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Abstract

Purpose In the past decade, an increasing number of otherwise healthy individuals suffered from invasive fungal infections due
to inherited CARDY mutations. Herein, we present a patient with a homozygous CARD9 mutation who was suffering from
localized subcutaneous phaeohyphomycosis caused by the phytopathogenic fungus Pallidocercospora crystallina which has not
been reported to cause infections in humans.

Methods The medical history of our patient was collected. P. crystallina was isolated from the biopsied tissue. To characterize
this novel pathogen, the morphology was analyzed, whole-genome sequencing was performed, and the in vivo immune response
was explored in mice. Whole-exome sequencing was carried out with samples from the patient’s family. Finally, the expression
and function of mutated CARDY were investigated.

Results A dark red plaque was on the patient’s left cheek for 16 years and was diagnosed as phaeohyphomycosis due to a
P, crystallina infection. Whole-genome sequencing suggested that that this strain had a lower pathogenicity. The in vivo immune
response in immunocompetent or immunocompromised mice indicated that P. crystallina could be eradicated within a few
weeks. Whole-exome sequencing revealed ahomozygous missense mutation in CARD9 (c.1118G>C p.R373P). The mRNA
and protein expression levels were similar among cells carrying homozygous (C/C), heterozygous (G/C), and wild-type (G/G)
CARD? alleles. Compared to PBMCs or neutrophils with heterozygous or wild-type CARDY alleles, however, PBMCs or
neutrophils with homozygous CARD?Y alleles showed impaired anti-P. crystallina eftects.

Conclusion Localized subcutaneous phaeohyphomycosis caused by P. crystallina was reported in a patient with a homozygous
CARD9 mutation. Physicians should be aware of the possibility of a CARD9 mutation in seemingly healthy patients with
unexplainable phaecohyphomycosis.
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detect these molds [6]. Pallidocercospora crystallina (its sex-
ual morph is known as Mycosphaerella crystallina) belongs to
Pseudocercospora (its teleomorphic state is known as
Mycosphaerellaceae) which is the largest group of phytopath-
ogenic fungi [7]. With a widespread distribution,
Pseudocercosporae usually causes leaf and fruit spots [8]
and has not been documented as human pathogen in the
literature.

Carbohydrates on the surface of fungi can bind C-type
lectin receptors, which are pattern recognition receptor that
are predominantly expressed on myeloid cells to initiate
antifungal immune responses [9]. The caspase recruitment
domain family, member 9 (CARDY) encodes a signaling
protein that is centrally positioned downstream of many
C-type lectin receptors [10]. CARDY plays a critical role
in the induction of IL-17 responses in fungal infections
[11]. The first group of CARDY deficiency patients with
mucosal and systemic Candida infections was described in
2009 [12]. In the past decade, increasing numbers of pa-
tients with missense and nonsense CARDY mutations have
been reported which were associated with the development
of a wide spectrum of fungal infections caused by a variety
of fungal organisms [13—15]. Most of the patients with
deleterious CARD9 mutations suffered from disseminated
or intractable fungal infections [16]. Recently, CARD9 de-
ficiencies were reported to be associated with subcutane-
ous phaeohyphomycosis [10, 11, 17, 18].

Herein, we described a patient with subcutaneous
phaecohyphomycosis caused by a phytopathogenic fungus,
P, crystallina, that had not been reported to cause disease in
humans. Whole-genome sequencing of the P. crystallina and
the in vivo immune responses to P. crystallina in mice were
explored. However, these results cannot explain the subcuta-
neous phaeohyphomycosis caused by P. crystallina in our
patient. We speculated that our patient may be immunodefi-
cient. Therefore, whole-exome sequencing of genomic DNA
from patient and her parents was performed. Finally, a homo-
zygous missense mutation of CARDY, which is deleterious,
was identified.

