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Purpose

Autosomal recessive CARDY deficiency predisposes patients to invasive fungal disease. Candida and

Trichophyton species are major causes of fungal disease in these patients. Other CARD9-deficient patients

display invasive disease caused by other fungi, such as Exophiala spp. The clinical penetrance of CARD9

deficiency regarding fungal disease is surprisingly not complete until adulthood, though the age remains

unclear. Moreover, the immunological features of genetically confirmed yet asymptomatic individuals with

CARDO deficiency have not been reported.

Methods

Identification of CARDY mutations by gene panel sequencing and characterization of the cellular phenotype

by quantitative PCR, immunoblot, luciferase reporter, and cytometric bead array assays were performed.

Results

Gene panel sequencing identified compound heterozygous CARD9 variants, ¢.1118G>C (p.R373P) and

¢.586A>G (p.K196E), in a 4-year-old patient with multiple cerebral lesions and systemic lymphadenopathy

due to Exophiala dermatitidis. The p.R373P is a known disease-causing variant, whereas the p.K196E is a

private variant. Although the patient’s siblings, a 10-year-old brother and an 8-year-old sister, were also

compound heterozygous, they have been asymptomatic to date. Normal CARD9 mRNA and protein

expression were found in the patient’s CD14" monocytes. However, these cells exhibited markedly
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impaired pro-inflammatory cytokine production in response to fungal stimulation. Monocytes from both

asymptomatic siblings displayed the same cellular phenotype.

Conclusions

CARD9 deficiency should be considered in previously healthy patients with invasive Exophiala

dermatitidis disease. Asymptomatic relatives of all ages should be tested for CARD9Y deficiency. Detecting

cellular defects in asymptomatic individuals is useful for diagnosing CARD9 deficiency.

Keywords: CARD?Y deficiency, invasive fungal disease (IFD), Exophiala dermatitidis, asymptomatic

siblings, cytokine production
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Introduction

Caspase-associated recruitment domain-9 (CARD9) deficiency is an autosomal recessive (AR) primary

immunodeficiency caused by loss-of-function mutations in the CARD9 gene(1), which encodes a signaling

protein located downstream of C-type lectin receptors that recognizes fungal pathogen-associated

molecular patterns. Accordingly, AR CARD?9 deficiency results in specific susceptibility to invasive and/or

superficial fungal disease (2, 3). Since its first report in 2009, AR CARD9 deficiency has been identified

in 78 patients from 55 kindreds from 17 countries, with 28 mutations identified as disease causing (1, 3-

20). With descriptions of an increasing number of patients, the clinical characteristics, pathophysiology,
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and genetic background of AR CARDY deficiency are gradually being deciphered. Nonetheless, many

questions remain unanswered (3).

AR CARD?9 deficiency is characterized by invasive fungal diseases (IFD) that often affect the central

nervous system (CNS) (21). Candida and Trychophyton represent the two major disease-causing fungal

species in patients with AR CARD?9 deficiency (Fig. S1) (3); Aspergillus (8, 14, 19, 22), Auerobasidum

(23), Corynespora (7, 24), Exophiala (13, 14, 17, 25), Microsprorum (9), Mucor (6), Ochroconis (17),

Pallidocercospora (11), Phialophora (10, 26), Saprochaete (15), and Trichosporon (4) species have less

frequently been reported. In particular, IFD caused by Exophiala dermatitidis has only been reported in 2

previously healthy patients with AR CARD?9 deficiency at the ages of 8 and 23 years (13, 25).

Because all patients with disease-causing CARDY9 mutations develop fungal disease, the clinical

penetrance of AR CARD?9 deficiency is thought to be complete (3). However, the age at onset ranges from

childhood to adulthood (3.5-58 years) (3, 27), suggesting that there are asymptomatic children or adults

who carry disease-causing mutations in CARDY, and such individuals are expected to develop fungal

disease later in life. Overall, the mortality rate of CARD9-deficient patients who develop IFD is >20% (3-

5,7,8,12,13, 15, 16, 18). Therefore, to reduce the mortality rate, it is important to diagnose patients with

AR CARD?9 deficiency prior to the onset of IFD. Presymptomatic diagnosis of this disorder enables us to

monitor the patient closely and consider institutional therapy with antifungal prophylaxis. Although

diagnosing AR CARD?9 deficiency is relatively easy when patients display characteristic clinical features

11
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and carry previously reported disease-causing mutations, it becomes more challenging when patients

display an atypical clinical course, carry novel CARD?9 variants, or carry reported disease-causing mutations

but are asymptomatic.

