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Abstract
Cryptococcus neoformans	is	an	opportunistic	fungal	pathogen	that	can	cause	lethal	
cryptococcal	 meningitis	 in	 immunocompromised	 individuals	 such	 as	 those	 with	
HIV/AIDS.	In	addition,	cryptococcal	 infections	occasionally	arise	in	immunocom-
petent	individuals	or	those	with	previously	undiagnosed	immunodeficiencies.	The	
course	of	cryptococcosis	is	highly	variable	in	both	patient	groups,	and	there	is	rapidly	
growing	evidence	that	genetic	polymorphisms	may	have	a	significant	impact	on	the	
trajectory	of	disease.	Here,	we	review	what	is	currently	known	about	the	nature	of	
these	polymorphisms	and	their	impact	on	host	response	to	C. neoformans	infection.	
Thus	far,	polymorphisms	in	Fc	gamma	receptors,	mannose-	binding	lectin,	Dectin-	2,	
Toll-	like	receptors	and	macrophage	colony-	stimulating	factor	have	been	associated	
with	susceptibility	to	cryptococcal	disease.	Notably,	however,	in	some	cases	the	im-
pact	of	these	polymorphisms	depends	on	the	genetic	background	of	the	population;	
for	example,	the	FCGR3A	158	F/V	polymorphism	was	associated	with	an	increased	
risk	of	 cryptococcal	disease	 in	both	HIV-	positive	and	HIV-	negative	white	popula-
tions,	 but	 not	 in	 Han	 Chinese	 patients.	 In	 most	 cases,	 the	 precise	 mechanism	 by	
which	the	identified	polymorphisms	influence	disease	progression	remains	unclear,	
although	impaired	fungal	recognition	and	phagocytosis	by	innate	immune	cells	ap-
pears	to	play	a	major	role.	Finally,	we	highlight	outstanding	questions	in	the	field	
and	emphasize	the	need	for	future	research	to	include	more	diverse	populations	in	
their	genetic	association	studies.
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INTRODUCTION

Cryptococcus neoformans	is	an	encapsulated	fungus	that	
causes	 a	 potentially	 fatal	 disease	 called	 cryptococcosis,	
primarily	 in	 immunocompromised	 individuals	 such	
as	 HIV	 patients	 [1,2].	 Infection	 with	 C.  neoformans	 is	
thought	to	begin	with	the	inhalation	of	fungal	cells	(ei-
ther	 spores	 or	 desiccated	 yeast)	 from	 the	 environment	
[1].	Within	 the	 lungs,	C. neoformans	 can	be	cleared	by	
the	 immune	 system	 or	 it	 establishes	 an	 asymptomatic	
latent	 infection	[1].	Following	reactivation	of	 latent	 in-
fection	or	after	successful	primary	pulmonary	infection	
in	 immunocompromised	 individuals,	 C.  neoformans	
can	spread	from	the	lungs	to	the	central	nervous	system	
(CNS),	ultimately	leading	to	fatal	cryptococcal	meningi-
tis	(CM)	(Figure	1)	[1,3].

Cryptococcosis	 is	 an	 AIDS-	defining	 illness	 and	 the	
leading	cause	of	fungal	meningitis	in	sub-	Saharan	Africa	
[1].	The	estimated	global	burden	of	CM	in	HIV	patients	is	
223 100	cases	per	year	with	73%	of	global	cases	(162 500)	
occurring	in	sub-	Saharan	Africa	[4].	HIV-	associated	CM	
is	estimated	to	cause	181 100	deaths	annually	of	which	
135 900	occur	 in	sub-	Saharan	Africa.	Additionally,	CM	
is	 estimated	 to	 be	 responsible	 for	 15%	 of	 AIDS-	related	
deaths,	making	 it	 the	second-	highest	cause	of	death	 in	
AIDS	 patients	 after	 tuberculosis	 [4].	 Although	 CM	 is	
typically	 an	 opportunistic	 disease	 in	 immunocompro-
mised	 individuals,	 there	 are	 growing	 reports	 of	 CM	 in	
immunocompetent	individuals	[5–	7].	It	is	also	estimated	
that,	globally,	only	6%	of	HIV-	infected	people	with	a	low	
(under	 100  cells/μl)	 CD4+	 T-	cell	 count	 are	 positive	 for	
cryptococcal	antigens	[4];	thus,	the	risk	of	cryptococcal	
disease	 may	 be	 driven	 by	 other	 environmental	 factors	

such	 as	 alcoholism	 and	 diabetes	 leading	 to	 mild	 states	
of	immunosuppression	and/or	host	genetics	[8].	In	addi-
tion,	since	the	progression	of	infection	can	vary	signifi-
cantly	even	between	individuals	with	apparently	similar	
levels	 of	 immunocompromisation,	 it	 is	 likely	 that	 host	
genetic	 variation	 has	 a	 strong	 impact	 on	 the	 trajectory	
of	infection.	Hence,	this	review	seeks	to	detail	our	cur-
rent	 understanding	 of	 the	 genetic	 polymorphisms	 that	
are	associated	with	susceptibility	to	cryptococcal	disease	
and	 their	 influence	 on	 host	 response	 to	 C.  neoformans	
infection.

INNATE IMMUNE RESPONSE TO 
C. neoformans  INFECTION

Following	 the	 inhalation	 of	 C.  neoformans	 cells	 from	
the	 environment,	 fungi	 are	 recognized	 and	 phagocy-
tosed	by	professional	phagocytes	such	as	macrophages	
[9].	 Phagocytosis	 is	 initiated	 by	 the	 recognition	 of	
microbial	 pathogen-	associated	 molecular	 patterns	
(PAMPs)	by	host	pattern	recognition	receptors	 (PRRs)	
(Figure	 2)	 [10].	 PRRs	 on	 the	 surface	 of	 professional	
phagocytes,	 such	 as	 members	 of	 the	 Toll-	like	 receptor	
(TLR)	family	and	members	of	the	C-	type	lectin	receptor	
(CLR)	 family,	have	been	 implicated	 in	 the	recognition	
of	C. neoformans	with	β-	1,3-	glucans,	mannans	and	glu-
curonoxylomannan	 (GXM)	serving	as	PAMPs	 [11–	14].	
The	binding	of	a	ligand	to	a	PRR	can	lead	to	phagocy-
tosis,	the	expression	of	cytokines	and	type	I	interferons	
and	 the	 production	 of	 reactive	 oxygen	 species	 (ROS),	
leading	 to	 an	 anti-	microbial	 environment	 within	 the	
host	cell.

F I G U R E  1  Cryptococcus neoformans	mode	of	infection.	C. neoformans	is	commonly	found	in	soil	and	avian	excreta	all	over	the	
world.	Infection	with	the	fungus	begins	with	the	inhalation	of	fungal	cells	into	the	lungs.	Within	the	lungs,	C. neoformans	can	establish	
asymptomatic	latent	infection	or	cause	pulmonary	disease.	The	fungi	can	then	disseminate	to	the	central	nervous	system	(CNS),	cross	the	
blood-	brain	barrier	and	infect	the	meninges,	leading	to	fatal	cryptococcal	meningitis.	Figure	created	with	BioRe	nder.com
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Toll- like receptors

Toll-	like	 receptors	 are	 a	 family	 of	 transmembrane	 PRRs	
expressed	 by	 a	 range	 of	 immune	 cells	 including	 mac-
rophages	 and	 neutrophils	 [15].	 There	 are	 10	 functional	
TLRs	 in	 humans	 (TLR	 1–	10),	 and	 they	 are	 characterized	
by	having	an	intracellular	domain	composed	of	a	Toll/in-
terleukin	1	receptor	(TIR)	domain,	which	interacts	with	in-
tracellular	adaptor	molecules,	and	an	extracellular	domain	
containing	 leucine-	rich	 repeats	 (LRR)	 that	 are	 respon-
sible	 for	 ligand	 binding	 [16].	 Binding	 of	 ligands	 to	 TLRs	
activates	 a	 signal	 transduction	 pathway	 mediated	 by	 the	

adaptor	 protein	 myeloid	 differentiation	 primary	 response	
88	 (MyD88)	 or	 TIR-	domain-	containing	 adapter-	inducing	
interferon-	β	(TRIF)	(Figure	2)	[17].	Both	the	MyD88-		and	
TRIF-	dependent	pathways	ultimately	lead	to	the	activation	
of	NF-	κB,	which	then	serves	as	a	transcription	factor	for	the	
expression	of	proinflammatory	cytokines	[18].	On	the	other	
hand,	TRIF-	dependent	signalling	also	activates	interferon	
regulatory	 factor	3	 (IRF3),	which	serve	as	a	 transcription	
factor	to	initiate	the	expression	of	type	I	interferons	[15,18].

