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Invasive pulmonary aspergillosis is a life-threatening mycosis that only affects patients with
immunosuppression, chemotherapy-induced neutropenia, transplantation, or congenital
immunodeficiency. We studied the clinical, genetic, histological, and immunological features of

2 unrelated patients without known immunodeficiency who developed extrapulmonary invasive
aspergillosis at the ages of 8 and 18. One patient died at age 12 with progressive intra-abdominal
aspergillosis. The other patient had presented with intra-abdominal candidiasis at age 9, and
developed central nervous system aspergillosis at age 18 and intra-abdominal aspergillosis at age
25. Neither patient developed Aspergillus infection of the lungs. One patient had homozygous M1l
CARDS (caspase recruitment domain family member 9) mutation, while the other had homozygous
Q295X CARDS9 mutation; both patients lacked CARDS protein expression. The patients had

normal monocyte and Th17 cell numbers in peripheral blood, but their mononuclear cells exhibited
impaired production of proinflammatory cytokines upon fungus-specific stimulation. Neutrophil
phagocytosis, killing, and oxidative burst against Aspergillus fumigatus were intact, but neither
patient accumulated neutrophils in infected tissue despite normal neutrophil numbers in peripheral
blood. The neutrophil tissue accumulation defect was not caused by defective neutrophil-intrinsic
chemotaxis, indicating that production of neutrophil chemoattractants in extrapulmonary tissue is
impaired in CARD9 deficiency. Taken together, our results show that CARDS deficiency is the first
known inherited or acquired condition that predisposes to extrapulmonary Aspergillus infection
with sparing of the lungs, associated with impaired neutrophil recruitment to the site of infection.

Introduction

Invasive pulmonary infections by the ubiquitous inhaled mold Aspergillus are an emerging problem in
patients with iatrogenic immunosuppression during chemotherapy-induced neutropenia, corticosteroids,
and/or hematopoietic stem cell transplantation (1-3). Invasive aspergillosis in primary immunodeficien-
cies is rare, and largely limited to pulmonary disease in chronic granulomatous disease (CGD) and GATA
binding protein 2 (GATAZ2) deficiency (3-5).
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Figure 1. Intra-abdominal aspergillosis in CARD9 (caspase recruitment domain
family member 9) deficiency. Coronal image of computed tomography of the
abdomen of patient 2 shows a large intra-abdominal mass (A, arrow), while chest
computed tomography shows normal lungs (B). Biopsy of the intra-abdominal mass
shows areas of palisading inflammation and necrosis on H&E stain (C; magnifica-
tion, x40) and acute-angle branching hyphae consistent with Aspergillus species

on Grocott-Gomori's methenamine silver stain (D; magnification, x400). Coronal (E)
and axial (F) images of computed tomography of the abdomen of patient 2 one year
after the initial presentation shows a large right suprarenal mass (arrows).

Mutations in fungal pattern recognition receptor (PRR) and down-
stream signaling pathway genes have not yet been associated with Men-
delian susceptibility to aspergillosis (6). Fungi are recognized via PRRs,
particularly C-type-lectin receptors (CLRs), Toll-like receptors (TLRs),
and complement receptor 3 (CR3) (7-9). TLR signaling appears redundant
for human antifungal host defense, as patients with myeloid differentia-
tion primary response 88 (MYDS88) and interleukin-1 receptor-associated
kinase 4 (JRAK4) mutations develop pyogenic bacterial but not fungal
infections (10). Mouse and in vitro studies have shown that CLRs includ-
ing dectin-1, dectin-2, dectin-3, and mincle, and their downstream adaptor
CARD?9 play a pivotal role in fungal sensing (7, 8, 11). The relevance of
this pathway in humans was shown by several cases of CARD?9 deficiency
in families with chronic mucocutaneous candidiasis (CMC) and invasive
candidiasis of the intestine and central nervous system (CNS) (12-14). The
spectrum of fungal disease in human CARD?9 deficiency was recently expanded to include superficial and
deep dermatophytosis as well as subcutaneous and invasive phaeohyphomycosis (15-17). At the mechanis-
tic level, mouse and human CARD?9 deficiency have been associated with decreased peripheral Th17 cells
(12), impaired production of proinflammatory cytokines upon fungus-specific stimulation (13, 14, 18, 19),
impaired phagocyte killing of unopsonized yeasts (14, 19), and defective generation of myeloid-derived
suppressor cells (20), some of which may contribute to heightened susceptibility to fungal disease. Howev-
er, infections by ubiquitous inhaled Aspergillus have not been reported in CARD9-deficient patients thus far.

Here, we describe 2 unrelated patients with different homozygous CARD9-null mutations who had
invasive CNS and intra-abdominal aspergillosis, while, strikingly, their lungs were spared from the
infection. We uncover a role for CARD9Y in promoting neutrophil accumulation in Aspergillus-infected
extrapulmonary tissues, whereas neutrophil-intrinsic chemotaxis and anti-Aspergillus effector functions
are CARDY independent.