Materials and methods

Fungal identification

PrepMan™ Ultra Sample Preparation Reagent (Applied Biosystems, Waltham, Massachusetts, USA) was

used to extract genomic DNA from a lymph node biopsy that was cultured in Sabouraud dextrose agar

according to the manufacturer’s protocol. The DNA was amplified and sequenced from the D2 region of

the nuclear large subunit ribosomal RNA gene using MicroSEQ™ D2 rDNA Fungal Identification Kit

(Applied Biosystems) according to the manufacturer’s protocol. For species assignment, sequences were

aligned using BLAST (NCBI, Washington, DC).

DNA sequencing

Genomic DNA was extracted from peripheral blood leukocytes and subjected to gene panel sequencing

and/or Sanger sequencing. The former revealed enriched PID-related genes reported in IUIS2017 (28). The

detailed method was described previously (29).
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Isolation of CD14" monocytes from peripheral whole blood

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral whole blood by density

gradient centrifugation using Lymphoprep™ (Alere Technologies AS, Oslo, Norway). CD14" monocytes

were separated from PBMCs using IMag™ Cell Separation System (BD Biosciences, San Jose, CA, USA)

according to the manufacturer’s protocol and resuspended in RPMI 1640 medium (Gibco, Thermo Fischer

Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS)

(HyClone, Logan, UT, USA) and 100 ug/ml penicillin/streptomycin.

Quantitative PCR

Total RNA was extracted from isolated CD14" monocytes with Qiagen RNeasy Mini kit (Qiagen, Hilden,

Germany) according to the manufacturer’s protocol and transcribed by using Superscript III Reverse

Transcriptase (Invitrogen, Carlsbad, CA, USA). Quantitative PCR was performed in triplicate using

TagMan primer/probe sets for CARD9 (Hs00364485 ml), GAPDH (Hs99999905 ml) (Applied

Biosystems), TagMan Fast Advanced Master Mix Reagents Kit (Applied Biosystems) according to the

manufacturer’s protocol and the StepOne Real-Time PCR system (Applied Biosystems). GAPDH was used

as normalization control. The data were analyzed with the 2-AACT method.

Immunoblot analysis

13
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Equal amounts of protein from isolated CD14" monocytes were separated by 10% SDS-PAGE and

transferred to PVDF membranes (Merck KgaA, Darmstadt, Germany). The membranes were blocked with

low-fat bovine milk. Proteins were probed with a rabbit anti-human CARD9 polyclonal antibody (Protein

Tech, Thermo Fisher Scientific, Waltham, MA, USA, catalog 10669-1-AP) or a mouse anti-B-actin

monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA, catalog A5316). HRP-conjugated goat anti-

mouse and anti-rabbit antibodies (GE Healthcare, Buckinghamshire, England, UK) were used as secondary

antibodies. Antibody binding was detected using enhanced chemiluminescence reagent (Thermo Fisher

Scientific, Waltham, MA, USA), and the band intensity was quantified using Imagel software (National

Institutes of Health, Bethesda, MD).

Mutagenesis and transient transfections

We used pcDNA3.1 V5-His-wild-type (WT)-CARDY and -mutant-CARD9 (p.R35Q and p.R70W), as

described previously (21), for this study. We generated expression vectors encoding p.K196E and p.R373P

CARDY variants using PCR-based mutagenesis of the pcDNA3.1 V5-His-WT-CARDY vector with

mismatched PCR primers. The primer sequences and PCR conditions are available upon request.

HEK?293T cells were plated for 18 h in 6-well plates at 7.5x103 cells/well in DMEM (Gibco) supplemented

with 100 pg/ml penicillin/streptomycin. Then, plasmids carrying the WT CARD9Y allele or each mutant

CARDY allele were used to transfect HEK293T cells with Lipofectamine LTX Reagent (Thermo Fisher

14
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Scientific) according to the manufacturer’s protocol. After 24 h, the transfected HEK293T cells were

subjected to immunoblot analysis.