Thus	 far,	only	TLR2,	TLR4	and	TLR9	have	been	 stud-
ied	 in	 the	 context	 of	 C.  neoformans	 infection	 [19].	 TLR2	
was	 shown	 to	 detect	 zymosan	 (a	 fungal	 cell	 wall	 extract	

F I G U R E  2  Pattern	recognition	receptors	(PRRs)	and	their	signalling	pathways.	The	recognition	of	foreign	particles	is	initiated	by	
PRR	binding	to	pathogen-	associated	molecular	patterns	(PAMPs)	unique	to	microbes.	Toll-	like	receptors	(TLRs)	recognize	a	wide	range	of	
bacterial,	fungal	and	viral	ligands	such	as	lipopolysaccharide	(LPS),	glycoproteins	and	nucleic	acids.	Ligand	binding	to	a	TLR	activates	a	
signalling	cascade	that	is	mediated	by	the	adaptor	proteins	myeloid	differentiation	primary	response	88	(MyD88)	or	TIR-	domain-	containing	
adapter-	inducing	interferon-	β	(TRIF).	The	signalling	cascade	ultimately	leads	to	the	activation	of	transcription	factors	that	induce	the	
expression	of	proinflammatory	cytokines	(MyD88-		and	TRIF-	dependent	signalling)	or	type	I	interferons	(TRIF-	dependent	signalling).	The	
CLR	family	is	composed	of	receptors	such	as	Dectin-	1,	Dectin-	2,	mannose	receptor	(MR),	dendritic	cell-	specific	ICAM-	3-	grabbing	non-	
integrin	(DC-	SIGN),	macrophage	inducible	C-	type	lectin	(Mincle)	and	MBL,	which	recognize	carbohydrate	molecules	on	fungal	cells.	
Ligand	binding	leads	to	the	phosphorylation	of	CLRs	by	spleen	tyrosine	kinase	(SYK)	which	then	drives	a	signalling	cascade	involving	
the	caspase	recruitment	containing	protein	9	(CARD9)–	B-	cell	lymphoma	10	(BCL10)–	mucosa-	associated	lymphoid	tissue	lymphoma	
translocation	gene	1	(MALT1)	complex.	Foreign	agents	are	also	recognized	by	molecules	such	as	IgG	and	Mannose	Binding	Lectin	(MBL)	
that	bind	and	opsonize	the	pathogen	promoting	efficient	host	cell	recognition	and	clearance	through	Fc	γ	receptors	and	the	complement	
pathway,	respectively.	Figure	created	with	BioRe	nder.com
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composed	 mainly	 of	 β-	glucan,	 but	 also	 mannans,	 chitin,	
protein	and	lipids)	[20,21]	and	the	C. neoformans	capsular	
polysaccharide,	GXM	[11].	TLR4	was	shown	 to	 recognize	
fungal	mannans	[14]	and	GXM	[11].	Finally,	TLR9	was	ca-
pable	of	recognizing	cryptococcal	DNA	[12,19].	The	current	
literature	on	 the	role	of	 these	receptors	during	cryptococ-
cal	 infection	 is	 limited	 and	 contradictory.	 For	 example,	 a	
study	by	Biondo	et	al.	[22]	showed	that	TLR2−/−	mice	had	
a	significantly	higher	fungal	burden,	decreased	proinflam-
matory	 cytokines	 production	 and	 decreased	 survival	 rate	
compared	with	wild-	type	mice	postintraperitoneal	infection	
with	 C.  neoformans.	 However,	 Nakamura	 et	 al.	 [23]	 later	
showed	 that	 there	 was	 no	 significant	 difference	 in	 proin-
flammatory	cytokine	production	and	lung	fungal	clearance	
between	 wild-	type	 and	 TLR2−/−	 mice	 following	 intratra-
cheal	infection.	These	contradictions	may	be	due	to	varia-
tion	in	experimental	design.	Regardless,	further	research	is	
needed	to	clarify	the	role	of	TLRs	in	host–	fungal	interaction.

C- type lectin receptors

Another	class	of	PRRs	involved	in	the	recognition	of	foreign	
agents	is	CLRs,	which	include	Dectin-	1,	Dectin-	2,	mannose	
receptor	(MR),	dendritic	cell-	specific	ICAM-	3-	grabbing	non-	
integrin	 (DC-	SIGN),	 macrophage	 inducible	 C-	type	 lectin	
(Mincle)	and	mannose-	binding	lectin	(MBL)	(Figure	2)	[24].	
Dectin-	1	is	a	phagocytic	receptor	that	is	highly	expressed	on	
the	surface	of	macrophages	and	other	myeloid	cell	where	
it	recognizes	fungal	β-	1,3-	glucan	with	or	without	cross-	talk	
with	TLRs	[13,25].	Ligand	recognition	by	Dectin-	1	activates	
a	 signalling	 pathway	 mediated	 by	 spleen	 tyrosine	 kinase	
(SYK)	[26].	This	then	leads	to	the	activation	of	NF-	κB,	the	
production	of	a	wide	range	of	proinflammatory	cytokines,	
the	production	of	ROS	and	phagocytosis.	The	significance	of	
Dectin-	1	in	regulating	macrophage	clearance	of	the	fungus	
Candida albicans	has	been	well	established	[25].	However,	
it	only	seems	 to	play	a	minor	or	 insignificant	 role	 in	host	
response	 to	 C.  neoformans	 infection	 [23,27,28].	 Unlike	
Dectin-	1,	Dectin-	2	recognizes	α-	mannans	on	the	fungal	cell	
wall,	 and	 its	 SYK-	dependent	 signalling	 pathway	 requires	
the	 formation	of	a	heterodimeric	complex	with	 the	Fc	re-
ceptor	gamma	chain	(FcRγ)	[26,29].	It	was	recently	shown	
that	Dectin-	2	was	involved	in	the	phagocytosis	of	C. neofor-
mans	by	dendritic	cells	[30],	although	it	is	important	to	note	
that	this	study	used	an	acapsular	C. neoformans	mutant	and	
therefore	may	not	fully	reflect	a	physiological	infection.

Opsonic uptake: Fcγ receptor

Aside	from	the	non-	opsonic	modes	of	pathogen	recogni-
tion	and	uptake	described	above,	particle	uptake	can	also	

occur	 through	 opsonization,	 which	 is	 the	 coating	 of	 in-
vading	microbes	with	antibodies	or	complement	proteins	
leading	to	more	efficient	phagocytosis	[31].	IgG	antibody-	
coated	 organisms	 are	 recognized	 and	 phagocytosed	 by	
Fcγ	receptors	(FcγRs),	while	complement-	coated	cells	are	
detected	and	phagocytosed	by	complement	receptors	[31].	
FcγRs	 are	 found	 on	 the	 plasma	 membrane	 of	 immune	
cells	 such	 as	 macrophages,	 dendritic	 cells,	 neutrophils	
and	 B	 cells	 [32].	 Ligand	 recognition	 by	 FcγRs	 activates	
SYK-	dependent	 signalling,	 leading	 to	 responses	 includ-
ing	 phagocytosis,	 cytotoxicity	 and	 cytokine	 production	
and	 release	 [33,34].	 The	 process	 of	 opsonization	 by	 IgG	
antibodies	 facilitates	efficient	C. neoformans	uptake	and	
elimination	[27].

ADAPTIVE IMMUNE RESPONSE TO 
C. neoformans  INFECTION

The	phagocytosis	of	C. neoformans	by	macrophages	and	
subsequent	phagosome	maturation	can	lead	to	the	degra-
dation	 of	 the	 fungus	 and	 the	 presentation	 of	 fungal	 an-
tigens	on	MHC	molecules	 [26].	These	antigens	are	 then	
recognized	by	CD4+	T	cells,	ultimately	leading	to	the	ac-
tivation	of	the	adaptive	arm	of	the	immune	response	[35].	
The	 cytokine	 profile	 induced	 by	 PRR-	ligand	 interaction	
polarizes	macrophages	to	adopt	different	phenotypes:	for	
instance,	classically	activated	macrophages	(M1)	or	alter-
natively	activated	macrophages	(M2)	[19,26].	The	M1	phe-
notype	is	triggered	by	the	secretion	of	interferon-	γ	(IFN-	γ)	
by	 innate	 and	 adaptive	 immune	 cells	 [19].	 Following	
activation,	 M1	 macrophages	 produce	 proinflammatory	
cytokines	 including	 IL-	12,	 IFN-	γ	 and	 tumour	 necrosis	
factor-	α	 (TNF-	α),	which	recruits	other	phagocytes	to	the	
site	 of	 infection	 [19,26].	 On	 the	 other	 hand,	 M2	 mac-
rophages	are	activated	by	the	presence	of	IL-	4	and	IL-	13	
and	typically	permit	intracellular	fungal	survival	and	pro-
liferation	[19,26].

