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Abstract

Autosomal recessive CARD9 deficiency underlies life-threatening, invasive fungal infections in otherwise healthy individuals
normally resistant to other infectious agents. In less than 10 years, 58 patients from 39 kindreds have been reported in 14 countries
from four continents. The patients are homozygous (7 =49; 31 kindreds) or compound heterozygous (n =9; 8 kindreds) for 22
different CARD9 mutations. Six mutations are recurrent, probably due to founder effects. Paradoxically, none of the mutant alleles
has been experimentally demonstrated to be loss-of-function. CARD?9 is expressed principally in myeloid cells, downstream from
C-type lectin receptors that can recognize fungal components. Patients with CARD9 deficiency present impaired cytokine and
chemokine production by macrophages, dendritic cells, and peripheral blood mononuclear cells and defective killing of some fungi
by neutrophils in vitro. Neutrophil recruitment to sites of infection is impaired in vivo. The proportion of Th17 cells is low in most,
but not all, patients tested. Up to 52 patients suffering from invasive fungal diseases (IFD) have been reported, with ages at onset of
3.5 to 52 years. Twenty of these patients also displayed superficial fungal infections. Six patients had only mucocutaneous
candidiasis or superficial dermatophytosis at their last follow-up visit, at the age of 19 to 50 years. Remarkably, for 50 of the 52
patients with IFD, a single fungus was involved; only two patients had IFDs due to two different fungi. IFD recurred in 44 of 45
patients who responded to treatment, and a different fungal infection occurred in the remaining patient. Ten patients died from IFD,
between the ages of 12 and 39 years, whereas another patient died at the age of 91 years, from an unrelated cause. At the most recent
scheduled follow-up visit, 81% of the patients were still alive and aged from 6.5 to 75 years. Strikingly, all the causal fungi belonged
to the phylum Ascomycota: commensal Candida and saprophytic Trychophyton, Aspergillus, Phialophora, Exophiala,
Corynesprora, Aureobasidium, and Ochroconis. Human CARD?9 is essential for protective systemic immunity to a subset of fungi
from this phylum but seems to be otherwise redundant. Previously healthy patients with unexplained invasive fungal infection, at
any age, should be tested for inherited CARD9 deficiency.

Key Points

* Inherited CARDY deficiency (OMIM #212050) is an AR PID due to mutations that may be present in a homozygous or
compound heterozygous state.

* CARD?O is expressed principally in myeloid cells and transduces signals downstream from CLR activation by fungal ligands.

* Endogenous mutant CARDO levels differ between alleles (from full-length normal protein to an absence of normal protein).

* The functional impacts of CARDY mutations involve impaired cytokine production in response to fungal ligands, impaired
neutrophil killing and/or recruitment to infection sites, and defects of Th17 immunity.

* The key clinical manifestations in patients are fungal infections, including CMC, invasive (in the CNS in particular) Candida
infections, extensive/deep dermatophytosis, subcutaneous and invasive phaeohyphomycosis, and extrapulmonary aspergillosis.

* The clinical penetrance of CARD?9 deficiency is complete, but penetrance is incomplete for each of the fungi concerned.

* Age at onset is highly heterogeneous, ranging from childhood to adulthood for the same fungal disease.

* All patients with unexplained IFD should be tested for CARD9 mutations. Familial screening and genetic counseling should be
proposed.
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* The treatment of patients with CARD9Y mutations is empirical and based on antifungal therapies and the surgical removal of
fungal masses. Patients with persistent/relapsing Candida infections of the CNS could be considered for adjuvant GM-CSF/G-
CSF therapy. The potential value of HSCT for CARD9-deficient patients remains unclear.

Keywords CARD?9 - primary immunodeficiency - invasive fungal disease - Ascomycota phylum - chronic mucocutaneous
candidiasis - invasive candidiasis - deep dermatophytosis - phaeohyphomycosis - invasive aspergillosis - phagocytes - central

nervous system

Introduction

Inherited CARD?9 deficiency was first reported in 2009, as an
autosomal recessive (AR) form of chronic mucocutaneous
candidiasis (CMC) in an Iranian multiplex consanguineous
family in which six of the seven affected individuals had
CMC [1]. Since 2009, 16 additional CARD9-deficient pa-
tients (from 13 families) with CMC have been reported
[2-11]. Inbomn errors of interleukin (IL)-17 immunity were
shown, from 2011 onward, to be the key genetic etiologies
of CMC [12, 13]. Accordingly, low ex vivo proportions of IL-
17-producing T (Th17) cells and/or low levels of IL-17A and
IL-17F production in vitro in response to polyclonal or fungal
stimulation were found in 18 of the 27 CARD9-deficient pa-
tients tested [1, 2, 9, 10, 14—16]. Only six of these 18 patients
had CMC at the time of study [1, 9, 10]. In addition to CMC,
three of the seven patients reported in the original study had
probably also had central nervous system (CNS) Candida
infection, affecting the meninges and/or brain [1]. Support
for this hypothesis was provided by the description of 14
additional patients (from 13 families) with the same clinical
presentation [3, 5-7, 9—11, 16, 17]. However, although the
CNS remains the main target organ of Candida infection in
CARD9-deficient patients, Candida infections of other organs
(eye: endophthalmitis, colon: colitis, bones: osteomyelitis)
have been reported in seven patients (from seven families)
[3, 6-8, 18, 19]. Since the first description of CARD9 defi-
ciency, the spectrum of invasive fungal diseases (IFD) in
CARDO-deficient patients has progressively expanded, with
the description of patients with extensive/deep
dermatophytosis (n =21, from 12 families) [2, 4, 10, 20, 21],
subcutaneous and invasive phaeohyphomycosis (r = 10, from
10 families) [14, 15, 19, 22, 23], or extrapulmonary invasive
aspergillosis (IA) (n =2, from 2 families) [8].

In addition to Candida albicans, a growing number of oth-
er IFD-causing fungi have been identified in CARD9-
deficient patients. All belong to the phylum Ascomycota
(Trichophyton, Phialophora, Exophiala, Corynespora,
Aureobasidium, Ochroconis, and Aspergillus). Regardless of
whether we consider the disease-causing fungus (e.g.,
Corynespora) or the clinical presentation (e.g., Candida
CNS infection, isolated brain or intra-abdominal IA without
lung damage), such IFDs are rare even among patients with
classical primary immunodeficiencies (PIDs). These studies

have thus shown that CARD?9 deficiency is primarily a genetic
etiology of IFD striking otherwise healthy individuals, rather
than a genetic etiology of CMC. CARD9 deficiency is cur-
rently the only known PID involving a specific increase in
selective susceptibility to both superficial and invasive fungal
diseases, and the only PID reported for some types of IFD
(e.g., deep dermatophytosis). Phagocytes probably play a
key role in invasive infections, as impaired cytokine and che-
mokine production by macrophages, peripheral blood mono-
nuclear cells (PBMCs) or dendritic cells (DCs), defects of
fungal killing by neutrophils, and impaired neutrophil recruit-
ment to the site of infection have been found in vitro or in
vivo, in both humans and mice. It has become clear that
CARD9-mediated immunity is essential for systemic host de-
fense against various fungi in humans, but the molecular and
cellular bases of fungal diseases in CARD9-deficient patients
remain poorly understood. We review here the molecular, cel-
lular, and clinical features of human inherited CARD9 defi-
ciency, as well as the relevant features observed in CARD9-
deficient inbred mice.

CARD9 Expression in Mice and Humans

In 2000, Bertin et al. identified human CARD9 as a new
caspase recruitment domain (CARD)-containing protein fol-
lowing a search of the Millenium Pharmaceuticals proprietary
database for sequences encoding CARD motifs [24]. The gene
encoding CARD? is located on chromosome 9, at position
q34.3, and has 13 exons (Fig. 1). It encodes two main tran-
scripts differing by 309 nucleotides, due to the alternative
splicing of exons 12 and 13, based on the data in the
Ensembl database. The first transcript is 2123 base pairs (bp)
long and is encoded by 13 exons (the first exon being a non-
coding exon), and it yields a protein of 536 amino acids (iso-
form 1). The alternative transcript of 1814 bp long (it lacks the
last 67 nucleotides of exon 12 and the first 242 nucleotides of
exon 13) is also encoded by 13 exons and yields a 492-amino-
acid protein (isoform 2). Isoform 2 is smaller than isoform 1
and has a different C-terminus, with a different amino-acid
sequence from residues 482 to 492, the stop-codon. All pub-
lished functional studies have been performed on the first
transcript, encoding isoform 1. In mice, the Card9 gene is
located on chromosome 2, at position 18.87 cM. It also
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Fig. 1 Schematic representation of human CARD9 protein and of the 22
mutations reported in patients with CARD9 deficiency. The main isoform
of CARD? is a 536-amino-acid protein with a CARD domain and a

consists of 13 exons and encodes two transcripts. The first
transcript is 1947 bp long and is encoded by 12 exons. The
second is 1880 bp long and encoded by 13 exons (the first
exon being a noncoding exon). Both transcripts yield the same
536-amino-acid protein based on the data in the Ensembl da-
tabase. The human and mouse CARD9 proteins are cytosolic
and contain one N-terminal CARD domain and one C-
terminal coiled-coiled domain (CCD) [24]. Human and mouse
CARD?9 proteins are highly but not completely homologous
(around 86%), which explains their functional similarities and
perhaps also suggests that they might have functional differ-
ences [25]. The pattern of CARD9 expression across tissues
seems to be similar in humans and mice. CARDY mRNA is
detectable in the placenta, small intestine, skin, lungs, and
brain, whereas the CARD9Y protein has been found in the
stomach and skin [1, 7, 24, 26]. However, the highest levels
of both mRNA and protein for CARD9 are found in the he-
matopoietic cells of the spleen, bone marrow, and blood, es-
pecially in myeloid cells such as macrophages and DCs.

CARD9 Function in Mouse Cells

In vitro studies on mice, mostly performed with bone marrow-
derived DCs/macrophages (BMDCs/BMMs), have shown
that CARD?9 transduces signals downstream from C-type lec-
tin receptors (CLRs), a family of pathogen-recognizing recep-
tors (PRRs). These receptors include Dectin-1 (CLEC7A)
[27], Dectin-2 (CLEC6A) [28], Dectin-3 (CLEC4D) [29],
and Mincle (CLEC4E) [30]. They are specific for 3-glucans
(Dectin-1), a-mannans (Dectin-2 and Dectin-3), and glyco-
lipids (Mincle) of the fungal cell walls [31]. These receptors
are activated by the phosphorylation, by Src family kinase
(SFK), of immunoreceptor tyrosine-based activation motifs
(ITAM) in the cytoplasmic tail of the receptor (for Dectin-1),
or of the associated signaling molecules, ITAM-containing
common Fc receptor y subunit (FcRy) (for Dectin-2,
Dectin-3, and Mincle). This activation induces a downstream
activation cascade involving phosphorylation by different
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kinases. Phosphorylated ITAMs first recruit and activate
spleen tyrosine kinase (SYK), which in turn phosphorylates
protein kinase C (PKC)-9, thereby engaging CARD9 in the
canonical nuclear factor kappa light-chain enhancer of activat-
ed B cells (NF-kB) and/or mitogen-activated protein kinase
(MAPK) pathways through phosphorylation of the threonine
231 residue of CARDY, which is located in the CCD. The
phosphorylated CARD9 recruits B-cell CLL/lymphoma 10
(BCL10) by CARD-CARD interaction. BCL10 immediately
binds to the mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT1) paracaspase, leading to the
formation of the CARD9-BCL10-MALT1 (CBM) complex
[32-38]. This complex activates NF-kB, the c-Jun N-terminal
kinase (JNK), and p38 to stimulate the transcription of genes
encoding pro-inflammatory cytokines and chemokines, such
as IL-2, IL-10, IL-12, tumor necrosis factor (TNF)-«x, pro-
Th17 cytokines (IL-1f3, IL-6, IL-23), and CXCLI or
CXCL2 [26, 32, 39]. It has recently been shown that proteins
of the Vav guanine nucleotide exchange factor (VAV) family
(VAV1, 2, 3) can serve as alternative activators of CARD?Y,
just like PKC-6 [40]. VAVs are activated upon binding to
CLRs (Dectin-1, Dectin-2, and Mincle) via SYK-dependent
activation. They, in turn, phosphorylate CARD9 complex,
leading to activation of the NF-«kB pathway, but not the
MAPK pathway, thereby inducing the production of pro-
inflammatory cytokines (TNF, IL-2, IL-1f3, and IL-10) [40].
However, the mechanisms leading to CARD9 phosphoryla-
tion by VAV and the role of the CBM are less well understood
than CARD? activation by PKC-8. The Dectin-1/SYK signal
can also engage CARDY in the MAPK pathway independent-
ly of PKC-6 activation and CBM formation [41]. Upon f3-
glucan binding to Dectin-1, activated SYK phosphorylates
Ras protein-specific guanine nucleotide-releasing factor 1
(Ras-GRF1), which in turn forms a complex with CARD9
that recruits and activates Harvey rat sarcoma viral
oncoprotein (H-Ras), leading to extracellular signal-
regulated kinase (ERK) activation and the production of cyto-
kines (IL-1{3, IL-6, and TNF-). Thus, in mice, binding of
CLRs to fungal ligands engages CARD9 in cytokine and
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chemokine production through the activation of the NF-kB
and/or MAPK pathways, depending on SYK/PKC-§ or
SYK/Ras-GRF1 activation.

CARD9 Function in Human Cells

Human CARD9 function has been studied mostly in overex-
pression systems and has been found to be very similar to that
of the mouse protein. Indeed, human CARD?9 transduces sig-
nals downstream from different CLRs (e.g., Dectin-1/
CLEC7A, Dectin-2/CLEC6A, Dectin-3/CLEC4D, and
Mincle/CLEC4E), from fungal components, through the
SYK activation of ITAM, leading to activation of the NF-«kB
and MAPK pathways and the production of pro-inflammatory
cytokines (Fig. 2) [29, 34, 42—45]. These receptors have been
identified in humans and cloned during the last 10 years and
have been shown to recognize the same fungal cell wall motifs
as their mouse counterparts, which is not surprising given the

B-glucans

¢9 ("]

Dectin-2

Dectin-1 Dectin-3

a-mannose

FcRy

high percentage identity between mouse and human CLR se-
quences [46—49]. Cytokine (e.g., IL-2, IL-10, or TNF-x) pro-
duction was detected 24 h after the stimulation of HEK 293
(human embryonic kidney) or RAW 264.7 (cell line derived
from murine macrophages) cells transfected with human re-
combinant Dectin-1/CLEC7A, Dectin-2/CLCECG6A, or
Mincle/CLEC4E alleles, with zymosan (principal 3-glucan
of the yeast cell wall [50]) or heat-killed C. albicans
[43-45]. The human CBM complex proteins were identified
by co-immunoprecipitation assays in which HEK cells were
transfected with BCL10, MALTI, and WT CARD9 alleles and
displayed complex formation [6]. Furthermore, in NF-«xB lu-
ciferase reporter assays, HEK cells transfected with Dectin-1/
CLEC7A, SYK, BCL10, and WT CARD? alleles displayed
NF-kB-dependent transcriptional activity after 24 h of stimu-
lation with C. albicans or Exophiala dermatitidis 3, 22].
Finally, CARD9 activation by VAV protein has not yet been
demonstrated in human cells. In primary cells (PBMCs,
monocyte-derived macrophages (MDMs), monocyte-derived
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Fig. 2 Human CARD? signaling pathway. Following the binding of CLRs
(e.g., Dectin-1, Dectin-2, Dectin-3, and Mincle) by specific fungal ligands,
ITAM in the cytoplasmic tails of Dectin-1 or in FcRy-associated adaptor
molecules for other receptors (Dectin-2, Dectin-3, Mincle) is
phosphorylated by SFK, which recruits and actives SYK. PKC-
activated by SYK phosphorylation, in turn phosphorylates CARD9,
leading to the formation of a downstream CBM complex. This complex
engages CARD?9 in the canonical NF-kB and MAPK pathways, enhancing

CcXcL1 CXCL2

the production of pro-inflammatory cytokines and chemokines. Dectin-1
may signal via the alternative Ras-GRF1/ERK (MAPK) pathway, which is
SYK/CARD9-dependent but CBM/NF-kB-independent, leading to the
production of pro-inflammatory cytokines and GM-CSF. The circled P
indicates phosphorylation. CBM: CARD9/BCL10/MALT1 complex;
CLRs: C-type lectin receptors; ITAM: immune-receptor tyrosine-based
activation motifs; SFK: Src family kinase; SYK: spleen tyrosine kinase;
PKC-6: protein kinase C &; CSF2 encodes GM-CSF
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dendritic cells (MDDCs), and monocytes), CARD9-
dependent signaling was assessed principally by measuring
the production of pro-inflammatory cytokines and
chemokines (e.g., IL-13, IL-6, TNF-a, CXCL1, and
CXCL2) after 24 or 48 h of stimulation with whole fungi or
CLR agonists (see below for details of the cells tested) [1-3,
5-8, 10, 14-17, 22]. Dectin-1-induced SYK-dependent sig-
naling was shown to activate the canonical (p65, c-Rel) and
non-canonical (RelB) NF-kB pathways in MDDCs after stim-
ulation with curdlan (f3-glucan from bacteria [51]) or C.
albicans [52]. Moreover, the Dectin-1/Ras-GFR1/ERK path-
way has been shown to be activated in human monocytes after
stimulation with zymosan, leading to the production of
granulocyte-macrophage colony-stimulating factor (GM-
CSF) mRNA (CFS2) and protein [6]. Thus, in overexpression
system, the binding of human CLRs to fungal ligands or
whole fungi induces cytokine production in a CARD9-
dependent manner, with CBM formation, NF-kB transcrip-
tional activity, and a high level of sequence identity between
the human and mouse CLRs. In primary cells, Dectin-1/SYK
signaling induces the activation of both canonical and non-
canonical NF-kB and MAPK pathways upon fungal stimula-
tion, leading to the production of pro-inflammatory cytokines.