Results

Case descriptions

Patient 1. A 9-year-old male of mixed European descent born to healthy consanguineous parents, mani-
fested chronic oral candidiasis, followed by intra-abdominal candidiasis of the liver and mesenteric lymph
nodes that was successfully treated with amphotericin B. At age 18, biopsy of cerebral lesions in the thala-
mus and capsula interna revealed acute-angle branching septate hyphae, most consistent with the diagnosis
of cerebral aspergillosis. The infection responded to surgical resection and amphotericin B. At age 25,
biopsy of hepatic and mesenteric lymph node lesions showed acute-angle branching septate hyphae, most
consistent with the diagnosis of aspergillosis. Chest computed tomography showed no lung involvement.
The infection resolved with itraconazole; secondary prophylaxis has continued for 20 years without recur-
rence. The patient did not have severe or recurrent bacterial or viral infections, but had autosomal dominant
hereditary spastic paraplegia due to a SPAST (Spastin) mutation (21).

Besides mild lymphopenia (700-1,000 lymphocytes/ul), immunological evaluations were within
normal age ranges, including neutrophil and monocyte numbers in peripheral blood, percentages of lym-
phocyte subsets, T cell functions, and humoral immune parameters (Tables 1 and 2). Due to spastic para-
plegia and lymphopenia, defects in adenosine deaminase and purine nucleoside phosphorylase activity
were biochemically excluded. CGD and HIV infection were ruled out by laboratory testing.
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Table 1. Lymphocyte immunophenotyping parameters in the peripheral blood of the caspase recruitment domain family member 9
(CARD9)-deficient patients of this study

Immunophenotyping parameter

Lymphocytes

T Lymphocytes
CD4* T cells
CD8* T cells
B Lymphocytes
NK cells

T Lymphocytes
CD45RA*
CD45R0*
CD45RA*CD31*
Th174

B Lymphocytes
CD27+
CD27¢IgM-IgD*
CD27*IgM-IgD-

Patient 1% (absolute) Patient 2 % (absolute) Normal % Normal absolute (cells/pl)
63 (450) 63.4 (2,162) 55-83 700-2,100
42 (300) 27.6 (941) 28-57 300-1,400
19 (136) 31.4 (1,071) 10-39 200-900
24 (171) 25.3(863) 6-19 100-500
13(93) 10.8 (368) 7-31 90-600
23 (59) ND 3-59 27-833
73 (188) ND 15-69 167-670
17 (48) ND 6-42 42-399

1.94 3.95 0.2-3.5
25 (36) ND 6-53 18-145
15 (21) ND 2-29 4-85
8 (1) ND 2-27 7-61

ATh17 numbers represent % of cells within CD4+ T cells. ND, not determined

Figure 2. The patients with extrapulmonary aspergillosis carry biallelic caspase
recruitment domain family member 9 (CARDS) mutations that result in absent
CARDS protein. Western blots of CARD9 protein expression in peripheral blood
mononuclear cells from healthy donors and patient 1 (left panel) and 2 (right panel).
GAPDH is shown as a loading control.

Patient 2. A 12-year-old African-American boy, presented at 8 years with a 5-month history of
weight loss, fever, and abdominal pain. An abdominal mass encasing the celiac, mesenteric, and renal
arteries measured 7.5 x 9 cm (Figure 1A). Chest computed tomography was unremarkable (Figure 1B).
An open biopsy showed necrotizing granulomatous inflammation and acute-angle branching septate
hyphae (Figure 1, C and D), and grew Aspergillus fumigatus. One year later, a new suprarenal mass (Fig-
ure 1, E and F) developed with histology and culture confirming A4. fumigatus invasive infection. Over
the next 3 years, the infection progressed despite aggressive antifungal drug therapy. He underwent
surgical debulking of the intra-abdominal masses followed by double-cord stem cell transplantation;
transplant was complicated by failure to engraft. Repeat double-cord stem cell transplantation 8 weeks
later was complicated by hepatic veno-occlusive disease and fatal diffuse alveolar hemorrhage.

The patient had tinea corporis before aspergillosis but no CMC, CNS candidiasis, severe or recurrent
bacterial or viral infections. He had mild eczema, food allergies, and reactive airway disease. He had nor-
mal numbers of neutrophils, monocytes, and lymphocytes in peripheral blood and intermittently elevat-
ed eosinophils (range, 400-1,000 cells/pl). He had normal tests for CGD, normal immunoglobulin levels
except for elevated IgE (range, 600-1,100 IU/ml), and normal lymphocyte phenotyping (Tables 1 and 2).