The	 macrophage	 polarization	 state	 also	 skews	 CD4+	
T	 cell	 towards	 a	 Th1	 or	 Th2	 response.	 Similar	 to	 the	
M1	 phenotype,	 the	 Th1	 response	 is	 protective	 against	
Cryptococcus,	 since	 mice	 with	 defective	 IL-	12	 and	 IL-	18	
production	 (markers	 of	 Th1	 phenotype)	 showed	 greater	
fungal	burden	in	the	lungs	and	decreased	survival	[36,37].	
Meanwhile,	the	Th2	response	results	in	the	production	of	
anti-	inflammatory	cytokines	that	are	ineffective	in	clear-
ing	 the	 fungi	 [1,26,38].	This	allows	C. neoformans	 to	es-
cape	killing	by	macrophage,	proliferate	within	phagocytes	
and	establish	successful	infection.

Aside	from	the	T-	cell	response,	B-	cell	maturation	and	
antibody	production	are	also	involved	in	anti-	cryptococcal	
response.	 As	 previously	 mentioned,	 antibodies	 can	 op-
sonize	 invading	 pathogens	 and	 increase	 the	 efficiency	
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of	 phagocytosis	 [27].	 The	 major	 capsular	 component	 in	
cryptococci	 is	 the	 polysaccharide	 GXM,	 and	 the	 most	
abundant	 anti-	GXM	 antibodies	 in	 vivo	 are	 typically	 IgG	
and	IgM	[39],	with	the	IgG2	isotype	being	the	major	anti-
body	involved	in	the	opsonization	of	C. neoformans	[40].	
X-	linked	 immunodeficient	 mice	 that	 lack	 B-	1	 cells	 were	
found	to	be	more	susceptible	 to	C. neoformans	 infection	
than	wild-	type	mice	[41,42].	This	increase	in	susceptibil-
ity	corresponded	with	a	significant	decrease	in	total	and	
GXM-	specific	 IgM	 and	 IgG	 production	 and	 impaired	
phagocytosis	 [42].	 It	 has	 also	 been	 shown	 that	 the	 ex-
pression	of	IgM	by	B	cells	is	lower	in	HIV-	positive	cryp-
tococcosis	patients	than	in	HIV-	positive	patients	with	no	
cryptococcosis,	 suggesting	 that	 IgM	 expression	 predicts	
HIV-	associated	cryptococcosis	status	[43].

The	remainder	of	this	review	will	provide	an	overview	
of	the	current	literature	on	the	genetic	risk	of	cryptococcal	
disease	in	both	HIV-	infected	and	HIV-	uninfected	individ-
uals	and	will	discuss	their	functional	consequence	in	host	
response	to	infection.

GENETIC POLYMORPHISMS IN 
HUMAN IMMUNE SIGNALLING 
MOLECULES AND SUSCEPTIBILITY 
TO CRYPTOCOCCAL DISEASE

Reports	 of	 CM	 in	 immunocompetent	 individuals,	 a	 lack	
of	CM	in	many	HIV/AIDS	patients	with	low	CD4+	T-	cell	
count	 and	 the	 existence	 of	 donor-	to-	donor	 variation	 in	
macrophage	response	to	C. neoformans	infection	suggests	
that	disease	risk	may	be	driven	by	other	factors	outside	of	
host	immune	state	[17].	It	has	long	been	reported	that	there	
is	a	strong	genetic	component	to	susceptibility	to	infectious	
diseases	 [44].	 Moreover,	 infectious	 agents	 are	 known	 to	
be	one	of	the	strongest	selection	pressures	that	act	on	the	
human	genome	[45].	Therefore,	host	genetics	may	contrib-
ute	to	an	individual's	susceptibility	to	cryptococcal	disease.	
Though	research	in	the	area	is	limited,	SNPs	in	various	im-
mune	 signalling	 proteins	 have	 been	 associated	 with	 sus-
ceptibility	to	cryptococcal	disease	(Table	1).

A	2007 study	by	Meletiadis	et	al.	[46]	investigated	the	
relationship	between	FCGR	genes	and	Cryptococcus	infec-
tion	 in	 HIV-	negative	 individuals.	They	 showed	 that	 two	
common	allelic	variants	in	Fc	receptors,	FCGR2A (CD32a)	
131R/R	 and	 FCGR3A (CD16a)	 158V/V,	 were	 associated	
with	an	increased	risk	of	cryptococcal	disease	(OR = 1·67;	
95%	CI	[1·05–	2·63];	p = 0·04	and	OR = 2·04;	95%	CI	[1·06–	
4·00];	p = 0·04,	 respectively).	Meanwhile,	 the	NA2	copy	
number	 variation	 allele	 on	 FCGR3B (CD16b)	 was	 un-
derrepresented	 in	 cryptococcosis	 patients	 (28%	 in	 cases	
and	40%	in	control),	suggesting	that	it	may	be	protective	
against	infection.

The	histidine	(H)	to	arginine	(R)	substitution	at	posi-
tion	131	of	FCGR2A	results	in	reduced	affinity	of	the	re-
ceptor	to	IgG2	[47].	Since	FCGR2A	is	the	major	receptor	
for	IgG2,	the	reduced	affinity	associated	with	the	arginine	
substitution	 likely	 results	 in	 decreased	 phagocytosis	 of	
IgG2-	coated	 fungal	cells,	ultimately	 leading	 to	poor	 fun-
gal	clearance.	On	 the	other	hand,	 the	phenylalanine	 (F)	
to	 valine	 (V)	 substitution	 in	 amino	 acid	 position	 158	 of	
FCGR3A	 results	 in	 receptors	 with	 a	 higher	 affinity	 for	
IgG1	and	IgG3	[48,49],	while	the	NA1	haplotype	is	more	
efficient	 in	 the	 binding	 and	 phagocytosis	 of	 IgG1-		 and	
IgG3-	coated	particles	than	the	protective	NA2	haplotype	
[50,51].	The	role	of	FcγRs	during	C. neoformans	infection	
remains	unclear.	However,	 these	findings	 imply	that	 the	
differential	 affinity	 of	 these	 FcγRs	 to	 monoclonal	 anti-
bodies	impacts	the	rate	at	which	pathogens	are	phagocy-
tosed,	 which	 could	 then	 impact	 microbe	 clearance	 and	
dissemination.	 It	 has	 been	 shown	 that	 IgG1	 and	 IgG3	
are	 strong	 inducers	 of	 Fc-	mediated	 host	 responses	 such	
as	 antibody-	dependent	 cellular	 cytotoxicity	 (ADCC),	
antibody-	dependent	 cellular	 phagocytosis	 (ADCP)	 and	
complement-	dependent	 cytotoxicity	 (CDC),	 while	 IgG2	
induces	 a	 more	 subtle	 response	 [52].	 This	 suggests	 that	
polymorphisms	that	increase	cryptococcosis	risk	likely	in-
duce	an	excessive	immune	response.

Another	genetic	association	study	genotyped	four	poly-
morphisms	in	low-	affinity	FCGRs	 in	117	HIV-	uninfected	
individuals	with	CM	and	190 healthy	controls	[53].	They	
found	 that	 the	 FCGR2B (CD32b)	 232I/I	 genotype	 was	
over-	represented	 in	 CM	 patients	 (OR  =  1·65;	 95%	 CI	
[1·02–	2·67];	p = 0·039),	while	the	FCGR2B	232I/T	geno-
type	was	 less	 frequently	detected	when	compared	to	 the	
healthy	 control	 group	 (OR  =  0·54;	 95%	 CI	 [0·33–	0·90];	
p = 0·016)	[53].	This	indicates	that	individuals	with	non-	
HIV-	associated	CM	are	more	likely	to	be	homozygous	for	
the	dominant	allele	at	this	location.	The	same	pattern	was	
replicated	 when	 only	 patients	 without	 any	 predisposing	
factors	such	as	chronic	kidney	disease,	solid	organ	trans-
plantation	and	diabetes	mellitus	were	compared	with	the	
control.	FcγRIIB	is	the	only	known	inhibitory	FcγR,	and	
its	binding	to	IgG	molecules	acts	to	suppress	immune	cell	
activation	 [33].	 It	 has	 been	 shown	 that	 FcγRIIB	 with	 a	
threonine	residue	at	position	232 has	a	threefold	to	four-
fold	decrease	in	their	affinity	to	IgG;	as	a	result,	they	are	
less	able	to	inhibit	immune	cell	activation,	leading	to	un-
opposed	 activatory	 FcγR	 signalling	 and	 sustained	 proin-
flammatory	 response	 which	 can	 damage	 healthy	 tissue	
[54,55].	The	mechanism	by	which	FcγRIIB	is	involved	in	
C. neoformans	 infection	is	unclear,	making	it	difficult	 to	
explain	 why	 the	 FCGR2B	 232I/I	 genotype,	 though	 func-
tionally	sound,	increases	risk	of	CM.	Interestingly,	it	has	
been	 repeatedly	 shown	 that	 the	 FCGR2B	 232T/T	 geno-
type	 increases	 susceptibility	 to	 the	 autoimmune	 disease	
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T A B L E  1 	 Summary	of	the	genetic	polymorphisms	found	to	be	associated	with	risk	of	cryptococcal	disease

# SNP ID Closest gene
Major 
allele

Minor 
allele

Global 
MAF Nucleotide change Consequence Odds ratio (95% CI); ethnicity Significance?

