 
strongly support the conclusion that MAVS signaling is critical for the late expression of 
type III interferons in response to A. fumigatus instillation and initiation of the interferon 
response that is necessary for host resistance against A. fumigatus infection.
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Alteration of the airway inflammatory milieu after Aspergillus fumigatus challenge in the 
absence of MAVS-dependent signaling

While our data demonstrates that all the classes of interferons are decreased to vary degrees 
after pulmonary A. fumigatus challenged, we next wanted to more broadly understand the 
cytokine and chemokine response in the airways of Mavs−/− mice. To achieve this, we 
challenged B6.129F2 and Mavs−/− mice with 4×107 conidia of A. fumigatus. At 12 and 48 h 
after challenge with A. fumigatus, the BALF was analyzed using a 32-plex Milliplex 
cytokine assay. Numerous cytokines and chemokines--TNFα, IL-17A, CCL2, and CCL4--
were expressed in a manner that was completely independent of MAVS signaling (Figure 5). 
Interestingly, IL-1α, IL-1β, CXCL1, and CXCL2 secretion were significantly greater in the 
absence of MAVS signaling (Figure 5). In contrast, IL-12p70, CXCL9, and CXCL10 
secretion was significantly impaired in the absence of MAVS signaling, particularly at 48 h 
post-challenge despite the large increase in fungal burden (Figure 5). These data suggest that 
MAVS-dependent signaling is critical for induction and/or maintenance of these cytokines.

Cxcl9 and Cxcl10 mRNA expression after pulmonary Aspergillus fumigatus challenge 
requires both type I and type III interferons

The marked decrease in CXCL9 and CXCL10 expression in the absence of MAVS following 
A. fumigatus challenge was quite striking, because both CXCL9 and CXCL10 are 
interferon-inducible chemokines (64). To test the role of type I and type III interferons in the 
induction of CXCL9 and CXCL10 expression, we challenged C57BL/6, Ifnar−/−, Ifnlr−/−, 
and Ifnar−/− Ifnlr−/− (DKO) mice with 4×107 conidia of A. fumigatus. Forty-eight hours 
later, lungs were collected for quantitative RT-PCR analysis to assess Cxcl9 and Cxcl10 
mRNA expression patterns. Both Ifnar- and Ifnlr-deficient mice had a significant decrease in 
their expression of both Cxcl9 (Figure 6A) and Cxcl10 (Figure 6B). In general, the defect in 
Cxcl9 and Cxcl10 mRNA expression was greater in the absence of type III interferon 
signaling, particularly regarding Cxcl9 expression. Importantly, the Ifnar−/− Ifnlr−/− (DKO) 
mice had the most severe defect in Cxcl9 and Cxcl10 expression (Figure 6). Overall, these 
data demonstrate that type I and type III interferon signaling are essential for the expression 
of both Cxcl9 and Cxcl10.

MDA5/MAVS-dependent signaling is required for host resistance against Aspergillus 
fumigatus infection

These previous data suggest that MDA5 can sense A. fumigatus RNA to drive an interferon 
response, which could be critical in vitality sensing following an in vivo challenge with A. 
fumigatus. Thus, we wanted to test the role of MDA5/MAVS signaling in host resistance 
against respiratory challenge with the human fungal pathogen, A. fumigatus. To globally 
assess the role of the RLR family in antifungal immunity, we initially challenged B6.129F2 
mice and Mavs−/− mice with 4×107 conidia of the CEA10 strain, since MAVS is the central 
signaling adaptor for both RIG-I and MDA5-mediated responses (65–68). We monitored the 
survival of the A. fumigatus challenged mice over the next two weeks. Mavs-deficient mice 
were more susceptible to pulmonary challenge with A. fumigatus than wild-type, B6/129F2 
mice (Figure 7A; Mantel-Cox log rank test, p = 0.0001). Additionally, susceptibility of the 
Mavs−/− mice to A. fumigatus challenge is not dependent on the strain of A. fumigatus used 
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because Mavs−/− mice challenged with the Af293 strain were also highly susceptible to 
infection (Supplemental Figure 1; Mantel-Cox log rank test, p < 0.0001).

