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Abstract

Purpose We describe a case of primary cutaneous aspergillosis caused by Aspergillus fumigatus, and elucidate the underlying
genetic and immunological mechanisms.

Materials and Methods Routine clinical and laboratory investigations were performed. Whole-exome sequencing of the patient’s
DNA suggested the presence of a CARDY mutation, which was confirmed by Sanger sequencing. Innate and adaptive immu-
nological responses of patient-derived CARD9-deficient cells were evaluated with ELISA and flow cytometry. Cutaneous and
pulmonary aspergillosis models were established in Card9 knockout (KO) mice, which were compared with wild-type and
immunosuppressed mice, to explore the pathogenesis and Aspergillus susceptibility.

Results A 45-year-old man presented with a 37-year history of skin lesions on his face. A diagnosis of primary cutaneous
aspergillosis was made through histopathology, immunohistochemistry, and tissue culture. Sanger sequencing of CARDY
showed a homozygous frame-shift mutation (c.819 820insG, p.D274£sX60), which led to the lack of CARD9 expression.
Peripheral blood mononuclear cells from the patient showed selective impairment of proinflammatory cytokines, and Thl-,
Th17-, and Th22-associated responses upon fungus-specific stimulation. The cutaneous aspergillosis model established in Card9
KO mice presented with persistent infection, with fungal germs and short hyphae in tissue, consistent with the patient’s lesions.
Skin lesions in immunosuppressed mice were more severe, and led to death. Unlike our patient, Card9 KO mice were relatively
susceptible to pulmonary aspergillosis, with reasons to be investigated.

Conclusions This is, to our knowledge, the first report that links cutaneous aspergillosis to CARDY mutation. This work enriches
both the phenotypic spectrum of CARDY deficiencies and the genetic background of cutaneous aspergillosis.
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Primary cutaneous aspergillosis (PCA) is an uncommon in-

54 Xiaowen Wang fection caused by Aspergillus spp., in which an infected skin

xiaowenpku@126.com lesion is the initial source of disease [1]. This is in contrast to

54 Ruoyu Li seclond.ary cutaneous aspergillosis, a more common form,

mycolab@126.com which involves the hematogenous spread of Aspergillus infec-
tion from a distal site (e.g., the lungs) to the skin [1].

' Department of Dermatology and Venerology, Peking University Clinically, PCA may present with various manifestations,
First Hospital, No. 8 Xishiku Street, Xicheng District, such as paronychia, cellulitis, ulceration, pustules, papules,
Beijing 100034, China . .

s _ _ o plaques, and blisters, as well as crusted lesions, nodules, or
Research Center for Medical Mycology, Peking University, abscesses [2]. PCA is generally reported in immunosup-
Beijing, China .. C

, , , pressed hosts, but rarely in immunocompetent individuals [3].

‘ ge%!%“g [éeg Laboratory of Molecular Diagnosis on Dermatoses, During pattern recognition of fungi, a key adaptor called

. cyime, tAamna caspase-associated recruitment domain-9 (CARD9) trans-
National Clinical Research Center for Skin and Immune Diseases, duces signals downstream of different C-type lectin receptors

Beijing, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10875-020-00909-0&domain=pdf
http://orcid.org/0000-0003-1451-3598
mailto:xiaowenpku@126.com
mailto:mycolab@126.com

428

J Clin Immunol (2021) 41:427-440

(CLRs, e.g., Dectin-1, Dectin-2, Dectin-3, and Mincle),
through the SYK activation of ITAM, leading to activation
of the NF-kB and MAPK pathways and the production of
proinflammatory cytokines [4]. In the past decade, an increas-
ing number of patients with inherited CARD9 mutations have
been reported to be predisposed to various fungal infections,
including subcutaneous and invasive candidiasis,
dermatophytosis, and dematiaceous fungal infections [5].
Herein, we report a case of PCA caused by Aspergillus
fumigatus in a patient harboring a CARD9 mutation. This is,
to our knowledge, the first report that links cutaneous asper-
gillosis to CARDY mutation. A murine cutaneous aspergillosis
model was established to explore the pathogenesis of PCA
and susceptibility of Card9 KO mice to Aspergillus.

Materials and Methods
Patient

A 45-year-old man, born to nonconsanguineous parents from
Hebei Province, presented with erythematous plaques on his
face with a history of 37 years. The patient denied any immu-
nosuppressive conditions and recallable trauma. Histological
and immunohistochemical examinations, together with myco-
logical examinations, including direct microscopic examina-
tion, fungal culture, and fungal gene sequencing, were carried
out. Fungal genomic DNA was extracted from cultures grown
on potato dextrose agar (PDA; BD Biosciences, San Jose, CA,
USA) and sequenced as previously described [6]. The internal
transcribed spacer (ITS) region, (3-tublin, actin, and calmodu-
lin genes were sequenced and aligned using CBS-KNAW
(Westerdijk Fungal Biodiversity Institute, Ultretch,
The Netherlands) for identification of the fungus. The routine
blood examinations, serologic testing for galactomannan (GM
test) and 1,3-beta-D-glucan (G test), and pulmonary CT scan
were also conducted.