Human CARD9 Mutations

CARD?9 deficiency has been reported in 58 patients from 39
kindreds. CARDY was sequenced in 51 of these patients (from
39 kindreds), leading to the identification of 22 mutations.
CARD?9 deficiency is strictly recessive, as none of the hetero-
zygotes had any unusual infectious phenotype. The genotype
of the other seven patients was, therefore, assumed to be the
same as that of their affected siblings, according to a recessive
mode of inheritance. Forty-nine individuals (84.5%) from 31
kindreds (79.5%) were found to carry the mutation in the
homozygous state, and nine individuals (15.5%) from eight
kindreds (20.5%) were found to carry the mutation in the
compound heterozygous state (Fig. 1, Table 1) [1, 2, 4-11,
14-23]. The mutations identified were located in the 5’
UTR, CARD, or CCD regions (Fig. 1). Missense (n=11)
[24, 6-8, 10, 16-18, 22], nonsense (n=4) [1-3, 5, 8, 9, 11,
14, 15, 20, 21], and synonymous (n = 1) [18] mutations; small
deletions (n =3, 2 in-frame and 1 frameshift) [19, 22]; small
insertions (n =2, frameshift) [14, 15, 23]; and a single-
nucleotide substitution in the 5" UTR region (n=1) [6] were
identified (Fig. 1). Six of the mutations were recurrent, sug-
gesting a founder effect. The two homozygous nonsense mu-
tations, Q289%* (n = 18, from 10 kindreds) and Q295* (n=13,
from 6 kindreds), were the most frequent, being found in
53.4% of patients and 41% of kindreds. Q289* was reported
in patients from North Africa (Algeria, Egypt, Morocco,
Tunisia), and four unrelated Algerian patients harboring the
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same homozygous CARD9 Q289* mutation shared a com-
mon haplotype around this mutation [2]. The Q295* mutation
found in patients from the Middle East (Iran, Turkey,
Pakistan) and in one patient of mixed European origin (no
data about the country of origin) was not formally demonstrat-
ed to be due to a founder effect [1, 3, 5, 8, 9, 11]. Three
unrelated Chinese patients bearing the same homozygous in-
sertion, D274{s*%60, shared the same haplotype around the
CARDY locus [15]. A founder effect is also probable for the
R70W mutation, which was found in four Turkish patients
from three kindreds [3, 10]. Finally, a founder effect has been
suggested for the YO1H and c.-5297>C mutations, which
have been found in three and two unrelated French-
Canadian kindreds, respectively [6, 17].

Computational Analysis of CARD9 Mutations

The minor allele frequency (MAF) of mutant alleles underly-
ing rare conditions is low (defined as < 1%, with common
alleles defined as having a MAF >1%) [53]. Only eight of
the 22 mutant alleles identified in CARD9-deficient patients
(Q289%*, Q295*, R35Q, Y91H, R373P, E323del, L64f5*59,
and D274fs*60) have been reported in public databases
(gnomAD, ExAC, 1000 Genomes, dbSNP), with very low
MAFs, ranging from 4.1 x 107 to 3.3 x 10> (gnomAD)
(http://gnomad.broadinstitute.org), and these variants have
been reported only in the heterozygous state (Table 2). The
other variants were private. Candidate variants for further
study can be selected by predicting their impact and the rele-
vance of the mutated gene, with gene-level and variant-level
methods. Gene-level methods include analyses of gene ex-
pression pattern and function and calculation of the gene-
damage index (GDI), a gene-level metric estimating the accu-
mulation of damaging mutations in the general population
[54]. The CARDY gene has a low GDI of 7.21 (which if less
than 12.4 the standard GDI cutoff used in computational anal-
ysis when looking for PIDs-causing gene in general),
reflecting a minimal mutational burden in the general popula-
tion (http://lab.rockfeller.edu/Casanova/GDI) [54]. Variant-
level methods can be used to determine whether a given var-
iant is benign or deleterious. They include the combined
annotation-dependent depletion (CADD), polymorphism phe-
notyping version 2 (PolyPhen-2), and sorting intolerant from
tolerant (SIFT) scores [55—57]. The mutation significance cut-
off (MSC) for a given gene is the lower limit for a given
variant-level score (e.g., CADD) above which the variant is
probably pathogenic [58]. Nineteen variants were predicted to
be deleterious, with a high CADD score (above the MSC of
19, with 15 generally used as the standard cutoff) and/or a
high PolyPhen-2/SIFT score (Table 2, Fig. 3). Three private
variants (R317R, A380P, and ¢.-5297> C) were not predicted
to be pathogenic by any of these scores and were found in the
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Table2 Computational analysis of CARD9 variants in CARD9 deficiency

CARD?Y alleles cDNA (protein) CADD score Allele frequency® ClinVar database PolyPhen-2/SIFT (score)

¢.3G>C (p-Ml1I) 26.7 Not reported Not reported Not calculable

¢.52C>T (p.R18W) 32.0 Not reported Not reported Probably damaging (1)/deleterious (0)
c.68C>A (p.S23%*) 35.0 Not reported Not reported Not calculable

c.104G>A (p.R35Q) 33.0 33x10° (gnomAD) Not reported Probably damaging (1)/deleterious (0)
c.170G>A (p.RS7TH) 29.9 Not reported Not reported Probably damaging (1)/deleterious (0)
c.184G>A (p.G62fs*) 23.5 Not reported Not reported Probably damaging (1)/deleterious (0)
¢.191-192insTGCT (p.L64{s*59) 24.0 5.3 x107° (gnomAD) Not reported Not calculable

¢.208C>T (p.R70W) 25.3 Not reported Not reported Probably damaging (1)/deleterious (0)
¢.214G>A (p.G72S) 27.3 NA (dbSNP) Pathogenic Probably damaging (1)/deleterious (0)
¢.271T>C (p.Y91H) 25.0 2.4x107° (gnomAD) Not reported Probably damaging (1)/deleterious (0)
¢.288C>T (p.G96del36) 6.9 Not reported Not reported Probably damaging (1)/deleterious (0)
¢.301C>T (p.R101C) 24.2 NA (dbSNP) Pathogenic Probably damaging (1)/deleterious (0)
¢.302G>T (p.R101L) 249 Not reported Not reported Probably damaging (1)/deleterious (0)
c472C>T (p.Q158%) 35.0 Not reported Not reported Not calculable

¢.819-820insG (p.D27415*60) 22.7 3.3x1075 (gnomAD) Not reported Not calculable

c.865C>T (p.Q289%) 35.0 8.4x10°° (gnomAD) Pathogenic Not calculable

c.883C>T (p.Q295%) 36.0 1.3x10°5 (gnomAD) Pathogenic Not calculable

c.951G>A (p.R317R) 73 NA (dbSNP) Not reported Not calculable

¢c.GAGY967-969del (p.E323del) 214 4.1x10°° (gnomAD) Not reported Not calculable

c.1118G>C (p.R373P) 23.3 23x10° (gnomAD) Pathogenic Possibly damaging (0.6)/deleterious (0.1)
c.1138G>C (p.A380P) 6.9 Not reported Not reported Benign (0.1)/tolerated (0.2)

c-529T7>C 4.1 Not reported Not reported Not calculable

For each variant found in patients, CADD score (https:/lab.rockfeller.edu/Casanova/GDI), MAF (from the public database, gnomAD?® , https:/gnomad.
broadinstitute.org), predicted clinical impact (ClinVar database; https://www.ncbi.nlm.nih.gov/clinvar/), and pathogenicity predicted in silico (PolyPhen-
2 or SIFT score) are given. In bold, CADD score higher than the MSC of 19, MAF reported in gnomAD, and prediction of pathogenicity by ClinVar,

PolyPhen-2, or SIFT. In bold italics, predicted nonpathogenic by PolyPhen-2 or SIFT
CADD: combined annotation-dependent depletion; MSC: mutation significance cutoff
% Public databases: gnomAD, 1000 Genomes (http://internationalgenom.org) and dbSNP (https://www.ncbi.nlm.nih.gov/SNP)

heterozygous state in the patients. The 5" UTR ¢.-5297>C
allele was not predicted to have any functional impact in silico
(e.g., splicing) but was suggested to be in linkage disequilib-
rium with the unidentified causal mutation in the three patients
carrying the predicted pathogenic Y91H mutation in the other
allele [6]. The other two “benign” mutations, R317R (predict-
ed to create a splicing site in silico) and A380P, were found in
a compound heterozygous state within a single patient, the
only patient in this series to have a predicted nonpathogenic
genotype [18]. Thus, 19 of the 22 CARDY variants were pre-
dicted to be deleterious and disease-causing.

CARD9 mRNA Levels in Patients' Cells

The impact of mutated CARDY alleles on mRNA levels was
evaluated by real-time qPCR or classical RT-PCR in PBMCs,
MDMs, MDDCs, and/or lymphoblastoid-derived cell lines
(LCLs) from patients. Thirteen alleles were tested: ¢.472C>T
(p-Q158%*), ¢.865C>T (p.Q289%), ¢.883C>T (p.Q295%),

@ Springer

¢.52C>T (p.R18W), ¢.104G>A (p.R35Q), ¢.208C>T
(p-R70W), ¢.271T7>C (p.Y91H), ¢.301C>T (p.R101C),
c.184G>A (p.G62fs*), ¢.191-192insTGCT (p.L64{s*59),
¢.288C>T (p.G96del96), ¢.819-820insG (p.D274£s%60), and
¢.-5297>C. The Q295%, YO91H, L64fs*59, Q158%*, and
D274fs*60 alleles gave rise to substantial amounts of mRNA
in PBMCs, suggesting that their transcripts underwent little or
no nonsense-mediated RNA decay [1, 15, 17]. Patients com-
pound heterozygous for the ¢.-5297>C/c.271T> C variants had
an allelic imbalance in PBMCs and LCLs, with only mRNA for
the ¢.271T7>C (p.Y91H) mutant allele detected [6]. The 5’ UTR
¢.-529C> T substitution had no detectable impact, and this mu-
tation was considered to be in probable linkage disequilibrium
with the causal mutation rather than being a disease-causing
allele itself. However, the second causal hit has not been iden-
tified in these patients and may be an intronic mutation creating
a splicing site. cDNA sequencing showed that c./84G>A
(G62fs*) and ¢.288C> T (G96del36) created novel splice donor
sites due to a 4-bp frameshift deletion and an in-frame deletion
of 36 bp, respectively [19]. Both the ¢.184G>A and ¢.288C>T
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Fig. 3 In silico analysis of CARD9
variants. MAF and CADD for all
heterozygous and homozygous
coding (missense, nonsense,
indels, whether frameshift or in-
frame, synonymous) and UTR (3’
and 5’ region) variants previously
reported in public database® and in
our in-house database are plotted

40

. gnomAD
* Patients

CADD

(a). Homozygous mutations
reported in public databases® and in
our in-house database are plotted
independently from the
heterozygous variants (b). The
dotted line corresponds to the MSC
with its 95% confidence interval.
The 22 mutations found in
CARD9-deficient patients are rare
and indicated in red; 8 are reported
in the public database, gnomAD,
with a very low MAF (< 107 and
the other 14 are private. Eighteen
CARDY mutations found in
patients are above the MSC of 19.
SPublic databases: gnomAD
(https://gnomad.broadinstitute.org),
1000 Genomes (https:/
internationalgenom.org), and

304

102 107 10°

MAF (heterozygous and homozygous)

UTR
Missense
Splice
Synonymous
Patients

dbSNP (https://www.ncbi.nlm.nih.
2ov/SNP). MAF": minor allele
frequency; CADD: combined
annotation-dependent depletion;
MSC: mutation significance cut-off

0
&

&

Q\

mRNAs were detected in LCLs. CARDY ¢.865C>T (p.Q289%),
¢.883C>T (p.Q295%), ¢.52C>T (p.R18W), ¢c.104G>A
(p-R35Q), ¢.208C>T (p.R70W), and ¢.301C>T (p.R101C)
mRNAs were also detected in the patients’ MDMs, MDDCs,
and/or monocytes [2, 3, 22]. The CARDY ¢.3G>C (p.M1]),
c.68C>A (p.S23%*), ¢.170G>A (p.R57H), ¢.214G>A
(p-G72S), ¢.302G>T (p.R101L), ¢.951G>A (p.R317R),
c.1118G>C (p.R373P), ¢.1138G>C (p.A380P), and
c.GAG967-969del (p.E323del) mRNAs were not studied.
These data indicate that the 13 CARD9 mutant alleles are
expressed at the mRNA level in the cells from the patients
tested, suggesting that none of these alleles is amorphic, at least
in terms of mRNA production.

CARD9 Protein Production in Patients’ Cells

The impact of biallelic CARD9 mutations on protein produc-
tion was assessed by western blotting and/or flow cytometry,
with monoclonal (mAb) or polyclonal (pAb) anti-CARD9

10

104 103 102
MAF (homozygous)

107 100

antibodies (Table 3) [1-3, 5-8, 14-17, 19, 22]. Endogenous
CARD?9 expression was assessed in the PMBCs, neutrophils,
MDMs, and/or MDDCs of the patients. Western blotting de-
tected no protein of the expected molecular weight (MW) (~
65 kDa) in cells homozygous for Q289* (MDDCs), Q295*
(PBMCs, monocytes, neutrophils), D274fs*60 (PBMCs, neu-
trophils), or M11 (PBMCs), or in cells compound heterozy-
gous for G72S/R370P (neutrophils, monocytes), L64fs*59/
Q158* (PBMCs), S23*/D274fs*60 (neutrophils), or
L64£s*59/D274£s*60 (neutrophils) [1, 2, 5, 8, 14-16]. These
mutant alleles are therefore probably loss-of-expression. By
contrast, normal levels of CARD9 proteins (of normal MW)
were detected in cells homozygous for YO1H (PBMCs) and
R57H (neutrophils, monocytes), or compound heterozygous
for G62fs*/G96del36 (LCLs) [7, 17, 19]. Moreover, R18W
and R57H protein levels in monocytes, MDMs or neutrophils,
were found to be normal on flow cytometry, further suggest-
ing that these mutations are not loss-of-expression [7, 22].
However, the levels of the R101C and R70W proteins in
MDDCs were found to be low on flow cytometry [2, 3].
Finally, the expression of some CARDY alleles (Q289%,

@ Springer


https://gnomad.broadinstitute.org
https://internationalgenom.org
https://internationalgenom.org
https://www.ncbi.nlm.nih.gov/SNP
https://www.ncbi.nlm.nih.gov/SNP