It is widely acknowledged that neutrophils and macrophages are critical antifungal effector 
cells for clearing A. fumigatus from the lungs. Thus, we assessed inflammatory cell 
accumulation in the airways via differential microscopic counting of cytospins stained with 
Diff-Quik from the BALF. The increased susceptibility of Mavs-deficient mice to A. 
fumigatus challenge was associated with decreased accumulation of macrophages and 
neutrophils in the airways compared with B6.129F2 mice at 40 h post-challenge (Figure 
7B). Next, we assessed fungal growth and tissue invasion in the lung by histological analysis 
at 40 h after conidial instillation. Strikingly, GMS staining of lung tissue from Mavs-
deficient mice revealed the presence of germinating A. fumigatus conidia at 40 h that was 
not observed to the same extent in B6.129F2 mice (Figure 7C). When the presence of 
germinating A. fumigatus conidia was quantified, wild-type B6.129F2 mice displayed low 
levels of fungal germination (17.6% ± 2.9) compared with Mavs−/− mice in which most of 
the fungal material had germinated (73.8% ± 7.6) by 40 h post-challenge (Figure 7C). 
B6.129F2 mice had very few areas of fungal material throughout their lungs, but it was 
associated with robust cellular infiltration and tissue destruction (Figure 7C).

To specifically address which RLR sensor is involved in regulating the innate anti-fungal 
immune response against A. fumigatus we chose to assess the role of MDA5 because of its 
role in the in vitro sensing of A. fumigatus RNA (Figure 2). Specifically, we challenged 
C57BL/6J and Ifih1−/− mice with 4×107 conidia of A. fumigatus. We monitored the survival 
of the A. fumigatus challenged mice over the next ten days. Like the Mavs-deficient mice, 
Ifih1-deficient mice were more susceptible to pulmonary challenge with A. fumigatus than 
wild-type C57BL/6J mice (Figure 8A; Mantel-Cox log rank test, p = 0.0004). Analogous to 
what we observed in the Mavs-deficient mice, the increased susceptibility of Ifih1-deficient 
mice to A. fumigatus challenge was associated with decreased accumulation of neutrophils 
in the airways compared with C57BL/6J mice at 40 h post-challenge (Figure 8B). GMS 
staining of lung tissue from Ifih1-deficient mice revealed the presence of germinating A. 
fumigatus conidia at 42 h that was not observed to the same extent in C57BL/6J mice 
(Figure 8C) similar to our observation in the Mavs-deficient mice.

While immune competent animal models have provided important insights into the host 
immune pathways necessary for antifungal control (11, 13, 56, 69–71), we wanted to assess 
the importance of MDA5/MAVS signaling in a clinically relevant immune compromised 
model of IPA. For this we utilized the triamcinolone model of IPA (72). Briefly, C57BL/6J 
and Ifih1−/− mice were immunosuppressed with triamcinolone and then subjected to 
challenge with 106 conidia of the Af293 strain of A. fumigatus. At 72 h post-inoculation 
lungs were collected for histological analysis for fungal growth. Interestingly, Ifih1−/− mice 
had a significantly greater number of fungal lesions per lung section than C57BL/6J mice 
(Supplemental Figure 2A). Moreover, the fungal lesions appear to be larger and contain 
more fungi (Supplemental Figure 2A). Additionally, the BALF from Ifih1−/− challenged 
mice had higher levels of LDH activity (Supplemental Figure 2B) and albumin 
(Supplemental Figure 2C), which are indicators of lung damage and leakage, respectively, 
than C57BL/6J challenged mice. Taken together, these results strongly support the 
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conclusion that MDA5/MAVS signaling is critical for host resistance against A. fumigatus in 
an immune competent murine model and critical for disease progression in a corticosteroid 
immune compromised murine model.