Patient DNA Extraction, Whole-Exome Sequencing,
and Sanger Sequencing

Genomic DNA was extracted from the peripheral blood of the
patient and his son. Exome capture was carried out with
Agilent Bioanalyzer 2100 (Agilent) to examine the quality
of the DNA sample in the captured library, and then se-
quenced using the NEXTSEQS500 System (Illumina) accord-
ing to the concentration and depth requirement of the DNA
sample in the captured library, following the manufacturer’s
protocols. Upon comparison of these variants with the genes
previously reported to be implicated in fungal infection, we
could find only one gene (CARDY). Sanger sequencing was
subsequently performed to validate the mutation in CARDY.
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Isolation of Human Peripheral Blood Mononuclear
Cells and Immunoblot Analyses for CARD9

Human peripheral blood mononuclear cells (PBMCs) were
isolated from the whole blood by density-gradient centrifuga-
tion using the Ficoll-Paque Plus (GE Healthcare, Chicago, IL,
USA). Protein extracts were prepared using the whole protein
extraction kit (KeyGEN BioTECH) according to the protocol
provided by the manufacturer. The proteins were separated by
electrophoresis on a 10% SDS-polyacrylamide gel and trans-
ferred onto nitrocellulose membranes. The blots were probed
with rabbit anti-human CARD9 (Cell Signaling Technology
and Abcam) or rabbit anti-GAPDH (Proteintech) primary an-
tibodies, and later incubated with HRP-conjugated anti-rabbit
IgG. The anti-human CARD?9 antibody from Cell Signaling
Technology was produced by immunizing animals with a
synthetic peptide corresponding to residues near the carboxy
terminus of human CARD?9 protein. The immunogen from
Abcam was synthetic peptide corresponding to residues in
Human CARD9 467 to 480 ALHQ EQVLRNPHDA. The
immunoreactive bands were visualized by chemilumines-
cence using an ECL substrate (Thermo Scientific Pierce,
Waltham, MA, USA) and analyzed with the Image Quant
LAS 500 system (GE Healthcare).

PBMC Stimulation Assay

A. fumigatus isolates were cultured on potato dextrose agar
(PDA; BD Biosciences, San Jose, CA, USA) for 4 days at
37 °C to harvest conidia. Heat-killed (HK) conidia required
for stimulation were prepared by heating at 90 °C in a water
bath for 30 min. For analysis of cytokines involved in innate
immunity by ELISA, PBMCs from the patient and four
healthy controls were cultured to a final concentration of
2.5 % 10°/mL in a total volume of 200 uL and stimulated for
24 h with pattern recognition receptor agonists, including li-
popolysaccharide (LPS; 100 ng/mL), curdlan (100 pg/mL),
trehalose-6,6-dibehenate (TDB; 100 pwg/mL), mannan
(100 pg/mL), and A. fumigatus (HK or viable resting conidia,
107 particles/mL), at 37 °C in an atmosphere of 5% CO,. To
assess the adaptive immune response, PBMCs were stimulat-
ed with curdlan (100 pg/mL), TDB (100 pg/mL), mannan
(100 ug/mL), and A. fumigatus (HK resting conidia, 10" par-
ticles/mL), for 6 days, and cells or culture supernatants were
collected for flow cytometry and ELISA assays.

Measurement of Cytokines and Intracellular Staining
of Cytokines in CD4+ T Cells

The levels of cytokines were measured in the supernatants
harvested, 24 h or 6 days after stimulation, using ELISA kits
(R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions. Intracellular staining for IFN-y,
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IL-17A, and IL-22 was performed on PBMCs stimulated for
5 h with Cell Stimulation Cocktail (eBioscience, San Diego,
CA, USA) after incubating them for 6 days with different
pattern recognition receptor agonists and HK A. fumigatus
conidia. FITC-labeled anti-CD4 was added for the final
30 min of culture before the fixing and permeabilization steps.
The cells were then washed with PBS and stained with PerCP-
Cy5.5-conjugated anti-human IFN-y, Alexa®Fluor647-con-
jugated anti-human IL-17A, and PE-conjugated anti-human
IL-22 antibodies. Data were acquired on a BD FACS
Calibur system and analyzed with the FlowJo7.6 software.

Assay of NF-kB p65 Phosphorylation by Dynamic
Phospho-flow Cytometry

Phospho-flow analysis of NF-kB p65 phosphorylation at ser-
ine 536 was conducted according to the manufacturer’s in-
structions. Briefly, PBMCs (2.5 x 106/mL) were stimulated
with HK A. fiumigatus conidia (1 x 10’/mL) for 30 min and
then fixed using prewarmed Cytofix buffer (BD Biosciences).
Thereafter, the cells were stained with APC anti-human CD14
antibody, permeabilized with chilled Perm buffer III (BD
Biosciences), and incubated with Alexa Fluor 488—
conjugated Phospho-NF-kB p65 (Ser536) rabbit monoclonal
antibody (BD Biosciences). An Alexa Fluor 488—conjugated
rabbit IgG isotype was used as a control. Data were acquired
on a BD Biosciences FACS Calibur system and analyzed with
the FlowJo 7.6 software.

Mouse Model of Aspergillosis

To investigate the mechanism of PCA with CARD?9 deficien-
cy, we utilized WT (C57BL/6, 6-8-week-old), Card9 KO
(C57BL/6, 6—8-week-old), and immunosuppressed mice
(BALB/c, 6-8-week-old) to mimic primary cutaneous and
pulmonary aspergillosis. WT, Card9 KO, and immunosup-
pressed mice (Vital River Laboratories, Beijing, China) were
maintained in specific pathogen-free facilities at the Institute
of Clinical Pharmacology of Peking University. BALB/c mice
were immunosuppressed by injecting a combination of cyclo-
phosphamide and cortisone acetate. Four days and 1 day prior
to the inoculation, initial doses of 150 mg/kg cyclophospha-
mide were given to the mice intraperitoneally. Three days
prior to the inoculation, doses of 200 mg/kg cortisone acetate
were given to the mice intraperitoneally. In addition, these
mice received water containing 200 pg/mL doxycycline
hyclate to prevent bacterial infections caused as a conse-
quence of immunosuppression induced for the duration of
the study. To extend the duration of neutropenia, a new cycle
of immunosuppression was initiated on day 2 post-infection
with the same dose of cyclophosphamide (150 mg/kg).