Biallelic CARD9 mutations in the patients with extrapulmonary aspergillosis

In search of a monogenic cause for the susceptibility to aspergillosis, different strategies were employed in the
2 patients. Whole-exome sequencing (WES) of patient 1 yielded a previously reported homozygous CARDY
mutation (c.883C>T), resulting in a premature termination codon (p.Q295X) with absent protein (Figure 2A)
(12). The mutation was confirmed by Sanger sequencing and RFLP (Supplemental Figure 1, A and B; sup-
plemental material available online with this article; doi:10.1172/jci.insight.89890DS1). No other mutations
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Table 2. Immunological parameters of the caspase recruitment domain family member 9 (CARD9)-deficient patients of this study

Lymphocyte Proliferation
Mitogens

PHA

OKT3

Con A

PWM

SAC

Antigens
Tetanus/Diphtheria/
Streptolysin O/Mumps

Patient 1 Patient 2 Humoral response Patient 1 Patient 2 Normal
Total IgG 1M4g/l 21.0 7-16 g/I
Normal ND
Normal ND Specific antibody titers
Normal ND Tetanus Present Present
Normal ND Diphtheria Present Present
Normal ND Hemophilus Present Present
Pneumococcus Present Present
IgE ND 828 IU/mL
Normal ND

ND, not determined; PHA, phytohemagglutinin; OKT3, monoclonal anti-CD3 antibody; Con A, concanavalin A; PWM, pokeweed mitogen; SAC,

Staphylococcus aureus Cowan .

in known primary immunodeficiency disorder genes, including those associated with invasive mold disease
(GATA2 and signal transducer and activator of transcription 1 [STATI]) (4) were identified via WES. In patient
2, targeted CARD9 sequencing revealed a homozygous mutation in the start codon, ¢.3G>C, p.M1I (Supple-
mental Figure 1C) that resulted in absent protein (Figure 2B). The ¢.883C>T mutation has previously been
reported to be rare, as it was not found in the 1000 Genomes, HGMD, or Ensembl databases (13), and has a
population frequency of 3.03 x10~° in ExAC, being identified in a heterozygous state in 3 individuals out of
98,954 alleles, 1 each being Latino, South Asian, and Other. In addition, as previously reported (13), it is pre-
dicted to be deleterious by CADD (PHRED score, 37), and pathogenic by ClinVar. The ¢.3G>C mutation was
not found in the 1000 Genomes, NHLBI6500, or EXAC databases, covering 118,000 chromosomes in the spe-
cific exon, and was predicted to be deleterious by CADD (PHRED score, 22.1) and PolyPhen 2 (score, 0.924)
(22, 23). Targeted sequencing of GATA2 and STAT in patient 2 revealed no mutations.

CARD9 c.883C>T and c.3G>C impair fungus-stimulated cytokine production

We first sought to examine the functional consequences of the patients’ mutations by measuring the pro-
duction of proinflammatory cytokines from peripheral blood mononuclear cells (PBMCs) induced with
fungal (Candida albicans, A. fumigatus) or nonfungal (LPS, Staphylococcus aureus) stimuli. Consistent with
previously reported CARDY mutations (12—-14, 19, 24), the patient cells produced decreased IL-1p, IL-6,
TNF-a, and GM-CSF after stimulation with C. albicans, while cytokine production was normal following
LPS or §. aureus stimulation (Figure 3). CARD9-deficient PBMCs also produced less TNF-o, GM-CSF,
and IFN-y following stimulation with heat-killed A4. fumigatus conidia (Figure 4). Decreased proportions of
IL-17*CD4" T cells in peripheral blood have been reported in some, but not all, CARD9-deficient patients
(12-15, 17, 25). IL-17A production by our patients’ CD4" T cells was intact (Table 1). This finding is con-
sistent with the dispensable role of IL-17 signaling in anti-Aspergillus host defense in humans with muta-
tions in IL17RA, IL17F, IL17RC, and ACT1I (6).

CARDS deficiency does not impair the anti-Aspergillus effector function of human
neutrophils

Because neutrophils are the principal cells that mediate anti-Aspergillus host defense (26), we examined
neutrophil effector function against 4. fumigatus conidia and hyphae, the 2 developmental stages of fungal
growth; conidia are the inhaled infectious particles, which germinate into hyphae that invade through the
infected tissue in profoundly immunosuppressed patients (1, 27). Notably, CARD9-deficient neutrophils
exhibited normal capacity to internalize conidia (Figure 5), to prevent conidial germination to hyphae (Sup-
plemental Figure 2), and to kill opsonized or unopsonized conidia and hyphae (Figure 5), in agreement with
intact anti-Aspergillus killing of Card9'~ mouse neutrophils (28). Furthermore, CARD9-deficient neutrophils
had normal oxidative burst towards fungal and nonfungal stimuli ex vivo (Supplemental Figure 3), and
exerted oxidative cytotoxicity on the B-5233/GFP Aspergillus strain that expresses GFP during oxidative
stress (Supplemental Figure 3). Together, these data show that CARD9 is dispensable for anti-Aspergillus
effector function in human neutrophils. Of note, these findings contrast with the previously reported selec-
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Figure 3. Caspase recruitment domain family member 9 (CARD9) deficiency results in impaired production of proin-
flammatory mediators upon fungal-specific stimulation. IL-18 (A; "P = 0.0275, Mann-Whitney test) and IL-6 (B; "P =
0.0275, Mann-Whitney test) production by healthy donor (n = 6-12) and patient 1(n = 2-4 independent experiments)
peripheral blood mononuclear cells (PBMCs) after 24 hours of stimulation with live Candida albicans or Staphylococcus
aureus or after 24 hours without stimulation. IL-18 (C; ""P = 0.0002, unpaired t test), IL-6 (D; P = 0.0019, unpaired t test),
TNF-a (E; ""P < 0.0001, unpaired t test) and GM-CSF (F; P = 0.0008, unpaired t test) production by healthy donor (n =
7-10) and patient 2 (n = 3 independent experiments) PBMCs after 48 hours of stimulation with heat-killed C. albicans or
LPS or after 48 hours without stimulation. Data represent the mean + SEM.

tive defect of CARD9-deficient neutrophils in killing of unopsonized forms of Candida, and indicate that
CARD? exerts differential fungus-specific roles on the effector function of human neutrophils (14, 19, 29).

