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Perspective

Genetic susceptibility to Candida infection: a new look at an old
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he identification of the first molecular defect leading

to Mendelian Susceptibility to Mycobacterial Disease
(MSMD),' a rare syndrome conferring predisposition to
disease caused by weakly virulent mycobacteria (such as
Mycobacterium bovis, Bacille Calmette Guérin vaccines
and environmental mycobacteria), has led to a paradigm
shift in the field of primary immunodeficiencies in the
last two decades. The “classic” patient with multiple
immunologic  abnormalities, conferring a  broad
susceptibility to multiple and recurrent infectious diseases
caused by both weakly pathogenic and more virulent
microorganisms, was the main Primary
Immunodeficiency (PID) phenotype identified. Since
1996, mutations causing MSMD have been found in at
least 6 genes related to interferon (IFN)-y-mediated
immunity.” Intriguingly, this has opened the door to the
identification of a molecular pathogenesis in patients
affected by a narrow to extremely narrow susceptibility to
bacterial, viral and fungal infections.”” These patients,
more common than originally thought, are often
otherwise healthy and are not prone to other unusually
severe infections.

CANDIDA SPECIES INFECTION AND CHRONIC
MUCOCUTANEOUS CANDIDIASIS (CMC)

The genetic susceptibility to infections due mainly to
Candida species is a rare condition which may exist as a
PID, potentially associated to a general immune
dysregulation or to organ-specific syndromes (e.g. thyroid
disease). CMC is the PID defined as persistent or
recurrent infection of the skin, nails and mucous
membranes, most commonly caused by Candida
albicans, that can be related to a variety of disparate
genetic defects, of which many have only recently been
characterized. Although different underlying diseases
predispose to Candida spp. infection of oral,
gastrointestinal and cutaneous tissues, they may be
associated with primary or secondary
immunodeficiencies. Regarding secondary causes, HIV
infection is common, although many other etiologies are
known and must be considered in differential diagnosis.®
Diabetes mellitus, denture stomatitis, iron deficiency, oral
and inhaled corticosteroid treatment, HIV infection and

immunosuppressive or antibiotic treatments are listed
among the clinical factors which may finally lead to
modifications of oral, gastrointestinal and cutaneous
microbiomes. These factors enhance the susceptibility to
infection by Candida spp., mainly through impairment of
immunity to fungi or of epithelial structure and function,
that may result in transient, episodic mucocutaneous
candidiasis or in a chronic course of fungal infection.
Similarly, the patients affected by genetic forms of CMC
(Figure 1) have, usually since infancy, recurrent bouts or
chronic infection by Candida of tongue, oral cavity, skin
and genitals (Figure 2A and 2B), but rarely develop
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Figure 1. The normal mucocutaneous microbiome of healthy
subjects largely depends from its relationship with host factors;
it can be transiently modified by many factors, more often
predisposing to acute Candida infection. Genetic causes may at
the same time contribute to a permanent impairment of host
defences resulting in chronic, unresolving mucocutaneos
infections.
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Figure 2. Clinical presentation of C. albicans infection in a
CMC patient: whitish and yellowish plaques on the tongue and
perleche (A), skin and nail of the thumb (B), skin of the foot
(C), showing chronic diffuse candidiasis.

systemic fungal infection or candidiasis of parenchymal
organs.”'’ Long-standing or resistant infection by
Candida may show the debilitating features of chronic
diffuse candidiasis (Figure 2C) or the formation of
granulomas.8 A severe, often disfiguring, history of
cutaneous infections by Dermatophytes is another
relevant feature seen in CMC patients.'"'> Among the
inherited forms of CMC disease sporadic, autosomal
dominant (MIM 114580) and autosomal recessive (MIM
212050) forms have been described."" Moreover, similar
clinical patterns of candidiasis may be shared by other
PIDs, mainly  Autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED; also called
APS-1; MIM 240300), IL-12 receptor beta-1 deficiency"
(MIM 601604) and autosomal dominant or recessive
hyper-IgE syndrome (MIM 147060 and 243700)."* Very
recently, several studies have shed light on the
pathogenesis of genetically determined forms of
candidiasis, which had been elusive for a long time.