For establishing the cutaneous aspergillosis model, 100 uL
viable A. fumigatus conidia (2.5 x 10°/mL) were

subcutaneously injected in two hind footpads of mice. The
natural course of infection was monitored weekly for 4 weeks
after the injection. Skin biopsy specimens were obtained, and
slides were prepared and stained with periodic acid—Schiff
(PAS) for histological analysis. Fungal burdens of infected
footpads were determined at day 3 post-infection by plating
serially diluted footpad homogenates on potato dextrose agar
(PDA; BD Biosciences, San Jose, CA, USA). At day 3, 5, 7,
14, 21, and 28 post-infection, mice were euthanized and their
lungs, kidneys, livers, spleens, and brains were obtained for
fungal burden detection and histopathology.

To compare local immune responses in these three groups,
skin tissue obtained from the infected footpads on day 3 was
lysed in chilled saline using tissue grinders. The supernatant
collected after centrifugation of the skin homogenate was
evaluated for the levels of different cytokines using the
Cytometric Bead Array (CBA) Mouse IL-6/TNF-o/IL-1f3
kit (BioLegend) and was analyzed by the LEGENDplex8.0
software (BioLegend). Total RNA was extracted from skin
tissue on day 3 and 7 post-infection using Trizol reagent
(Servicebio), following the manufacturer’s instructions.
cDNA synthesis was performed using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific) according
to the manufacturer’s instructions. Quantitative real-time re-
verse transcriptase PCR was conducted using Power SYBR
Green PCR Master Mix (Applied Biosystems, Thermo Fisher
Scientific) on the 7500 Real-Time PCR system (Applied
Biosystems, Thermo Fisher Scientific). The relative mRNA
expression levels of proinflammatory cytokines (IL-13,
TNF-«, and IL-6) and neutrophils attracting chemokines
(CXCLI1, CXCL2, and CXCLS5) were determined in day 3
samples, and those of adaptive cytokine (IFN-y, IL-17A,
and IL-22) were assessed in day 7 samples.

For establishing the pulmonary aspergillosis model, mice
were lightly anesthetized and immobilized in an upright posi-
tion. The optimum concentration of the conidial suspension
(4 x 10*/mL) was determined through a pre-experiment (2 x
10%/mL or lower concentration was not sufficient to cause
pulmonary infection). A. fumigatus conidial suspension
(50 puL) was deposited in the nasal cavity of the mice while
the diaphragm was lightly pressed; when it was released, the
conidia were aspirated into the lungs. Mortality was moni-
tored every day, and documented for 14 days after infection.
At day 3, 5, 7, and 14 post-infection, mice were euthanized
and their lungs, kidneys, livers, spleens, brains were obtained
for fungal burden counting and histopathological analysis.

Local Neutrophil and T Lymphocyte Detection by
FACS Analysis

To elucidate local immune cell infiltration, infected footpads
were excised on day 3 and 7 post-infection, and were then
washed in PBS and cut into pieces. After digesting in
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preheated 0.25% Trypsin-EDTA (Gibco), the tissue precipi-
tate was placed for 1 h in dissociation buffer containing col-
lagenase IV (Solarbio), elastase (Macklin), CaCl, (Sigma-
Aldrich), DNAase I (Sigma-Aldrich), and BSA (Miltenyi
Biotec) at 37 °C twice. The digested tissue was filtered
through a 40-pum cell strainer, and dead cells were removed
by the Dead Cell Removal Kit (Miltenyi Biotec). Cells from
the day 3 samples were incubated with FITC anti-mouse
CD11b antibody (BioLegend) and APC anti-mouse Ly-6G
antibody (BioLegend) to detect neutrophils. Cells from the
day 7 samples were incubated with PE anti-mouse CD3 anti-
body (BioLegend) to detect T lymphocytes. Data were ac-
quired on a BD FACS Calibur system and analyzed with the
FlowJo7.6 software.

Statistical Analysis

The experimental data were represented using the GraphPad
Prism 7.0 software (La Jolla, CA, USA) and analyzed using
unpaired ¢ test with the SPSS 22.0 software (Chicago, IL,
USA). Statistical significance was defined as P < 0.05.

Results
Case Summary

A 45-year-old man, born to nonconsanguineous parents, pre-
sented to our dermatology clinic with a 37-year history of skin
lesions on his face. He reported that he developed a soy-sized
rash on his left eyelid without any trauma at the age of 8. The
lesion slowly enlarged since then and progressed to involve
his right eye during the past 3 years. The patient was otherwise
healthy, and occasionally used topical antipruritic ointment on
the lesion area to relieve itching during the past few years.
Physical examination revealed erythematous plaques with
clear border on his left face, eye circumference, bridge of
nose, and right nasal side, with slight scale and crust. The left
eyebrow was partially exfoliated, and the left eyelid was swol-
len and slightly desquamated without any atrophic change
(Fig. 1a).