CARDS deficiency is associated with impaired neutrophil accumulation in Aspergillus-
infected tissue

While CARDO9-deficient neutrophil anti-Aspergillus effector function was unaffected, we observed a
striking lack of neutrophils in the Aspergillus-infected tissue of patient 2 (Figure 6). We observed necrot-
ic foci with granulomatous inflammation and palisading CD68* histiocytes, which engulfed hyphae
(Figure 6, A and B and inset), and surrounding plasma cells and eosinophils (Figure 6, C and D).
Similar necrosis without neutrophil infiltration was seen in the infected mesenteric lymph node of
patient 1 (Supplemental Figure 4). Because aspergillosis in nonneutropenic mice and humans is accom-
panied by robust neutrophilic tissue accumulation (28, 30, 31), the lack of tissue neutrophil infiltration
in CARD?9 deficiency despite normal peripheral neutrophil numbers represents a suboptimal innate
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immune response and is consistent with a defect in neutrophil recruitment from the blood into the
Aspergillus-infected tissue.

Decreased trafficking of neutrophils from the blood into the Aspergillus-infected tissue could be explained
by the net effect of (a) impaired neutrophil-intrinsic capacity for chemotaxis, and (b) impaired production
of neutrophil chemoattractants in the infected extrapulmonary tissue that is essential to create the chemoat-
tractant concentration gradient required for effective cell recruitment. Because it was not possible to directly
examine chemoattractant production by human cells from extrapulmonary infected tissues, we focused on
determining whether neutrophil-intrinsic chemotaxis is impaired in CARD9-deficient neutrophils. We found
normal chemotactic capacity of neutrophils from patient 1 and another patient with the p.Q295X CARD9
mutation toward IL-8, the complement factor C5a, and platelet-activating factor (PAF) (Supplemental Fig-
ure 5), 3 major neutrophil chemoattractant molecules. This finding is consistent with similar results recent-
ly reported for neutrophils from a CARD9-deficient patient carrying the missense p.R57H mutation (14).
Therefore, extrapulmonary aspergillosis during CARD?9 deficiency is associated with an inability to mobilize
neutrophils to the site of infection without neutrophil-intrinsic defects in chemotaxis.

Discussion

Herein, we reveal a role for CARD?9 in host defense against invasive aspergillosis, expanding the clinical
spectrum of CARD9 deficiency beyond CMC, invasive candidiasis, dermatophytosis, and phaeohypho-
mycosis (13-17, 29, 32). Uniquely, Aspergillus in CARD9 deficiency appears to have a predilection for
nonpulmonary sites with sparing of the lungs, in contrast with all other known iatrogenic or inherited
conditions that cause aspergillosis. Importantly, CARD9 deficiency is associated with impaired neutrophil
accumulation at the site of extrapulmonary Aspergillus infection, while neutrophil anti-Aspergillus effector
function is intact.

The extrapulmonary tropism of aspergillosis in our CARD9-deficient patients suggests that inhalation
of airborne conidia may lead to inapparent pulmonary aspergillosis followed by disseminated aspergillosis
complicated by an inability to mount appropriate immune responses at extrapulmonary sites. The absence
of pulmonary Aspergillus involvement in CARD9 deficiency may be explained by lung-specific, CARD9-in-
dependent immune mechanisms that may compensate for lack of CLR/CARD?9 signaling. Indeed, recent
mouse studies showed that Card9 plays only a partial role in neutrophil pulmonary recruitment after Asper-
gillus challenge, being compensated by mononuclear phagocyte and epithelial cell IL-1a and Myd88 sig-
naling (28, 33). Thus, CARD9 appears to mediate organ-specific effects on neutrophil recruitment during
aspergillosis, being largely redundant for pulmonary recruitment (28) but necessary for recruitment into
extrapulmonary organs (current study), in agreement with its CNS-specific role in mediating neutrophil
recruitment during systemic candidiasis (14). Because CARD? is dispensable for neutrophil-intrinsic chemo-
taxis, CARD?9 likely mediates extrapulmonary organ-specific neutrophil recruitment during Aspergillus infec-
tion via orchestrating the production of neutrophil-targeted chemoattractants in a tissue-specific manner.