Luciferase reporter assay

HEK?293T cells were plated for 18 h in 96-well plates at 2.5x10* cells/well in DMEM (Gibco) supplemented

with 100 pg/ml penicillin/streptomycin. The cells were transfected with DECTIN-, SYK-, and BCL10-

expressing pcDNA3.1 vectors with the WT CARD9- or mutant CARD9 (p.R70W, p.K196E or p.R373P)-

expressing pcDNA3.1 vector, Igkcona-Luc (provided by S. Yamaoka) and pRL-TK (Promega, Madison,

Wisconsin, USA) using Lipofectamine LTX Reagent according to the manufacturer’s protocol. The cells

were stimulated with heat-killed Exophiala dermatitidis (1x10° particles/well) for 24 h. Luciferase reporter

gene activities were determined with Dual-Luciferase Reporter Assay System (Promega). The experiments

were performed in triplicate, and data are expressed in relative luciferase units (RLU).

Cytokine analysis

Isolated CD14" monocytes were cultured in 96-well plates at 4x10* cells/well in RPMI 1640 medium and

stimulated with lipopolysaccharide (LPS) (from Escherichia coli, serotype O111: B4; Sigma-Aldrich) (10

ng/ml) for 2 h or with heat-killed Candida albicans (1x10° particles/well), heat-killed Candida glabrata

(1x108 particles/well), or heat-killed Exophiala dermatitidis (1x10° particles/well) for 24 h. The details of

15
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heat-killed fungus preparation are described previously (30). Cytokine levels (TNF-a, IL-6) were measured

in the culture supernatants using a cytometric bead array (CBA) (BD Biosciences) and analyzed according

to the manufacturer’s instructions using CBA Flex Set (BD Biosciences). The experiments were performed

in triplicate.

Results

Case report

The patient was a previously healthy 4-year-old Japanese girl born to non-consanguineous parents. There

was no history of any severe disease in her parents or her two siblings, a 10-year-old brother and an 8-year-

old sister. She received all the vaccines for her age, according to the recommendation by the Japan Pediatric

Society, without any adverse effects.

At the age of 4 years, she was hospitalized with speech disorder and right hemiparesis that continued for

one month. Physical examination showed muscle weakness in the right upper and lower limbs.

Lymphadenopathies in the supraclavicular and axillary regions (10 mm) and a mass in the abdomen (30

mm) were also noted. Brain magnetic resonance imaging (MRI) revealed multiple masses up to 20 mm in

diameter on the left side of the cerebellum, mesencephalon, temporal lobe and basal ganglia (Fig. 1Aa, b).

Chest and abdominal computed tomography (CT) scans showed supraclavicular, axillary, and intra-

abdominal lymphadenopathies and multiple low-density lesions in the spleen (Fig. 1Ac, d). Cerebrospinal
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fluid (CSF) leukocyte counts were normal, as were CSF levels of protein and glucose. Blood and CSF

cultures were negative for bacterial, fungal, and acid-fast bacilli; gastric juice culture was also negative for

acid-fast bacilli. Interferon-gamma release assays (IGRAs) showed negative results, ruling out

Mpycobacterium tuberculosis infection. Based on histopathology of the axillary lymph nodes, necrotizing

granuloma with low neutrophil infiltration was present (Fig. 1Ba, b). Periodic acid Schiff (PAS) and

Grocott staining revealed yeast-like fungi (Fig. 1Bc, d). Exophiala dermatitidis was suspected by direct

microscopic examination of the fungal culture (Fig. 1C) and was confirmed by sequencing the D2 region

of the large subunit ribosomal RNA gene. The patient was thus diagnosed with invasive

phaeohyphomycosis (brain, lymph nodes, spleen) due to E. dermatitidis.