1 rs1801274 FCGR2A (CD32a) A G 0·44 Missense	variant;	[CAT]>[CGT] FCGR2A	131	histidine	(H)	
to	arginine	(R)	missense	
mutation

OR = 1·67	(1·05–	2·63);	multiple	
ethnicities	[46]

FCGR2A	131	R/R	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	disease	in	HIV-	negative	patients	[46];	There	
is	no	association	between	FCGR2A	131	H/R	and	cryptococcal	
meningitis	in	HIV-	negative	Han	Chinese	patients	[53];	There	
is	no	association	between	FCGR2A	131	H/R	polymorphism	
and	cryptococcal	disease	in	HIV-	infected	patients	[58]

2 rs396991 FCGR3A (CD16a) A C 0·38a Missense	variant;	[TTT]>[GTT]	(minus	strand) FCGR3A	158	phenylalanine	
(F)	to	valine	(V)	missense	
mutation

OR = 2·04	(1·06–	4·00);	multiple	
ethnicities	[46]

OR = 2·1	(1·2–	3·5);	multiple	
ethnicities	[58]

FCGR3A	158	V/V	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	disease	in	HIV-	negative	patients	[46];	There	
is	no	association	between	FCGR3A	158	F/V	and	cryptococcal	
meningitis	in	HIV-	negative	Han	Chinese	patients	[53];	
FCGR3A	158V	allele	is	associated	with	an	increased	risk	of	
cryptococcal	disease	in	HIV-	infected	patients	[58]

3 FCGR3B (CD16b) Copy	number	variation FCGR3B	shows	copy	number	
variation	allowing	it	to	exist	
as	the	NA1	or	NA2	allele

OR = 1·64	(1·02–	2·63);	multiple	
ethnicities	[46]

FCGR3B	NA2/NA2	is	protective	against	cryptococcosis	in	HIV-	
negative	patients	[46];	There	is	no	association	between	the	
FCGR3B	NA2/NA2	genotype	and	cryptococcal	meningitis	in	
HIV-	negative	Han	Chinese	patients	[53]

4 rs1050501 FCGR2B (CD32b) T C 0·19 Missense	Variant;	[ATT]>[ACT] FCGR2B	232	isoleucine	(I)	
to	threonine	(T)	missense	
mutation

OR = 1·65	(1·02–	2·67);	Han	
Chinese	[53]

FCGR2B	232	I/I	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	meningitis	in	HIV-	negative	Han	Chinese	
patients	[53]

5 rs11003125 MBL2 G C 0·31 Intron	variant;	G>C –	 OR = 2·09	(0·96–	4·51);	Han	
Chinese	[61]

Genotypes	leading	to	MBL2	deficiency	(homozygous	at	any	of	
the	coding	region	variants)	were	associated	with	an	increased	
risk	of	cryptococcal	meningitis	in	HIV-	negative	Han	Chinese	
patients	[61]

6 rs7096206 MBL2 C G 0·20 Intron	variant;	C>G –	

7 rs7095891 MBL2 G A 0·29 Intron	variant;	G>A –	

8 rs5030737 MBL2 G A 0·03 Missense	variant;	[CGT]>[TGT]	(minus	strand) MBL2	52	arginine	(R)	to	cysteine	
(C)	missense	mutation

9 rs1800450 MBL2 C T 0·12 Missense	variant;	[GGC]>[GAC]	(minus	strand) MBL2	54	glycine	(G)	to	aspartic	
acid	(D)	missense	mutation

10 rs1800451 MBL2 C T 0·08 Missense	variant;	[GGA]>[GAA]	(minus	strand) MBL2	57	glycine	(G)	to	glutamic	
acid	(E)	missense	mutation

11 rs11045418 CLEC6A (Dectin- 2) T C 0·35 Intergenic	variant;	T>C –	 OR = 0·59	(0·37–	0·94);	Han	
Chinese	[72]

rs11045418	was	associated	with	pulmonary	cryptococcosis	in	
HIV-	negative	patients,	but	there	was	no	association	between	
the	SNP	and	cryptococcal	meningitis	[72]

12 rs5743563 TLR1 A G 0·18 Intron	variant;	A>G –	 OR = 1·66	(1·13–	2·46);	Han	
Chinese	[78]

rs5743563 T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs5743604	
C/C	was	associated	with	disease	severity;	rs5743563	was	
associated	with	CSF	cytokine	expression	[78]

13 rs5743604 TLR1 A G 0·47 Intron	variant;	A>G –	 OR = 1·53	(1·02–	2·29);	Han	
Chinese	[78]

rs5743604	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

14 rs3804099 TLR2 T C 0·41 Synonymous	variant;	[AAT]>[AAC] TLR2	199	asparagine	to	
asparagine	synonymous	
mutation

OR = 1·47	(1·02–	2·11);	Han	
Chinese	[78]

rs3804099	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs3804099	
C/T	was	associated	with	disease	severity;	rs3804099	was	
associated	with	CSF	cytokine	expression	[78]

15 rs3796508 TLR6 C T 0·03 Missense	variant;	[GTG]>[ATG]	(minus	strand) TLR6	valine	(V)	to	methionine	
(M)	missense	mutation

OR = 1·79	(1·04–	3·10);	Han	
Chinese	[78]

rs3796508	G/A	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

16 rs164637 TWF2 G A 0·03 Synonymous	variant;	[CAC]>[CAT]	(minus	
strand)

TWF2	histidine	(H)	to	histidine	
synonymous	mutation

OR = 15·03	(1·74–	129·67);	Han	
Chinese	[78]

rs164637	C/T	allele	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

17 rs352140 TLR9 T C 0·42 Synonymous	variant;	[CCG]>[CCT]	(minus	
strand)

TLR9	proline	(P)	to	proline	
synonymous	mutation

OR = 1·69	(1·04–	2·75);	Han	
Chinese	[78]

rs352140	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs352140	
was	associated	with	CSF	cytokine	expression	[78]
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T A B L E  1 	 Summary	of	the	genetic	polymorphisms	found	to	be	associated	with	risk	of	cryptococcal	disease

# SNP ID Closest gene
Major 
allele

Minor 
allele

Global 
MAF Nucleotide change Consequence Odds ratio (95% CI); ethnicity Significance?

1 rs1801274 FCGR2A (CD32a) A G 0·44 Missense	variant;	[CAT]>[CGT] FCGR2A	131	histidine	(H)	
to	arginine	(R)	missense	
mutation

OR = 1·67	(1·05–	2·63);	multiple	
ethnicities	[46]

FCGR2A	131	R/R	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	disease	in	HIV-	negative	patients	[46];	There	
is	no	association	between	FCGR2A	131	H/R	and	cryptococcal	
meningitis	in	HIV-	negative	Han	Chinese	patients	[53];	There	
is	no	association	between	FCGR2A	131	H/R	polymorphism	
and	cryptococcal	disease	in	HIV-	infected	patients	[58]

2 rs396991 FCGR3A (CD16a) A C 0·38a Missense	variant;	[TTT]>[GTT]	(minus	strand) FCGR3A	158	phenylalanine	
(F)	to	valine	(V)	missense	
mutation

OR = 2·04	(1·06–	4·00);	multiple	
ethnicities	[46]

OR = 2·1	(1·2–	3·5);	multiple	
ethnicities	[58]

FCGR3A	158	V/V	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	disease	in	HIV-	negative	patients	[46];	There	
is	no	association	between	FCGR3A	158	F/V	and	cryptococcal	
meningitis	in	HIV-	negative	Han	Chinese	patients	[53];	
FCGR3A	158V	allele	is	associated	with	an	increased	risk	of	
cryptococcal	disease	in	HIV-	infected	patients	[58]

3 FCGR3B (CD16b) Copy	number	variation FCGR3B	shows	copy	number	
variation	allowing	it	to	exist	
as	the	NA1	or	NA2	allele

OR = 1·64	(1·02–	2·63);	multiple	
ethnicities	[46]

FCGR3B	NA2/NA2	is	protective	against	cryptococcosis	in	HIV-	
negative	patients	[46];	There	is	no	association	between	the	
FCGR3B	NA2/NA2	genotype	and	cryptococcal	meningitis	in	
HIV-	negative	Han	Chinese	patients	[53]

4 rs1050501 FCGR2B (CD32b) T C 0·19 Missense	Variant;	[ATT]>[ACT] FCGR2B	232	isoleucine	(I)	
to	threonine	(T)	missense	
mutation