Neutrophil antifungal effector functions are decreased in the absence of MDA5.
To determine whether MDA5/MAVS signaling regulates antifungal effector cell functions, 
we used FLARE conidia challenge of C57BL/6 or Ifih1−/− mice to assess neutrophil-
mediated conidial uptake and killing. FLARE conidia encode a fungal viability indicator 
(DsRed) and contain a tracer fluorophore (Alexa Fluor 633) (56). For this study we 
generated a novel FLARE strain in the CEA10 strain background (Supplemental Figure 3). 
FLARE conidia emit two fluorescence signals (DsRed and Alexa Fluor 633) when the 
conidia are alive, but only emit a single fluorescence signal (Alexa Fluor 633) when the 
conidia are dead. This approach allows us to determine the frequency of conidia-engaged 
immune cells that contain either live or dead fungal cells in the BAL and lungs. The 
frequency of conidia-engaged neutrophils was similar between the C57BL/6 and Ifih1−/− 

mice (Figure 9A). However, the frequency of conidia-engaged neutrophils that contain live 
conidia was increased among Ifhi1−/− mice compared with C57BL/6J mice, indicating a 
defect in conidial killing (Figure 8B). Specifically, the frequency of neutrophils that contain 
live conidia was 1.9-fold and 2.1-fold higher for BAL and lung fluid of Ifih1−/− mice 
compared with their C57BL/6J counterparts (Figure 9B). Thus, these data indicate that 
neutrophil-mediated antifungal killing of A. fumigatus conidia requires MDA5/MAVS 
activation and signaling.

DISCUSSION
It is now well appreciated that the host inflammatory response induced by A. fumigatus is 
tightly tuned to the virulence of the individual strain under study (26–30). One key 
determinant for sensing the threat posed by filamentous fungi is changes in fungal cell wall 
composition. Specifically, detection of β−1,3-glucan linked polysaccharides by Dectin-1 
(Clec7a) occurs only upon conidial swelling and germling formation, which are the earliest 
steps of fungal growth (53, 59). Interestingly, our data demonstrate that while heat-killed 
swollen conidia of A. fumigatus can induce the secretion of pro-inflammatory cytokines, 
such as TNFα, they do not drive the secretion of IFNα and CXCL10 (Figure 1). These data 
suggest that heat sensitive fungal factors other than cell wall polysaccharides are responsible 
for driving the interferon response following respiratory A. fumigatus challenge. Consistent 
with this observation, individual polysaccharides commonly found in the A. fumigatus cell 
wall are not sufficient to induce an interferon response (73). Thus, other less studied fungal 
traits, that appear to require live fungi, are needed to induce a protective interferon response.

Intriguingly, during bacterial infections one key virulence trait sensed by the host immune 
system to tune the inflammatory response is the ability of the bacteria to resist killing and 
remain viable. Two crucial inflammatory pathways that signal bacterial vitality to the host 
are inflammasome secretion of IL-1β and an interferon response through TRIF and cGAS/
STING signaling (33, 34, 74). Following respiratory challenge with A. fumigatus both IL-1β 
and type I/III interferons have been shown to be critical for antifungal immunity (35, 39). 
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While we and others have previously demonstrated that inflammasomes are essential for the 
IL-1β response after respiratory challenge with A. fumigatus (35–38), the innate pattern-
recognition receptor(s) leading to type I/III interferon expression have not been elucidated. 
Moreover, fungal molecules that signal vitality to the host are not yet defined.