A biopsy specimen obtained from the left cheek revealed
epidermal hyperplasia and inflammatory cells infiltrated in the
dermis, including histocytes, multinuclear giant cells, eosino-
phils, plasma cells, and lymphocytes. It is noteworthy that a
very limited number of neutrophils were scattered. PAS stain-
ing highlighted septate hyphae and germinated conidia in
histocytes and multinuclear giant cells in the dermis (Fig.
1b). Direct microscopic examination of the lesion showed
slender, septate, acute angle branched, hyaline hyphae (Fig.
1d). Cultures of the biopsied tissue specimens showed fila-
mentous fungus. Colonies on PDA were dense and light green
after 7 days at 28 °C (Fig. le). Further microscopic
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examination of the cultured organisms revealed fruiting struc-
tures and globular conidiophores in lactophenol cotton blue
stain (Fig. 1f). Only A. fumigatus was identified and con-
firmed by the sequencing of ITS, (3-tublin, actin, and calmod-
ulin genes. Immunohistochemistry using specific antibody
against Aspergillus was positive (Fig. lc; fungal elements
seen in brown). Whole blood cell analysis including eosino-
phil counts showed no abnormality (Table S1), and serologi-
cal testing was negative for GM and G tests. A CT scan ex-
cluded pulmonary aspergillosis. The patient responded well to
oral itraconazole 400 mg/day. The lesion was observed to
have improved significantly at follow-up after 2 months
(Fig. S1). The patient stopped medication after treatment for
1 year with clinical cure, and is still under follow-up.

Homozygous CARD9 Mutation and CARD9 Expression

To study the reason for the prolonged primary infection and to
identify the genetic background in this otherwise healthy pa-
tient, whole-exome sequencing (WES) of the patient’s geno-
mic DNA was performed. Upon comparison of these variants
with the genes previously reported to be implicated in fungal
infection, we could find variations in only one gene (CARDY).
Sanger sequencing of CARDY was subsequently performed to
validate that the patient harbored a homozygous frame-shift
mutation in exon 6 (c.819_820insG, p.D274£sX60), which led
to premature termination codons (Fig. 2a). The parents of the
patient found it inconvenient to visit our clinic. His son had a
heterozygous mutation at the same locus (Fig. 2a). The ex-
pression of full-length wild-type CARD9 protein in PBMCs
was absent in the patient through western blot analysis using
both antibodies (Fig. 2b).

CARD9 Mutation Impaired the Fungus-Stimulated
Production of Proinflammatory Cytokines and NF-kB
Activation in the Patient

To evaluate the functional effects of CARD9 deficiency, we
used PBMCs to examine the release of proinflammatory cy-
tokines 24 h after stimulation with LPS (a Toll-like receptor 4
agonist), curdlan (a Dectin-1 agonist), TDB (a Mincle ago-
nist), mannan (a Dectin-2 agonist), and fungal particles of
A. fumigatus (HK or viable conidia). Compared with the
PBMCs from healthy control participants, those from the pa-
tient showed markedly lower production of proinflammatory
cytokines in response to curdlan, TDB, mannan, and
A. fumigatus, whereas LPS stimulation remained unaffected
or partially decreased, which indicates that CARDY mutation
impaired the pattern recognition and production of cytokines
involved in innate immune response in this patient (Fig. 3a—c).
We next compared the NF-kB p65 phosphorylation in mono-
cytes stimulated with the HK conidia of A. fumigatus.
Monocytes from the patient showed diminished NF-kB p65
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Fig. 1 Clinical features and laboratory findings of the patient. a
Erythematous plaques with clear border on the patient’s face and nose,
with slight scale and crust. b Histological examination reveals intense
inflammatory infiltrations with septate hyphae and conidia noted in
multinuclear giant cells (periodic acid—Schiff stain, original
magnification x 400). Arrows indicate septate hyphae and conidia. ¢
Immunohistochemistry of the tissue sections showing positive
Aspergillus fumigatus conidia (in brown). Arrow indicates positive

phosphorylation relative to that observed in monocytes from
healthy donors (Fig. 3d, e).

CARD9 Deficiency Compromised Adaptive Imnmune
Responses in Patient-Derived Immune Cells

We assessed the differentiation of T helper (Th) cells in
PBMCs from the patient and healthy control participants after
stimulation for 6 days. There was significant reduction in the
proportions of Thl (IFN- y+ CD4+), Th17 (IL-17+CD4+),
and Th22 (IL22+IL-17-CD4+) cells in the patient (Fig. 4a—
¢). We also detected a marked attenuation of IFN-y, IL-17,
and IL-22 expression in the cell culture supernatant (Fig. 4d—

f).

Cutaneous Aspergillosis Model in Card9 KO Mice
Could Mimic Clinical Manifestation and Fungal
Parasitic Form in the Patient

Considering our clinical and in vitro observations, we used
Card9 KO mice to further study cutaneous aspergillosis by
footpad inoculations, as previously described [7]. We

A. fumigatus conidia. d Smear of the lesion showing slender, septate,
acute angle branched hyphae with arrow indicated (KOH solution,
original magnification % 400). e Colonies on potato dextrose agar are
dense, light green with a slight creamy-white reverse after 7 days at
28 °C. f Microscopic examination of the cultured organisms showing
fruiting structures and globular conidiophores (lactophenol cotton blue
stain, original magnification x 400). Scale bars in b—d and f= 100 pm