OR = 1·65	(1·02–	2·67);	Han	
Chinese	[53]

FCGR2B	232	I/I	genotype	is	associated	with	an	increased	risk	
of	cryptococcal	meningitis	in	HIV-	negative	Han	Chinese	
patients	[53]

5 rs11003125 MBL2 G C 0·31 Intron	variant;	G>C –	 OR = 2·09	(0·96–	4·51);	Han	
Chinese	[61]

Genotypes	leading	to	MBL2	deficiency	(homozygous	at	any	of	
the	coding	region	variants)	were	associated	with	an	increased	
risk	of	cryptococcal	meningitis	in	HIV-	negative	Han	Chinese	
patients	[61]

6 rs7096206 MBL2 C G 0·20 Intron	variant;	C>G –	

7 rs7095891 MBL2 G A 0·29 Intron	variant;	G>A –	

8 rs5030737 MBL2 G A 0·03 Missense	variant;	[CGT]>[TGT]	(minus	strand) MBL2	52	arginine	(R)	to	cysteine	
(C)	missense	mutation

9 rs1800450 MBL2 C T 0·12 Missense	variant;	[GGC]>[GAC]	(minus	strand) MBL2	54	glycine	(G)	to	aspartic	
acid	(D)	missense	mutation

10 rs1800451 MBL2 C T 0·08 Missense	variant;	[GGA]>[GAA]	(minus	strand) MBL2	57	glycine	(G)	to	glutamic	
acid	(E)	missense	mutation

11 rs11045418 CLEC6A (Dectin- 2) T C 0·35 Intergenic	variant;	T>C –	 OR = 0·59	(0·37–	0·94);	Han	
Chinese	[72]

rs11045418	was	associated	with	pulmonary	cryptococcosis	in	
HIV-	negative	patients,	but	there	was	no	association	between	
the	SNP	and	cryptococcal	meningitis	[72]

12 rs5743563 TLR1 A G 0·18 Intron	variant;	A>G –	 OR = 1·66	(1·13–	2·46);	Han	
Chinese	[78]

rs5743563 T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs5743604	
C/C	was	associated	with	disease	severity;	rs5743563	was	
associated	with	CSF	cytokine	expression	[78]

13 rs5743604 TLR1 A G 0·47 Intron	variant;	A>G –	 OR = 1·53	(1·02–	2·29);	Han	
Chinese	[78]

rs5743604	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

14 rs3804099 TLR2 T C 0·41 Synonymous	variant;	[AAT]>[AAC] TLR2	199	asparagine	to	
asparagine	synonymous	
mutation

OR = 1·47	(1·02–	2·11);	Han	
Chinese	[78]

rs3804099	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs3804099	
C/T	was	associated	with	disease	severity;	rs3804099	was	
associated	with	CSF	cytokine	expression	[78]

15 rs3796508 TLR6 C T 0·03 Missense	variant;	[GTG]>[ATG]	(minus	strand) TLR6	valine	(V)	to	methionine	
(M)	missense	mutation

OR = 1·79	(1·04–	3·10);	Han	
Chinese	[78]

rs3796508	G/A	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

16 rs164637 TWF2 G A 0·03 Synonymous	variant;	[CAC]>[CAT]	(minus	
strand)

TWF2	histidine	(H)	to	histidine	
synonymous	mutation

OR = 15·03	(1·74–	129·67);	Han	
Chinese	[78]

rs164637	C/T	allele	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients	[78]

17 rs352140 TLR9 T C 0·42 Synonymous	variant;	[CCG]>[CCT]	(minus	
strand)

TLR9	proline	(P)	to	proline	
synonymous	mutation

OR = 1·69	(1·04–	2·75);	Han	
Chinese	[78]

rs352140	T/T	was	associated	with	an	increased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs352140	
was	associated	with	CSF	cytokine	expression	[78]
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systemic	lupus	erythematosus	(SLE),	but	has	a	protective	
function	 against	 malaria	 infection	 [56,57].	 This	 implies	
that	the	threonine	substitution	increases	the	risk	of	auto-
immune	disease,	but	 is	protective	against	 infectious	dis-
ease,	supporting	the	underrepresentation	of	the	FCGR2B	
232I/T	genotype	in	CM	patients.

Other	polymorphisms	that	were	genotyped	in	this	study	
include	FCGR2A	131H/R,	FCGR3A	158F/V	and	FCGR3B	
NA1/NA2	[53].	They	found	no	association	between	these	
polymorphisms	and	CM	in	this	cohort	of	Han	Chinese	pa-
tients.	This	is	in	contrast	with	the	findings	by	Meletiadia	
et	 al.	 [46]	 that	 showed	 that	 these	 polymorphisms	 were	
associated	with	cryptococcal	disease	in	non-	HIV-	infected	
participants,	 of	 whom	 68%	 were	 of	 European	 descent.	
This	 suggests	 that	 ethnic	 differences	 may	 influence	 the	
impact	of	particular	genetic	polymorphisms	on	C. neofor-
mans	infection.

The	 studies	 discussed	 thus	 far	 have	 focused	 on	 cryp-
tococcosis	 in	 HIV-	negative	 individuals.	Therefore,	 to	 ex-
plore	 the	 genetic	 factors	 that	 influence	 susceptibility	 to	
cryptococcosis	in	HIV-	infected	patients,	Rohatgi	et	al.	[58]	
genotyped	the	FCGR2A	131H/R	and	the	FCGR3A	158F/V	
polymorphisms	 in	 164  mostly	 white	 male	 volunteers.	
They	found	that	the	FCGR3A	158V	allele	was	associated	
with	an	increased	risk	of	cryptococcal	disease	(OR = 2·1;	
95%	CI	[1·2–	3.5];	p = 0·005).	They	went	on	to	show	that	
heterozygotes	had	a	2·1-	fold	increased	risk	of	developing	

cryptococcal	 disease	 while	 FCGR3A	 158V/V	 homozy-
gotes	 had	 a	 21-	fold	 increase	 in	 infection	 risk.	 Similar	 to	
the	study	by	Hu	et	al.	[53]	with	a	cohort	of	Chinese	vol-
unteers,	but	 in	contrast	 to	 the	 study	by	Meletiadis	et	 al.	
[46]	that	also	used	a	mostly	white	cohort,	they	found	no	
association	between	FCGR2A	131H/R	polymorphism	and	
cryptococcal	disease.	An	investigation	into	the	functional	
consequence	of	the	FCGR3A	158	polymorphism	revealed	
that	 CHO-	K1	 cells	 engineered	 to	 express	 FCGR3A	 158V	
allele	bound	human	serum-		or	 IgG-	opsonized	C. neofor-
mans	more	effectively	than	cells	expressing	the	FCGR3A	
158F	 allele.	 Moreover,	 natural	 killer	 (NK)	 cells	 express-
ing	FCGR3A	158V	allele	 induced	greater	ADCC	towards	
C. neoformans-	infected	monocytes	than	those	expressing	
158F	allele.	It	 is	known	that	monocytes	secrete	chemok-
ines	 that	 damage	 the	 blood–	brain	 barrier,	 and	 thus,	 the	
elevated	cytotoxicity	caused	by	cells	expressing	FCGR3A	
158V	 allele	 may	 promote	 C.  neoformans	 dissemination	
into	 the	 CNS.	 Since	 the	 FCGR3A	 158V	 allele	 increases	
C. neoformans	binding	to	CHO	cells,	the	increased	risk	of	
HIV-	associated	 cryptococcal	 disease	 may	 also	 be	 caused	
by	an	increased	phagocytosis	of	C. neoformans	by	phago-
cytes	 (Figure	 3).	 One	 may	 assume	 that	 elevated	 phago-
cytosis	would	promote	fungal	clearance;	however,	 it	was	
shown	that	clinical	C. neoformans	strains	that	were	more	
easily	phagocytosed	(termed	high	uptake	C. neoformans)	
led	to	higher	CNS	fungal	burden	and	elevated	expression	

# SNP ID Closest gene
Major 
allele

Minor 
allele

Global 
MAF Nucleotide change Consequence Odds ratio (95% CI); ethnicity Significance?