J Clin Immunol (2018) 38:656-693

668

0-dNL ‘9-T1 VN/6L6Y (VN sa1£00uow) [ewoN xS670°d Led 15°0°¢
mEo“oE
VN VN A<Z mou%oocoev JeulION pajeduny Jo junowie [eULION ,\w@wNO.Q 9¢d IXX
VN 00ST1/00L1 (VN sapfoouou) [eutioN (Junoure—oz1s) ([ewlION Osead Sed XX
&CSOE@ MO[ MQNG JeULION
0-ANLL ‘9-T1 VN (VN sejhoouow) [eutioN POUSIUILI(] moLyd ved XIX
&ﬁ:o&m MO[ WONR JewlIoON
0-ANLL ‘911 VN (VN sejhoouow) [ewtioN JPoysIuIIq moLyd ¢ed MAX
VN VN (VN sejhoouow) [ewioN VN epgzead 7ed IIAX
gunowe Y31y $0ZIS [euIoN
0-ANL ‘911 VN (VN se1koouowr [eutioN L[BUION Mmeryd Ied IAX
VN VN VN VN 09:SypLzad oed AX
614z 0-ANL ‘9~ 11 ‘J1-T1 VN VN AUSqY 09:SjpLzad 6cd AIX
VN VN VN HUSSqY 09sS¥pLzad 87d X
61dgZ-11 %0-ANL ‘911 “J1-11 VN VN SUSSqY +8S10°d/6S:s1r91d LTd X
ASD-ND VN [ewoN (Junowre—szIs) [EULION HI6Ad 9zd IX
9Tl 00LT/611S VN q?U9SqV +6820°d sud X
VN VN VN VN +6820°d ved XI
9-1I VN VN licE +6820°d ¢ed XI
VN VN VN VN £6820°d i XI
VN VN VN VN ororyd 12d A
(Junowre—ozIs) q[BWION
9Tl 00ST/TtL1 (VN sejhoouowr) [eutioN PAYSIUII ororyd ocd A
VN VN VN VN +6820°d 61d 1A
VN 0SS/VN VN VN +6820°d 81d IIA
VN VN VN VN VN L1d IA
VN VN VN VN +6820°d 91d IA
VN VN VN VN +6820°d SId IA
VN VN VN VN +6820°d vid A
VN 0092/00€ T VN VN VN €1d A
VN VN/00ET (VN se1hoouow) [ewioN VN +6820°d Cid A
VN VN (VN seyhoouou) [eutioN VN +6820°d I1d Al
VN 00LZ/VN VN VN VN 01d 1
VN 00LT/YN VN VN +6820°d 6d 11
911 ‘J1-T1 VN VN HUSqY deLeyd/sgod 8d 1l
VN VN VN VN VN Ld I
VN VN VN SUSSqY VN 9d I
0-INL TLY/VN JEULION JUSqQY £$620°d Sd I
0-AN.L L19/VN [euwIoN AUOSqY x$620°d vd I
0-AN.L T801/VN [ewioN HUSqQY £$620°d ed I
VN VN VN VN VN ud I
0-IN.L 8808/VN JEUION HUSqQY £$620°d Id I
(o) SIUNOJ 9)Ad0UOWT
Jegop uononpord sunyoif) oF/(Juy/N1) 951 ‘NN JIN ‘g “,8aD L “,.+AdD L
adKyouayd eorSojounuutuy uorssa1dxa urejoig ujord VD syuaned SpaIpury
suoneINW GV dNA[[elq PIm sjuoned Jo owodno pue saImjedj [eorojountuwll pue N[O\ € d|qel

pringer

Qs



669

J Clin Immunol (2018) 38:656-693

568 ‘91l s(spuowr 9) ojozeuoonyy o'd uayy gury ‘AT _(suviqqp ) paziuosdoun) Sur[n] NIND MOT/YN 8d il
[1] VN VN VN Ld I
[1] 10950 [e3dds Te[NOLIUSA VN VN VN 9d I
(1] VN VN VN/MOT Sd I
[1] VN VN VN/0] vd I

sisenrjorydou
[1] ‘T smfjew saRqel VN VN VN/M0T ed I
[1] VN VN VN wd I
[1] suors[ snoypydy 9[ozeuooe}oy o'd uel-3uo| VN VN/ M0 1d 1
uononpoid
siiydonnau jo 1o VLI-TI/STI?9 LTYL pooid
suoIje)soIuR
SQOUQISJOY  [BOIUI[O JSY)0—SaNIPIqIOWO)) SjudUBAI], adKyouayd [eorSojoununuy  syuoned  SPAIPUTY]
(VN
sojkoouowr) NJN SIN ‘g [BUION
Juuw/zee ,8aD L
VN [euLou/0 18] JUW/98T L HAD 1 VN +5620°d 8sd XIXXX
0-ANLL ‘911 ‘g 1-T1 [ewoN JEULION HUISqQY 09:XjpLzad LSd MAXXX
(,uonerAroydsoyd
69d+) 2-ANLL ‘9~ ‘g 1-TI [euIoN JEULION HUSSQY 09:+X3vL7A d/5c7S"d 95d IIAXXX
VN JEUION JEULION (unoure—ozIs)  [EUION 9€19P96D d/:s§79D°d Ssd IAXXX
VN [ewIoN (VN se)hdouow) [eutioN VN x6820°d ¥Sd AXXX
VN Y3y /191 (VN sa1ko0uowr) [euLioN VN VN €6d AIXXX
ASD-ND ‘9-TI [ewou/cy8 (VN sepkoouow) +4D L YSIH VN MoLgd 7sd AIXXX
ASO-ND ‘9O-TI y31y/0z81 (VN sa1ko0uow) [eutioN VN MmoLgd 15d AIXXX
VN VN VN VN AL1Edd/dogevd 0Sd XXX
VN VN VN VN x5620°d 6vd XXX
VN [euLIoN (VN sa1ko0uour) [euioN VN x$620°d 8hd XXX
A-NAT ASO-IND “0-ANLL 9~ “g1-T1 PareAsd/8z8 [ewIoN HUSSqY N Lyd IXXX
sojkoouowt ‘NJAI 3N ‘g [BUWLION
JUW/9€T 8D L
A-NATL ASO-IND 0-ANL ‘9-T1 “J1-TI VN JLIW/00€ ,vAD L HUSSqY #S620°d 9vd XXX
A_ocoum\éom YH [ewou +)

A-NAT ‘ASO-IND 0-ANL ‘9~ ‘g 1-TI [eULION [ewION (Junowre—ozIs) ,[EWION HLSYd Std XIXX
(puoneAnde Y+ ASD-IND VN VN (Junowre—azIs) ([EULION D<L6ZS-I/HI6Ad vhd MAXX
(puoneAnde SYH+) ASO-IND VN VN (unowre—oz1s) ([eULION D<I6CS-2MHI6Kd evd MMAXX
(puoneAnde SYH+) ASD-IND VN/Z68C-198 d8uey VN (Junowre—azIs) ([EULION D<IL6ZS-I/HI6Ad wd IIAXX

0-ANLL ‘911 ‘g 1-11 [ewioN [euION AUSSqY 09:SHrL7A /65 9T d I1¥d IAXX
911 ‘g1-T1 U314/, uStH (VN saiboouour) [euioN HUOSqY xS620°d 0rd AXX
VN 89€1/000C < (VN sd1koouow) [euioN VN Tro1yd 6¢d AIXX
VN VN (VN sekoouow) [ewioN VN +6870°d 8¢d 11006
quejord

Ppajedunn jO junowie [euON

(ponumuoo) ¢ J[qe,

pringer

Qs



J Clin Immunol (2018) 38:656-693

670

[€]
[€]
[€]

[za]

[cad
5109 *s1]
;09 “s1]

5109 ‘s1]
5109 “s1]

[L1]

[2]
[a]
[2]
[2]
[2]

— = —
aa o

—
N

— —
A AN AN
[ TR I PR P PR

—
[a\

[2]
[2]

asdeaa pue (s1eak ¢) ojozeuodent

-0°d wie)-3uo uayy 9jozeuodnyj "o°d + A1931ns snurg
(squowr 9 <) 9[0ZBUOIN[]

*0°d wiI)-5uo] Uy (AMY) (djozeuodn[y “o'd USY) guIy A'l
(s1eaA 7 <) ojozeuoonyy ‘o°d :sixvjdydoag

“golozeuodn(y *o°d udy) SUISO)AONY-G + GUIV “A'T JUNYS JA
VN :9sdeppa SunT ‘(9]0ZeUOILIOA ‘O[0ZBUOIE]I

‘9[0zeuodn(y) (s1edk ) syuoSe 9[0Ze JO UONBUIqUIO))
sulyeulqo) “0°d + 9]0ZBUOILIOA

AT+ UV A/[BOdYI-eNUL +Junys JA :dsdepaa ureag
(sypuowr Z7) 9]0ZBUOILIOA

‘0°d uoyy gury “A'/[ed0] + 1081 AIel|iq JO uonegLu|

(asuodsax

Plu ‘sypuow 9) uryeuqie) ‘o'd + ojozeuooent ‘o-d

(1K | <) ojozeuooent ‘o°d sixvjdydosg

djozeuodenr ‘0°d + A103Ins sopou un|g
(QURLINIA

YIM ‘SIBIA 7 10J) 9]ozeuodent *0°d uLo)-3uof uay) quiy A'l

gjozeuoden: ‘o'd gurdeass uoy) gqury ‘A1

(sypuowr §1) 9[ozeuoouoa "o°'d + JSO-ND "o's :9asdepy

quy + 9[ozeuodnyj ‘A'T + A103Ins urerg
9[0ZBUOJLIOA

-0d wie)-3uo uayy sarderoy reSunynue oydnny

9]0ZBUOILIOY + 9[0ZBUOIN[J + UIA[NJ0SLIS *0°d uLd)-3uo]
djozeuooen: *o°d wu)-3uo| uayy djozeuodnyj "o'd
VN

VN
9]0Zeu0oLI0A "0°d ULId)-3uo] pIfIe}
+ uonendure 1005 + A-NJJ + sorderoy) [eSunynue sdnny
VN
UIA[NJoas1IS ‘0°d wLId)-3uo] AU
VN
JuIeUIqId) + 9[0ZBUOJRN! 0°d ULId)-3U0] udy) (AW0ISO[0d
yim) A1a3ms [esurtod + Aderoy [eSunynue ojdny
9jozeuoodnyj ‘o'd + wA[nyoasus o'd w)-3uo|
urA[njoass ‘o'd uey-3uo
uIA[njoasus o'd uLI)-3uo] ARIYJou]
uIA[njoas3 o'd ue)-3uo
(s1e9K G¢)
dl Z smifow saRqerq 9jozeuooent ‘o°d w)-3uo|
9Jozeuooen! *0°d uLId)-3uo] IARIYJIUY
(s1eak ()6)
dIN T SmIfjow sajeqer ojozeuooent ‘o°d we)-3uo|
9[0zeuodN|y + duISO}Aon[ -G ‘A'T :dsdey

VN

VN

eruadonnou SND

VN

VN

J(psoon.iioa  paziuosdoun) Surfny NINA
J(psoon.iioa g paziuosdoun) Surfy NINA

5 (soon.iaa o paziuosdoun) Surfy NI

J(psoon.iioa g paziuosdoun) Surfny NINA

VN

VN
VN
VN
VN
VN

VN
VN
VN
VN

VN
VN
VN
VN
VN

VN
VN

VN
eruadonnau SND

VN  sed XX
JeuLOu/[eUON  pEd XIX
Jeuou/jeuuoN  ged  IMAX

VN ced AX

([BULIOU/ [EULION, Ied IAX
VN 0¢ed AX

(4TTTD MOEMOT  62d AIX

(4TTTD (MO1/5M07] 87d 1110’6
((TTTD Mmof/5moT Ld J10'¢
VN/j[BWoN 97d X
VN/M0T sud X

VN  td X1

VN/M0] €cd X1

VN Ted X1

VN 12d A

VN/M0] 0zd A

VN 61d A

VN 81d A

VN L1d IA

VN 91d IA

VN S1d IA

VN  ¥Id A

VN €1d A

VN Tid A

VN I1d Al

VN 01d 1l

VN 6d il

(ponumuoo) ¢ J[qe,

pringer

Qs



671

J Clin Immunol (2018) 38:656-693

[61]
[12]

[o1]
[o1]
[o1]

[81]
[6]

el

[8]

[8]

[19°L]
[9]
[9]

[9]
(€T “pil

65 sl
[v]

[oz]
[€]

[€]

VN :UONOJJUI WNIPISEqOAINY
9[ozeuoden: "o°d wi)-3uo]
uay) (JUIWBI.I) JO SISANOD [BIIAIS) UIA[NJosuS “o°d

(VN
wsiproifyyeredodAy  :uonemp) djozeuodnyy o'd usyy dUISOILON[-G + GUIY ‘AT

VN
U0I)03sa1 3[npou 183yd + sarderay) [eSunynue sjdnny
(s1eak G <) 9jozeuoonyy “o'd :sixvpdydo.ag
dj0zeuodnyy 0°d + Juowaoedar diy :snroAwoso dsdepy
9j0zeuoduoA 0'd + A1081ns soka :sprueyiydopuy
(¢[eSuny ‘[erejoeq

‘[eIIA) (SIB9A §) SHISUTUSN VN

(1834 1 <) ojozeuoonyy -o-d :sixwpdydoag

djozeuodnyy ‘o'd + (sypuowt ¢) JSD-OH 'S U
urdunjosded "AT udy) gury AT + 9[ozeuoon(j ‘A’ :3sdejayy
§P10Zeu00LI0A “0°d UBY) GUIY “A'I + 9JOZBUOIN[J “A'T

(peap pue) 9SBaSIP SAISN]900-0udA doneday uayy

OSBASIP ABMITE OAT}ORAI jyeISud oy anyrej (L.DSH Po[ey oM, ‘sorderoyy [eSunynue
‘SQISIS[e POOJ ‘BUIOZOD PIIA JO uoneuIqUIOd + A195INs Suny[ngep [europqe-enu|

(s189K (07 <) 9j0zeuooent ‘o°d :sixvjdydoig
(uoneynuu ojozeuodent ‘o°d :sisofi31odse europqe-enuy

LSVAS sno3Az013)ay) "K1931nS 11100 + guIy "A’l :SIso[[1S1adse [e1qa10)) dsdejoy

ei3ordered onseds Qv qury ‘A’ :SISBIPIPUED [RUNIOPqe-BIU]
(s189A §'Z < ‘osop y3iy) ojozeuoonyj ‘o-d :sixwjdydoiq
wunys dA + 4SO D
dOLS + (esop ysry) sjozeuoonyy ‘o°d :uorsseigoid s,dseasiq
dj0zeuodnyj -o'd + (sypuowr G1) JSD-ND “0's :dsdePy
(sypuowr 9)
ojozeuoonyj ‘o°d udy} 9]0ZBUOILIOA + UISO}LIN[I-G
"A'T UQU) (JUOW | ) S[OZBUOILIOA + QUISO)AON[J-G + FUIY ‘Al

VN

(VN :uoneinp) 9[0zeuodn|j

(sqpuowr g1) ojozeuoonfy ‘o'd + JSO-]ND "0's :3sdePy

ojozeuoonyy o'd + A1081ns urerg

duyeulqa) ‘o'd + quiy ‘Al

(s1eak 7 <) ojozeuoonyy -o-d :sixwpdydoag
(sypuowt 1)

Juonoojur “dds sz.wosy  auofe sjozeuodtioa o'd uayy Adereyy [eSunynue o'd ojduiy,
(sypuowr 1) ojozeuodesod

‘o°d yum JuowdAoldun :sarderayy [eSunynue oidnny
(sypuowr ) sjozeuooesod

‘o°d yim JuowaAordun sarderary [eSunynue oidnniy

djozeuodesod ‘o-d uayy gury ‘A1
s(squowr [ <)

d1ozeuoonyj o°d w)-Fuo[ Uy} JUISOILON[J + UIY ‘AT

VN
VN

VN
VN
VN

VN

VN

eruodonnou SND

103Jop SUNH NI ON
Ayoeded o1joeIOWAYO [BULION
eruodonnau ssew [euarerdng

193J9p Sul[ NIAId ON
Ayoeded o10eI0WAYO [RULION
eruodonnou sapou ydwA] SLIJUISaA

eruadonnou SN

(suvaiqp -
pazruosdoun) Surf[ey NI

VN
VN

VN
eruodonnou ung

E
(suvdigpp *5 pazruosdoun) Sun] NI
(supo1qqp -5 paziuosdo) Sur[ry NI

VN
VN

VN

VN
VN

VN
(4TTTD M0]/3M0]
(4TTTD MO]/3M0]

VN

MOIVN

MO/VN

VN, JeutioN

VN, JeutoN

VN/,[eutoN
VN
VN

VN
(TTTI-(TTUL) 401/ 0T
VN/,[eutoN

VN

VN
JeuLIOn;, [EUoN

VN

Sed

vsd

£6d
sd
Isd

0sd

6vd

8¥d

Lvd

ovd

Svd
vrd
trd

wd
Ivd

Ovd

6¢d

8¢d
Led

9¢d

IAXXX

AXXX

AIXXX
AIXXX
AIXXX

XXX

XXX

XXX

IXXX

XIXX
HIAXX
MAXX

NAXX
IAXX

AXX

AIXX

1110:0.:¢
XX

IXX

(ponumuoo) ¢ J[qe,

pringer

Qs



J Clin Immunol (2018) 38:656-693

672

soul[opIng 0} SUIPIOOOE JUSUNEAL], ¢

sroded speredos ur payiodar osfe axom sjuened oy 1oy sAesse Surfy rydonnaN

("dds szosy) uonodyur onisered JO 1xJU00 € UT S[DAJ] HS] WSS YSIY pue Junod [rydoursos ySIy ,