included WT and immunosuppressed mice (a neutropenic
model) controls to compare their clinical courses, fungal bur-
dens, fungal parasitic forms, and local immune cell infiltra-
tion, vis-a-vis Card9 KO mice. As can be seen in the survival
curve and picture of the infection course, WT mice presented
mild swelling lesions that nearly resolved spontaneously
4 weeks after the infection (Fig. 5a, ¢). In contrast, infected
Card9 KO mice were prone to chronic and persistent infec-
tions that developed swelling and crust lesions (Fig. 5a, ¢). As
expected, up to 1 week post-infection, all the infected immu-
nosuppressed mice died, because of rapidly growing lesions
and dissemination in many organs, probably through blood
(Fig. 5a, c). Fungal loads of A. fumigatus in the infected foot-
pads were the highest in immunosuppressed mice and lowest
in WT mice on day 3 post-infection (Fig. 5b). Moreover, we
did not observe fungal spread in the lungs, kidneys, livers,
spleens, and brains in WT and Card9 KO mice. Histological
examination (PAS staining) of infected footpads demonstrated
diverse fungal parasitic forms in different groups, with limited
conidia in WT mice, germinated conidia with short hyphae in
Card9 KO mice, and aggregate long hyphae in immunosup-
pressed mice (Fig. 5d). Both the clinical course and the fungal
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Fig. 2 Identification and
characterization of CARD9
deficiency. a Sanger sequencing
of CARDY showing a
homozygous frame-shift mutation
in exon 6 (c.819 820insG,
p.D274£sX60) in the patient. The
patient’s son is a heterogeneous
carrier of the same mutation. The
mutation site is indicated with
arrows. b Detection of CARD9
protein: electrophoretic analysis
of proteins from peripheral blood
mononuclear cells (PBMCs) of
the patient confirmed the absence
of full-length wild-type CARD9
protein
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parasitic form in Card9 KO mice were consistent with those in
the patient. Single-cell suspensions derived from the footpad
of infected mice showed a significant reduction in neutrophil
recruitment at 3 days post-infection in Card9 KO mice, and
there were hardly any neutrophils in immunosuppressed mice
locally (Fig. Se). Similarly, T lymphocyte infiltration was rel-
atively less in Card9 KO mice at 7 days post-infection (im-
munosuppressed mice did not survive till day 7) (Fig. 5f).
These results were in accordance with the findings in the
patient.

Impaired Local Immune Responses in Card9 KO Mice
with Cutaneous Aspergillosis

To study the impairment of specific immune responses against
A. fumigatus in the skin, we first tested local protein levels of
proinflammatory cytokines (IL-13, TNF-«x, and IL-6), and
found that Card9 KO mice and immunosuppressed mice
showed significant decline of these cytokines compared to
WT mice (Fig. 6a—c). Besides, the levels of cytokines in
Card9 KO mice were slightly higher than those in immuno-
suppressed mice, with the results being significant for TNF-o¢
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and IL-13 (Fig. 6a—c). We also analyzed the transcription
levels of these proinflammatory cytokines and found similar
results (data not shown). To verify the mechanism underlying
the deficient neutrophil recruitment to the site of infection, we
examined the transcription of neutrophils attracting
chemokines, and found attenuated CXCL1, CXCL2, and
CXCLS expression in Card9 KO mice footpad on day 3
post-infection (Fig. 6d—f). We further analyzed local expres-
sion of cytokines involved in the adaptive immune response
(IFN-y, IL-17A, and IL-22) on day 7 post-infection (immu-
nosuppressed mice did not survive till day 7), and discovered
decreased IFN-y and IL-22 expression in Card9 KO mice
footpad, although the difference was not significant for the
levels of IL-17A (Fig. 6g—i).

Susceptibility of Card9 KO Mice to Pulmonary
Aspergillosis

Interestingly, the patient did not present with pulmonary as-
pergillosis, even though the lung is the organ that is most
frequently affected by A. fumigatus. We, therefore, investigat-
ed the susceptibility of Card9 KO mice to pulmonary
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Fig. 3 Detection of innate immune responses in peripheral blood
mononuclear cells (PBMCs) derived from the patient and healthy
donors (n=4). a—¢ Production of proinflammatory cytokines (IL-6, IL-
13, and TNF-x) in response to 24 h stimulation with lipopolysaccharides
(LPS), curdlan, trehalose-6,6-dibehenate (TDB), mannan, and viable and

aspergillosis. Murine model of pulmonary aspergillosis was
created according to the procedures mentioned above.
Inhalation of A. fumigatus conidia resulted in higher mortality
in Card9 KO mice than in WT mice, but 80% of them sur-
vived. In contrast, 100% mortality was noted in immunosup-
pressed mice at 10 days post-infection (Fig. 7a). Based on
general observation, the lung of WT and Card9 KO mice
showed normal appearance on day 3 post-infection, and a
mass of hemorrhagic focus was discovered on the surface of
the lungs of immunosuppressed mice (indicated by the arrow
in Fig. 7b). Comparison of the fungal loads of A. fumigatus in
the infected lungs revealed that the fungal burden was highest
in immunosuppressed mice and lowest in WT mice on day 3
(Fig. 7¢). On day 7 post-infection, A. fumigatus was cleared up
in WT mice and was persistent in Card9 KO mice. The im-
munosuppressed group died of extremely high fungal loads
and dissemination (fungi were detected in many organs),
whereas no fungal dissemination was detected in Card9 KO
mice (data not shown). Histopathology of the lung tissue
showed different inflammatory responses in these three
groups, with dense inflammatory responses in the WT group,
inflammatory response with plenty of eosinophils and few
neutrophils in the Card9 KO group, and mild inflammatory
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heat-killed (HK) Aspergillus fumigatus conidia detected in the
supernatants by ELISA. d—e NF-kB p65 phosphorylation at Ser536 in
peripheral monocytes isolated from the control individuals and the
patient, analyzed after stimulation with heat-killed (HK) A. fumigatus
conidia

infiltrations in the immunosuppressed group. The fungal par-
asitic forms in tissue were conidia in the WT group (Fig. 7d)
and masses of fungal hyphae in the immunosuppressed group
(Fig. 7f). However, quite a few short hyphae and germinated
conidia were noted in Card9 KO mice, which is different from
that in the cutaneous aspergillosis model (Fig. 7e).