MONOGENETIC CAUSES OF CMC

CARD?9 and Dectin-1 deficiencies

Animal models have suggested that a multipart pathway,
starting from the yeast transmembrane pattern recognition
receptor Dectin-1 (or alternatively from TLRs, Dectin-2,
DC-SIGN, mincle) on epithelial cells and phagocytes,
leads to the activation of the CARD9 signaling complex
that leads to the activation of NF-xB and
mitogen-activated protein kinases (MAPKs)."> These
pathways in turn produce cytokines involved in
differentiation of CD4+ T-lymphocytes toward the Th17
phenotype, crucial for adaptive antifungal immunity.'®"”
In 2009, The first monogenetic defects in humans were
reported in patients with the clinical features of CMC and
other mycoses,'™" caused by mutations in the genes
encoding respectively for CARD9 and Dectin-1,

providing new insights on the relevance of innate
immunity in precisely controlling fungal infections.
These defects, resulting in phenotypes of CMC and
dermatophyte infections which differ in clinical severity,
are linked to the role these proteins play in the induction
of multifaceted Th17 lymphocytes® and their production
of interleukins (e.g. IL-17 and IL-22) for host defense
against fungi, mainly at epithelia and mucosal sites.”

Interleukin (IL)-17F and IL-17RA mutations

The possible role for IL-17 in defense against Candida
albicans in vivo was showed by Eyerich and colleagues™
in patients with isolated CMC and reduced levels of Th
17 responses. Heterozygous mutations (dominant-
negative) in the cytokine IL-17F were shown by Puel et
al”* to result in reduced IL-17F biological activity in a
family with CMC, as well as in another CMC family a
homozygous mutation in the IL-17 receptor A (IL-17RA)
resulted in abrogated IL17-F and IL-17A/F heterodimers
signaling. These findings again underscore the key role of
IL-17 cytokine family in immune responses elicited by
fungi at epithelial sites of infection, by linking lymphoid
to myeloid and epithelial defense mechanisms.”®

STAT1 mutations

Two groups revealed as another genetic cause, accounting
for most of the sporadic and hereditary autosomal dominant
CMC cases, the presence of heterozygous STATI
mutations,”™® a gene already noted in the past for causing
MSMD’ and susceptibility to viral infections.” These newly
described activating mutations of the coiled-coil domain of
STAT1, through hyper-phosphorylation and impaired
IL12R/IL23R signaling,”* impair the STAT3-mediated
Thl7-responses and increase responsiveness to interferon
(IFN)-y. Stronger cellular responses to IFN-a/p have been
also documented, and remarkably might account for the
well known presence of thyroid autoimmunity and
systemic lupus erythematosus in these patients. Impaired
immunity to cytomegalovirus (CMV), autoantibody
elevation or autoimmune endocrine diseases are other
commonly observed features,’'?* yet to be fully
explained.

Toll-like receptor 3 (TLR3) mutations

TLRs play a first-line role for sensing pathogens,
mediating response to several fungal species, including
Candida.”  Another syndrome characterized by
non-invasive CMC, CMV infection, and autoimmunity
has been described to be associated with the mutation
L412F in the TLR3, affecting a highly conserved
aminoacid residue.”® Clinical features also include
autoimmune pancytopenia, lung disease, arthritis and
vitiligo. Altered interferon y and A production and low
NF-«kB activation upon TLR3 stimulation have been
demonstrated.’” Mutations  in Dectin-1, CARD9,
autoimmune regulator (AIRE) or TLRI1, TLR2, TLR4,
TLR6 were also excluded. Its relationship with STATI,
IL-17F or IL-17RA mutations has not been reported.
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Figure 3. Summary of the diseases which share non-invasive
CMC as their main clinical phenotype.