MO] oq

0} punoy a1om Aoy pue ‘qyu gz-"[-HUE oY) M VSITH 10 A1owo)Ad Mofy Aq ‘Juotiodxo dures oy) Ut passasse a10m SONEJ Aq uondnpord gz-T1 Io/pue s[ied I, A0 _LI1-TI/ ,<¢-T1Jo uontodord oy,
Judpuodop-urnsut 77 ‘yuopuddop-urnsuruou (77N JUBUILOP [BWOsOINe (7 ‘uonejue[dsuen [[90 wjs onorodojewoy ;7)HSE ‘[esuoiuod-o[nomuaa (g4 g uoudoydue

Uiy SNOUDABIIUL :4°7 {SNodUeINdqNs :2°s ‘so 1od :'0°d WdISAS SNOAIOU [BNUD (SN ‘S[IYdouIsos 07 ‘s[[ed Jo[[y [eImeu :yN ‘sjiydonnou resjonuoydiowkjod N 9dA-piim ;74 O[qe[ieAe jou :yN
DSt Q) I0/pUe ‘vjoJNSSDD ) ‘DAJ1IdS H ‘DSOIMNLIDA  ‘SUDIIID ") PI[IY-1ESY YIM UONE[NUINS JO SABP 9 10 * (\PSOINLIIA f 1O SUDDIGID ")) YHM

uonR[NWILS JO [ 8% ¢ ,SPEIq PAIE0d-Apoquue 87D/ D/ UL J0 UDAWOUOL/ VI UM UOLR[NNS JO [ $7 Joe VSITH AQq passosse sem SOINEd 10 S[[9 poojq-sjoym Aq uononpoid vz -1 @?Dsnut
‘O 10/PUR ‘DjodIISSDD ) “DAdfiurds T ‘DSOIMLIDA  ‘SupIIQIV ) PI[ID[-1EAY YILM UOLB[NWILS JO SABP 9 OB IO ¢ (®)PSOIMLIDA 1O SUDIqID ")) PI-)edy YILM UONL[NUINS JO [ 8 JOYE *  UIDAWOUOL/VINJ 10
Speaq pajeod-Apoquue §ZAD/EAD/TAD-HUE YA UONENINS JO U 7| Joye AnowolAd MOJf A OATA X0 Passasse sem SOINEd W S[[99 L ¥ ,VLI-T11J0 uontodoid oy * , v e im sisA[eue Anowolko
MO UT “D2fiu1ds "7 YHim UOTRTNTTS JO UTUI ()¢ JoYe sajkoouow sjuaned oyy ur punog seam uonejLroydsoyd (g-N) iungns god parreduy *  qyur & (s sojesA[ [[99 JO SJO[QOUNUIIT AQ UMOYS SE ‘UBSOWAZ
M UOB[NWNS JO U G| JOYe J[9[[8 6F¥ VD HLSY 10} sno3Azowoy juaned wolj sejAo0uow Ul [euliou pue suonenwt 67y vD (HI16AD) D<II/7 /D <L6CS-2 10} sno3Azo10)ay punoduwod judned
woy saykoouowr ur pasredur seam uone[Aroydsoyd (SIAVIN) S * o, (Smw3iunf "y ‘avsnut Q) ‘vjodussv ) ‘vaafiurds i ‘vioydoppryd ‘5 ‘DSOINLIA  ‘Supd1qiv "D PI[-1edY “5-9) I3Uny S[oyM Jo (Ue[pInd
‘uesowAz “°3-0) systuoFe [e3uny ypim uonenuns (s ‘sdfeydoroewr ‘SHINGJ ¢32) [[99 PIO[AW JO [ 8% 10 7 1oy VS TH Aq passasse sem uononpoid ouroj£)) 'sjo[q uIaisom uo uond)ap urejoid v

JO 050 [oRd UT paygIoads ore uIo)oId JO JUNOUIE PUE SZIS OY, * ( WAISAS UOISSOIAXAIOA0 UE UT 10, S[[20  sjuaned uT qyd 10 qyu (irm Anourol£o Moff 10/pue SUIO[q UIo)SOM Aq PaSSOSSE oM S[OA] UIAJ0I]

(pooypjIyo) uonodJuI 1081 910zeuodLIoA *0°d + gury A’ :asdepyy
A1oyendsar 1oddn ‘suorsoy (SUOIS|NAUOD)
[11]  onodioy ferqey ‘(spuey) sirepy urojAuoyd + (sgyuowr ¢) djozeuodtio o'd VN VN  86d XIXXX
(QuourdAo.xduuy
M ‘SYIAM [RIDAS) UIY “A'T UY) (SYIUOW 1) dUIJRUIGIO)
[+1] pue djozeuodent “o'd uey) (syyuow ¢) djozeuodent ‘o'd eruadonnau uryg (4TT-TI—TTUL) O]/ 200 LSd MMAXXX
(9A13JaUI) 9[0ZBUOIEII "A'T + ouljeurqid) ‘o'd :asdefey
[¥1] (sypuowr [e19A9s) djozeuodesod ‘od eruadonnou unyg ((TT-TITTUL) MO/, MO 06d TAXXX
(sypuow g) 9[0ZeUOILIOA “0°d USY) O[0ZBUOILIOA
‘AT + A[[eanIA-eNUI :UONIJUI ppipun,) dsdey

(ponumuoo) ¢ J[qe,

pringer

Qs



J Clin Immunol (2018) 38:656-693

673

Q295*, R101C, R18W, R35Q, R70W, Y91H) was also
assessed by western blotting with pAbs after transient overex-
pression in HEK cells [2, 3, 6, 22]. The Q289* and Q295*
CARD?9 alleles generated normal amounts of truncated protein
(about 25 kDa). The R101C, R18W, R35Q, R70W, and Y91H
CARD? alleles produced proteins of normal MW (65 kDa) in
amounts similar (R101C, R35Q, Y91H), higher (R18W), or
lower (R70W) to those in HEK cells transfected with the WT
CARD?Y allele. In overexpression conditions, none of the al-
leles tested was loss-of-expression. The impact of the
E323del, R101L, A380P, and R317R CARDSY alleles was
not studied in cells from patients or in an overexpression sys-
tem [4, 18, 22]. In conclusion, endogenous CARD9 expres-
sion varies between the different genotypes, from the produc-
tion of normal amounts of a protein of the expected MW to a
complete absence of protein production.

Immunological Status of CARD9-Deficient
Patients

All 31 patients tested for peripheral neutrophils and T, B, and
natural killer (NK) cells had normal counts of these cells, and
monocyte counts were normal in the 12 patients tested (Table 3)
[1-5, 7-11, 14, 17, 19-22]. Extensive whole-blood
immunophenotyping revealed no abnormalities other than low
CD4" and CD8" T-cell counts in one patient [8] and a low
CD4* T-cell count in another [11]. T-cell proliferation in re-
sponse to mitogen (phytohemagglutinin—PHA) was analyzed
in nine patients, all of whom displayed normal proliferation,
whereas proliferation in response to antigens, which was
assessed in seven patients, (e.g., candidin, tetanus toxin, tuber-
culin) was normal in four patients, with a weak response to
candidin and tuberculin in the other three [3-5, 7-9, 16, 22].
The phagocyte oxidative burst was normal, as shown by the
dihydrorhodamine assay (DHR), in the 15 patients tested [3, 4,
7, 8, 11, 14, 16, 17, 22]. Sixteen of the 25 patients tested had
hypereosinophilia (64%), 12 of 19 had high serum IgE levels
(63.2%), and eight of 17 patients tested had both (47%) [1-4,
6-11, 14, 19, 21]. The high serum IgE concentrations and
hypereosinophilia are unexplained. No manifestations of atopy
(e.g., allergies, eczema, or dermatitis skin lesions) were reported
in any of the patients with the exception of one patient with a
history of food allergies, mild eczema, and reactive airway at-
opy [8]. However, IgE allergen reactivity was not analyzed.
Thus, hypereosinophilia and high serum IgE concentration in
patients with IFD may be suggestive of inherited CARD9 de-
ficiency, in cases in which monoallelic dominant-negative
STAT3 mutations and biallelic loss-of-function DOCKS muta-
tions have been excluded [62, 63]. Thus, the immunological
status of patients with CARD9 deficiency is characterized by
a normal leukocyte blood count, and about half the patients
present hypereosinophilia and high serum IgE concentration.

Impaired Mononuclear Phagocyte Responses
to Fungal Stimulation

Cytokine production by PBMCs, monocytes, MDMs, and
MDDC:s after the stimulation of these cells with various fungal
ligands (curdlan, zymosan, heat-killed C. albicans, E.
dermatitidis, E. spinifera, Phialophora verrucosa, Ochroconis
musae, Corynespora cassiicola, and/or Aspergillus fumigatus)
was impaired in the 27 patients tested (Table 3) [1-3, 5-8, 10,
14-17, 22]. Indeed, impaired production of IL-1{3, IL-6, and
TNF-a was observed in cells from homozygous (Q289%,
Q295*, M11, R18W, R57H, R70W, R101C, and D274£s*60)
and compound heterozygous (L64fs*59/Q158*, G72S/R373P,
S23*#/D274£s*60, and L64fs*59/D2741s*60) individuals tested
after 24 or 48 h of stimulation. This defect probably resulted at
least in part from impaired NF-kB pathway activation, as sug-
gested by the abnormally low levels of NF-kB p65 phosphor-
ylation observed in monocytes from patient compound hetero-
zygous for S23*/D274fs*60 after 30 min of stimulation with E.
spinifera [14]. PBMCs from individuals homozygous for
p.Y91H or compound heterozygous for c.-5297>C/c.271T>C
(p-Y91H) mutations produced normal amounts of IL-1(3, IL-6,
and TNF-« after 24 h of stimulation with zymosan, whereas
GM-CSF levels were very low [6, 17]. Impaired GM-CSF pro-
duction by PMBCs was also detected after 24 h of stimulation
with curdlan, C. albicans, and/or A. fumigatus in individuals
homozygous for Q295*%, M11, R57H, or R70W [7, 8, 10].
Western blotting analyses suggested that ERK phosphorylation
was impaired after stimulation with zymosan in monocytes
from patients expressing CARD9 Y91H protein [6].
However, a recent report suggested normal ERK phosphoryla-
tion after zymosan in monocytes expressing CARD9 R57H
protein [61]. In all CARD9-deficient patients tested, the levels
of IL-1p3, IL-6, and/or TNF-o produced after 24 or 48 h of
stimulation with nonfungal ligands (e.g., heat-killed
Staphylococcus aureus and/or lipopolysaccharides—LPS)
were similar to those of healthy control cells. These data sug-
gest that the 14 mutations tested are at least strongly
hypomorphic, if not amorphic, in terms of cytokine production
upon fungal stimulation. However, assays based on gene
editing technology (e.g., CRISPR/Cas9 and rescue of mutant
phenotype) were not performed, and it was not, therefore, pos-
sible to draw firm conclusions as to whether the mutants were
completely (null) or partially (hypomorphic) loss-of-function.

Impaired Functions of Polymorphonuclear
Neutrophils

Neutrophil functions were studied in 10 patients (Table 3) [4,

5,7, 8,16, 59, 60]. It was initially suggested that the suscep-
tibility to Candida CNS infections resulted from defective
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killing activity in CARD9-deficient neutrophils. Indeed, neu-
trophils from three patients with Candida meningitis were
shown to have a selective defect impairing the ex vivo killing
of unopsonized but not of opsonized C. albicans yeasts,
resulting in an outgrowth of hyphae not observed with con-
trols [5, 7, 16, 59]. In line with these data, phagolysosomes
with an abnormal ultrastructure were observed in these neu-
trophils on electron microscopy [16]. However, no neutrophil
killing defect was observed with C. albicans hyphae (whether
opsonized or unopsonized), the predominant form in infected
tissues [7, 64]. A neutrophil killing defect of opsonized C.
albicans spores was observed in a standardized killing assay
[65] for the only patient with deep dermatophytosis tested [4].
As observed for the C. albicans yeast killing defect,
neutrophils from four patients with subcutaneous P.
verrucosa infection displayed a selective defect affecting the
killing of unopsonized P. verrucosa conidia, but not of
opsonized conidia [60]. However, the killing of opsonized
and unopsonized A. fumigatus conidia and hyphae by
neutrophils was not impaired in CARD9-deficient patients,
suggesting that CARD9 may play different fungus-specific
roles in neutrophil function [8]. Moreover, the observed kill-
ing defects were neutrophil-specific, as the ex vivo killing of
E. spinifera conidia or C. albicans yeasts by monocytes was
normal in the patients with subcutaneous phaeohyphomycosis
(n=3) or Candida meningitis (n = 1) tested (by flow cytome-
try analysis of stained fungal particles [66]) [7, 14]. Neutrophil
recruitment was impaired in the affected organs [3, 7-9, 14,
16]. Indeed, a lack of neutrophil accumulation was observed
in the cerebral spinal fluid (CSF) of four patients with
Candida CNS infections, whereas blood neutrophil counts
were within the normal range [3, 7, 9, 16]. By contrast, pa-
tients with Candida meningitis but no CARD9 deficiency
presented neutrophil predominance in the CSF [7].
Consistent with this finding, histological analyses of skin,
mesenteric lymph nodes (LN), or adrenal masses from pa-
tients with subcutaneous phacohyphomycosis (n=3) or
intra-abdominal aspergillosis (r = 2) showed a lack of neutro-
phil infiltration [8, 14]. These findings are suggestive of
tissue-specific neutropenia in the absence of blood neutrope-
nia. The impairment of neutrophil recruitment in the CNS of
patients may result from a lack of CXC-chemokine induction
at the site of infection, as suggested by the low levels of
CXCL1 and CXCL2 in the CSF, whereas neutrophil-
intrinsic chemotaxis functions were maintained in vitro [7].
A similar neutrophil recruitment defect was suggested in a
patient with intra-abdominal aspergillosis and normal
neutrophil-intrinsic chemotactic capacity [8]. Furthermore,
ex vivo mRNA levels for CXCLI, CXCL2, and CXCLS8 were
low in the PMBCs from three patients with subcutaneous
phaeohyphomycosis after 24 h of stimulation with heat-
killed C. albicans, E. spinifera, O. musae, and/or C. cassiicola
[14]. The cells with impaired chemokine production upon
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fungal recognition remain to be identified. Overall, these data
suggest that CARD?9 plays a crucial role in the recruitment of
neutrophils to the site of infection, by governing CXC-
chemokine induction upon fungal stimulation, and to a lesser
extend in the selective killing of some fungi (C. albicans yeast
and P. verrucosa conidia) with lower levels of opsonins at
their surfaces.

Impairment of IL-17 Immunity

T-cell-dependent IL-17 immunity was evaluated in 27 patients
by flow cytometry (n =24), ELISA (n=15), or both (n=12)
(Table 3) [1-3, 5, 7-10, 14-17, 22]. The proportion of IL-17-
producing T cells (Th17) among PBMCs was determined ex
vivo, by flow cytometry with intracellular anti-IL-17A mAb
or pAb staining, after 12 h of stimulation with anti-CD2/CD3/
CD28 antibody-coated beads or PMA (phorbol myristate ac-
etate)/ionomycin (n = 16), after 48 h of stimulation with heat-
killed C. albicans (n = 2) or P. verrucosa (n = 3), or after 6 days
of stimulation with C. albicans, E. spinifera, O. musae, and/or
C. cassiicola (n=3). Almost two thirds of the patients tested
(15/24, 62.5%) had low proportions of Th17 cells, as shown
by ex vivo stimulation with PMA/ionomycin and/or antibody-
coated beads (7/16, 43.8%), or with heat-killed fungi (8/8,
100%) [1, 2, 10, 14, 15]. By contrast, nine patients (56.2%)
had proportions of Th17 cells ex vivo within the control range
following stimulation with PMA/ionomycin and/or antibody-
coated beads [3, 5, 7, 8, 17, 22]. The production of IL-17A by
whole-blood cells or PBMCs was evaluated by ELISA, after
24 h of stimulation with PMA/ionomycin (n=7), 48 h of
stimulation with C. albicans (n=2) or P. verrucosa (n=73),
or 6 days of stimulation with C. albicans, E. spinifera, O.
musae, and/or C. cassiicola (n=3). IL-17A production was
low in three of seven patients tested (42.9%) after stimulation
with PMA/ionomycin, and in all patients tested after 48 h or
6 days of stimulation with heat-killed fungi (8/8, 100%) [9, 10,
14-16]. However, IL-17A production was normal in four pa-
tients (57.1%) after stimulation with PMA/ionomycin [3, 22].
Twelve patients were tested both for the proportion of Th17
cells ex vivo and the production of IL-17A. Eight of these
patients (66.7%) had low proportions of Th17 cells and im-
paired IL-17A production after 48 h or 6 days of fungal stim-
ulation, whereas no defect was detected after 24 h of stimula-
tion with PMA/ionomycin in four (33.3%) patients [3, 10, 14,
15, 22]. Thus, IL-17-dependent immunity was impaired to
some extent in 18 of the 27 patients tested (66.7%), but to a
lesser extent following stimulation with PMA/ionomycin or
antibody-coated beads (10/19, 52.6%) than after stimulation
with whole fungi (8/8, 100%).