Discussion

Aspergillus species are saprotrophic fungi that grow on
decaying vegetation; they are ubiquitous in nature and
spread through spores [8, 9]. Aspergillus has emerged as
one of the most common causes of death due to infection in
severely immunocompromised patients, with mortality
rates up to 40% to 50% in patients with acute leukemia
and in recipients of hematopoietic stem cell transplantation
[10]. Aspergillus infection in humans can be divided into
several clinical patterns: allergic bronchial pulmonary as-
pergillosis, chronic pulmonary aspergillosis, aspergilloma,
invasive bronchial aspergillosis, invasive pulmonary as-
pergillosis, and extrapulmonary aspergillosis [10].
Cutaneous aspergillosis is a type of extrapulmonary
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Fig. 4 Detection of adaptive immune responses in peripheral blood
mononuclear cells (PBMCs) derived from the patient and healthy
donors (n=4). a—¢ Proportions of Thl, Th17, and Th22 cells
determined by flow cytometry after 6-day stimulation with curdlan,

aspergillosis that may occur either as a primary or second-
ary infection [11, 12]. PCA is a rare skin infection, mostly
caused by A. flavus, A. fumigatus, A. terreus, A. niger, and
A. utus [13]. It is most frequently encountered in immuno-
compromised patients, with risk factors involving hemato-
logic malignancy, HIV/AIDS, solid organ transplantation,
burns, corticosteroid use, diabetes mellitus, chronic granu-
lomatous disease, trauma, and preterm neonates [14]. To
date, 41 cases of PCA have been reported in preterm neo-
nates, probably due to the functionally immature immune
system and immature skin barrier [15]. However, in the
present study, the patient is a worker without any recallable
trauma or immunosuppressive therapies. The diagnosis of
PCA is difficult because Aspergillus spp. is frequently con-
sidered a contaminant fungus. Therefore, we conducted
direct microscopic examination, tissue culture, and PAS
and immunohistochemical staining, and further confirmed
the diagnosis of PCA caused by A. fumigatus.
Immunohistochemistry with specific anti-Aspergillus anti-
bodies can identify Aspergillus species and differentiate
them from other filamentous fungi in situ [16, 17].
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TDB, mannan, HK Aspergillus fumigatus conidia. d—f Representative
cytokines of Thl, Th17, Th22 cells (IFN- vy, IL-17A, 1L-22) measured
by ELISA after 6-day stimulation with curdlan, trehalose-6,6-dibehenate
(TDB), mannan, and heat-killed (HK) A. fumigatus conidia

To explain the unusual clinical manifestation and the
chronic course in this otherwise healthy patient, genetic sus-
ceptibility was suspected, and therefore, we performed WES.
The previously reported gene, CARDY, was screened, and a
homozygous frame-shift CARD9 mutation in exon 6
(c.819_820insG, p.D274£sX60), leading to premature termi-
nation codons, was confirmed by Sanger sequencing. To our
knowledge, the present case is the first record, in the world, of
the pathogenic gene predisposing an individual to PCA. Since
its first description in 2009 in a family affected with chronic
mucocutaneous candidiasis [18], CARDY mutations predis-
posing humans to fungal infections are being increasingly
reported [5]. To date, 24 different deleterious CARD?9 alleles
have been reported in 65 patients from 14 countries [19],
which are linked with various fungal infections including
those caused by Candida (22 patients) [18, 20-28], dermato-
phytes (24 patients) [25, 29-35], dematiaceous fungi (14 pa-
tients) [6, 36-42], Aspergillus (2 patients) [43], Mucor (1 pa-
tient) [44], Trichosporon (1 patient) [45], and Saprochaete (1
patient) [46]. Among these, 47 patients were reported to have
skin involvement, with pathogens regarding Candida,
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Fig. 5 Cutaneous aspergillosis model in mice. a Survival curve in the
three groups (WT, Card9 KO, and immunosuppressed mice) was drawn
till day 28 post-infection (2.5 x 10°/mL Aspergillus fumigatus conidia
inoculated subcutaneously; # = 10/group). b Fungal burden of footpads
in A. fumigatus—infected WT, Card9 KO, and immunosuppressed mice
on day 3 post-infection (n=3/group). ¢ Clinical course of cutaneous
A. fumigatus infection in WT and Card9 KO mice. Footpads were
injected with 2.5 x 10°/mL live A. fumigatus conidia and monitored for
4 weeks. d Histopathology of footpad biopsies from infected WT, Card9

dermatophytes, dematiaceous fungi, Mucor, and
Trichosporon [5, 6, 33-35, 3941, 44, 45]. The face is the
most frequently involved site, especially non-dermatophytes,
with 14 patients reported so far [6, 36, 38—42, 44, 45].
Moreover, eight unrelated Chinese patients, including the pa-
tient in the present study, were reported to hold the same
D274fsX60 mutation [6, 36, 38]. These patients share very
similar histopathological findings, and their clinical pheno-
type, fungi involved, treatment, and prognosis of these pa-
tients are summarized in Table S2. There is a strong associa-
tion between the presence of homozygous p.D274fsX60
(c.819-820insG) and disseminated phaeohyphomycosis [19].
Homozygous p.D274fsX60 (c.819-820insG) is one of the
three most common mutations in Asia, which has accounted
for 17.2% of the Asian cases, whereas homozygous p.Q289X
(c.865C > T) accounted for 75% of the African cases [19]. A
previous study reported two patients of intra-abdominal asper-
gillosis with CARD?9 deficiency [43]. One patient carrying a
homozygous mutation of CARDY at the start codon (c.3G > C,
p-M1I) died at age 12, with progressive intra-abdominal as-
pergillosis [43]. The other patient harboring the homozygous
Q295X CARDY mutation presented with intra-abdominal can-
didiasis at age 9, and developed central nervous system (CNS)