The patient was initially treated with a 16-mg voriconazole/kg/day infusion as empiric therapy. Her

symptoms gradually improved with a month of treatment, though with little impact on the multiple cerebral

lesions and systemic lymphadenopathies. She then received 2.5 mg liposomal amphotericin B/kg/day in

addition to voriconazole based on the identification and drug sensitivity of E. dermatitidis, and the multiple

cerebral lesions and systemic lymphadenopathy gradually improved. After 5 months of administration of

liposomal amphotericin B, the multiple cerebral lesions shrank and stabilized, but not fully disappeared.

Then the patient was subsequently treated with oral 800 mg voriconazole, and 125 mg terbinafine has been

continued to date. Follow-up at 2 years indicated no evidence of recurrence.
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Identification of CARDY variants

Due to the IFD caused by E. dermatitidis in this otherwise healthy 4-year-old girl, we suspected the

possibility of an inborn error of immunity and performed gene panel sequencing. After the filtering process

(minor allele frequency (MAF) <0.01), 15 rare variants were identified (Table S1). Among them, rare

variants in AK2, BCLI1B, ILIORA, ILI7RC, IRAKI, KMT2D, LRBA, ORAIl, PRFI, SH3BP2, and

SLC29A43 were unlikely to be disease causing based on their inheritance patterns or the patient’s clinical

phenotype. As no other candidate rare variants that could explain the patient’s manifestations were

identified by gene panel sequencing, two variants, ¢.586A>G (p.K196E) and ¢.1118G>C (p.R373P), of

CARDY (Fig. 2) were considered to be the best candidates. Both variants were confirmed by Sanger

sequencing (Fig. 3A). The p.K196E variant, which was inherited from her asymptomatic mother, has never

been reported. In contrast, the p.R373P variant, inherited from her asymptomatic father, has previously

been reported as disease causing, either in the homozygous or compound heterozygous state (9, 11, 31).

The patient’s 10-year-old brother and 8-year-old sister were totally asymptomatic, even though they were

both compound heterozygous for CARD9 p.K196E and p.R373P, similarly to their affected sister (Fig. 3B).

Computational assessment of the predicted pathological significance of these two variants using combined

annotation-dependent depletion (CADD) showed that their CADD scores (p.K196E: 22.9; p.R373P: 16.0)

were higher than the 99% confidence mutation significant cutoff (MSC: 10.26) (32-34); in addition, a low

MAF (p.K196E: 4.4 x 10-%; p.R373P: 2.3 x 107) in the general population was determined for both. These
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compound heterozygous variants were thus expected to be very rare, even though each MAF was not much

different from that of heterozygous variants reported in the general population (Fig. S2). Moreover, disease-

causing nonsense, frameshift, and essential splicing mutations showed lower MAFs and/or higher CADD

scores than the homozygous variants reported in the general population. In contrast, some disease-causing

missense variants, including the two identified variants p.K196E and p.R373P, had MAFs and/or CADD

scores equivalent to those of some homozygous variants reported in the general population (Fig. 3C).

Collectively, these data suggest that the identified biallelic CARDY variants are disease causing and

strengthen the importance of functional testing to validate the pathogenicity of identified variants.

CARDY9 mRNA and protein expression

We first investigated CARD9 mRNA expression levels in peripheral blood by quantitative PCR. CARD9

mRNA was strongly expressed in the neutrophils, monocytes, and natural killer (NK) cells of healthy

donors (Fig. S3). Therefore, we assessed CARD9 mRNA levels in the CD14" monocytes of the patient and

found levels comparable to those of two controls tested in parallel (Fig. 4A). We next assessed CARD9

protein expression in her CD14" monocytes by immunoblotting and found levels similar to those of control

cells (Fig 4B, C). Taken together, the biallelic variants of CARD9 did not affect mRNA or protein

expression in the patient’s cells. To confirm these findings, we transiently expressed WT or mutant

p-K196E, p.R373P, p.R35Q, or p.R70W CARD?Y alleles in HEK293T cells; p.R35Q and p.R70W have
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previously been reported as disease causing (8, 18, 21, 35). In cells transfected with the p.K196E or

p-R373P allele, CARDO protein levels were similar to those in cells transfected with the WT, p.R35Q, or

p.R70W allele (Fig. 4D, E).