Because it was not feasible to directly examine the chemoattractant production potential of extrapul-
monary tissue cells in our patients, future studies using Aspergillus-infected Card9”~ mice and CARD9-null
induced pluripotent stem cell-derived (iPSC-derived) cells will be needed to investigate the tissue-specific
defects in neutrophil-targeted chemoattractant molecules that may account for the impaired neutrophil accu-
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Figure 5. Caspase recruitment domain family member 9 (CARD9) deficiency does not impair neutrophil phagocytosis
and killing of Aspergillus fumigatus. (A) CARDS-deficient neutrophils from patient 1 exhibit normal conidial internal-
ization as assessed by flow cytometry using FITC-labeled A. fumigatus conidia (n = 3 healthy donors; n = 2 independent
experiments with patient 1cells). (B and C) Control neutrophils and CARD9-deficient neutrophils from patient 1 have
similar capacity to prevent the germination of opsonized (B) and nonopsonized (C) A. fumigatus conidia into hyphae.
Fungal metabolic activity was measured using the MTT assay (n = 6 healthy donors; n = 2 independent experiments with
patient 1 cells). (D) Killing of opsonized A. fumigatus hyphae by control neutrophils and CARDI-deficient neutrophils
from patient 1. Fungal metabolic activity was measured using the MTT assay (n = 9 healthy donors; n = 2 independent
experiments with patient 1 cells). (E and F) Opsonized (E) and nonopsonized (F) conidia or hyphae were incubated with
neutrophils (ratio 1:1) from either healthy donors or Patient 2. Fungal metabolic activity was measured using the XTT
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay (n = 4 healthy donors; n = 4 inde-
pendent experiments with patient 2 cells). Data shown represent 1 of 3 independent replicates with similar patterns of
results. Data represent the mean + SEM (A-D) or mean + SD (E and F).

mulation during extrapulmonary Aspergillus infection. In addition, because monocytes and macrophages also

play significant roles in anti-Aspergillus protective immune responses in mice (26) and may compensate for the

lack of neutrophils in patients with congenital neutropenia syndromes, who occasionally but not uniformly

suffer from invasive aspergillosis (6), CARD9 may mediate organ-specific effector function of recruited and/

or tissue-resident mononuclear phagocytes that may contribute to the extrapulmonary tissue tropism of the
aspergillosis seen in CARD9-deficient patients. Thus, future work will be required to examine whether and
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Figure 6. Caspase recruitment domain family
member 9 (CARDY) deficiency is associated with
impaired neutrophil accumulation in the extrapul-
monary infected tissue. Biopsy of this suprarenal
mass shows areas of palisading inflammation, in
which giant cells/histiocytes (A) engulf Aspergillus
hyphae (inset) and are CD68* by immunohis-
tochemistry (B). Surrounding the histiocytic infiltra-
tion are sheaths of plasma cells (C) and eosinophils
(D). No neutrophils are seen. Magnification, x200
(A); x400 (A inset and B-D).

by which mechanisms CARD9 deficiency may
adversely affect inflammatory and patrolling
monocyte, macrophage, and dendritic cell
innate immune responses against Aspergillus in
mice and humans.

In summary, we report that CARD9 defi-
ciency results in aspergillosis that involves

extrapulmonary tissues, associated with an
inability to mobilize neutrophils to the site of
infection without neutrophil-intrinsic chemo-
tactic or anti-Aspergillus effector function defi-
cits. Investigation of a larger number of CARD?9-deficient patients and mouse mechanistic studies will
help better understand the molecular and cellular bases of organ-specific innate immune responses against
Aspergillus and verify the strictly extrapulmonary tropism of aspergillosis observed in our CARD9-defi-
cient patients. Importantly, clinicians should be aware that patients who develop invasive mold disease
without known immunosuppression merit evaluation for CARD9 deficiency, especially when extrapulmo-
nary sites are involved.

Methods

Study participants. Patients with aspergillosis and healthy donors provided written informed consent for
participation in the study (see Study approval section below). For healthy donor enrollment, a prescreening
questionnaire along with a pre-donation assessment was performed to select individuals with no known
lung, heart, kidney, or bleeding disorders, and without history of injection drug use or high-risk activities
predisposing to HIV infection.

CARDS genotyping. Verification of the CARD9 mutation found by WES in patient 1 was performed using
Sanger sequencing. In brief, PCR reactions were performed in a total volume of 25 pl of a solution contain-
ing 10 ng genomic DNA, 12.5 ul Go-Taq Colorless Master-Mix (Promega), and 1 pl forward and reverse
primer (each 5 pmol, Eurofins MWG Operon). Thermal cycling was performed on the GeneAMP PCR
System 9700 (Applied Biosystems) using the following cycling conditions: 95°C for 2 minutes, 35 cycles of
95°C for 10 seconds, 63°C for 20 seconds, and 72°C for 25 seconds, with a final 5-minute extension at 72°C.
Primers for this PCR were 5-GAGCTGCAGCAGGAGAAGG-3' (forward) and 5-AGGAGTGGGT-
GAGTGGAGG-3' (reverse). A region of 422 bp was amplified and genotyping was performed using RFLP
analysis. For this purpose, 1 pg of PCR product was digested at 37°C overnight with 5 U Bfal (restriction
site: CTAG) in a 10-pl reaction mix containing 1 ul CutSmart Buffer (both from NEB). Digested products
were run in a 1.5% agarose gel, stained with GelRed Nucleic Acid Stain (Biotium), and visualized using a
UV transilluminator. For DNA sequencing, PCR products were purified using a QIAquick PCR Purifica-
tion Kit according to the instructions of the manufacturer (QIAGEN). Finally, 5 ng/pl, in a total volume of
15 pl, was sent together with 2 pmol/ul primers to Eurofins MWG Operon for further sequencing analysis.