CMC IN APECED

Impairment of the Thl7 lymphocytes and/or their
cytokines appears to be the common denominator of
heterogeneous but clinically related disorders. New
evidence supporting the role of IL-22 in protection from
candidiasis has also been reported.”® APECED is a rare
autosomal recessive disease due to mutations in the AIRE
gene, whose role is essential for presenting antigens to T
cells in the thymus, facilitating negative selection. As a
consequence of its defect, patients with APECED suffer
from multi-organ autoimmunity.39 The mechanism
responsible for development of CMC in the course of this
disease has been elusive for a long time, even though
previous work pointed to a possible autoimmune basis.
Finally, the discovery in humans of neutralizing
autoantibodies against IL-17A, IL-17F and IL-22, has
been demonstrated in APECED.* The same
autoantibodies has been shown also in CMC occurring in
the course of thymoma.40 The basis of CMC in these
diseases again strongly supports the pivotal role of IL-17
and IL-22 producing cells in host defense against
Candida, in particular at mucosal sites.

CONCLUSION

Taking together the recent reports on the causes of inborn
Mendelian susceptibility to Candida infection and their
“autoimmune phenocopies”, the evidence indicates that in
humans IL-17A, IL-17F and IL-22 are essential drivers
for protective immunity to C. Albicans in vivo. In
humans, mutations in STAT1 underlie susceptibility to
three different types of infectious disease (MSMD, viral
diseases and CMC), also leading to coexistence of
autoimmune dysregulation. The CMC in the context of
patients bearing AIRE mutations can be seen as a
phenocopy of immunodeficiencies that impair the Th17
circuit, mediated by autoimmunity to cytokines.
Additionally, other genes or novel mutations involved in
the pathogenesis of CMC via regulation of immune
response or via alternative, undisclosed mechanisms, will
be probably discovered in the near future (Figure 3). As
already been pointed out,” the novel phenotypes of
immunodeficiency offer unique “experiment of nature”

for understanding the complexity of immune mechanisms
and functions.

Acknowledgement: The authors wish to thank Mr. Barry Mark
Wheaton for his invaluable linguistic assistance.

REFERENCES

1. Newport MJ, Huxley CM, Huston S, Hawrylowicz CM,
Oostra BA, Williamson R, et al. A mutation in the
interferon-gamma-receptor gene and susceptibility to
mycobacterial infection. N Engl J Med 1996; 335:
1941-1949.

2. Bustamante J, Picard C, Boisson-Dupuis S, Abel L, Casanova
JL. Genetic lessons learned from X-linked Mendelian
susceptibility to mycobacterial diseases. Ann N Y Acad Sci
2011; 1246: 92-101.

3.  Casanova JL, Fieschi C, Bustamante J, Reichenbach J,
Remus N, von Bernuth H, et al. From idiopathic infectious
diseases to novel primary immunodeficiencies. J Allergy Clin
Immunol 2005; 116: 426-430.

4.  Ramoz N, Rueda LA, Bouadjar B, Montoya LS, Orth G,
Favre M. Mutations in two adjacent novel genes are
associated with epidermodysplasia verruciformis. Nat Genet
2002; 32: 579-581.

5. Picard C, Puel A, Bonnet M, Ku CL, Bustamante J, Yang K,
et al. Pyogenic bacterial infections in humans with IRAK-4
deficiency. Science 2003; 299: 2076-2079.

6.  Altare F, Lammas D, Revy P, Jouanguy E, Doffinger R,
Lamhamedi S, et al. Inherited interleukin 12 deficiency in a
child with bacille Calmette-Guerin and Salmonella enteritidis
disseminated infection. J Clin Invest 1998; 102: 2035-2040.

7. Dupuis S, Dargemont C, Fieschi C, Thomassin N,
Rosenzweig S, Harris J, et al. Impairment of mycobacterial
but not viral immunity by a germline human STAT1 mutation.
Science 2001; 293: 300-303.