Functional impact of p.K196E and p.R373P CARDY alleles

We next evaluated the functional impact of each CARDY allele using an NF-kB reporter assay, as previously

reported (21). In cells transfected with the CARDY p.K196E or p.R373P allele, NF-xB transcriptional

activity was comparable to that in cells transfected with the WT allele, both at the basal level and after

stimulation with E. dermatitidis. In contrast, cells transfected with the CARD9 p.R70W allele displayed

impaired NF-xB transcriptional activity, consistent with a previous report (Fig. 4F) (21). Therefore, the

NF-«B reporter assay using HEK293T cells did not allow us to draw a conclusion about the impact of the

identified CARD9 variants, and further analyses were carried out.

Cytokine production in response to fungal stimulation

We next evaluated the biological impact of the p.K196E and p.R373P variants by measuring the production

of pro-inflammatory cytokines from CD14" monocytes from the patient, patient’s mother’s or siblings

stimulated with heat-killed C. albicans, C. glabrata, E. dermatitidis and LPS. The patient’s CD14"

monocytes (p.K196E/p.R373P) displayed markedly impaired TNF-a and IL-6 production after stimulation
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with C. albicans, C. glabrata, and E. dermatitidis compared with cells from healthy controls (Fig. 5A, B).

In contrast, cytokine production following LPS stimulation was normal in the patient’s CD14" monocytes.

Similarly, the CD14" monocytes from the patient’s asymptomatic siblings (p.K196E/p.R373P) were also

markedly impaired in TNF-a and IL-6 production in response to fungal stimulation, which were normal in

response to LPS. The CDI14" monocytes from the patient’s mother (p.K196E/WT) displayed an

intermediate cellular phenotype; cells from her father (p.R373P/WT) were not available. Altogether, these

results showed monocytes carrying biallelic variants, p.K196E/p.R373P, to be impaired with regard to

TNF-a and IL-6 production in response to various fungal ligands but normal in response to LPS. These ex

vivo observations, together with the clinical manifestations of the patient, suggested that both CARD9Y

mutations are pathogenic.

Immunological findings

The immunological findings for the patient at the age of 4 (before starting antifungal treatment) and 5 (after

treatment) years are shown in Tables S1 and S2. Briefly, blood analysis indicated normal percentages of

neutrophils, monocytes, and lymphocytes; however, leukocyte counts were high at 15,540/mm?, and the

percentages of eosinophils were also high, at 26.1%, before treatment. The serum level of IgE was normal,

whereas that of IgG was high at 4,254 mg/dL. The leukocytosis, including eosinophilia, and elevated 1gG

resolved after antifungal treatments. T lymphocyte proliferation was normal in response to PHA and Con-
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A. In addition, the leukocyte oxidative burst, as assessed by the dihydrorhodamine (DHR) test, was normal.

HIV infection was ruled out by laboratory testing. Furthermore a detailed lymphocyte subpopulation

analysis was performed by multicolor flow cytometry, as previously described (36), and the percentages of

T, B, and NK cells were within the normal ranges; however, slightly decreased Th17 cell (CCR6*CXCR3-

/CD3"CD4"CD45R0O") percentages were noticed.

Immunological findings for the patient’s brother (at 12 years) and sister (at 11 years) as well as her mother

are shown in Tables S1 and S2. Briefly, blood analysis in the patient’s siblings revealed normal percentages

of leukocytes, neutrophils, lymphocytes, and monocytes, though the percentages of eosinophils in her

brother were slightly high at 8.9%; serum levels of IgE in the brother and sister were also high, at 339

IU/mL and 342 TU/mL, respectively. The percentages of T cells, B cells, and NK cells in the patient’s

siblings and mother were within normal ranges, with no decrease in Th17 cell counts.