For targeted CARDY sequencing in patient 2, DNA was harvested from whole blood using the Gentra
Puregene Blood DNA isolation Kit (QIAGEN) per the manufacturer’s instructions. Genomic amplifica-
tion was performed in 15-ul reactions using Platinum PCR SuperMix High Fidelity (Life Technologies),
0.625 mM of each primer, and 10-200 ng of DNA. Cycling conditions were 95°C for 3 minutes followed
by 35 cycles of 95°C for 20 seconds, and 68°C for 2 minutes and 45 seconds. PCR products were purified
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using ExoSAP-IT (USB products by Affymetrix), sequenced using Big Dye Terminators v3.1 (Life Technol-
ogies), cleaned up using Performa DTR Ultra spin plates, and run on an ABI 3730XL. Amplification and
sequencing primers are shown in Supplemental Table 1.

Histology. Human tissues were fixed with 10% formalin and paraffin embedded. Tissue sections were
deparaffinized and stained with H&E or Grocott-Gomori’s methenamine silver (GMS). In addition, CD68
immunostaining was performed in human tissue using monoclonal antibody CONFIRM CD68 (KP-1)
from Ventana (Roche, catalog 790-2931). Detection was done on an automated system using Ultra-View
DAB on a Bench mark ULTRA from Ventana (Roche) according to the manufacturer’s instructions.
Images were taken using an Olympus BX41 microscope, objectives UPlanFL 10x/030, 20%/0.50 /0.17,
40%/0.75 «/0.17 with the adaptor U-TV0.5xC using the digital camera Q-imaging Micropublisher 5.0
RTV. The images were captured using Q-Capture Version 3.1 and imported into Adobe Photoshop 7.0.

Isolation of human PBM(Cs and neutrophils from peripheral blood. PBMCs were harvested from whole blood
by gradient centrifugation using Percoll (patient 1) or Lymphocyte Separation Media (Lonza) (patient 2)
and used in stimulation assays. Neutrophils were isolated using 3% dextran in 0.85% sodium chloride and
red blood cells lysed using sequential exposure to 0.2% and 1.6% NaCl solutions. Neutrophils (>95% pure
and viable) were used in functional assays of conidial internalization, inhibition of conidial germination,
oxidative burst, fungal killing, and chemotaxis (34).

PBMC stimulation and cytokine determination by ELISA or Luminex array. To determine whether the
patients’ PBMCs had impaired ability to produce proinflammatory cytokines, ELISA (patient 1) or a
Luminex-based assay (patient 2) was used. In brief, PBMCs from healthy donors or the CARD9-deficient
patients were incubated in duplicate in a round-bottom 96-well plate (Corning Inc.) at 37°C in a 5% CO,
incubator in RPMI 1640 containing 10% FBS (Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin
(unstimulated). Stimulated PBMCs were incubated in RPMI 1640 plus 10% FBS/antibiotics containing
LPS (100 ng/ml), live (2.5 x 10° ml; patient 1) or heat-killed C. albicans SC5314 (1 x 10¢/ml; patient 2), or
heat-killed A4. fumigatus B-5233 conidia (1 x 103/ml; patient 2) or live S. aureus 502A (2 x 10%/ml). After 24
or 48 hours of stimulation, PBMCs were pelleted and the supernatant was collected and stored at —80°C
until analysis. For patient 1, the concentrations of IL-1f and IL-6 were measured using Pelikine ELISA
(Sanquin Reagents) according to the manufacturer’s recommendations. For patient 2, Luminex analysis
for IL-1a, IL-1B, IL-6, GM-CSF, IFN-y, and TNF-a was performed via a multiplex bead array assay with
antibodies and cytokine standards to generate known-concentration curves (R&D Systems, Peprotech).
Individual Luminex bead sets (Luminex) were coupled to cytokine-specific capture antibodies according
to the manufacturer’s protocols and biotinylated polyclonal antibodies were used at twice the recommend-
ed concentrations for a classical ELISA according to the manufacturer’s instructions. The assay was run
with 1,200 beads per set of cytokines in a volume of 50 pl. The plates were read on a Luminex MAGPIX
platform where more than 50 beads were collected per bead set. The median fluorescence intensity of the
beads was then measured for each individual bead, which was analyzed with the Millipex software using a
5P regression algorithm.