8.  Kirkpatrick CH. Chronic
immunology for the pediatrician. Pediatr Infect Dis J 2001;
20: 197-206.

9.  Kirkpatrick CH. Chronic mucocutaneous candidiasis. Eur J
Clin Microbiol Infect Dis 1989; 8: 448-456.

10. Kauffman CA, Shea MIJ, Frame PT. Invasive fungal
infections in patients with chronic mucocutaneous candidiasis.
Arch Intern Med 1981; 141: 1076-1079.

11. Engelhardt KR, Grimbacher B. Mendelian traits causing
susceptibility to mucocutaneous fungal infections in human
subjects. J Allergy Clin Immunol 2012; 129: 294-305.

12.  Shama SK, Kirkpatrick CH. Dermatophytosis in patients with
chronic mucocutaneous candidiasis. J Am Acad Dermatol
1980; 2: 285-294.

13.  de Beaucoudrey L, Samarina A, Bustamante J, Cobat A,
Boisson-Dupuis S, Feinberg J, et al. Revisiting human
IL-12R betal deficiency: a survey of 141 patients from 30
countries. Medicine (Baltimore) 2010; 89: 381-402.

14.  Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Takada H, Hara T,
et al. Dominant-negative mutations in the DNA-binding
domain of STAT3 cause hyper-IgE syndrome. Nature 2007;
448: 1058-1062.

15. Gross O, Gewies A, Finger K, Schafer M, Sparwasser T,

mucocutaneous candidiasis:



Chinese Medical Journal 2013;126 (2)

381

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Peschel C, et al. CARD9 controls a non-TLR signalling
pathway for innate anti-fungal immunity. Nature 2006; 442:
651-656.

LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F,
Slack EC, Tsoni SV, et al. Syk- and CARD9-dependent
coupling of innate immunity to the induction of T helper cells
that produce interleukin 17. Nat Immunol 2007; 8: 630-638.
Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy
TL, Murphy KM, et al. Interleukin 17-producing CD4+
effector T cells develop via a lineage distinct from the T
helper type 1 and 2 lineages. Nat Immunol 2005; 6:
1123-1132.

Glocker EO, Hennigs A, Nabavi M, Schaffer AA, Woellner C,
Salzer U, et al. A homozygous CARD9 mutation in a family
with susceptibility to fungal infections. N Engl J Med 2009;
361: 1727-1735.

Ferwerda B, Ferwerda G, Plantinga TS, Willment JA, van
Spriel AB, Venselaar H, et al. Human dectin-1 deficiency and
mucocutaneous fungal infections. N Engl J Med 2009; 361:
1760-1767.

Bettelli E, Korn T, Kuchroo VK. Th17: the third member of
the effector T cell trilogy. Curr Opin Immunol 2007; 19:
652-657.

Glocker EO, Grimbacher B. Mucosal antifungal defence:
IL-17 signalling takes centre stage. Immunol Cell Biol 2011;
89: 823-825.

Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A,
Komiyama Y, et al. Differential roles of interleukin-17A and
-17F in host defense against mucoepithelial bacterial
infection and allergic responses. Immunity 2009; 30:
108-119.

Eyerich K, Foerster S, Rombold S, Seidl HP, Behrendt H,
Hofmann H, et al. Patients with chronic mucocutaneous
candidiasis exhibit reduced production of Thl7-associated
cytokines IL-17 and IL-22. J Invest Dermatol 2008; 128:
2640-2645.

Puel A, Cypowyj S, Bustamante J, Wright JF, Liu L, Lim HK,
et al. Chronic mucocutaneous candidiasis in humans with
inborn errors of interleukin-17 immunity. Science 2011; 332:
65-68.

Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N,
Costantini C, et al. Evidence for a cross-talk between human
neutrophils and Th17 cells. Blood 2010; 115: 335-343.

Yu JJ, Gaffen SL. Interleukin-17: a novel inflammatory
cytokine that bridges innate and adaptive immunity. Front
Biosci 2008; 13: 170-177.