Discussion

We report a patient with compound heterozygous CARD9 mutations who developed IFD caused by E.

dermatitidis, a dematiaceous fungus distributed in the environment (37). Although E. dermatitidis is found

worldwide, it is particularly common in East Asia (38). E. dermatitidis is a pathogen that causes a number

of clinical manifestations of phaeohyphomycosis, including skin, subcutaneous, and sinus infections. In

rare instances, it can cause invasive phaeohyphomycosis in the CNS and liver (13). In a summary report of
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43 patients with invasive phaeohyphomycosis caused by E. dermatitidis, the state of secondary

immunosuppression, including presenting with malignant tumors, cystic fibrosis, and steroid treatment,

was reported to involve host factors in 18 patients. Moreover, primary immunodeficiency (AR CARD9

deficiency in 1 patient and chronic granulomatous disease in 1 patient (39)) was reported as a host factor;

no known host factors were reported for the other 23 cases (25). In patients with primary immunodeficiency,

the onset of invasive phaeohyphomycosis caused by E. dermatitidis has only been reported in 1 additional

patient aside from those previously mentioned, and this patient was diagnosed with AR CARD?9 deficiency

(13). Among two patients with AR CARD9 deficiency, one died by severe pneumonia and central nervous

infection which resulted in brain herniation (13). The other patient developed IFD, but successfully treated

with antifungal therapy. She is alive, although she experienced the recurrence of invasive

phaecohyphomycosis caused by E. dermatitidis in spite of antifungal prophylaxis (25). Therefore, our case

is the third report of invasive phacohyphomycosis caused by E. dermatitidis in association with AR CARD9

deficiency. The target organs in our patient were the brain, systemic lymph nodes, and spleen. The

histopathology of the lymph nodes in our patient showed not only the presence of fungi, but also necrotizing

granuloma with low neutrophil infiltration. These findings are consistent to the previous studies which

described impaired neutrophil infiltration to the infection sites, such as CSF (21, 31, 40), skin (17, 19, 37),

lymph node (22), and adrenal masses (22), in patients with AR CARD9 deficiency. Lack of CXC-

chemokine induction at the infection sites have been reported as a cause of impaired neutrophil infiltration
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(40, 41). CNS disease was reported in both patients with AR CARD9 deficiency who developed invasive

E. dermatitidis disease (13, 25). Nevertheless, fungal disease of the CNS has been frequently reported in

patients with AR CARDO9 deficiency; among 26 patients who developed invasive Candida species disease,

20 (76.9%) developed CNS disease (3, 4, 8, 16, 18, 23). Overall, it is suspected that many patients who

develop invasive phaeohyphomycosis caused by E. dermatitidis without known host factors have not

undergone genetic evaluations. Among these, AR CARD9 deficiency may require differentiation,

particularly in patients with CNS disease.

In our patient, AR CARDY deficiency was diagnosed based on the presence of various symptoms,

identification of CARD9 mutations and impaired production of pro-inflammatory cytokines specific to

fungal stimulation in CD14" monocytes. Although p.K196E and p.R373P, identified in our patient, are

considered loss-of-function mutations, impaired function caused by each mutation could not be adequately

evaluated in vitro or computational analysis, MAFs and CADD scores. The CARD9 gene contains 13 exons;

the encoded protein has CARD and coiled-coil (CC) domains (42). The mutation p.K196E located in exon

4 within the CC domain and p.R373P in exon 8 within the CC domain. p.K196E is a novel mutation,

whereas p.R373P is a known disease-causing mutation identified in 3 patients from 3 kindreds (9, 11, 31).

CARD?9 protein expression in patients with p.R373P homozygous mutations is reportedly normal (11),

though it is impaired in patients with p.R373P/p.G72S compound heterozygous mutations (31).

Accordingly, there is no consensus on the effect of p.R373P mutation on CARD?9 protein expression. In
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our patient, levels of both CARD9 mRNA and protein expression were normal; hence, p.R373P was

determined to be normally expressed at the protein level. The transient gene expression experiment

confirmed this finding. Indeed, both p.K196E and p.R373P alleles were normally expression in protein

level. Subsequently, we sought to assess the pathological significance of p.K196E and p.R373P mutations

using transient gene expression experiments; however, the results of NF-xB transcriptional activity

assessment failed to demonstrate dysfunction. Previous study investigated CARDY9 mutants in CARD

domain (p.R18W, p.R35Q, and p.R70W) and CC domain (p.Q289* and p.Q295%*) by NF-«xB transcriptional

activity. This assay revealed impaired NF-kB activity in three mutations in CARD domain, whereas two

mutations in CC domain predicted to have normal activity (21, 25). Since two mutations in CC domain are

nonsense and recurrently found in patients with IFD, they should be pathogenic. Therefore, NF-kB reporter

assay might not be suitable for evaluating pathogenicity of mutations in CC domain. We thus suspect that

NF-kB reporter assay failed to confirm the pathogenicity of p.R373P and p.K196E allele because they

locate in CC domain. Including our study, there have been no in vitro evaluations that can accurately

measure the effects of CARD9 mutations, and this is a topic for future study.