Other studies have shown that inborn errors of IL-17 im-
munity underlie CMC, but not IFD [67-69]. However, only
one third of the 18 CARDY-deficient patients with low
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proportions of Th17 cells and/or low IL-17A production in
this study had CMC (6/18, 33.3%). Four patients with CMC
had impaired IL-17 immunity in response to PMA/ionomycin
and/or antibody-coated beads, and two others had impaired IL-
17 immunity in response to C. albicans [1, 9, 10]. By contrast,
six of nine patients with normal IL-17 production upon stim-
ulation with PMA/ionomycin had CMC [3, 5, 7, 8]. However,
PMA/ionomycin is not a physiological form of stimulation, so
there might still be a defect of IL-17 immunity after C.
albicans stimulation. Furthermore, the ex vivo evaluation of
blood proportions of Th17 cells does probably not reflect the
IL-17 immunity in mucosa, that could be impaired in CARD9-
deficient patients and explained their CMC despite a normal
Th17 blood count. How the decreased proportions of blood
Th17 cells translate into impaired IL-17 immunity in mucosae,
which is crucial for anti-Candida immunity, is unclear.
Unfortunately, the local (skin/mucosa) IL-17 immunity has
not been tested in CARD9-deficient patients and might be
impaired, despite normal blood Th17 cell proportions, as it
has been shown in patients with AR IL-17RA, IL-17RC,
ACT1, or AD IL-17F deficiency [70-72]. CARD9 probably
influences Th17 cell differentiation, possibly by inducing the
production of pro-Th17 cytokines (e.g., IL-6, IL-23) by mye-
loid cells upon fungal recognition. CARD9-deficient patients
may, therefore, develop CMC when their proportions of Th17
cells and IL-17A and IL-17F production decrease. However,
other explanations remain plausible. CARD9 deficiency may
result in impaired Th17 cell recruitment to the skin and muco-
sac due to lower levels of Thl7-attracting chemokine (e.g.,
CCL20) production, as reported for neutrophils. In addition,
it remains possible that other IL-17-producing cells [73] are
impaired or have impaired function in CARD9-deficient pa-
tients. Finally, IL-17 immunity may play an important role in
susceptibility to subcutaneous phaeohyphomycosis. Indeed,
the six patients tested in response to stimulation with whole
fungi had low proportions of Th17 cells and low levels of IL-
17 production [14, 15]. In conclusion, CARD9 affects IL-17
immunity, but its precise role and that of Th17 cells in the
development of IFD remain unclear. Further studies are re-
quired to improve our understanding of the links between the
CARDY immunity mediated by myeloid cells and IL-17 im-
munity mediated by lymphoid cells.

Demographic, Epidemiologic, and General
Characteristics of CARD9-Deficient Patients

Most of the CARD9-deficient patients (40/55, 72.7%; no data
available for three patients) came from consanguineous kin-
dreds (21/36, 58.3%; no data available for three patients). The
sex ratio was balanced (M:F of 32:26). The families originated
from 14 countries on four continents (Africa, America, Asia,
and Europe), and a large proportion of the patients (20/55,

36.4%; no data available for three patients) and families (11/
36, 30.5%; no data available for three patients) came from
North Africa and the Middle East (19/55, 34.5% and 10/36,
27.8%, respectively) [1-11, 14-23] (Table 1). These patients
and families originated from Algeria (n =12, six families),
Morocco (n =3, two families), Tunisia (n =4, two families),
Egypt (n=1, living in France), Iran (n =9, three families),
Turkey (n=9, six families), Pakistan (n=1), Angola (n=1,
living in France), China (n =7, seven families), South Korea
(n=1), Italy (n=1, living in Brazil), Canada (n =4, three
families), Germany (n = 1), and El Salvador (n =1, living in
the USA). In addition, one patient had a mixed European
origin, another was of Afro-American origin, and no data are
available for another patient. The first clinical manifestations
of a superficial or invasive fungal disease occurred between
birth and the age of 48 years (mean age 15.2 years; median age
9 years), and the underlying CARDY mutations were generally
identified a few years later, at ages ranging from 4 to 64 years
(mean age 28.3 years; median age 25.5 years; data available
for 34 patients). The oldest patient still living was 75 years old
at the time of publication. A few patients had comorbid con-
ditions (10.3%): type 2 diabetes mellitus (n =3), ventricular
septal defect (n = 1), hypoparathyroidism (n = 1), and spastic
paraplegia (n=1) (Table 3) [1, 2, 8, 10]. One of the patients
with diabetes mellitus had a noninsulin-dependent form, and
another had insulin-dependent diabetes. Both were diagnosed
with diabetes before the onset of IFD (no data were available
for the third patient with diabetes). Spastic paraplegia is a
neurodegenerative condition caused by heterozygous SPAST
mutations; infectious complications have never before been
reported in patients with this condition [74].

Invasive Fungal Diseases: the Key Clinical
Manifestation

Six of the 58 patients reported (10.3%) had only superficial
fungal infections (CMC or superficial dermatophytosis [1, 9,
10]) at their last follow-up visit (age range [19—50 years])
(Table 1). The other 52 (89.7%) patients had IFD, with a mean
age at onset of 22.1 years (median age 18 years; range [3.5—
52.0 years]) (Table 1). Twenty patients had both superficial and
invasive infections (34.5%), with IFD beginning years after the
superficial disease (mean time interval 8.4 years; median time
interval 5 years). However, this is probably an underestimation,
due to the lack of information about age at onset of IFD in many
reports. In all but two of the patients, invasive infections (of one
or multiple organs) and relapses were due to a single fungus.
One patient displayed IFD caused by two different fungi: he
suffered from invasive intra-abdominal candidiasis at 9 years of
age and a probable cerebral IA at 18 years, with an intra-
abdominal relapse 7 years later [8]. The other patient had a
single relapsing IFD due to two different fungi: endophthalmitis
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due to Aureobasidium pullulans in one eye, and then the same
condition caused by C. albicans in the contralateral eye 15 years
later [19]. None of the patients had persistent fungemia (proven
positive blood culture), but 32.8% of patients (19/58) displayed
disseminated disease, as defined by reaching two or more or-
gans [2, 3, 6-8, 10, 15, 18, 21, 22]. The clinical penetrance of
fungal disease linked to CARD?9 deficiency is complete in all
the patients described to date, albeit only by the age of 52 years.
However, no single fungal disease has been reported to be
common to all patients, suggesting incomplete penetrance for
each of the fungal diseases identified in these patients.
However, all otherwise healthy patients with deep
dermatophytosis studied to date have been found to carry
biallelic CARDY mutations. The fungal infections in CARD9-
deficient patients are caused by a small number of fungi, and
none of the patients was reported to have an infection due to
other common opportunistic fungi (e.g., Cryptococcus,
Histoplasma, Coccidioides, Paracoccidioides, Pneumocystis
[75-77]). Likewise, no increased susceptibility to severe or un-
common viral, bacterial/mycobacterial, or parasitic infections
has been reported to date. One Turkish girl, from a consanguin-
eous kindred, was recently reported to have a private homozy-
gous CARDY mutation (p.V261fs*) and bloody pancolitis due
to Prototheca zopfii, a microalga containing (3-glucans, that can
colonize the human gastrointestinal tract [78]. The V261fs*
mutation has a high CADD score (23.4) and was predicted in
silico to create a premature stop codon (at position 362).
However, neither its function nor its expression was studied
and it was, not, therefore, clearly demonstrated that this
CARDY mutation was responsible for the patient’s disease.
Interestingly, inherited homozygous mutations of BCL10 and
MALTI, partners of CARD9 in the CBM, lead to combined
immunodeficiencies (CID) and severe combined immunodefi-
ciencies (SCID). Patients with AR BCL10 or MALT1 deficien-
cy are susceptible to a broad spectrum of infectious diseases,
including viral and bacterial infections, CMC, but not IFD,
suggesting that the susceptibility of CARD9-deficient patients
to IFD is largely independent of BCL10 and MALT1 [79-81].

Disease-Causing Fungi in CARD9-Deficient
Patients

Only fungi from the phylum Ascomycota have been identified
in these patients to date: Candida, Trichophyton, Exophiala,
Phialophora, Corynespora, Ochroconis, Aureobasidium, and
Aspergillus (Table 1). There are eight fungal phyla, three of
which (Ascomycota, Basidiomycota, and Zygomycota) can
cause disease in humans, but Ascomycota contains most of
the fungi causing human diseases (Fig. 4) [82]. The different
phyla are defined on the basis of their sexual reproduction
characteristics. All ascomycetes produce a similar structure,
the ascus, a sac-like structure that contains the ascospores
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during sexual reproduction [83]. The ultrastructural morphol-
ogy of the ascus is used to classify fungi to the subdivisions of
this phylum, which contains eight classes, five of which con-
tain fungi responsible for disease in CARD9-deficient patients
(Fig. 4). About 64,000 ascomycetes are known, making
Ascomycota the largest of the fungal phyla [83]. The cell
walls of all fungi (from all phyla) contain chitin, glucan, and
glycoproteins [84]. Each fungus, regardless of the phylum in
which it belongs, has a specific structure, which can contribute
to its resistance to host defense mechanisms. Moreover, asco-
mycete morphology is diverse. These fungi can form yeasts,
filaments (hyphae/pseudohyphae), and more complex forms.
Some ascomycetes causing human diseases have not yet been
described in CARD9 patients. This may be because CARD9-
deficient patients described to date have not been sufficiently
exposed to the agents of endemic mycoses, such as histoplas-
mosis, (para)-coccidioidomycosis, or blastomycosis, even if
they lived in endemic zones. CARD9-deficient patients infect-
ed with these fungi may be identified in the future. The only
exception could be pneumocystis pneumonitis (due to
Preumocystis jirovecii), as usually such infections occurred
very early in life in patients with inborn errors of T-cell im-
munity, such as SCID, HLA-II-deficient, or CD40/CD40L-
deficient patients [85]. In conclusion, CARD9-deficient pa-
tients are susceptible to a narrow spectrum of fungi from the
phylum Ascomycota, suggesting a specific role of CARD9 in
anti-ascomycete immunity. As suggested in a previous study,
susceptibility to a narrow spectrum of pathogens reflects a
high degree of redundancy of the gene in host defense, where-
as susceptibility to a large spectrum of pathogens reflects a
low level of redundancy of the gene [86]. CARD?Y is the perfect
example of a highly redundant gene: patients are susceptible
exclusively to a narrow spectrum of fungi. In CARD9 defi-
ciency, penetrance is complete for fungal infection, but incom-
plete for each type of fungus. These data suggest that although
human CARD?O is essential for host defense against ascomy-
cetes, in the sense that each patient is vulnerable to at least one
ascomycete, it is also largely redundant, in the sense that all
patients are resistant to most ascomycetes.

Ascomycetes Causing Disease
in CARD9-Deficient Patients

Candida spp. are dimorphic fungi that can grow as yeast or
filamentous forms [87]. C. albicans, the most frequent of the
Candida spp., is a commensal yeast colonizing the digestive
tract, urogenital mucosae, and skin of healthy individuals [87].
However, when immunity is compromised, C. albicans can
cause CMC or invasive infections [70, 88, 89]. Hyphae seem
to play an important role in tissue invasion [87]. Other Candida
spp. of clinical importance in terms of human disease include C.
glabrata and C. dubliniensis, which have also been reported in
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CARD9Y-deficient patients [3, 16], and C. tropicalis, C.
parapsilosis, and C. krusei (not yet reported in CARD9Y-
deficient patients) [90]. Trichophyton spp. are filamentous fungi
from the dermatophyte group. They are classified into
geophilic, zoophilic, and anthropophilic groups according to
their usual habitat, in soils, animals, and humans, respectively.
The most frequent mode of contamination is the interhuman
transmission of anthropophilic dermatophytic spores [91, 92].
T. rubrum and T. violaceum are the major anthropophilic

Fungi

pathogenic species worldwide, and both have been reported
in CARD9-deficient patients. The transmission to humans of
zoophilic dermatophytes from infected animals (e.g., dogs or
cats), mostly 7. mentagrophytes (found in CARD9-deficient
patients), or Microsporum canis, occurs more frequently than
the sporadic transmission of geophilic dermatophytes, of which
M. gypseum is the main human pathogen. Dermatophytes are
keratinophilic fungi responsible for common superficial
dermatophytosis in both temperate and tropical countries.
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<« Fig. 4 Phylogenic classification of fungi causing diseases in human. The
kingdom of fungi is divided into eight phyla, three of which include
human pathogens (Ascomycota, Basidiomycota, Zygomycota). The five
other phyla* include fungi not known to cause human disease
(Glomeromycota, Olipdiomycota, Blastocladiomycota,
Neocallimastigomycota, and Chytridiomycota). In red, disease-causing
fungi found in patients with CARD9 deficiency, all from phylum
Ascomycota. The list of fungi provided is the most commonly reported
in human diseases but this list is not exhaustive. Other orders within
Ascomycota that have not been reported in patients with CARD9
deficiency include 1Pyrenulales; Verrucariales; Coryneliales;
Mycocaliciales. “Capnodiales; Myriangiales; Hysteriales; Jahnulales;
Mytilinidiales; Botryosphaeriales; Microthyriales; Patellariales;
Trypetheliales; Venturiales. 3Medeolariales; Arthroniales; Geoglossales;
Laboulbeniales; Pyxidiophorales; Acarosporales; Lecanorales,
Pelgerales, Teloschistales; Agyriales; Bacomycetales; Ostropales;
Pertusariales; Candelariales; Umbilicariales; Cyttariales; Erysiphales;
Helotiales; Leotiales; Rhytismatales; Thelebolales; Lichinales;
Coronophorales; Hypocreales; Melanosporales; Microascales;
Boloniales; Caloshaeriales; Coniochaetales; Diaporthales;
Magnaporthales; Ophiostomatales; Sordariales; Xylariales;
lulworthiales; Meliolales; Phyllachorales; Trichoshaeriales; Orbiliales;
Lahmiales; Medeolariales. *Ceraceosorales; Doassansiales;
Entylomatales; Exobasidiales; Entorrhizomycetes; Georgefischeriales;
Microstromatales; Tilletiales. 5Cystofilobasidiales; Filobasidiales.
®Endogonales

This condition affects 20-25% of the general population world-
wide [91, 92], and severe invasive infections have been report-
ed in patients with acquired immunodeficiences [93].
Dematiaceous fungi form a group of pigmented filamentous
ascomycete molds (growing as multicellular filaments known
as hyphae) containing more than 100 subtropical or tropical
species with brown melanin in their cell walls [94]. The princi-
pal pathogens of relevance in human disease include Exophiala
and Phialophora, both of which have been reported in
CARDO-deficient patients [14, 15, 22], and Alternaria,
Curvularia, and Cladophialophora. More rarely,
Aureobasidium, Corynespora, or Ochroconis may cause hu-
man disease [94-97]; all three have been reported in CARD9-
deficient patients [14, 19, 23]. They commonly cause a range of
diseases, including phaeohyphomycosis, a general term defin-
ing a broad spectrum of infections from chronic subcutaneous/
cutaneous and corneal infections to invasive infections;
chromoblastomycosis, a localized subcutaneous infection
displaying no dissemination; and mycetoma, a cutaneous infec-
tion characterized by ulcerative masses potentially involving
bones. Subcutaneous inoculation commonly occurs after trau-
matic lesions and causes local disease. By contrast, disseminat-
ed infections are rare and occur after the inhalation of hyphae or
conidia, in patients with acquired immunodeficiencies [94,
98-100]. Chronic sinusitis (which may extend to the orbit and
brain) and allergic sinusitis are frequent manifestations in the
general population worldwide [98]. Aspergillus spp. live in or-
ganic debris and soils. Conidia are frequently inhaled but rarely
cause disease, which is characterized by three clinical manifes-
tations. Allergic bronchopulmonary aspergillosis and chronic
pulmonary aspergillosis occur in apparently “immuno
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competent” individuals or patients with “mild” risk factors,
respectively, and have never been reported in CARD9-
deficient patients [101]. Invasive aspergillosis (IA) is a severe
pulmonary or, more rarely, disseminated infection occurring
mostly in immunodeficient patients with neutrophil defects
[102, 103]. About 90% of aspergillosis cases in humans are
due to Aspergillus fumigatus, but other species, such as A.
flavus, A. niger, A. terreus, and A. nidulans, may also cause
disease [101, 102]. However, A. fumigatus is the only pathogen
from this genus to have been reported in CARD9-deficient
patients to date [8].