Liu L, Okada S, Kong XF, Kreins AY, Cypowy;j S, Abhyankar
A, et al. Gain-of-function human STAT1 mutations impair
IL-17 immunity and underlie chronic mucocutaneous
candidiasis. J Exp Med 2011; 208: 1635-1648.

van de Veerdonk FL, Plantinga TS, Hoischen A, Smeekens SP,
Joosten LA, Gilissen C, et al. STAT1 mutations in autosomal
dominant chronic mucocutaneous candidiasis. N Engl J Med
2011; 365: 54-61.

Dupuis S, Jouanguy E, Al-Hajjar S, Fieschi C, Al-Mohsen IZ,

Al-Jumaah S, et al. Impaired response to

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

interferon-alpha/beta and lethal viral disease in human
STAT1 deficiency. Nat Genet 2003; 33: 388-391.

Smeekens SP, Plantinga TS, van de Veerdonk FL, Heinhuis B,
Hoischen A, Joosten LA, et al. STAT1 hyperphosphorylation
and defective IL12R/IL23R signaling underlie defective
immunity in autosomal dominant chronic mucocutaneous
candidiasis. PLoS One 2011; 6: €29248.

Garcia YH, Diez SG, Aizpun LT, Oliva NP. Antigliadin
antibodies  associated ~with  chronic  mucocutaneous
candidiasis. Pediatr Dermatol 2002; 19: 415-418.

Firinu D, Massidda O, Lorrai MM, Serusi L, Peralta M,
Barca MP, et al.
mucocutaneous candidiasis caused by azole-resistant Candida

Successful treatment of chronic
albicans with posaconazole. Clin Dev Immunol 2011; 2011:
283239.

de Moraes-Vasconcelos D, Domingues-Ferreira M, de
Campos Pieri P, Jose da Silva Duarte A. Chronic
mucocutaneous candidiasis and systemic lupus erythematosus:
a new variant of chronic mucocutaneous candidiasis? Med
Mycol 2012; 50: 399-403.

Atkinson TP, Schaffer AA, Grimbacher B, Schroeder HW, Jr.,
Woellner C, Zerbe CS, et al. An immune defect causing
dominant chronic mucocutaneous candidiasis and thyroid
disease maps to chromosome 2p in a single family. Am J
Hum Genet 2001; 69: 791-803.

Muller V, Viemann D, Schmidt M, Endres N, Ludwig S,
Leverkus M, et al. Candida albicans triggers activation of
distinct signaling pathways to establish a proinflammatory
gene expression program in primary human endothelial cells.
J Immunol 2007; 179: 8435-8445.

Nahum A, Dadi H, Bates A, Roifman CM. The L412F variant
of Toll-like receptor 3 (TLR3) is associated with cutaneous
candidiasis, increased susceptibility to cytomegalovirus, and
autoimmunity. J Allergy Clin Immunol 2011; 127: 528-531.
Nahum A, Dadi H, Bates A, Roifman CM. The biological
significance of TLR3 variant, L412F, in conferring
susceptibility  to candidiasis, CMV and
autoimmunity. Autoimmun Rev 2012; 11: 341-347.

Ng WF, von Delwig A, Carmichael AJ, Arkwright PD,
Abinun M, Cant AJ, et al. Impaired TH17 responses in
patients with chronic mucocutaneous candidiasis with and
without polyendocrinopathy-candidiasis-
ectodermal dystrophy. J Allergy Clin Immunol 2010; 126:
1006-1015.

Meloni A, Willcox N, Meager A, Atzeni M, Wolff AS,
Husebye ES, et al. Autoimmune polyendocrine syndrome
type 1: an extensive longitudinal study in Sardinian patients.
J Clin Endocrinol Metab 2012; 97: 1114-1124.

Kisand K, Boe Wolff AS, Podkrajsek KT, Tserel L, Link M,
Kisand KV, et al. Chronic mucocutaneous candidiasis in
APECED or thymoma patients correlates with autoimmunity
to Thl7-associated cytokines. J Exp Med 2010; 207:
299-308.

cutaneous

autoimmune

(Received May 12, 2012)
Edited by GUO Li-shao and CUI Yi