A. fumigatus strains. Two clinical strains of A. fumigatus obtained from patients with invasive pul-
monary aspergillosis were used for neutrophil functional assays in patient 1 (Sq-001) and 2 (B-5233,
ref. 35). The mutant B-5233/GFP was also used for neutrophil functional assays in patient 2. The
strains were maintained as previously described (36). The A. fumigatus B-5233/GFP strain was gener-
ated by transforming B-5233 with a plasmid to express GFP under oxidative stress. The transforming
plasmid was constructed by inserting the sGFP gene from the vector p/DV2 (37) in frame with the
AFUA_5g12770 OREF, before its termination codon. Thus, transcription of GFP is regulated by the pro-
moter of AFUA_5g12770, which encodes a metallo-B-lactamase-family protein. The AFUA_5g12770
gene is highly upregulated in A. fumigatus exposed to neutrophils capable of producing ROS but not to
neutrophils deficient in ROS production (38).

Neutrophil phagocytosis of Aspergillus conidia. Phagocytosis of serum-opsonized Aspergillus conidia by
control and CARD9-deficient neutrophils of patient 1 was assessed by flow cytometry. During the incu-
bation of neutrophils with FITC-labeled conidia of A. fumigatus Sq-001, a sample was obtained and tested
every 5 to 10 minutes for up to 90 minutes at 37°C using a LSRII flow cytometer equipped with FACSDiva
software (BD Biosciences). Neutrophils were gated based on their forward and side scatter, and 10,000 gat-
ed events were collected per sample. Based on the percentage of FITC-positive neutrophils, phagocytosis
was calculated relative to control neutrophils.

doi:10.1172/jci.insight.89890 9


http://dx.doi.org/10.1172/jci.insight.89890
https://insight.jci.org/articles/view/89890#sd

. RESEARCH ARTICLE

Prevention of conidial germination and killing of Aspergillus conidia and hyphae by neutrophils using MTT. For
assessing the antifungal activity of neutrophils from patient 1, 4. fumigatus Sq-001 was opsonized with 10%
v/v pooled serum or IgGs (15 mg/ml, IVIG, Nanogam, Sanquin) for 15 minutes, at 37°C. Complement
inactivation of the pooled serum was performed by heat treatment at 56°C for 30 minutes.

For assessing neutrophil-mediated prevention of conidial germination, Aspergillus conidia were incu-
bated overnight with neutrophils from patient 1 (0-5 x 10° neutrophils/ml; effector/target ratio, 1:2,000
to 1:100) in a 96-well plate at 37°C in RPMI 1640 medium containing L-glutamine and 10% FCS (Life
Technologies). Subsequently, the neutrophils were lysed in water/NaOH (pH 11.0) and incubated with
MTT (Sigma-Aldrich). After addition of acidic isopropanol (0.04 M HCI) the optical density was measured
in a plate reader at 570 nm (Tecan) and the A4. fumigatus hyphae viability was calculated as compared with
that of hyphae incubated without neutrophils (set at 100%). To assess the 4. fumigatus hyphae killing by
neutrophils, conidia were incubated overnight at 37°C in RPMI 1640 medium containing L-glutamine and
10% FCS upon formation of a monolayer as determined by microscopy. Freshly isolated neutrophils from
patient 1 (5.0 x 10° cells/ml) were cultured for 1 hour on the preformed A. fumigatus monolayer at 37°C.
Thereafter, the cells were lysed in water/NaOH (pH 11.0) and incubated with MTT. The absorbance of the
acidic isopropanol-diluted samples was measured on the plate reader and the viability was calculated as a
percentage of the viability after incubation without neutrophils.

Conidial and hyphal neutrophil killing assays by XTT. To assess the neutrophil killing capacity of patient 2,
freshly harvested conidia of A. fumigatus B-5233 were suspended in R25 (RPMI 1640 supplemented with 25
mM Hepes) at concentrations of 3.33 x 10° and 3.33 x 10° conidia/ml, for conidial and hyphal assays, respec-
tively. The conidial suspension (300 pl) was added to the wells of a 24-well plate, and the plates were kept at
4°C for approximately 20 hours. Two hours prior to adding neutrophils from patient 2, plates were transferred
to 37°C and 5% CO,. One hundred microliters of R25 containing 1 x 10° neutrophils (conidial assay) or 1 x
10 neutrophils (hyphal assay) and 20 pl of plasma were added to each well, except for the control wells, which
received only plasma in R25. Plates were incubated at 37°C for 18 hours (conidial assay) or 2 hours (hyphal
assay) before neutrophils were lysed. To lyse neutrophils, 400 pul of 1.25% of Triton-X 100 (Sigma-Aldrich)
was added to the wells. Wells were then washed 3 times with PBS. Neutrophil-mediated growth inhibition
of fungal cells was determined by changes in metabolic activity measured by the XTT (2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay (39) as follows: 200 pl Dulbecco’s PBS containing
0.5 mg/ml XTT (Sigma-Aldrich, X4626) and 40 pg/ml coenzyme Q (Sigma-Aldrich, D9150) were added to
the wells. Plates were incubated at 37°C for 1 hour before supernatants were filtered through a MultiScreen
HTS 96-well filtration system (EMD Millipore) and absorbance was read at 450 nm. In addition to the plates
containing plasma (opsonized), plates without plasma (nonopsonized) were also analyzed following the pro-
tocol described above except for the absence of plasma.