Invasive Candida Infections

Candida infections occurred in 29 patients (50%) (Tables 1
and 4); 22/29 (75.9%) patients had CMC, 21/29 (72.4%) had
invasive infections, and 14/29 (48.3%) had both superficial and
invasive candidiasis. CMC was the only clinical manifestations
in four patients (4/29, 13.8%) [1, 10]. The onset of CMC was
variable, occurring at a mean age of 12.9 years (median age
8 years; range [birth-42 years]). Of the 21 patients with invasive
candidiasis, 17 (17/21, 80.9%) had a probable or proven CNS
infection occurring with (n = 12) or without (n=5) CMC. CNS
infections affect the meninges, cerebral parenchyma, and basal
ganglia, resulting in clinical meningoencephalitis (5/17, 29.4%),
brain abscesses or single/multiple masses mimicking metastasis
(5/17, 29.4%), or a combination of these manifestations (7/17,
41.2%) [1, 3, 5-7,9-11, 16, 17]. Analysis of CSF samples from
patients has revealed pleocytosis with mostly mononuclear cells
(Ilymphocytes and/or monocytes) and eosinophils but no neutro-
phils, hyperproteinorrhachia, and hypoglycorrhachia [3, 7, 9,
16]. Three of these patients also suffered from severe colitis
[3], multifocal vertebral osteomyelitis [7], or endophthalmitis
with cervical spine osteomyelitis [6]. One adolescent was report-
ed to have fungal masses in the brain, which brain biopsy re-
vealed to contain conidia and nonseptate hyphae compatible
with Candida spp. or Aspergillus spp., but no culture was per-
formed [11]. However, this fungal CNS infection was considered
to be a Candida infection rather than an Aspergillus infection as
the patient also suffered from proven oral CMC. Four patients
were reported to have invasive Candida infections without CNS
involvement: relapsing endophthalmitis [19], endophthalmitis
with hip osteomyelitis [18], severe colitis [3], and intra-
abdominal candidiasis (liver and mesenteric LNs) [8]. The onset
of invasive disease varied, occurring at a mean age of 21.9 years
(median age 17.5 years; range [3.5-58.0 years]). The CARD9-
deficient patients with CMC and/or invasive Candida infections
came from nine countries worldwide (Algeria, Morocco, Iran,
Turkey, Pakistan, Canada, Italy, El Salvador, and South Korea)
and one patient was of mixed European origin. Unsurprisingly,
of all Candida infections (superficial and invasive), C. albicans
was the most frequently involved, being found in 72.4% (n=21)
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Table 4 Main characteristics of patients and fungal diseases in CARD9 deficiency
Fungal diseases Number of Median age at Mean age at Range of age at Outcome
cases (58) onset (years) onset (years) onset (years) (alive/dead)
CMC 22 (37.9%) 8.0 12.9 [Birth—42] 17/5%
Superficial dermatophytosis 8 (13.8%) 8.0 17.7 [3-42] n*
Invasive Candida infections 21 (36.2%) 17.5 21.9 [3.5-58%*] 17/4
Extensive/deep dermatophytosis 21 (36.2%) 19.0 24.1 [12-52] 16/5¢
Phaeohyphomycosis 10 (17.2%) 19.0 24.6 [5-48] 911
Invasive extrapulmonary aspergillosis 2 (3.4%) 13.0 13.0 [8-18] 1/1

CMC: chronic mucocutaneous candidiasis

*Fungal disease onset occurred at the age of 43 years, but Candida endophthalmitis started at the age of 58 years

#Patients died from the associated invasive disease, not from the superficial infection

£ One patient died from old age

of the patients; C. dubliniensis and C. glabrata were each found
in one patient [3, 16] (Table 1). About 40 cases of “idiopathic”
Candida CNS infection and one case of Candida endophthalmi-
tis have been reported worldwide [3, 104]. Some of the affected
individuals may suffer from CARD?9 deficiency. But all reported
cases of other invasive Candida infections were associated with
acquired immunosuppressive risk factors [3, 105—-108]. In sum-
mary, CARD?9 deficiency confers a predisposition to both super-
ficial and invasive Candida infections, and particularly to
Candida infections of the CNS, even though Candida spp. are
not typically considered neurotropic pathogens.

Invasive Dermatophytosis

Dermatophytosis was reported in 29 patients (50%) (Tables 1
and 4); 8/29 (27.6%) patients had superficial infections and 21/
29 (72.4%) patients had extensive or deep infection. Superficial
dermatophytosis, also known as ringworm or “tinea”, is a be-
nign localized disease of the stratum corneum of skin (“tinea
corporis”), scalp (“tinea capitis”), or nails. Isolated “tinea
corporis” was reported in two patients [1, 9], whereas, in six
other patients, this condition was associated with CMC (n =2)
[1], invasive Candida infections (n=3) [6, 9], or intra-
abdominal aspergillosis (z=1) [8]. The onset of superficial
disease occurred at ages of 3 to 42 years (mean age 17.7 years;
median age 8 years). Extensive/deep dermatophytosis is rare
and has been reported worldwide in about 65 immunocompro-
mised patients, mostly after solid organ transplantation (SOT)
[93, 109—112]. The first description of “dermatophytic disease”
in otherwise healthy individuals was published in 1959 and
characterized by the progression of a superficial infection to
the deep dermis and hypodermis, resulting in skin ulcerations
and abscesses associated with the destruction of soft tissues and
highly mutilating lesions [113]. Internal organs (e.g., LNs,
brain, liver, digestive tract, and bone) may be involved and
damaged [93, 114, 115]. Up to 63 cases of deep dermato

phytosis have been reported in otherwise healthy individuals,
mostly originating from and living in North Afiica (n =45) [2].
In 2013, 17 such patients from eight consanguineous kindreds
were reported to display deep dermatophytosis and CARD9
deficiency [2]. All these patients came from North Africa:
Algeria (n=11), Morocco (n = 2), and Tunisia (n =4). Four ad-
ditional patients have since been described, from Turkey (n=1)
[10], Egypt (n =1, living in France) [20], Italy (n =1, living in
Brazil) [4], and Algeria (n=1) [21]. All these patients had skin
lesions characterized by nodules, painful infiltrated plaques, se-
vere pruritic rash with scraping lesions, and ulcerations. LNs
were involved in 11 patients, in some of whom brain (n=2),
bone (n = 1), and perineum (z = 1) involvement were also noted
[2, 10, 21]. These clinical presentations are not significantly
different from those previously described in patients with ac-
quired immunodeficiencies [93]. In addition to invasive disease,
four patients suffered from oral CMC [2, 4, 10]. The onset of
invasive disease varied, occurring at a mean age of 24.1 years
(median age 19 years; range [12-52 years]). 1. violaceum
(31.0%; n=9) and T. rubrum (27.6%; n = 8) were the two most
common dermatophytes found in these patients, consistent with
the distribution of 7richophyton in the general population (Table
1). Overall, CARD?9 deficiency confers a predisposition to su-
perficial and deep dermatophytosis and should especially be
considered in patients from North Africa and Middle East.

Invasive Phaeohyphomycosis

Phaeohyphomycosis has been reported in 10 patients (10/58,
17.2%) (Tables 1 and 4) [14, 15, 19, 22, 23]. The first report of
phaeohyphomycosis related to CARD9 deficiency described
four unrelated Chinese patients with persistent red plaques and
ulcerative nodules on the face, scalp, and/or ears due to P,
verrucosa [15]. Three additional unrelated Chinese patients with
subcutaneous facial infections due to C. cassiicola (generally a
plant pathogen), E. spinifera, or O. musae (new combined name
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of Scolecobasidium musae and Ochroconis mirabilis [97]), re-
spectively, have been reported [14, 23]. Facial lesions were de-
scribed, with chronic, red, extensive, infiltrative, purulent, painful
plaques and papules associated with post-auricular LNs in one
patient [23] and progressing to the trunk and limbs in another
[14]. The clinical characteristics of the skin lesions of CARD9-
deficient patients are similar to those previously reported in both
immunocompetent patients and patients with acquired immuno-
deficiencies (e.g., on immunosuppressive drugs, SOT, human
immunodeficiency virus (HIV) infection). Indeed, the lesions
were typically described as a rash that darkened, forming painless
nodules or masses progressing to cystic abscesses and ulcerations
[100]. Two additional patients with invasive Exophiala infection
have been described [22]. A liver and biliary tract infection due to
E. dermatitidis (the most common Exophiala spp. causing hu-
man disease, also known as Wangiella dermatitidis [116]),
followed by a severe brain relapse (complicated pachimeningitis)
after 25 months was described in a patient originating from
Angola. An Iranian patient had a subcutaneous (nodules with
LN involvement) and bone infection due to E. spinifera. This
patient died from a lung relapse 5 years later (Dr. Davood
Mansouri, personal communication). Finally, a German patient
had endophthalmitis (left eye) due to A. pullulans leading to a
complete loss-of-vision, with a relapse 15 years later in the form
of endophthalmitis (right eye) due to C. albicans [19]. Overall,
the mean age at disease onset for CARD9-deficient patients with
phaeohyphomycosis (subcutaneous and invasive) was 24.6 years
(median age 19 years; range [5—48 years]). In published cases,
CNS involvement, characterized by single or multiple brain
masses, is the most common clinical presentation of disseminat-
ed infections in both immunocompetent patients and patients
with acquired immunodeficiencies, including, in particular, those
with cancers or undergoing SOT (about 100 reported cases,
reviewed in [117]). Nevertheless, CNS involvement in immuno-
competent patients was mostly secondary to sinusitis. Other or-
gans (e.g., lungs, heart, bones, joints) are rarely involved and
such involvement is mostly reported in patients with acquired
immunodeficiency (e.g., SOT or HIV infection) [98, 100, 117].
About 32 cases of “idiopathic” phaeohyphomycosis caused by
fungi found in CARD9-deficient patients have been reported in
the literature: two subcutaneous infections due to P. verrucosa in
Asia[118], 23 invasive infections due to E. dermatitidis and three
due to E. spinifera in patients from around the world [22], and
four skin and invasive infections due to A. pullulans in Norway,
China, and Nepal [119-121]. Some of these patients probably
have CARD?9 deficiency. Subcutaneous C. cassiicola infections
have been reported in four patients with risk factors (trauma or
diabetes mellitus) in Africa and Asia [122—125]. No other case of
O. musae infection has been reported. Thus, CARD9 deficiency
confers high susceptibility to subcutaneous infections with
dematiaceous fungi, particularly in China, where phaeohy
phomycetes are endemic. To date, no case of sinusitis has ever
been reported in CARD9-deficient patients and only one patient
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has been shown to have CNS involvement. These common man-
ifestations of phaeohyphomycosis in the general population thus
appear to be rare in patients with CARD9 deficiency.

Invasive Aspergillosis

One study reported two CARD9-deficient patients with
extrapulmonary TA (2/58, 3.4%) (Tables 1 and 4) [8], a life-
threatening infection mostly observed in patients with ac-
quired immunodeficiencies, particularly those with neutrophil
defects (number or function). Its incidence is about 5 to 25%
in patients with acute leukemia (AL) and about 5 to 10% in
patients who have undergone allogeneic hematopoietic stem
cell transplantation (HSCT) [102]. The main clinical manifes-
tations of IA are acute pulmonary infections and acute inva-
sive rhinosinusitis. Disseminated extrapulmonary IA is rare. It
mostly involves the brain but also the bones, eyes, skin, LNs,
liver, digestive tract, kidneys, and urinary tract and generally
causes the formation of masses in the affected organs, with or
without concomitant fungemia [101, 102, 126]. The first
CARD9Y-deficient patient reported was of European origin
and had strongly suspected brain IA, characterized by cerebral
masses in the thalamus and capsula interna, disseminating a
few years later to the liver and mesenteric LNs. Biopsies re-
vealed the presence of septate hyphae compatible with
Aspergillus spp. Nine years earlier, he had had invasive
intra-abdominal candidiasis (liver and mesenteric LNs). The
second patient, of Afro-American origin, was reported to have
proven intra-abdominal aspergillosis due to A. fumigatus de-
scribed clinically as necrotizing granulomatous masses
encompassing celiac, mesenteric, and renal vessels [8].
Neither of these patients had pulmonary IA or sinusitis, the
most common clinical forms of this infection. In these two
patients, disease onset occurred at 8 and 18 years, respectively
(mean and median age 13 years). More than 300 cases of
extrapulmonary IA in the absence of identified risk factors
have been reported (reviewed in [13]), and some of these
patients may have CARD?Y deficiency. In conclusion,
CARD? deficiency confers a predisposition to uncommon
and severe extrapulmonary IA in apparently healthy individ-
uals worldwide. Nevertheless, the description of new cases
would improve the clinical, microbiological, and geographic
description of IA in CARD?9 deficiency.

Immunological Features of Card9-Deficient
Mice

CARDY immunity has been studied in a Card9 knockout
(Card9™"") mouse model. Card9"~ mice were born alive with
no anatomical abnormalities and they grew normally [32, 33].
The development of neutrophils and monocytes was not
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impaired in Card9'~ mice [7, 33, 127]. No differences in
basal immunoglobulin levels (total IgA, I1gM, IgG, and sub-
types of IgG) were observed between Card9”'~ and WT mice
[32, 33]. Unfortunately, IgE levels and eosinophil counts were
not evaluated. Extensive immunophenotyping of T and B cells
revealed that each of the cell subsets developed normally, and
T-cell proliferation after stimulation with anti-CD3/CD28
antibody-coated beads or PMA/ionomycin was similar in
Card9”~ and WT mice [32, 33]. Functional studies in vitro
showed that pro-inflammatory cytokine production was im-
paired in Card9 ™~ mice, consistent with human data. Indeed,
Card9-deficient BMDCs and BMMs displayed a strong dose-
dependent impairment of IL-13, IL-2, IL-6, and TNF-« pro-
duction after 48 h of stimulation with zymosan, heat-killed C.
albicans, C. tropicalis, P. verrucosa, and/or E. spinifera [32,
41, 66, 127]. Cytokine production in response to A. fumigatus
stimulation was not assessed. Post-infection pro-inflammatory
cytokine (IL-1p3, IL-6, and TNF-) levels in vivo were deter-
mined in footpad homogenates from mice infected with P
verrucosa or E. spinifera, 3 days and 1 week after infection.
These levels were markedly lower in Card9 ™"~ mice than in
their WT counterparts [14, 66]. Thus, mice with CARD9 de-
ficiency are viable and display no particular impairment of
myeloid or lymphoid cell development. Functionally, pro-
inflammatory cytokine production by myeloid cells from
Card9™’~ mice in response to fungal stimulation (agonists
and whole fungi) is strongly impaired, both in vitro and in
vivo (Table 5). However, no specific cellular phenotype of
Card9~"" mice has been identified, due to the absence of stud-
ies in mice with conditional knockouts of Card9 " in partic-
ular cell subtypes. Such studies would provide strong evi-
dence concerning the type of immune (hematopoietic and
nonhematopoietic) cells involved in CARD9Y immunity, their
contribution to clinical phenotype, and their individual role in
antifungal immunity.

Candida Infections in Card9-Deficient Mice

Susceptibility to superficial and invasive Candida infections has
been assessed in Card9” mice, in a model of oropharyngeal
candidiasis (OPC), and a model of intravenous infection, respec-
tively. The role of CARD9 in immunity to OPC was studied in a
rechallenge model of local infection. Card9 '~ mice were chal-
lenged sublingually with C. albicans, then rechallenged after
6 weeks; they developed OPC during the second infection
[128]. The proportion of Th17 cells and IL-17A production
measured in cervical LNs were both significantly impaired in
Card9™"~ mice, relative to the WT, 24 h after rechallenge with
heat-killed C. albicans [128]. These data suggest that suscepti-
bility to OPC is dependent on CARD?9, through IL-17 adaptive
immunity. Invasive Candida infection was mimicked by the
intravenous injection, into Card9™~ mice, of live C. albicans

or C. tropicalis yeasts. The mice failed to control systemic in-
fections, with 100% of mortality recorded after 5 or 10 days,
respectively [32, 127]. Uncontrolled disseminated infections,
characterized by a high fungal load in internal organs (e.g.,
brain, kidneys, liver), were observed 3 and 5 days post-infection,
respectively [7, 32, 127]. The development of C. albicans infec-
tion of the CNS in Card9 " mice was explained by brain-
specific neutropenia due to a lack of CNS CXC-chemokine
induction [7]. CXC-chemokine induction, as assessed by deter-
mining chemokine (e.g., CXCL1 or CXCL2) levels, was pro-
portional to fungal load in affected organs 72 h post-infection in
WT mice and was associated with massive neutrophil recruit-
ment. Card9™"" mice displayed a defect of CXC-chemokine
induction (low chemokine levels measured), associated with
an impairment of neutrophil recruitment specific to the CNS
and not observed in other organs (e.g., kidneys) 72 h post-
infection (or even at 24 h). The CNS neutropenia observed in
Card9™"~ mice was not associated with peripheral neutropenia
or bone marrow insufficiency. The intrinsic trafficking capacity
of neutrophils for mobilization was similar between Card9 "
and WT mice. This defect was also specific to C. albicans, as
CNS neutrophil recruitment was not impaired in either Card9 "
or WT mice 48 h after the intravenous injection of S. aureus,
whereas mice displayed concomitant bacterial dissemination to
the brain [7]. This suggests that brain neutrophil recruitment
during bacterial infection is CARD9-independent and that
CARD9 deficiency would not result in a predisposition to bac-
terial infections of the brain, consistent with the human data.
Brain IL-17 (mRNA and protein) levels were similar between
Card9™~ and WT mice, suggesting that IL-17 immunity is not
involved in the development of CNS Candida infection. The
capacity of neutrophils to kill C. tropicalis evaluated ex vivo
was similar in WT and Card9 "~ mice, whereas neutrophil re-
cruitment was not studied [127]. IL-17 immunity did not seem
to be impaired, as ///7 mRNA levels in the kidneys were similar
in WT and Card9" mice. Thus, consistent with human data,
these findings suggest that mouse CARD?9 plays a key role in
brain neutrophil recruitment during C. albicans infection, by
inducing CXC-chemokine production.