3weeks

e Neutrophils (3d)

4weeks

CD11b*Ly6G* (%)

4weeks

dl

©
d’&

Immunosuppressed Footpad (PAS)

KO, and immunosuppressed mice at 1 week post-infection (PAS staining,
original magnification x 400). Scale bars in d = 100 um. e Percentage of
neutrophils (CD11b+Ly-6G+) in single-cell suspensions derived from the
footpad at 3 days post-infection was determined by FACS (n = 3/group). f
Percentage of T lymphocytes (CD3+) in in single-cell suspensions
derived from the footpad at 7 days post-infection was determined by
FACS (n=3/group). Data are shown as the means + standard deviation
and were analyzed by unpaired #-test. **P<0.01, ***P<0.001,
#HkkP < (0.0001

aspergillosis at age 18 together with intra-abdominal aspergil-
losis at age 25. It is interesting that neither of the patients
developed Aspergillus infection in the lung or skin, and our
patient did not develop abdominal or CNS aspergillosis.
Whether this is due to the specificity of these genotypes, the
specific routes of infection, or any other mechanisms, remain
unclear [43].

Cytokines released from innate immune cells are crucial for
the differentiation of Th cells [47]. Therefore, we used patient
PBMCs and observed strong impairment of IL-1(3, TNF-«,
and IL-6 production in response to stimulation with HK or
viable A. fumigatus conidia, which are essential for the differ-
entiation, activation, and expansion of Thl, Th17, and Th22
cells [47]. Moreover, our patient exhibited reduced secretion
of innate immune cytokines in response to Dectin-1, Mincle,
and Dectin-2 agonists, whereas the CARD9-independent re-
sponse to LPS (a TLR4 agonist) remained unaffected or par-
tially decreased (for unknown reason), which is in agreement
with the critical role of CARD9 downstream of these CLRs
[4]. In line with our previous studies, proinflammatory cyto-
kine defect probably resulted from the impaired activation of
the NF-kB pathway, as suggested by the abnormally low
levels of NF-kB p65 phosphorylation observed in monocytes
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Fig. 6 Detection of local immune responses in murine cutaneous
aspergillosis model. a—¢ Proinflammatory cytokines (IL-13, TNF-«,
and IL-6) measured in homogenates of footpads from WT, Card9 KO,
and immunosuppressed mice, 3 days post-infection (2.5 x 10°/mL
Aspergillus fumigatus conidia inoculated subcutaneously; n = 3/group).
d—f Quantitative real-time reverse transcriptase-PCR analysis of
neutrophils attracting chemokines (CXCL1, CXCL2, and CXCL5) in
the footpads from WT and Card9 KO mice, 3 days post-infection

from patient after stimulation with A. fumigatus [38]. It is

noteworthy that the percentages of Th1, Th17, and Th22 cells
in our patient decreased strikingly when PBMCs were

@ Springer

(2.5x10%mL A. fumigatus conidia inoculated subcutaneously; 7 =3/
group). g-i Quantitative real-time reverse transcriptase-PCR analysis of
adaptive cytokines (IFN- -y, IL-17A, and IL-22) in the footpads from WT
and Card9 KO mice, 7 days post-infection (2.5 x 10°/mL A. fumigatus
conidia inoculated subcutaneously; n = 3/group). Data are shown as the
means + standard deviation and were analyzed by unpaired #-test.
*P<0.05, **P<0.01, n.s. not significant

challenged with HK A. fumigatus conidia or relevant polysac-
charide, leading to considerable shortage of their effector cy-
tokines, IFN-y, IL-17A, and IL-22. Thl and Th17 cells have
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Fig. 7 Pulmonary aspergillosis model in mice. a Survival curve in the
three groups, WT mice, Card9 knockout (KO) mice, and
immunosuppressed mice, was drawn till day 14 post-infection (2 x 107
Aspergillus fumigatus conidia administered intranasally; n = 10/group). b
The general appearance of the infected lung in these three groups on day 3
post-infection. The hemorrhagic focus is indicated by the arrow on the

been described to have a role in the host response to
A. fumigatus and contribute to both protective immune re-
sponses like fungal clearance and neutrophil recruitment and
non-protective (disease-promoting) immune responses [8].
IL-22, which is produced by Th17 cells, Th22 cells, natural-
killer cells, or innate lymphoid cells, has been known to exert
a protective role against A. fumigatus [48].

To further verify our findings in humans, we used Card9
KO mice to test the cutaneous aspergillosis model. First, we
compared the clinical manifestation in the three mice groups.
The data suggested that CARD9 deficiency might cause per-
sistent A. fumigatus infection in murine footpads compared to
that in WT mice; the infection was similar to the chronic
granulomatous lesion in the patient. Unlike the persistent in-
fection in Card9 KO mice, all the infected immunosuppressed
mice died in 7 days, which could be explained by the
completely suppressed innate and adaptive immune re-
sponses, leading to deterioration and dissemination of
A. fumigatus infection. Second, we compared the histopathol-
ogy in these groups; unlike the infiltration of various cells in
WT mice, Card9 KO mice lacked adequate infiltration of
neutrophils and T lymphocytes. Immunosuppressed mice
had an even worse condition, mainly showing necrosis, my-
celium clustering, and hardly any infiltration of immune cells,
leading to the loss of control on the infection. Neutrophils
make up the frontline host defense against fungi. CARD9 mu-
tations affect both the number of neutrophils recruited and

Card9 KO Lung (PAS)

Fokkk

i s

Lung fungal load (Ig CFU/g)