In bacteria one critical PAMP associated with vitality (vita-PAMP) is RNA. Using an E. coli 
infection model, bacterial RNA was shown to be sufficient to drive both inflammasome-
dependent IL-1β secretion and TRIF-dependent IFNβ secretion (33). Heat-killing of E. coli 
drove the loss of RNA and its subsequent inflammatory response (33). Several innate RNA 
sensors have been identified in mammalian hosts, including TLR3 (75), TLR7 (76), MDA5 
(77), and RIG-I (78). TLR3 and TLR7 signal through TRIF (79), while MDA5 and RIG-I 
signal through MAVS (65–68) to drive the interferon response. In our study, RNase III 
treatment of total RNA isolated from A. fumigatus demonstrates that dsRNA from A. 
fumigatus is sufficient to drive an interferon response (Figure 2B). TLR3 and MDA5 are 
both receptors for dsRNA (60, 75, 78). Importantly, mice lacking Mavs displayed a 
markedly reduced type III interferon (IL-28/IFNλ), CXCL9, and CXCL10 secretion, but 
only a moderate defect in type I interferons (Figure 4). In contrast, the expression of Ifna1 
and Ifnb1 are regulated by both TRIF (46) and TLR3 (45). Interestingly, the role of TRIF 
appears to be restricted to the non-hematopoietic compartment (46), likely epithelial cells 
(80). Taken together these data suggest the type I interferon response following live A. 
fumigatus challenge is primarily driven by TLR3/TRIF-dependent signaling, while the type 
III interferon response is primarily drive by MDA5/MAVS-dependent signaling.

Our data raises an interesting conundrum of how RNA from live A. fumigatus enters host 
cell cytoplasm to drive MDA5/MAVS activation. One potential mechanism for the 
translocation of RNA from the phagosome to the cytosol is damage to the phagosomal 
membrane and the leakage of phagosomal contents to cytosol. In their original work 
describing vita-PAMPs Blander and colleagues found that phagosomes containing E. coli 
exhibited intrinsic leakiness, which enabled RNA from the live E. coli to enter the cytosol 
and activate cytosolic PRRs (33). However, phagosome leakiness is not unique to these 
bacterial systems as this has been previously described for particles such as beads and 
crystals that induce phagosome destabilization (81, 82). Interestingly, fungal pathogens can 
also drive phagosome destabilization and rupture leading to the activation of inflammasomes 
and pyroptosis (26, 83). In contrast to the passive nature of phagosomal leakage, SIDT2 has 
been shown to actively transport of dsRNA from the endosome to the cytosol for detection 
by RLRs, which was necessary for the IFN response to Poly(I:C), ECMV, and HSV-1 (84). 
Another alternative pathway may be extracellular vesicles. Fungal extracellular vesicles 
contain a variety of cargos including RNA, polysaccharides, and enzymes (85). Since 
extracellular vesicles possess the lipid bilayer structure like liposomes, they could deliver 
their contents to the cytosol via membrane fusion. Interestingly, extracellular vesicles from 
Mycobacterium tuberculosis have been shown to be sufficient for the activation of RIG-I 
(86, 87). Studies examining how A. fumigatus RNA found in the phagosomal compartment 
gains access to the cytoplasm to mediate the activation of cytosolic PRRs to drive the 
enhanced vita-PAMP response are on-going.
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The purpose of vitality sensing is to drive robust inflammation that is in line with the threat 
posed by the invading pathogen. Neutrophils are well known to be critical antifungal effector 
cells needed for the prevention of fungal germination and clearance of A. fumigatus from the 
lungs (20). Our results demonstrate that MDA5/MAVS-dependent signaling is necessary for 
both the optimal accumulation (Figures 7 and 8) and activation of neutrophils in Aspergillus 
challenged murine airways (Figure 9). Following pulmonary challenge with A. fumigatus it 
has been established that both type I and type III interferons are essential for host resistance 
through enhancing neutrophil ROS production and antifungal effector functions (39). Our 
FLARE data support these previous observations as neutrophils in both the lungs and 
airways of Ifih1-deficient mice are significantly impaired in their antifungal killing capacity 
at 48 h after challenge (Figure 9), which corresponds with a time when type III interferons 
are nearly absent in mice lacking MDA5/MAVS signaling. Decreased accumulation of 
neutrophils in the Mavs- and Ifih1-deficient mice did not correlate with classical neutrophil 
chemoattractants, such as CXCR2 ligands, that are required to maintain host resistance 
against A. fumigatus (36, 70, 88). Rather, in the absence of Mavs and Ifih1 there was a 
marked decrease in CXCL9 and CXCL10, which are both ligands for CXCR3. Recently, 
CXCR3 has been suggested to be a potential chemoattractant for neutrophils in certain 
systems (89, 90). However, Cxcr3-deficient mice appear to recruit normal numbers of 
neutrophils following A. fumigatus challenge (25). Thus, why Mavs- and Ifih1-deficient 
mice accumulate few neutrophils in their lungs following challenge warrants further 
research.