Phaeohyphomycosis in Card9-Deficient Mice

Phaeohyphomycosis was modeled by the subcutaneous injec-
tion of live P. verrucosa or E. spinifera conidia into the foot-
pads of Card9™"~ mice [14, 66]. Chronic infections with large
ulcerative and abscessed lesions occurred in Card9”~ mice,
whereas WT mice had small self-healing cutaneous lesions
8 weeks after infection. Moreover, dissemination of the sub-
cutaneous infection to internal organs (e.g., brain, kidneys,
LNs, lungs, liver, and spleen) was observed in 100% of
Card9™"~ mice and was responsible for their death 12 weeks
after infection, whereas no dissemination was observed in WT
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Table 5 Comparison between human and mouse CARD9

Human Mouse
Gene position Chr 9q34.3 Chr 2 18.87cM

mRNA production

Protein

Defect of cytokine production upon
fungal stimulation in vitro*
Defect of neutrophil killing in vitro

Defect of neutrophil recruitment in
vivo

Defect of CXC-chemokines
induction

Defect of IL-17 immunity

Blood cell counts

Susceptibility to fungal diseases
(associated fungi)

Susceptibility to nonfungal diseases
(associated pathogens)

Hematopoietic cells (spleen, bone marrow,
blood)*: myeloid cells (macrophages—DCs)
Placenta—small intestine—skin—brain—lungs

Hematopoietic cells (spleen, bone marrow,
blood)*: myeloid cells (macrophages—DCs)
Stomach—skin

IL-13, IL-6, TNF-o, GM-CSF

Unopsonized C. albicans yeast

Unopsonized P. verrucosa conidia

No defect to (un)-opsonized A. fumigatus hyphae
and conidia

CNS—intra-abdominal LN—suprarenal mass—skin

CXCLI, CXCL2, CXCLS, IL-8 (mRNA and
protein)

Low or normal ex vivo proportions of Th17 cells
and IL-17A/F production in vitro upon
polyclonal (PMA/ionomycin or coated beads)
or fungal stimulation (C. albicans, P.
verrucosa, E. spinifera, O. musae, and/or C.
cassiicola)

Normal T CD4+, T CD8+, B, NK, PMN,
monocyte count

Hyper IgE—hypereosinophilia

CMC (C. albicans)

Invasive candidiasis (C. albicans, C. glabrata, C.
dubliniensis)

Phacohyphomycosis (subcutaneous—invasive)
(E. dermatitidis, E. spinifera, P. verrucosa, C.
cassiicola, A. pullulans, O. musae)

Extrapulmonary invasive aspergillosis (A.
fumigatus)

Deep dermatophytosis (7" rubrum, T. violaceum,
T. mentagrophytes)

Not reported

Hematopoietic cells (spleen, bone marrow, blood)”:
myeloid cells (macrophages—DCs)
Placenta—small intestine—skin—brain—lungs

Hematopoietic cells (spleen, bone marrow, blood)#:
myeloid cells (macrophages—DCs)
Stomach—skin

IL-13, IL-2, IL-6, TNF-oc

P, verrucosa conidia
A. fumigatus hyphae and conidia
No defect to C. tropicalis yeast

CNS-lungs—skin
CXCLI, CXCL2, CXCLS (mRNA and protein)

Low ex vivo proportions of Th17 cells and
IL-17A/F production in vitro upon fungal
stimulation (C. albicans, P. verrucosa, and/or E.
spinifera)

Normal T CD4+, T CD8+, B, NK, PMN count IgE,
eosinophils, monocytes count NA

CMC (C. albicans)

Invasive candidiasis (C. albicans, C. tropicalis)

Phaeohyphomycosis (subcutaneous—invasive) (P
verrucosa, E. spinifera)

Pulmonary invasive aspergillosis (A. fumigatus)

Pulmonary cryptococcosis (C. neoformans)

Cutaneous coccidioidomycosis (C. posadasii)

Pulmonary tuberculosis (M. tuberculosis)
Invasive listeriosis (L. monocytogenes)

DCs: dendritic cells; CNS: central nervous system; LN: lymph nodes; NK: natural killer cells; PMN: polymorphonuclear neutrophils; CMC: chronic

mucocutaneous candidiasis

#Peak of CARD9 mRNA and protein levels

*24 h of stimulation with fungal agonist or whole fungus

mice, all of which were alive after 12 weeks. Neutrophil re-
cruitment was strongly impaired in Card9”~ mice infected
with E. spinifera, as shown by comparison with the WT
[14]. Indeed, neutrophils were absent from the skin biopsy
specimens of Card9~ mice, and the percentage of neutro-
phils was significantly lower than that in the WT in single-
cell analyses of footpad homogenates 3 days after infection.
Accordingly, low levels of Cxc/l and Cxc/2 chemokine
mRNA were measured in footpad homogenates 3 days after
infection [14]. Moreover, BMDM phagocytosis and the kill-
ing of P. verrucosa were assessed in in vitro assays, which
showed conidial uptake and the increase in ROS production to
be similar in Card9”"~ and WT mice [66]. However, CARD9-
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deficient mice displayed a strong impairment of BMDM kill-
ing. Impaired phosphorylation of p65 (NF-«kB) and p38
(MAPK) was observed in response to stimulation for 30 or
60 min with heat-killed E. spinifera, and this resulted in im-
paired pro-inflammatory cytokine and chemokine production
[14]. IL-17A production levels in footpad homogenates
1 week post-infection were significantly lower in Card9™'~
mice infected with P. verrucosa or E. spinifera than in the
WT [14, 66]. Similarly, in an in vitro T-cell differentiation
assay (allogeneic naive T cells co-cultured with BMDCs),
the proportion of Th17 cells after 24 h of stimulation with P
verrucosa was lower in Card9™" mice [66]. As in humans, IL-
17 immunity may play a key role in the development of
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subcutaneous phaeohyphomycosis. The defect of Th17 differ-
entiation in Card9”"~ mice may also be due to defective pro-
Th17 cytokine production by myeloid cells in response to
fungal stimulation. Mouse subcutaneous phaecohyphomycosis
reproduces the clinical and histological phenotype of CARD9-
deficient patients. Consistent with human data, Card9 plays a
key role in neutrophil recruitment in mice, by regulating che-
mokine production upon E. spinifera stimulation.

Aspergillus Infection in Card9-Deficient Mice

Susceptibility to A. fumigatus was studied in a pulmonary in-
fection model based on the intratracheal injection of large num-
bers (7 x 107) of conidia. Card9 "~ mice developed exclusively
pulmonary infections, with no extrapulmonary manifestations,
after 12-24 h, contrasting with findings for humans [129, 130].
A lack of neutrophil recruitment was observed in the lungs of
Card9™" mice, consistent with observations in mesenteric LNs
of CARD9-deficient patients with intra-abdominal aspergillosis
[130]. As in mice infected with Candida or Exophila, a defect
of CXC-chemokine production, as shown by lung chemokine
mRNA levels, was observed in Card9™"~ mice relative to the
WT. However, in this model, CARD9 was required for neutro-
phil recruitment to the lung only at later (more than 24 h) stages
of infection, whereas this process was MyD88-dependent at
earlier stages. These data again suggest that neutrophil recruit-
ment to the site of infection is CARD9-dependent. Contrary to
findings for humans, Card9~ mice had much weaker
neutrophil-killing activity against A. fimigatus in vitro than
WT mice [129]. The isolated lung infection may be due to the
number of conidia inhaled by the Card9™~ mice: too many for
the clearance of the fungus from the lungs by macrophages and/
or epithelial cells resulting in the development of lung infection
immediately after inoculation with conidia. It also seems likely
that pulmonary IA will be reported in future CARD9-deficient
patients. In conclusion, mouse models of superficial and inva-
sive infections with fungi causing disease in humans mimic
human infections, with the exception of 1A, as Aspergillus
caused only lung disease in Card9 '~ mice (Table 5). Card9”’
" mice have not been tested for superficial and deep
dermatophytosis. Such models would help to identify the crit-
ical immune cells involved in immunity to fungal infections
and to decipher the role of CARD9 in pathogenesis.

Other Fungal Infections in Card9-Deficient
Mice

Card9™"" mice are susceptible to additional ascomycetes not
yet identified in human CARD9-deficient patients, such as
Coccidioides posadasii, but also to basidiomycetes such as
Cryptococcus neoformans. In amodel of coccidioidomycosis,

the subcutancous injection of C. posadasii spores into
Card9™"~ mice led to the development of massive necrotizing
subcutaneous abscesses and disseminated infections in the
lungs and spleen 16 days after challenge. The mice failed to
control infection, with 100% of mortality achieved after
40 days [131]. The authors suggested that the susceptibility
of Card9™" mice to infection was due to an impairment of
IFN-y production by skin CD4" T cells. A defect of recruit-
ment of neutrophils and T and B cells was identified by com-
paring the skin of deficient and WT mice. However, chemo-
kine production was not studied. Card9™’~ mice were shown
to be susceptible to C. neoformans in a model of pulmonary
infection based on the intratracheal injection of live yeasts
[132]. Infected Card9 "~ mice displayed massive yeast multi-
plication and had a high lung fungal load without granuloma-
tous responses in the alveolar spaces 14 days post-infection.
The susceptibility of deficient mice to C. neoformans was
explained by impaired IFN-y production by NK and T
(CD44""e" subset) cells, which were poorly recruited to the
lungs. Like the defect of neutrophil recruitment observed dur-
ing fungal infection, the lack of NK- and T-cell recruitment
was shown to result from defective chemokine (CXCL4,
CXCL9, CXCL10) production by the lung DCs. However,
no cases of coccidioidomycosis or cryptococcosis have been
observed in CARD9-deficient patients, probably because
these infections are experimental, as opposed to natural infec-
tions, and they do not reflect host defense in natura [133,
134]. However, it would not be surprising if new patients with
infections due to Coccidioides or other ascomycetes were re-
ported in the future. By contrast, we would not expect to see
Cryptococcus in new CARD9-deficient patients, as this fun-
gus belongs to phylum Basidiomycota.

Bacterial and Viral Infections
in Card9-Deficient Mice

Card9™" mice are susceptible not only to fungal diseases, but
also to intracellular bacterial infections. In a model of pulmo-
nary tuberculosis, mice were infected with a virulent
Mycobacterium tuberculosis strain by aerosol inoculation
[135]. All infected Card9™ mice died from pyogranulo
matous pneumonia on day 34 post-challenge and lung histol-
ogy showed a higher mycobacterial load, with the massive
recruitment of neutrophils, contrasting with the lack of neu-
trophil recruitment observed during fungal infections. The in-
ternalization and killing of M. tuberculosis by BMDMs in
vitro after IFN-« stimulation was similar in Card9™" and
WT mice [135]. Card9 "~ mice challenged with live Listeria
monocytogenes in an intravenous infection model displayed
impaired bacterial clearance, with a high bacterial load in the
liver and spleen after 2 days of infection [26, 136]. BMDMs
from Card9™" mice had impaired L. monocytogenes-killing
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capacity in vitro relative to BMDMs from WT mice [136]. In
both models, in vitro BMDCs or in vivo macrophages from
Card9~"~ mice displayed highly impaired cytokine production
(IL-1p3, IL-6, TNF-c, and IL-12) after 24 h of stimulation with
M. tuberculosis-derived molecules (e.g., peptidoglycan) [135]
or 3 h after infection with live L. monocytogenes [26, 136].
Neutrophil recruitment and CXC-chemokine induction were
not studied. Interestingly, in a model of severe influenza pneu-
monia caused by intratracheal inoculation with a lethal dose of
virus, Card9™’~ mice were found to be protected [137]. In
conclusion, mouse CARD9 plays a key role in cytokine pro-
duction by myeloid cells in response to both bacterial and
fungal stimulation. However, like the greater susceptibility
to non-ascomycete fungi observed in Card9 " mice, but not
in CARD9-deficient patients, intracellular bacterial infections
would not be expected in CARD9-deficient patients. Indeed,
the impairment of CARD9-dependent neutrophil recruitment
through the defect of CXC-chemokine induction seems to
play a crucial role in fungal infections, whereas this recruit-
ment is not impaired during bacterial infections, suggesting
that there are CARD9-independent mechanisms of host de-
fense against intracellular bacteria, resulting in protection
from these infections in CARDY deficiency. There are, thus,
differences in infection spectrum between mouse and human
CARD?9 deficiencies (Table 5). Indeed, human CARD9 defi-
ciency underlies a narrow spectrum of fungal infections, re-
stricted to a single fungal phylum, and therefore, reflects a
high degree of redundancy of human CARD9 [86]. By con-
trast, in mice, Card9 deficiency leads to a larger spectrum of
both fungal (from different phyla) and bacterial infections,
suggesting a lower level of redundancy for mouse Card9.
Mouse studies remain useful for studies of the pathogenesis
of human diseases, but it should always be borne in mind that
mouse models are artificial. Caution is therefore required
when extrapolating data from mouse models to humans.

Diagnosis of Inherited CARD9 Deficiency

The clinical penetrance of IFD in CARD9-deficient patients is
globally complete by the age of 52 years. The number of fungi
identified as disease-causing in these patients is growing. The
main acquired risk factors for IFD are HIV infection, hemato-
logical malignancies, HSCT, SOT, immunosuppressive thera-
pies, and chemotherapy [138—141]. All children and adults with
unexplained IFD should be screened for CARDY mutations by
gene sequencing. Only a few other PIDs have been reported to
underlie IFD, typically in the context of other infectious dis-
eases due to viruses (e.g., SCID, AD GATA?2 deficiency), bac-
teria (e.g., SCID, AD-hyper IgE syndrome [AD-HIES]),
mycobacteria (e.g., SCID, AR IL-12Rf31 deficiency), and/or
parasites (e.g., SCID, X-linked hyper IgM syndrome [XL-
HIGM)]) (Table 6, reviewed in [142]). Therefore, depending
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on the fungal disease, other genes, in addition to CARDSY,
should be screened. Invasive Candida infections are rarely re-
ported but mostly occur in patients with HIGM, and exceptional
cases have been described in other PIDs associated with
syndromic IFD (see Table 6) [143—147]. The main genetic eti-
ology of IA is CGD, but cases have also been reported in
patients with AD/AR-severe congenital neutropenia (SCN),
AD GATA2 deficiency, AD STAT1 gain-of-function, or AD-
HIES [143-145, 148, 149]. By contrast, inherited CARD9 de-
ficiency is currently the only PID associated with invasive
dermatophytosis or phacohyphomycosis (with the exception
of rare cases reported in CGD patients). Endemic mycoses or
cryptococcosis have never been reported in CARD9-mutated
patients but may occur in some patients with inborn errors of
the IL-12/IFN-y axis (e.g., ILI2RBI, IFNGRI) [150]. P.
Jirovecii infections typically occur in patients with inherited T-
cell defects, such as SCID (more than 30 genetic etiologies),
HLA-II deficiency, or defects disrupting CD40-CD40L interac-
tion (e.g., AD/AR anhidrotic ectodermal dysplasia with immu-
nodeficiency (EDA-ID) or HIGM), which are generally diag-
nosed in the first few months of life [146, 151, 152]. If no
mutation in any of the known candidate genes is found by gene
sequencing, analysis by next-generation sequencing (NGS), in-
cluding whole-exome sequencing (WES) or whole-genome se-
quencing (WGS), should be performed to identify new variants
of known PID-related genes or new PID genes [53].
Furthermore, as CARD9 deficiency is a recessive defect, genet-
ic analyses should be performed on other members of the pa-
tient’s family, and genetic counseling should be proposed be-
fore conception.