Although our patient’s siblings, a 10-year-old brother and an 8-year-old sister, did not develop fungal

disease, similar to the patient, both harbored p.K196E/p.R373P CARDY mutations. Thus, asymptomatic

siblings of all ages should be tested for AR CARD?9 deficiency. Because cases of adulthood onset have

been reported, it is possible that there are individuals with AR CARD9 deficiency who do not develop

25



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

fungal disease in childhood. Nonetheless, there have been no reports to date on detailed investigations in

presymptomatic individuals carrying disease-causing CARDY mutations. Indeed, this is the first report of

impaired production of pro-inflammatory cytokines against fungi in a patient prior to the onset of fungal

disease. This may fit with a previous observation which described complete penetrance of AR CARD9

deficiency (3). We started antifungal prophylaxis with oral fluconazole (100 mg/day) and close monitoring

of patient’s siblings because they are considered at high risk for future fungal disease. After starting

prophylaxis, they have no episodes of fungal infections. On the other side, we need to say that there still

remains a possibility that the penetrance of AR CARD9 deficiency is not complete because some of the

patients with AR CARDY deficiency are asymptomatic until middle age (3). Further accumulation of the

cases is required to fully understand a global epidemiology of this disorder. Regardless of the presence or

absence of fungal disease, a reduction in the production of pro-inflammatory cytokines was demonstrated

in this study by using a cellular assay for CD14* monocytes from both patients and presymptomatic

individuals, and this evaluation system might be used to assess the biological effects of CARDY variants of

unknown pathological significance identified using comprehensive genetic analyses.
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Figure 1

Figure 1

Image findings and features of the fungus infecting the patient. A Radiological examination of the patient.

a and b Brain MRI showed high-intensity lesions on the left side of the mesencephalon, temporal lobe and

basal ganglia. ¢ and d Abdominal CT scan showed multiple intra-abdominal lymphadenopathies and

multiple low-density lesions in the spleen. B Histopathological and microbiological features of the fungus

in the patient. a and b Hematoxylin-eosin staining of the lymph node biopsy specimen showed necrotizing

granulomas with low neutrophil infiltration (a 200x, b 400%). ¢ and d Fungi were noted in the lymph node
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biopsy by Periodic acid Schiff and Grocott staining, respectively (¢ 200%, d 400x). C Macroscopic

appearance of the fungus. Rough colonies of black color on Sabouraud dextrose agar.
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Figure 2

Schematic representation of the human CARD?O protein with the CARD domain (residues 7-98) and coiled-

coiled domain (CCD) (residues 140-420). The proband’s variants (p.K196E and p.R373P) are shown in red,

among other previously reported pathogenic mutations. The 13 exons are indicated by Roman numerals,

and the first exon is nonprotein coding.
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Figure 3

Identification of CARD9 variants and computational analysis. A Sanger sequencing results. The

heterozygous p.K196E variant in exon 4 was present in the patient and her mother. The heterozygous

p.R373P variant in exon 8 was present in the patient and her father. B Pedigree of the family. The arrow

indicates the proband. C In silico analysis of CARDY variants. The graph shows the MAF and CADD v1.6

scores for disease-causing mutations previously reported in AR CARD9 deficiency and homozygous