Type I interferon response can have both beneficial and detrimental effects to the host. For 
example, during LCMV Armstrong infection type I interferons drive host resistance (91), but 
excessive type I interferon levels found following LCMV Clone 13 infection promote virus 
persistence and immunopathology (92–94). Thus, the optimal tuning of the magnitude of the 
type I interferon response can dictate disease outcome following viral infection. The role of 
type I interferons during fungal infections has now been studied in several model systems, 
demonstrating a similar dichotomy. Following A. fumigatus challenge both type I and type 
III interferons are essential for host resistance against invasive aspergillosis through 
enhancing neutrophil ROS production and antifungal effector functions (24, 39). Moreover, 
augmentation of the type I interferon in X-CGD mice with invasive aspergillosis following 
treatment with Poly(I:C) improved disease outcomes (95). Similarly, during Cryptococcus 
neoformans treatment with Poly(I:C) drove type I interferon expression and iron limitation 
which corresponded with improved disease outcomes (96, 97). However, opposing roles of 
type I interferon signaling in T cell polarization following C. neoformans challenge have 
been observed, either promoting protective Th1 cells (98) or non-protective Th2 cells (99). 
After Histoplasma capsulatum challenge type I interferon signaling is essential for host 
resistance (100). The role of type I interferons during Candida spp. infections appear to be 
more complex. During Candida glabrata infection type I interferons promote fungal 
persistence through dampening nutritional immunity (101–103). Following C. albicans 
challenge, type I interferons either promote host resistance (49, 50, 104) or promote 
immunopathological immune responses which enhance disease (105). Thus, much remains 
to be learned about how interferons regulate infection outcomes during fungal infections. In 
this regard, how the detection of cell wall PAMPs, like β−1,3-glucans, by Dectin-1 (47, 50, 
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51) and fungal RNA, through TLRs (47, 48, 100, 103) and RLRs (63), coordinate the type I 
and type III interferon responses needed to be further explored. vita-PAMPs appear to be 
essential for the optimal induction the RNA driven interferon responses.

While the role of RLRs in host immunity was originally associated with antiviral innate 
immune responses (reviewed by (42)), recent studies have begun to expand the role of RLRs 
in immunity to other pathogens, including C. albicans, Listeria monocytogenes, 
Mycobacterium tuberculosis, and Plasmodium falciparum (40, 63, 86, 106–109). Our study 
adds A. fumigatus to the list of non-viral pathogens which can activate the RLR family. 
Further studies aiming to decipher the cellular and molecular mechanisms by which A. 
fumigatus enhances antifungal immunity through MDA5 activation are expected to inform 
us how the host uses these vita-PAMPs to sense the threat posed by fungal pathogens. 
Understanding how best to alter the host to the treat a pathogen poses will enable us to 
develop strategies to harness the inflammatory response for prophylactic or therapeutic gain 
in vulnerable populations. Interestingly, exogenous Poly(I:C) treatment prophylactically 
improves outcomes of invasive aspergillosis in gp91phox-deficient mice, particularly when 
challenged with resting conidia rather than germlings (95). Our previous work has 
highlighted that germlings induced a highly inflammatory response dependent on IL-1α (26) 
and LTB4 (27); thus, understanding the interplay and activation of the type I/III interferon, 
IL-1α, and LTB4 inflammatory response necessary to control both the conidial and hyphal 
forms will essential for completely understanding host resistance and therapeutic options 
against A. fumigatus. Finally, our study raises the possibility that MDA5/MAVS and type 
I/III interferon signaling in critical for preventing invasive aspergillosis in vulnerable human 
patient populations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS:

• MDA5 is essential for maintaining host resistance against Aspergillus 
fumigatus