Treatment of Fungal Diseases
in CARD9-Deficient Patients

CMC is managed by life-long treatment with topic azole agents
as first-line treatment. Systemic agents (e.g., azole agents,
echinocandins) are used for extensive or uncontrolled disease
and for cases not responding to topical agents [153]. Invasive
Candida infections must be treated intravenously (e.g., with
echinocandins, fluconazole, or liposomal amphotericin B
(AmB) with flucytosine) for 1-2 weeks and then with oral flu-
conazole consolidation therapy [154]. Treatment duration de-
pends on the organs affected and should be adapted according
to the clinical, radiological, and biological responses of the pa-
tient (e.g., sterilization of the CSF in cases of CNS candidiasis).
Surgery should be performed for intra-abdominal masses and
endophthalmitis. Superficial dermatophytosis is treated with
topical agents as a first-line treatment (e.g., terbinafine,
ciclopirox olamine) [155, 156]. Treatment duration ranges from
6 weeks to 1 year, depending on the molecule used and the type
of lesion. Onychomycosis and scalp lesions are treated with
systemic antifungal agents as a first-line treatment (mostly azole
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agents) for 6 to 12 months. Extensive/deep dermatophytosis is
treated with systemic agents (e.g., terbinafine, griseofulvin,
azole agents) for several months, and if the disease becomes
mutilating, surgery may be performed to control progression
[155, 156]. No guidelines have been published and there are
no standardized recommendations for treating
phaeohyphomycosis. However, oral azole therapy (mostly with
itraconazole) for several months is considered as a treatment of
choice for subcutaneous infection. In cases of extensive skin
lesions, local excisions may be performed [98, 157, 158]. The
most appropriate treatment for disseminated phaecohy
phomycosis is unclear, but combinations of systemic antifungal
therapies (e.g., voriconazole or posaconazole plus echinocandin)
may be effective [158]. Brain abscesses should be completely
removed by surgery if possible. In the latest update of the guide-
lines for TA treatment, systemic voriconazole is recommended
as the first-line treatment, for a minimum of 6-12 weeks, de-
pending on the site of infection. Systemic liposomal AmB and
isavuconazole are possible alternative treatments [159].

Immunotherapeutic Approaches
in CARD9-Deficient Patients

In terms of clinical outcome, alternative/adjuvant treatments may
be required to cure patients or to control the fungal disease.
Defects of GM-CSF production by PBMCs and monocytes in
response to stimulation with zymosan or C. albicans were ob-
served in five patients with Candida infections of the CNS [6, 7,
17]. The impaired GM-CSF production by myeloid cells was
initially related to the impaired ERK phosphorylation down-
stream of the HRAS/Ras-GFR1/ERK pathway after stimulation
with zymosan in patients homozygous for Y91H or compound
heterozygous for ¢.-5297>C/c.271T>C (p.Y91H) alleles [6].
Based on these data, three CARD9-deficient patients with relaps-
ing Candida CNS infection were successfully treated with GM-
CSF (n=2) [6, 17] or G-CSF (n=1) [9] immunotherapy as an
adjuvant to standard oral azole therapy. Complete clinical recov-
ery was reported with CSF sterilization after 6 days of subcuta-
neous GM-CSF (500 pg/day) or 3 weeks of subcutaneous G-
CSF (450 pg twice/week). After 18 months of subcutaneous
GM-CSF (250 pg/day) with oral voriconazole, or 3 months of
subcutaneous G-CSF (450 pg twice/week) with oral flucona-
zole, adjuvant treatments were stopped, and no relapse occurred
during 1 year of follow-up. By contrast, a fourth CARD9-
deficient patient, with relapsing Candida CNS infection, treated
with subcutaneous GM-CSF (200 pg/day) and oral fluconazole
for 15 months showed an ineffective response, resulting clinical-
ly in an enlargement of the fourth ventricle, for which discharge
was required [61]. The clinical worsening was characterized by a
massive eosinophil infiltration in the CSF and the brain, associ-
ated to persistent fungal pathogen in brain biopsies and in CSF.
GM-CSF was stopped and the patient showed clinical and
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biological improvement under high dose of oral fluconazole
alone, and no relapse occurred during 2.5 years of follow-up.
This patient homozygous for the R57H allele was found with a
functional HRAS/Ras-GRF1/ERK pathway, like one patient
compound heterozygous for ¢.-5297>C/c.271T>C (p.Y91H) al-
leles, who was not treated by GM-CSF. The non-response to
GM-CSF observed in this fourth patient may be associated to
other CARD9-independent immune defects, but also to fungal
virulence or chronicity of infection. Further studies are required
to understand the variability to GM-CSF immunotherapy be-
tween CARD9-deficient patients. Strong conclusions about the
GM-CSF efficacy and CARD9-related pathway are difficult to
draw because of the very small number of CARD9-deficient
patients treated with GM-CSF. However, in patients with relaps-
ing Candida infection of the CNS, subcutaneous GM-CSF/G-
CSF could be considered as an adjuvant immunological treat-
ment for use with classical azole agents during the consolidation
therapy. Clinicians must use adjuvant GM-CSF therapy with
caution because of a possible risk of disease exacerbation and
complications related to eosinophil-driven immunopathology of
GM-CSF. The potential therapeutic role of GM-CSF was
assessed in Card9" mice infected intravenously with C.
albicans, a model that mimic the susceptibility to Candida
CNS infection observed in CARD9-deficient patients [61].
Infected mice were intraperitoneally injected with GM-CSF
(5 ng) immediately following infection or 24 h after infection.
Card9~"~ mice showed fungal burden in the CNS and kidneys
significantly higher than in their WT counterparts, which were
not reduced after GM-CSF treatment as compared to untreated
mice, 72 h after infection. Thus, the use of GM-CSF did not
appear efficient in a mouse model of Candida CNS infection.
The HRAS/Ras-GFR1/ERK pathway has not been studied in
Card9™”~ mice. Adjuvant treatment with GM-CSF or G-CSF
could be extended to invasive fungal infections other than relaps-
ing Candida CNS infections, in other models of infection in
Card9 " mice (e.g., subcutaneous or invasive
phaeohyphomycosis, 1A, and deep dermatophytosis). Indeed,
the impact of GM-CSF or G-CSF on fungal load, survival, and
outcome could be evaluated in such mice. Improvements of our
understanding of the CARD9-dependent antifungal immunity
should contribute to the development of new immunological
therapies for fungal diseases occurring in a context of CARD9
deficiency.

Hematopoietic Stem Cell Transplantation
in CARD9-Deficient Patients

Only one patient with CARD9 deficiency and intra-abdominal
aspergillosis refractory to multiple antifungal therapies and local
debulking surgery underwent HSCT, at the age of 12 years. The
patient died from a fatal diffuse alveolar hemorrhage after two
consecutive HSCTs [8]. The potential utility of HSCT in
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CARD9Y-deficient patients therefore remains unclear. Indeed,
patients seem to have a single IFD throughout their lifetime,
but of the 45 patients treated with multiple and/or long-term
therapies with or without adjuvant treatment, the outcome was
eventually satisfactory in 29/43 (67.4%) patients, 8/43 (18.6%)
patients still have active fungal disease, and 6/43 (13.9%) pa-
tients died (no data available for two patients). In some PIDs
conferring a predisposition to syndromic IFD, such as CID,
CGD, or AD GATA2 deficiency, HSCT is performed as a last
resort, with complete clinical recovery if engraftment is success-
ful and no adverse effects occur (e.g., rejection, secondary in-
fections) [160-162]. In CGD or AD GATA?2 deficiency, patients
have a myeloid cell defect, as in patients with AR CARD9
deficiency. In a recent prospective trial of CGD patients under-
going HSCT, myeloid engraftment rates exceeded 70% [163]. It
has also been shown that, in patients undergoing HSCT for
lymphoid or myeloid malignancies, monocyte recovery occurs
after 30 days and is then maintained and associated with high
median survival [164]. In GATA2-deficent patients, HSCT is
also performed to avoid transformation into AL [165, 166].
Nevertheless, HSCT is a heavy treatment associated with high
mortality rates, mostly due to disseminated infections, such as
IFD, and rejection problems [167]. The decision to perform
HSCT is based on the optimal benefit/risk ratio for each patient.
We suggest that CARD9-deficient patients with fungal disease
refractory to standard/adjuvant therapies should be considered
for allogeneic HSCT, with caution, due to the lack of available
data. The success of HSCT in CARD9-deficient patients would
provide formal proof of the involvement of hematopoietic cells
in CARD?9 deficiency.

Outcome of CARD9-Deficient Patients

Overall, 45 of the 58 patients were treated. All received multiple
and/or long-term antifungal therapies to control the fungal dis-
ease [1-11, 14-23] (Table 3). A satisfactory outcome was ob-
tained in six patients (6/44, 13.6%; no data concerning one
patient), three of whom received secondary prophylaxis after
initial treatment [3, 5, 15]. However, 38 patients relapsed imme-
diately upon treatment cessation (38/43, 88.4%; no data avail-
able for one patient). The fungal disease was eventually success-
fully controlled in 23 of these patients (with adjuvant immuno-
logical therapy in three patients), but not in 14 patients, eight of
whom still had active disease and six of whom died. Indeed, 10
of 58 patients (17.2%) died from active disease at a mean age of
23.1 years (median age 19 years; range [12-39 years]). Six
patients died from active disease despite treatment (deep
dermatophytosis (n=3), Candida CNS infection (n=1), IA
(n=1), invasive Exophiala infection (n=1), [2, 8, 11] and per-
sonal communication from Dr. Davood Mansouri); one died
from deep dermatophytosis without treatment [2], and three died
from Candida CNS infections (no treatment data available) [1].

One patient died from old age, at 91 years of age [2]. CMC
seems to be controlled by chronic oral treatment with antifungal
agents in affected patients [1-5, 7-11]. Candida CNS infections
were treated in 13 patients (according to guidelines in six pa-
tients [3, 9, 10, 16]), eight of whom experienced relapses (in-
cluding three patients treated according to guidelines) [3, 57,
9-11, 16, 17] (no data available on outcome for one patient [6]).
Four of these patients received adjuvant GM-CSF/G-CSF treat-
ment, which controlled the infection perfectly [6, 9, 17] in three
patients but was ineffective in the fourth one [61], and three
others also needed brain surgery [3, 6, 17]. Candida endoph-
thalmitis (n =2) [18, 19], osteomyelitis (z = 3) [6, 7, 18], colitis
(n=1), and intra-abdominal infection (n=1) [3, 8] were suc-
cessfully treated with systemic long-term antifungal agents and
the patients with hip osteomyelitis needed a hip replacement
[18]. Outcome is unknown for one treated patient with
Candida meningitis, endophthalmitis, and osteomyelitis [6].
Seventeen patients with extensive/deep dermatophytosis were
treated with multiple systemic antifungal agents for 9—
12 months, but all relapsed when treatments were stopped [2,
4,10, 20, 21]. Life-long therapy has controlled the disease in 11
patients [2, 10, 21], one still has active disease, and three died
despite treatment [2]. Second-line oral posaconazole therapy
yielded complete clinical remission in two patients after 8 and
12 months, respectively [4, 20]. Surgery was required in three
patients [2, 10]. The seven patients with subcutaneous
phaeohyphomycosis were treated with combinations of antifun-
gal agents followed by long-term oral azole therapy. The im-
provement of skin lesions was poor in six of these patients, but
one patient was successfully treated with a combination of
itraconazole and the excision of skin nodules [14, 15, 22, 23].
The two patients with invasive Exophiala infections were
treated with multiple antifungal treatments and invasive
therapeutic interventions [22]. One improved, but the other
died from a pulmonary relapse. Cerebral IA was treated with
systemic agents in addition to the surgical excision of a
brain mass, and the intra-abdominal IA relapse was success-
fully treated with oral itraconazole in this patient [8]. The
other patient with intra-abdominal IA did not respond to
multiple treatments and died from complications of HSCT
[8]. Overall survival and mortality were estimated at 86.7%
(39/45) and 13.3% (6/45), respectively, for the treated pa-
tients. At their last follow-up, 81% (47/58) of CARD9-
deficient patients (treated or not) were alive (Fig. 5).

Primary and Secondary Prophylaxis
in CARD9-Deficient Patients

More than 85% of patients with CARDY mutations suffered
relapses of fungal disease when treatment was stopped, indicat-
ing that longer courses of treatment or life-long treatment are
required to prevent recurrence. Long-term therapies, mostly
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Fig. 5 Kaplan-Meier survival
curve for CARD9-deficient
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with azole agents (or griseofulvin in deep dermatophytosis),
were used in 16 patients with invasive Candida infection [3,
5-7,9-11, 16-19, 61], 17 patients with deep dermatophytosis
[2, 4, 10, 20, 21], and nine patients with phacohyphomycosis
[14, 15,22, 23], and control of the fungal disease was achieved
in 13, 13, and two patients, respectively. Secondary prophylaxis
(more than 1 year of antifungal treatment) was given to seven
patients (Table 3); oral itraconazole used for over 20 years
prevented relapses of invasive candidiasis and aspergillosis in
one patient [8]. No relapse of Candida osteomyelitis or endoph-
thalmitis occurred in a patient treated with oral fluconazole after
2.5 years of follow-up [18]. No relapse of Candida meningitis
has occurred on oral fluconazole treatment over follow-up pe-
riods of 1 to 2.5 years in four patients [3, 5, 9, 61]. Finally, one
patient with subcutaneous phacohyphomycosis was treated
with oral itraconazole for more than 1 year with no relapse
[15]. Consistent with these data, each CARD9-mutated patient
should be given secondary prophylaxis with oral azole agents
after the first episode of IFD, which should be treated over a
long period (at least 9—12 months) without changing the mole-
cule used if no recurrence occurs on treatment. We do recom-
mend drug-based prophylaxis with oral fluconazole (100—
200 mg/day), a known safe antifungal drug, for siblings of
patients found to have CARD9 mutations. This should avoid
life-threatening Candida CNS infections which can occurred
insidiously and which have been found in about 30% of
CARD9Y-deficient patients. The use of oral fluconazole should
also prevent the occurrence of CMC. However, we do not rec-
ommend drug-based prophylaxis for other IFDs (e.g., invasive
aspergillosis, deep dermatophytosis, or phaeohyphomycosis)
with other azole agents such as voriconazole or posaconazole
because such treatments place considerable constraints on the
individual (e.g., drug monitoring in the blood), can cause resis-
tance problems, and can be costly. However, patients should be
monitored for the occurrence of IFD, and we recommend
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careful checking for the occurrence of CMC by rigorous screen-
ing of the skin and oral cavity even if they receive primary drug
prophylaxis.

Conclusion

Inherited CARD? deficiency is a genetic etiology of superficial
and invasive fungal diseases caused by various fungi from phy-
lum Ascomycota. The defect is AR, but it is not known whether
it is complete or partial, due to a lack of robust assays for testing
the function of individual alleles experimentally. Clinical pene-
trance is globally complete by the time patients reach their early
50s, but it is incomplete in younger individuals, and if fungal
infections are considered individually, it is incomplete for the
type of infection [168, 169]. Fungal diseases can occur at any
age, from early childhood to late adulthood. The adult onset seen
in several CARD9-deficient patients is an uncommon feature of
inborn errors of immunity and must encourage clinicians to
evoke CARD9 deficiency in differential diagnosis of adults pre-
senting with unexplained IFD. This variability of disease onset
may be due to host or environmental factors. Most patients are
prone to a single IFD, a striking observation that remains unex-
plained. It may reflect the chronic activation of antifungal im-
munity against the invading fungus, providing protection against
other fungi. The reasons for the observed selective vulnerability
to fungi from a single phylum also remain unclear. Most of these
disease-causing fungi are almost ubiquitous. The narrow spec-
trum of fungi causing infection in these patients may be ex-
plained by shared structural characteristics and their connection
with CARD9. The asci, which are the fungal sacs containing the
spores produced by sexual reproduction and which are seen at
least under specific in vitro conditions, are specific to ascomy-
cetes. They might play a role in the initial stages of infection in
CARDO9-deficient hosts. Other ascomycete infections may
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subsequently be identified in CARD9-deficient patients. In this
context, any patient, even adults, with unexplained IFD due to an
ascomycete fungus should be tested for CARDY mutations. More
generally, the possibility of CARD9 deficiency should be con-
sidered in any patient with unexplained IFD. WES in patients
with I[FD without CARDY mutations will probably reveal new
genetic defects that may clarify the pathogenesis of fungal infec-
tions in CARD9-deficient patients. In parallel, the study of
CARD?9 deficiency at the cellular level, although difficult, should
be pursued. Myeloid cells are thought but not proven to play a
key role in susceptibility to IFD, by mechanisms that also remain
to be deciphered. The use of conditional Card9 " mutant mice
may help to identify the cells involved in CARD9-dependent
antifungal immunity. The defect of Th17 cells seen in most, but
not all patients, should also be studied, as the underlying mech-
anism is unclear. When these patients present CMC, years before
IFD, it may be due to a primary defect of Th17 cells. However,
most CARD9-deficient patients do not suffer from CMC and
many have no apparent Th17 cell deficit. Furthermore, the link
between CARD9 and Th17 is unclear. Overall, studies of the
molecular and cellular bases of CMC and IFD in humans with
inherited CARD9 deficiency should shed light on the mecha-
nisms of antifungal immunity in humans.
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