34



655

656

657

658

659

660

661

662

663
664

variants in the general population, gnomAD v2.1.1 (https://gnomad.broadinstitute.org). The red dotted line

shows the CADD-MSC score (99% confidence interval) for CARD9. The variants identified in our patient

are indicated in red circles. Missense, nonsense, frameshift/essential splicing, and UTR (others) mutations

reported in AR CARD?9 deficiency are indicated by light blue diamonds, yellow squares, blue squares, and

black triangles, respectively. Homozygous missense and essential splicing variants reported in the general

population are indicated by white circles and white squares, respectively. CADD scores were calculated at

http://cadd.gs.washington.edu. WT, wild-type; MAF, minor allele frequency; CADD, combined

annotation-dependent depletion; MSC, mutation significance cutoff.
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Figure 4

CARD9 mRNA and protein expression and NF-kB transcriptional activity. A Relative CARD9 mRNA

expression normalized to GAPDH in CD14" monocytes of the patient and healthy controls (n=2) by

quantitative PCR. B, C Immunoblot (B) and quantitative analysis (C) of CARD9 expression in CD14"
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monocytes of the patient and healthy controls (n=4). The results in C show the ratio of CARD?9 to B-actin

of each individual analyzed. D, E Immunoblot (D) and quantitative (E) analyses of CARD9 expression in

transfected HEK293T cells. The results in E show the ratio of CARD9 to B-actin of each individual analyzed.

F NF-«B transcriptional activity in transfected HEK293T cells by the NF-kB luciferase assay. HC, healthy

control; WT, wild-type; RLU, relative luciferase units.
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A
10,000 1
E 1,000 A
3 m HC-1
2
=] = HC-2
= 100 * Patient’ s mother
L “ Patient’ s brother
, = Patient’ s sister
10 1 = Patient
1
NS LPS E.dermatitids C.albicans C.glabrata
B
10,000 T
= 1,000 -
E
o
2
¥ 100 -
=
10
1
NS LPS E.dermatitids C.albicans C.glabrata
Figure 5

Cytokine production in CD14" monocytes of the patient (p.K196E/p.R373P), the patient’s brother

(p.K196E/p.R373P), the patient’s sister (p.K196E/p.R373P), the patient’s mother (p.K196E/WT) and

healthy controls (n=2), stimulated with LPS for 2 h or heat-killed Exophiala dermatitidis, Candida albicans,

or Candida glabrata for 24 h, as measured by cytometric bead array analysis. A TNF-a production. B IL-

6 production. NS, not stimulated; HC, healthy control
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Figure S1
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Causative fungi in patients with AR CARD?9 deficiency. The percentage of each fungus causing invasive

disease in patients with AR CARD?9 deficiency is shown.
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Figure S2

In silico analysis of CARDY variants. The graph shows the MAF and CADD v1.6 scores for disease-causing

variants identified in our patient and heterozygous variants in the general population, gnomAD v2.1.1

(https://gnomad.broadinstitute.org). The red dotted line shows the CADD-MSC score (99% confidence

interval) for CARDY. The variants identified in our patient are indicated in red circles. Missense, nonsense,

frameshift and essential splicing variants in the general population are indicated by light blue diamonds,

blue squares, yellow squares, and gray circles, respectively. CADD scores were calculated at

http://cadd.gs.washington.edu. MAF, minor allele frequency; CADD, combined annotation-dependent

depletion; MSC, mutation significance cutoff.
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Figure S3

CARDY mRNA expression in peripheral blood subpopulations. Relative CARD9 mRNA expression

normalized to GAPDH in CD66b" neutrophils, CD 14" monocytes, CD16756" NK cells, CD19" B cells,

CD3%4* T cells and CD3*8" T cells of healthy controls by quantitative PCR.
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Supplemental materials and methods

Cell sorting

Peripheral blood cells from healthy donors after the removal of erythrocytes were stained with fluorescently

conjugated anti-human CD3, CD4, CD8, CD14, CD16, CD19, CD56, and CD66b (BD Biosciences)

antibodies. After surface staining, CD66b" neutrophils, CD14" monocytes, CD16"56" NK cells, CD19" B

cells, CD3"CD4" T cells and CD3"CD8" T cells were sorted using a BDFACS Aria™ Cell Sorter (BD

Biosciences).

Quantitative PCR

Total RNA was extracted from the sorted cells with the Qiagen RNeasy Mini kit (Qiagen) according to the

manufacturer’s protocol. The detailed method of quantitative PCR is described in the materials and methods.
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