18 rs1927907 TLR4 C T 0·18 Intron	variant;	C>T –	 OR = 0·66	(0·44–	0·97);	Han	
Chinese	[78]

rs1927907	G/A	was	associated	with	a	decreased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs1927907	
was	associated	with	CSF	cytokine	expression	[78]

19 rs5743794 TLR6 C T 0·18 Intron	variant;	C>T –	 OR = 0·57	(0·32–	0·99);	Han	
Chinese	[78]

rs5743794	A/A	was	associated	with	a	decreased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs5743794	
was	associated	with	CSF	cytokine	expression	[78]

20 rs1999713 CSF1 T C 0·47 Intergenic	variant;	T>C –	 OR = 0·50;	South	African	Xhosa	
[79]

The	top	six	SNPs	associated	with	cryptococcal	disease	in	HIV-	
infected	patients	were	located	within	2·5 kb	upstream	of	the	
colony-	stimulating	factor	1	(CSF1)	gene;	These	SNPs	are	also	
near	the	LINC01768 long	non-	coding	RNA	gene	[79]

21 rs12121374 CSF1 T C 0·48 LINC01768	intron	variant –	 OR = 0·52;	South	African	Xhosa	
[79]

22 rs1999715 CSF1 C A 0·48 Intergenic	variant;	C>A –	 OR = 0·53;	South	African	Xhosa	
[79]

23 rs1999713 CSF1 T C 0·47 Intergenic	variant;	T>C –	 OR = 0·53;	South	African	Xhosa	
[79]

24 rs12124202 CSF1 G A 0·46 Enhancer	variant;	G>A –	 OR = 0·53;	South	African	Xhosa	
[79]

25 rs2064163 UTP25 G T 0·37 Regulatory	region	variant;	G>T –	 OR = 0·55;	South	African	Xhosa	
[79]

Note: SNP	information	was	collected	from	dbSNP	database	and	Ensembl.	Chromosome	locations	are	from	build	38 genome	assembly	(GRCh38);	Minor	Allele		
Frequencies	(MAF)	are	from	the	1000	Genomes	Project	combined	population.
aMAF	from	the	ALFA	Allele	Frequency	project	due	to	SNP	absence	in	the	1000	Genomes	project.

T A B L E  1 	 (Continued)
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of	the	Th2	cytokines,	which	is	not	protective	against	fun-
gal	 infection	 [59,60].	 In	 essence,	 increased	 phagocytosis	
counterintuitively	 predisposes	 to	 poor	 disease	 outcome.	
This	 supports	 the	 ‘Trojan	 horse’	 hypothesis	 that	 states	
that	 C.  neoformans	 hijack	 macrophages	 to	 disseminate	
throughout	 the	 host,	 cross	 the	 blood–	brain	 barrier	 and	
promote	pathogenesis	[1].

Moving	 on	 from	 FCGRs,	 a	 2011	 genetic	 association	
study	 investigated	 the	 relationship	 between	 SNPs	 in	 the	
MBL2	 gene	 and	 non-	HIV-	associated	 CM	 using	 volun-
teers	of	Chinese	ethnicity	[61].	MBL	is	a	soluble	PRR	in	
the	 CLR	 family	 that	 binds	 microbial	 carbohydrates	 and	
activates	 the	 lectin	 pathway	 of	 the	 complement	 system.	
It	has	been	shown	that	the	expression	of	functional	MBL	
protein	 is	 highly	 dependent	 on	 MBL	 genotypes	 [62].	
Additionally,	 genotypes	 leading	 to	 a	 deficiency	 of	 MBL	
protein	 have	 been	 linked	 to	 increased	 susceptibility	 to	
C. albicans,	Aspergillus	and	HIV	infection	[63–	66].	To	ex-
plore	the	relationship	between	MBL	deficiency	and	CM,	
Ou	 et	 al.	 [61]	 genotyped	 six	 alleles	 (three	 coding	 region	
non-	synonymous	SNPs	and	three	promoter	region	SNPs)	
of	the	MBL2 gene	and	found	that	triple	homozygosity	for	
the	three	coding	region	SNPs,	which	results	in	MBL2	de-
ficiency,	 was	 associated	 with	 non-	HIV	 CM	 (OR  =  4·29;	
95%	 CI	 [1·11–	19·99];	 p  =  0·023).	 In	 a	 2019	 case	 report	
by	 Wagemakers	 et	 al.	 [67],	 a	 60-	year-	old	 HIV-	negative	
man	 with	 chronically	 relapsing	 CM	 had	 a	 decreased	

concentration	of	MBL in	his	serum,	supporting	the	find-
ing	that	MBL	deficiency	increases	CM	risk.	Unfortunately,	
the	patient's	MBL2 gene	was	not	genotyped;	otherwise,	it	
may	 have	 revealed	 whether	 the	 observed	 deficiency	 in	
serum	MBL	had	a	genetic	basis.

Polymorphisms	 in	 CLRs	 have	 also	 been	 associated	
with	risk	of	various	fungal	diseases	[68–	70].	Hu	et	al.	[71]	
sought	 to	 explore	 the	 association	 of	 Dectin-	2	 polymor-
phisms	 with	 cryptococcal	 disease	 using	 a	 HIV-	negative	
Chinese	 cohort.	 A	 total	 of	 464	 healthy	 controls	 and	 251	
HIV-	negative	 patients	 with	 cryptococcosis	 were	 geno-
typed	 for	 the	 rs11045418	 SNP	 located	 at	 the	 5′-	flanking	
region	of	the	Dectin-	2	gene.	They	found	a	significant	as-
sociation	 between	 the	 rs11045418	 SNP	 and	 pulmonary	
cryptococcosis	 when	 comparing	 controls	 and	 immuno-
competent	 patient	 with	 no	 predisposing	 factor	 such	 as	
diabetes,	autoimmune	disease	or	solid	organ	transplanta-
tion	recipient	(OR = 0·59;	95%	CI	[0·37–	0·94];	p = 0·026).	
When	 all	 patients	 were	 included	 in	 the	 analysis,	 there	
was	no	association	between	the	SNP	and	risk	of	pulmo-
nary	infection	(OR = 0·77;	95%	CI	[0·53–	1·12];	p = 0·17).	
There	was	also	no	association	between	the	SNP	and	CM	
when	 comparing	 the	 control	 group	 with	 either	 overall	
patients	 or	 immunocompetent	 patients.	 The	 functional	
consequence	of	this	SNP	was	not	investigated;	however,	it	
has	been	shown	that	Dectin-	2	and	FcγR	co-	expression	by	
CHO	cells	enables	binding	to	C. neoformans	spores	[28].	

# SNP ID Closest gene
Major 
allele

Minor 
allele

Global 
MAF Nucleotide change Consequence Odds ratio (95% CI); ethnicity Significance?

18 rs1927907 TLR4 C T 0·18 Intron	variant;	C>T –	 OR = 0·66	(0·44–	0·97);	Han	
Chinese	[78]

rs1927907	G/A	was	associated	with	a	decreased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs1927907	
was	associated	with	CSF	cytokine	expression	[78]

19 rs5743794 TLR6 C T 0·18 Intron	variant;	C>T –	 OR = 0·57	(0·32–	0·99);	Han	
Chinese	[78]

rs5743794	A/A	was	associated	with	a	decreased	risk	of	
cryptococcal	meningitis	in	HIV-	negative	patients;	rs5743794	
was	associated	with	CSF	cytokine	expression	[78]

20 rs1999713 CSF1 T C 0·47 Intergenic	variant;	T>C –	 OR = 0·50;	South	African	Xhosa	
[79]

The	top	six	SNPs	associated	with	cryptococcal	disease	in	HIV-	
infected	patients	were	located	within	2·5 kb	upstream	of	the	
colony-	stimulating	factor	1	(CSF1)	gene;	These	SNPs	are	also	
near	the	LINC01768 long	non-	coding	RNA	gene	[79]

21 rs12121374 CSF1 T C 0·48 LINC01768	intron	variant –	 OR = 0·52;	South	African	Xhosa	
[79]

22 rs1999715 CSF1 C A 0·48 Intergenic	variant;	C>A –	 OR = 0·53;	South	African	Xhosa	
[79]

23 rs1999713 CSF1 T C 0·47 Intergenic	variant;	T>C –	 OR = 0·53;	South	African	Xhosa	
[79]

24 rs12124202 CSF1 G A 0·46 Enhancer	variant;	G>A –	 OR = 0·53;	South	African	Xhosa	
[79]

25 rs2064163 UTP25 G T 0·37 Regulatory	region	variant;	G>T –	 OR = 0·55;	South	African	Xhosa	
[79]

Note: SNP	information	was	collected	from	dbSNP	database	and	Ensembl.	Chromosome	locations	are	from	build	38 genome	assembly	(GRCh38);	Minor	Allele		
Frequencies	(MAF)	are	from	the	1000	Genomes	Project	combined	population.
aMAF	from	the	ALFA	Allele	Frequency	project	due	to	SNP	absence	in	the	1000	Genomes	project.
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Moreover,	 Dectin-	2−/−	 mice	 had	 elevated	 Th2	 response	
compared	with	WT	mice,	implying	some	role	for	Dectin-	2	
in	anti-	cryptococcal	immune	response	[72].