• MDA5 serves as a critical vitality sensor after fungal challenge

• MDA5 is essential for IFNλ expression and anti-fungal neutrophil killing
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Figure 1. Heat-killed swollen conidia have a decreased ability to induce CXCL10.
C57BL/6J mice were challenged i.t. with 4×107 CEA10 live or heat-killed swollen conidia. 
Forty hours later BALF was collected and IL-28/IFN-λ (A), CXCL10 (B), and TNFα (C) 
levels were determined by ELISA. Data are pooled from 2 independent experiments with 
10–15 total mice per group. Statistical significance was determined using a one-way 
ANOVA with Dunn’s post-test (*p<0.05; **p < 0.01).
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Figure 2. Aspergillus fumigatus RNA induces an interferon response in a partially MDA5-
dependent manner.
(A) Primary murine fibroblasts from C57BL/6J mice were stimulated with LyoVec™ 
encapsulated polyI:C (pIC) or total RNA isolated from Af293 for 18 h. After stimulation cell 
supernatants were collected and analyzed for IFNα (left) and CXCL10 (right) by ELISA. 
Data from 2 independent experiments with 3 samples per group. (B) Primary murine 
fibroblasts from C57BL/6J and Ifih1−/− mice were stimulated with LyoVec™ encapsulated 
polyI:C (pIC) (MDA5 agonist), 5’-ppp (RIG-I agonist), or total RNA isolated from Af293 
for 18 h. The total RNA pool isolated from Af293 was also treated with either RNase S1, 
RNase III, or DNase to degrade ssRNA, dsRNA, or DNA, respectively prior to encapsulation 
in LyoVec™. After stimulation cell supernatants were collected and analyzed for IFNα by 
ELISA. Data from 2 independent experiments with 3 samples per group. Statistical 
significance was determined by a two-way ANOVA with a Tukey’s post-test (τττ p<0.001 – 
LyoVec™ only vs. experimental group; *** p<0.001 – B6 vs. Ifih1−/−; ^^^ p<0.001 – 
enzyme treated vs. Af293).
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Figure 3. Mavs−/− mice have decreased interferon mRNA levels after Aspergillus fumigatus 
challenge particularly at later times.
B6.129F2 and Mavs−/− mice were challenged with 4×107 conidia of CEA10. Lungs were 
collected 3 or 48h post-inoculation. Total RNA was extracted from whole lungs. Gene 
expression as determined by quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) using TaqMan probes for Ifna (A), Ifnb (B), Ifnl2/3 (C), and Ifng (D), which 
were normalized to Gapdh expression. Bars represent data means ± SEM with each dot 
representing individual mice. Data are representative of results from at least 2 independent 
experiments with at least 3 mice per group. Data were analyzed using a Mann-Whitney U-
test (** p < 0.01; *** p < 0.0001).
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Figure 4. Mavs−/− mice have decreased STAT1 phosphorylation after Aspergillus fumigatus 
challenge at later times.
(A) C57BL/6J mice were challenged with 4×107 conidia of CEA10 or Af293. Lungs were 
collected at 6, 24, and 48 hours post-inoculation and total protein was extracted from whole 
lungs. Protein expression and phosphorylation was determined by Western blot analysis. (B) 
B6.129F2 and Mavs−/− mice were challenged with 4×107 conidia of CEA10. Lungs were 
collected at 6- or 48-hours post-inoculation and total protein was extracted from whole 
lungs. Protein expression and phosphorylation was determined by Western blot analysis. (C) 
Western blots from panel B were quantified by densitometry. Bars represent data means ± 
SEM with each dot representing individual mice. Data are representative of results from at 
least 2 independent experiments with at least 3 mice per group. Data were analyzed using a 
Mann-Whitney U-test.
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Figure 5. Mavs−/− mice have an altered inflammatory milieu after Aspergillus fumigatus 
challenge in the airways.
B6.129F2 and Mavs−/− mice were challenged with 4×107 conidia of CEA10. 
Bronchoalveolar lavage fluid (BALF) was collected 12 or 48h post-inoculation. Cytokine 
and chemokine levels were determined using a Milliplex Mouse Cytokine & Chemokine 32-
plex (Millipore). Bars represent data means ± SEM. Data are representative of results 2 
independent experiments with 4–6 mice per group. Data were analyzed using a Mann-
Whitney U-test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 6. Expression of Cxcl9 and Cxcl10 are dependent on IFN signaling.
C57BL/6J, Ifnar−/−, Ifnlr−/−, and Ifnar−/−Ifnlr−/− (DKO) mice were challenged with 4×107 