NADPH oxidase activity of neutrophils. NADPH oxidase activity was assessed as the release of H,0,,
determined by the Amplex Red method (Molecular Probes) by neutrophils from patient 1 treated with vari-
ous stimuli: zymosan (1 mg/ml); serum-treated zymosan (STZ, 1 mg/ml); phorbol-12-myristate-13-acetate
(PMA, 100 ng/ml); PAF followed by formyl-Met-Leu-Phe (fMLP); Candida particles (ratio with neutrophils,
1:4); and aggregated IgG (5 mg/ml); in the presence of Amplex Red (0.5 ptM) and horseradish peroxidase (1
U/ml). Fluorescence was measured at 30-second intervals for 20 minutes with the HTS7000plus plate reader
(Tecan). Maximal slope of H,O, release was assessed over a 2-minute interval (34).

Assessment of neutrophil-induced oxidative damage in Aspergillus. The induction of neutrophil ROS during
interaction with A. fumigatus was visualized with the aid of the B-5233/GFP strain, which expresses GFP
under oxidative stress. Images of the interaction between neutrophils from patient 2 and germinated conid-
ia were obtained using 8-well chamber slides (Thermo Fisher Scientific). Three hundred microliters of
3.33 x 10° conidia/ml was added to each well of the chamber slide, and the slide was kept at 4°C for
approximately 20 hours. Four hours prior to exposure of germinated conidia to neutrophils, the slide was
transferred to 37°C. At the end of 4 hours, 100 ul R25 containing 1 x 10° neutrophils and 20 pl plasma were
added to the wells. Control wells received either 100 ul R25 alone or R25 with 375 uM H,0,. Slides were
incubated at 37°C for 4 hours before microscopy (Zeiss Inverted Microscope, Axiovision 4 software). All
images were taken with the same exposure time.

Neutrophil chemotaxis. Neutrophils (5 x 105/ml) from patient 1, another CARD9-deficient patient with
the ¢.883C>T (p.Q295X) mutation, and from 2 healthy donors were incubated with calcein-AM (final con-
centration, 1 pM; Molecular Probes) for 30 minutes at 37°C, washed twice, and resuspended in Hepes buffer
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at a concentration of 2 x 10°/ml. FluoroBlok chemotaxis was measured using 3-um pore-size FluoroBlock
inserts (Corning Inc.) in a Falcon 24-well plate. Calcein-labeled PMNs (2 x 10¢/ml, 0.3 ml) were pipetted
in the insert (upper compartment), and placed in the lower compartment containing 0.8 ml C5a (108 M),
IL-8 (10* M), or PAF (107 M). Fluorescence was measured underneath the filter every 2.5 minutes for 45
minutes with a Tecan Infinite F200-pro plate reader at an excitation wavelength of 485 nm and an emission
wavelength of 535 nm.

Immunoblot analyses. Analysis of CARD?9 protein expression was performed by Western blot analysis
in PBMC:s from patients 1 and 2 and healthy donors. For patient 1, the following antibodies were used for
detection as previously described (19): CARD9 (Proteintech Group, catalog 10669-1-AP, 1:400) and GAP-
DH (Merck Millipore, catalog MAB374, 1:1,000). For patient 2, PBMCs from 2 healthy donors and the
patient were lysed in RIPA lysis buffer (10 mM Tris-HCI, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitors (Halt
Protease and Phosphatase Inhibitor Cocktail; Thermo Fisher Scientific, catalog 1861281). Equal amounts
of proteins were resolved by SDS-PAGE and transferred onto an Immobilon P polyvinylidene difluoride
membrane (EMD Millipore). The membranes were then incubated with the following antibodies: CARD9
(Proteintech Group, catalog 10669-1-AP, 1:400) and GAPDH (Cell Signaling Technology, catalog 5174S,
1:2,000). HRP-conjugated secondary antibodies were from Southern Biotech. The antigens were visualized
using the Immobilon Western Chemiluminescent HRP substrate (EMD Millipore) according to the man-
ufacturer’s instructions.

Determination of IL-17A*CD4" T cells. PBMCs from our CARD9-deficient patients were isolated as
described above and cultured in RPMI 1640 with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin (Gibco) at 37°C in a humidified 5% CO, incubator. Intracellular staining
for IL-17A was performed on PBMCs stimulated with PMA and ionomycin as previously described (14).
After surface staining with anti-CD4 (clone PA-T4, eBioscience), cells were washed, fixed, permeabilized,
incubated with anti-IL-17A (clone eBio64CAP17, eBioscience), and acquired on a FACSCanto (BD Bio-
sciences).

Statistics. The experimental data were analyzed using 2-tailed unpaired ¢ test or Mann-Whitney test
with GraphPad Prism 6.0 and presented as mean + SEM. Statistical significance was defined as P < 0.05.

Study approval. Patients with aspergillosis and healthy donors were enrolled in protocols approved by
the NIAID and National Cancer Institute IRB committees at the NIH and by the IRB committees of the
University of Tiibingen and the University of Amsterdam, and provided written informed consent for
study participation. The study was conducted in accordance with the Helsinki Declaration.
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