Toll-	like	 receptors	 are	 a	 highly	 polymorphic	 protein	
family,	and	various	studies	have	implicated	TLRs	in	sus-
ceptibility	to	infections	such	as	malaria	[73],	tuberculosis	
[74],	herpes	simplex	virus	[75]	and	even	sepsis	[76].	In	a	
2018	study,	Jiang	et	al.	[77]	carried	out	the	first	study	to	
investigate	the	impact	of	genetic	polymorphisms	in	TLR	
genes	 on	 C.  neoformans	 infection.	 The	 study	 looked	 at	
SNPs	 in	 the	 TLR1,	 TLR2,	 TLR4,	 TLR6	 and	 TLR9	 genes	
of	 individuals	 with	 non-	HIV-	associated	 CM	 of	 Chinese	
ancestry.	They	 identified	 eight	TLR	 SNPs	 that	 were	 as-
sociated	with	CM	susceptibility.	Among	the	eight	SNPs,	
six	 were	 associated	 with	 an	 increased	 risk	 of	 CM,	 five	
were	associated	with	cerebrospinal	fluid	(CSF)	cytokine	
concentration	and	two	were	associated	with	disease	se-
verity.	The	only	SNP	that	was	associated	with	CM	risk,	
disease	severity	and	CSF	cytokine	concentration	was	the	
rs3804099	 SNP	 on	 TLR2	 which	 causes	 a	 synonymous	

mutation.	 Analysis	 of	 the	 CSF	 identified	 18	 cytokines	
that	were	overexpressed	in	severely	ill	patients.	The	C/T	
genotype	of	the	rs3804099	SNP	is	associated	with	lower	
expression	of	12	out	of	the	18	cytokines	shown	to	be	as-
sociated	with	severe	disease.	This	genotype	was	also	rare	
in	 individuals	 with	 severe	 disease	 (OR  =  0·39;	 95%	 CI	
[0·15–	1·00];	 p  =  0·046),	 suggesting	 that	 heterozygosity	
of	 the	 rs3804099	 SNP	 decreases	 risk	 of	 severe	 disease	
by	preventing	 the	over-	expression	of	 these	cytokines	 in	
the	CNS.	Meanwhile,	the	T/T	genotype	of	rs3804099	was	
associated	 with	 increased	 risk	 of	 CM	 (OR  =  1·47;	 95%	
CI	[1·02–	2·11];	p = 0·036).	Overall,	the	study	concluded	
that	polymorphisms	in	TLRs	have	a	causal	role	in	C. neo-
formans	 pathogenesis	 [77].	 The	 verdict	 is	 still	 out	 on	
whether	TLRs	have	an	important	role	in	C. neoformans	
infection;	however,	this	study	supports	the	need	for	fur-
ther	research	to	clarify	the	mechanisms	by	which	TLRs	
are	involved	in	macrophage	response	to	infection.

The	genetic	studies	described	so	far	have	mainly	in-
cluded	volunteers	of	Han	Chinese	or	European	Ancestry.	

F I G U R E  3  Proposed	consequence	of	FCGR3A (CD16a)	158F/V	polymorphism	on	host	response	to	infection.	Chinese	hamster	
ovary	(CHO-	K1)	cells	engineered	to	express	FCGR3A	158V	allele	had	a	higher	affinity	to	IgG-	opsonized	Cryptococcus neoformans	than	
those	expressing	the	FCGR3A	158F	allele.	The	high-	affinity	FCGR3A	158V	receptor	may	result	in	elevated	phagocytosis	by	phagocytes.	
Intracellular	C. neoformans	can	then	use	macrophages	as	a	vehicle	to	cross	the	blood–	brain	barrier	(BBB)	in	what	is	called	the	‘Trojan	
Horse’	model	and	infect	the	meningitis	leading	to	fatal	cryptococcal	meningitis	(CM).	Meanwhile,	those	expressing	the	low-	affinity	FCGR3A	
158F	receptor	have	decreased	phagocytosis,	decreased	intracellular	burden	of	C. neoformans	and,	therefore,	a	decreased	risk	of	macrophage-	
driven	dissemination	to	the	brain	leading	to	decreased	risk	of	CM.	Figure	created	with	BioRe	nder.com	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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Despite	 sub-	Saharan	 Africa	 having	 the	 highest	 burden	
of	 cryptococcal	 disease,	 few	 genetic	 studies	 have	 fo-
cused	on	people	of	African	descent.	To	combat	this	lack	
of	representation,	Kannambath	et	al.	[78]	performed	the	
first	genome	wide	association	study	(GWAS)	of	genetic	
susceptibility	 to	 cryptococcosis	 in	 HIV-	positive	 people	
of	African	descent.	The	discovery	cohort	was	composed	
of	524	cases	and	controls	recruited	in	Cape	Town,	South	
Africa.	No	SNP	was	associated	with	C. neoformans	at	the	
genome	wide	significance	level	of	p < 5 × 10−8.	This	was	
likely	due	to	the	relatively	small	sample	size.	However,	
they	identified	49	SNPs	associated	with	cryptococcosis	at	
the	significance	level	of	p < 1 × 10−5.	Among	these,	the	
top	 six	 susceptibility	 SNPs	 were	 located	 within	 2·5  kb	
upstream	of	the	colony-	stimulating	factor	1	(CSF1)	gene	
which	 codes	 for	 macrophage	 (M)-	CSF,	 a	 cytokine	 that	
promotes	monocyte	or	macrophage	differentiation,	acti-
vation	and	phagocytosis.

To	explore	the	implications	of	this	finding,	the	research-
ers	 isolated	peripheral	blood	mononuclear	cells	 (PBMCs)	
from	six	healthy	volunteers,	stimulated	the	cells	with	heat	
killed	 C.  neoformans	 for	 24  h	 and	 performed	 RNA-	seq.	
They	found	that	653 genes	were	up-		or	downregulated	in	
stimulated	cells	compared	with	unstimulated	PBMCs	and	
one	gene	that	was	highly	up	regulated	after	stimulation	was	
CSF1.	 Gene	 ontology	 analysis	 and	 pathway	 enrichment	
analysis	revealed	the	significance	of	genes,	including	CSF1,	
involved	in	cytokine	activity,	phagocytosis,	TLR	signalling	
and	 macrophage	 differentiation	 in	 anti-	cryptococcal	 im-
mune	 response	 in	 this	 population.	 Finally,	 they	 isolated	
PBMCs	from	five	HIV-	positive	individuals	and	stimulated	
the	cells	with	exogenous	M-	CSF.	M-	CSF	treatment	signifi-
cantly	 increased	 the	 phagocytosis	 and	 killing	 of	 C.  neo-
formans	by	 these	PBMCs.	Meanwhile,	antibody-	mediated	
inhibition	 of	 M-	CSF	 receptor	 resulted	 in	 comparable	
phagocytosis	 and	 killing	 with	 the	 control.	 Other	 studies	
have	also	reported	a	role	for	exogenous	M-	CSF	in	promot-
ing	anti-	cryptococcal	immune	response	[79].

Unlike	 previous	 studies	 that	 targeted	 specific	 genes,	
the	 study	 by	 Kannambath	 et	 al.	 [78]	 implemented	 a	 ge-
nome	wide,	hypothesis-	free	approach.	Although	the	sam-
ple	size	was	small	for	a	GWAS,	the	researchers	were	still	
able	 to	 identify	 SNPs	 associated	 with	 cryptococcosis	 in	
people	 of	 African	 descent	 and	 took	 steps	 towards	 func-
tional	validation.	In	the	future,	extending	this	analysis	to	
PBMCs	 from	 genotyped	 HIV-	positive	 patients	 with	 and	
without	 cryptococcosis	 might	 provide	 stronger	 evidence	
linking	disease	outcome	with	some	of	these	differentially	
expressed	genes.

The	 functional	 consequence	 of	 the	 CSF1	 SNPs	 iden-
tified	 by	 Kannambath	 et	 al.	 remains	 unclear;	 however,	
a	 search	 on	 the	 GTEx	 Portal	 revealed	 that	 one	 of	 the	
top	 6	 identified	 SNPs,	 rs2064163,	 is	 associated	 with	 the	

expression	of	TRAF3IP3	and	IRF6.	There	is	currently	no	
evidence	that	these	SNPs	impact	CSF1 gene	expression	di-
rectly.	The	 authors	 propose	 that	 genotypes	 that	 increase	
macrophage	uptake	of	C. neoformans	and	promote	intra-
cellular	survival	lead	to	an	increased	risk	of	cryptococco-
sis.	This	aligns	closely	with	the	research	mentioned	above	
that	 showed	 that	 infection	 with	 high	 uptake	 C.  neofor-
mans	resulted	in	greater	CNS	fungal	burden	and	elevated	
expression	 of	 Th2	 cytokines	 than	 low	 uptake	 C.  neofor-
mans	[59,60].	The	findings	that	exogenous	M-	CSF	drives	
anti-	cryptococcal	 immune	 response	 suggest	 that	 poly-
morphisms	 in	 and	 around	 the	 CSF1  gene	 that	 result	 in	
decreased	 expression	 of	 the	 gene	 may	 increase	 risk	 of	
cryptococcal	disease.