SRR
Immunosuppressed Lung (PAS)
surface of the lung of immunosuppressed mice. ¢ Fungal burden of the
lung in A. fumigatus—infected WT, Card9 KO, and immunosuppressed
mice on day 3 post-infection (n = 3/group) (**P < 0.01, **#*P < 0.0001).
d—f Histopathology of the lung from the three groups on day 3 post-
infection (PAS staining, original magnification x 400). Scale bars in d—
f=100 um

their killing function. In consistent with previous observations
and in the cases of CARD9-deficient patients, we observed
significantly decreased neutrophil infiltration in both patient
and Card9 KO mice [20, 38]. T lymphocytes were also im-
paired in Card9 KO mice, and this was probably associated
with the impaired innate immune responses. Third, we com-
pared the fungal parasitic forms in tissue, and got similar re-
sults. The WT and immunosuppressed mice presented with
two extreme fungal parasitic forms, with only conidia and
only hyphae, respectively. In contrast, Card9 KO mice
showed an intermediate case, with conidia, germinated co-
nidia, and few short hyphae in the tissue, which was similar
to the fungal parasitic form in the patient. Lastly, we compared
cutaneous immune responses against A. fumigatus in these
groups at both mRNA and protein levels. At early stages,
when innate immunity is playing a dominant role, the produc-
tion of proinflammatory cytokines and important chemokines
recruiting neutrophils was significantly decreased in Card9
KO mice compared to that in WT mice, but was slightly
higher than in immunosuppressed mice, which could explain
the persistent A. fumigatus infection in Card9 KO mice and
the high mortality in the immunosuppressed group. At later
stages, when adaptive immunity is playing a dominant role,
there was a marked reduction in the expression levels of
IFN-y and IL-22 mRNAs in Card9 KO mice (IL-17 was
impaired but not significantly), indicating that CARD9 defi-
ciency also impaired the Thl-, Th17-, and Th22-cell
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responses against cutaneous A. fumigatus infection. However,
whether the impaired adaptive immune response is only a side
effect of the deficient innate response, or one of the driving
factors directly predisposing to fungal infection, still needs
further investigations.

The comparison of phenotypes, histopathology, fun-
gal parasitic forms, and local immune responses among
the three groups of mice suggested that CARD9 defi-
ciency partially affected the antifungal recognition path-
way and the downstream adaptive immune responses in
cutaneous A. fumigatus infection, which was different
from general immunosuppression. Some other pathogen
recognition receptors, such as Toll-like receptors
(TLRs), which signal independently of CARD9, have
also been reported to mediate the recognition of
A. fumigatus [49]. Therefore, some other compensatory
mechanisms might be retained to partially accomplish
the antifungal effect in our patient and Card9 KO mice.
We have performed some preliminary studies showing
TLR1 might be one of the factors (Fig. S2), which still
needs further confirmation. This unique feature of
CARD?Y deficiency and cutaneous aspergillosis, to some
extent, could explain the satisfactory therapeutic effect
of oral itraconazole 400 mg/day and good prognosis in
this patient.

Taking our previous work into consideration, we showed
that Card9 KO mice were highly susceptible to
dematiaceous fungal infections, with mutilation of extrem-
ities, dissemination, and presence of numerous hyphae in
tissues [7, 38, 50]. Aspergillus infection presented better
clinical manifestations and lesser hyphae in tissues, proba-
bly because the hypoxic cutaneous microenvironments lim-
ited the invasive growth of A. fumigatus, whereas the slow-
growing black fungi could grow well cutaneously. Previous
studies have shown that hypoxia at sites of A. fumigatus
infections influenced the physiology of the pathogen and
host immune cells that affected the fungus—host interaction
[51]. Moreover, Aspergillus, which has different cell wall
components compared to dematiaceous fungi, might induce
immune response through different pathways.

Aspergillus spp. are known as the most frequent
pathogens in the lungs, and CARD9 deficiency is also
known to predispose individuals to invasive infections.
We, therefore, used a pulmonary aspergillosis model in
Card9 KO mice, and showed their susceptibility to pul-
monary aspergillosis, which confirmed the pivotal role
of CARD9 in both cutaneous and invasive fungal infec-
tions. It may be for the same reasons discussed above
that the phenotype of Card9 KO mice was not as severe
as that of immunosuppressed mice. However, if we
compare cutaneous and pulmonary aspergillosis in
Card9 KO mice, there were relatively more short hy-
phae noted in pulmonary aspergillosis. The reason could
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be the organ specificity of A. fumigatus, which favors
fungal growth in the lung (sufficient of oxygen) but not
in the skin. Recently, organ-specific functions of
CARDY have been investigated in detail in microglia.
The study showed CARD9" microglia promote antifun-
gal immunity via IL-13- and CXCL1-mediated neutro-
phil recruitment, which provided an explanation of
CARDY deficiency causing CNS Candida infection
[52]. It is interesting that the patient never suffered
from pulmonary aspergillosis, which could be because
of the control of aspergillosis in the skin, as is observed
in Card9 KO mice; however, the exact mechanism re-
mains to be explored.

In conclusion, we report the case of a patient harboring a
CARD?9 mutation who suffered from primary cutaneous asper-
gillosis. This is, to our knowledge, the first report that links
cutaneous aspergillosis to CARD9 mutation. The patient
showed selectively compromised innate and adaptive antifun-
gal responses and increased susceptibility to A. fumigatus in-
fection. Interestingly, Card9 KO mice were susceptible to
both cutaneous and pulmonary aspergillosis, but the condition
was less severe than in immunosuppressed mice, suggesting
that alternative pathways might locally compensate the
CARD9 deficiency. This work improves our understanding
of the genetic underpinnings of PCA and broadens the pheno-
typic spectrum of diseases associated with CARD9
deficiency.
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