conidia of CEA10. Lungs were collected 48h post-inoculation and total RNA was extracted. 
Gene expression as determined by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) using TaqMan probes for Cxcl9 (A) and Cxcl10, which were 
normalized to Gapdh expression. Bars represent data means ± SEM with each symbol 
representing individual mice. Data are representative of results from at least 2 independent 
experiments with at least 4 mice per infected group. Data were analyzed using a Mann-
Whitney U-test (n.s. = not significant; **** p < 0.0001).
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Figure 7. Mavs−/− mice are highly susceptible to Aspergillus fumigatus.
B6.129F2 and Mavs−/− mice were challenged with 4×107 conidia of CEA10. (A) Survival 
analysis in immune-competent wild-type and knock-out mice were tracked over the first 
days. Statistical significance was assessed using a Mantel-Cox log rank test (***p = 0.0001). 
(B) At 36 hpi, mice were euthanized and BALF collected for quantification of macrophage 
and neutrophil recruitment to the airways. Data are pooled from 2 independent experiments 
for a total of 10 mice per group. Data are presented as box-and-whisker plots with Tukey 
whiskers and outliers displayed as dots. Statistical significance was determined using a 
Mann-Whitney U test. (C) At 40 hpi mice were euthanized and lungs saved for histological 
analysis. Formalin-fixed lungs were paraffin embedded, sectioned, and stained with GMS 
for analysis by microscopy. Representative lung sections from are shown to the left using the 
20x and 40x objective. A. fumigatus germination rates were determined by microscopically 
counting both the number of conidia and number of germlings in GMS-stained sections. 
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Data from 2 independent experiments with 4–6 mice per group. Statistical significance was 
determined using a Mann-Whitney U test (**p < 0.01).
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Figure 8. Ifih1−/− mice are highly susceptible to Aspergillus fumigatus.
C57BL/6J and Ifih1−/− mice were challenged with 4×107 conidia of CEA10. (A) Survival 
analysis in immune-competent wild-type and knock-out mice were tracked over the first 15 
days. Statistical significance was assessed using a Mantel-Cox log rank test (***p = 0.0004). 
(B & E) At 36 hpi, mice were euthanized and BALF collected for quantification of 
macrophage and neutrophil recruitment to the airways. Data from 2 independent 
experiments for a total of 7 mice per group. Data are presented as box-and-whisker plots 
with Tukey whiskers and outliers displayed as dots. Statistical significance was determined 
using a Mann-Whitney U test. (C & F) At 42 hpi mice were euthanized and lungs saved for 
histological analysis. Formalin-fixed lungs were paraffin embedded, sectioned, and stained 
with GMS for analysis by microscopy. Representative lung sections from are shown to the 
right using the 20x and 40x objective. A. fumigatus germination rates were determined by 
microscopically counting both the number of conidia and number of germlings in GMS-
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stained sections. Data from 2 independent experiments with 4–6 mice per group. Statistical 
significance was determined using a Mann-Whitney U test (*p < 0.05; **p < 0.01).
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Figure 9. Ifih1−/− mice have decrease antifungal killing by neutrophils in vivo.
C57BL/6J and Ifih1−/− mice were challenged with 3×107 conidia of CEA10 fluorescent 
Aspergillus reporter (FLARE). Bronchoalveolar lavage (BAL) fluid and lungs were 
harvested at 48 hours after infection and fungal uptake and viability were analyzed with flow 
cytometry. Fungal uptake (A) and viability (B) in neutrophils were measured. Data pooled 
from 2 independent experiments with 7–9 mice per group. Statistical significance was 
determined using a Mann-Whitney U test (***p < 0.01).
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