Continued	 research	 into	 identifying	 polymorphisms	
that	 increase	cryptococcosis	risk	will	have	clinical	appli-
cations	as	well	 as	 revealing	unexpected	genes	and	path-
ways	involved	in	the	host	interaction	with	C. neoformans.	
Although	there	are	only	a	 limited	number	of	studies	 in-
vestigating	 the	 genetic	 risk	 factors	 for	 C.  neoformans,	
building	on	discoveries	made	using	other	pathogens,	par-
ticularly	 other	 fungal	 pathogens,	 may	 reveal	 genes	 that	
could	also	impact	host	susceptibility	to	cryptococcosis.	In	
that	context,	readers	are	pointed	towards	a	detailed	review	
of	the	genetic	risk	of	the	fungal	pathogens	C. albicans	and	
Aspergillus fumigatus	published	elsewhere	[80].

In	addition	to	the	human	genotypic	factors	that	impact	
disease	outcome,	it	is	relevant	to	note	that	there	also	exist	
cryptococcal	genetic	factors	that	contribute	to	pathogenic-
ity	and	virulence	 [81].	 Cryptococcus	 strains	vary	 in	 their	
ability	to	infect	mammalian	cells,	their	ability	to	dissemi-
nate	from	the	lungs	to	the	CNS	and	the	severity	of	the	dis-
ease	they	cause	[82–	84].	Several	studies	have	investigated	
the	role	of	fungal	factors	during	infection.	One	such	study	
compared	human	survival	and	other	clinical	parameters	
with	the	whole-	genome	sequence	of	38	C. neoformans	iso-
lates	[85].	They	identified	40	Cryptococcus	genes	that	were	
significantly	 associated	 with	 patient	 survival,	 cytokine	
expression	 and	 clinical	 parameters.	To	 examine	 the	 bio-
logical	relevance	of	these	genes,	17	deletion	strains	were	
created	and	used	to	infect	mice.	Compared	to	the	control	
strain,	three	of	the	deletion	strains	led	to	increased	mice	
survival,	while	three	led	to	decreased	mice	survival	[85].	
A	more	in-	depth	review	of	the	association	between	cryp-
tococcal	genotypes	and	phenotypes	and	clinical	outcome	
can	be	found	in	a	recent	paper	by	Montoya	et	al.	[81].

IMPORTANCE OF DIVERSITY IN 
GENETIC RESEARCH

Despite	 bearing	 the	 largest	 burden	 of	 infectious	 diseases,	
individuals	 of	 African	 descent	 are	 underrepresented	 in	
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research	 on	 the	 genetic	 basis	 of	 disease	 susceptibility,	 a	
problem	that	 is	widespread	 in	 the	 field	 [86].	To	date,	 the	
majority	of	the	cryptococcosis	and	CM	genetic	association	
studies	have	involved	people	of	European	and	Han	Chinese	
ancestry,	even	though	73%	of	HIV-	associated	CM	cases	and	
75%	of	deaths	were	in	sub-	Saharan	Africa	[4].	More	gener-
ally,	it	is	estimated	that	78%	of	individuals	in	GWAS	studies	
are	of	European	ancestry,	even	though	they	make	up	only	
16%	of	the	global	population	[87,88].	Due	to	the	lack	of	eth-
nic	diversity,	drawing	broad	conclusions	from	these	studies	
is	misleading	and	may	exacerbate	health	disparities.

It	 is	 known	 that	 there	 is	 diversity	 in	 genome	 archi-
tecture	 between	 populations,	 such	 that	 a	 risk	 allele	 in	
one	population	may	have	no	association	with	disease	or	
have	a	protective	effect	on	disease	in	another	population.	
On	 the	 other	 hand,	 allele	 frequencies	 vary	 significantly	
between	populations	 [89].	Such	variation	 in	SNP	distri-
bution	between	ethnic	groups	will	likely	contribute	to	dif-
ferences	in	susceptibility	to	infection;	thus,	results	from	
association	studies	are	not	entirely	generalizable	[90,91].

A	 GWAS	 study	 by	 Wojcik	 et	 al.	 [91]	 that	 sought	 to	
demonstrate	 the	 importance	 of	 having	 a	 diverse	 cohort	
in	 genomic	 studies	 showed	 that	 critical	 variants	 may	 be	
missed	if	they	exist	at	a	low	frequency	or	are	completely	
absent	 in	 Europeans.	 Consequently,	 discoveries	 made	
using	 populations	 that	 are	 mostly	 of	 European	 ancestry	
may	lead	to	a	bias	in	the	risk	variants	that	are	identified.	
Additionally,	 there	 is	 significant	 evidence	 of	 effect	 size	
heterogeneity	across	ancestries	[91–	93],	meaning	that	the	
disease	risk	prediction	scores	derived	from	effect	sizes	will	
only	 be	 clinically	 relevant	 and	 personalized	 if	 a	 diverse	
group	of	people	are	used	in	genomic	studies.

Diversity	in	genomic	research	is	also	crucial	when	ge-
netic	 risk	 factors	 are	 being	 applied	 to	 therapeutics	 and	
drug	development.	 It	was	recently	shown	that	people	of	
African	descent	produce	a	stronger	inflammatory	response	
to	 infection	 than	 those	of	European	descent,	which	also	
makes	Africans	more	susceptible	to	autoimmune	diseases	
[94].	This	is	important	during	therapeutic	administration	
to	avoid	the	prescription	of	drugs	that	excessively	induce	
inflammation.	The	effect	of	the	drug	might	be	redundant	
in	 those	of	African	ancestry	and	could	even	worsen	any	
underlying	 autoimmune	 and	 inflammatory	 conditions.	
Moreover,	 acute	 inflammation	 may	 contribute	 to	 the	
onset	of	new	autoimmune	or	autoinflammatory	disease	in	
these	patients	[95].	Alternatively,	a	therapy	that	dampens	
the	immune	response	could	increase	the	risk	of	infection	
due	to	the	generally	higher	burden	of	infectious	diseases	
in	 the	region	[96].	Evolutionarily,	 the	 ‘price’	of	having	a	
robust	inflammatory	response	to	clear	infection	is	an	in-
creased	risk	of	autoinflammatory	disease,	demonstrating	
the	 way	 that	 the	 cost	 and	 benefit	 of	 the	 inflammatory	
response	 depends	 on	 environmental	 selection	 pressures	

[95].	 Understanding	 this	 trade-	off	 is	 critical	 for	 genetic-	
based	therapies	and	requires	the	involvement	of	diverse,	
multi-	ethnic	populations.

CONCLUSION

The	dual	observation	 that	not	all	HIV-	positive	 individu-
als	 develop	 cryptococcosis,	 while	 some	 immunocompe-
tent	 individuals	 do,	 led	 researchers	 to	 speculate	 about	
a	 role	 for	 host	 genetic	 variation	 in	 disease	 risk.	 Both	
hypothesis-	driven	 and	 hypothesis-	free	 genetic	 associa-
tion	studies	have	identified	host	polymorphisms	that	 in-
crease	or	decrease	risk	of	cryptococcal	disease.	Most	of	the	
polymorphisms	identified	were	in	PRRs,	including	FcγRs,	
Dectin-	2,	MBL	and	TLRs,	although	other	immune-	related	
genes,	such	as	CSF1,	have	also	been	associated	with	cryp-
tococcal	 disease.	 The	 association	 of	 these	 proteins	 with	
cryptococcal	disease	suggests	that	they	play	a	mechanistic	
role	in	host	response	to	infection.	Therefore,	 this	review	
also	 identifies	potential	candidate	proteins	 to	be	 investi-
gated	further.

Not	only	do	these	studies	help	us	identify	novel	mole-
cules	and	pathways	involved	in	host-	pathogen	interaction,	
but	they	also	lay	the	foundation	for	the	implementation	
of	genetic	data	in	the	clinical	setting.	Polymorphisms	that	
increase	cryptococcosis	risk	may	serve	as	biomarkers	 to	
identify	people	that	would	benefit	 from	frequent	check-	
ups	 and/or	 earlier	 treatment.	 It	 would	 make	 risk	 strat-
ification	 possible	 and	 contribute	 to	 the	 development	 of	
personalized	 therapeutic	 approaches	 for	 the	 treatments	
of	cryptococcal	disease	both	in	HIV-	infected	people	and	
in	 otherwise	 healthy	 people.	 However,	 to	 achieve	 this	
goal,	 more	 genetic	 association	 studies	 involving	 a	 di-
verse	group	of	people	are	needed	to	identify	novel	SNPs.	
Moreover,	 significant	 emphasis	 needs	 to	 be	 placed	 on	
investigating	 the	 functional	 consequences	 of	 identified	
SNPs.	The	field	is	young	and	there	is	lots	of	room	for	fas-
cinating	discoveries.
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