Methods
Fungal Culture and Sequencing

Small pieces of biopsied dermis were seeded onto
Sabouraud glucose agar for 2 weeks at 27 °C. In addition,
oat meal agar and corn meal agar were also used to char-
acterize the fungi. The colony sizes of P. crystallina on
Sabouraud glucose agar were recorded at 1 or 2 weeks
after culturing, supplemented with or without cyclohexi-
mide (actidione) (0.5 mg/ml) at different temperatures, in-
cluding 27 °C, 35 °C, and 37 °C. The suspension of
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P. crystallina was prepared using saline with a turbidity
of 1.0 or 2.0 (DensiCHEK plus, BioMerieux, France). To
quantify the colony-forming units (CFUs) of the suspen-
sion with 1.0 or 2.0 turbidity, 50 pl of the suspension was
extracted and poured into the Sabouraud glucose agar
plate for quantification. Then, a series dilution (1:10) of
the suspension was used to quantify the CFUs of
P. crystallina. For P. crystallina, a turbidity of 1.0 or 2.0
corresponded to 1.1£0.1x10° or 1.2+0.2 x 10’ CFUs
per ml, respectively. For higher CFUs of P. crystallina, a
reduced volume of PBS was added after centrifuging the
suspension. Fungal DNA was extracted using an Ezup
Fungi DNA Extraction Kit (Sangon Biotech, Shanghai,
China). DNA sequences of the actin (partial, GenBank
accession number MF135482), elongation factor (EF-1a,
MF135483), 18S rRNA (partial, MF135484), and ITS1-
5.8S-ITS2 (internal transcribed spacer, ITS, MF135485)
regions were amplified by PCR. The total genomic DNA
of P. crystallina was extracted using the Rapid Fungi
Genomic DNA Isolation Kit following the manufacturer’s
recommendations (Sangon Biotech, Shanghai). Whole-
genome sequencing of the fungi was performed with an
[lumina HiSeq (Illumina Inc., San Diego, CA, USA). The
assembled genome of P. crystallina was deposited at
DDBJ/ENA/GenBank under the accession number
QQNGO00000000. The version described in this paper is
version QQNGO01000000. The Eukaryotic Orthologous
Group (KOG), Kyoto Encyclopedia of Genes (KEGG),
and Pathogen-Host Interactions database searches were
carried out to map the corresponding genes.

Whole-Exome Sequencing and Copy Number
Variation

Genomic DNA was isolated from the peripheral blood by
alcohol precipitation according to standard procedures.
Exome sequencing of the patient and her parents was
performed using an IDT xGen Exome Research Panel,
followed by sequencing on an Illumina NovaSeq 6000.
Allele frequencies of the identified variants were deter-
mined in the genome aggregation database 1000
Genomes and the Exome Aggregation Consortium.
Polymorphism variants with minor allele frequency >
5%, synonymous mutations, and mutations located within
introns were filtered out (the allele frequency cutoff).
Chromosomal microarray analysis for copy number vari-
ation (low-pass whole-genome sequencing, 0.6x) was per-
formed on the patient and her healthy parents. Copy num-
ber variations were classified according to the American
College of Medical Genetics and Genomics guidelines,
and an in-house bioinformatics data analysis pipeline
was used for variant discovery. The identified
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homozygous nonsense mutation in exon 8 of CARDY was
confirmed by standard Sanger sequencing.

For other detailed methods, please see the Supplementary
Methods.

Results
Clinical Report

A 35-year-old woman with a medical history of acne from
puberty into her 20s presented with a 16-year history of a dark
red plaque with several papules on its surface, and this plaque
was located on her left cheek (Fig. 1b, 10-30-2013). Her med-
ical history was otherwise unremarkable. The patient reported
that 16 years earlier, she had noticed a papule formation in the
site of the current lesion after being pierced by a poplar
branch. In addition, she recalled squeezing the papule occa-
sionally. The papule slowly increased in size and was resistant
to conventional treatments including cryotherapy and antibi-
otics. Recently, the papules subsequently progressed insidi-
ously into several glossy and discrete papules surrounding
the dark red plaque. The findings of routine parameters includ-
ing blood test and liver function were normal. No peripheral
eosinophilia was observed. The absolute eosinophil number
was 0.01 x 10°/L (normal range 0-0.06 x 10%/L). The relative

percentage of eosinophils was 0.3% (normal range 0-1.0%).
No allergic symptoms were reported in our patient. She was
clinically diagnosed with lupus vulgaris, and a biopsy of the
lesion was taken.

The skin biopsy specimen showed exuberant epidermal
pseudoepitheliomatous hyperplasia with hyperkeratosis and
several microabscesses (Fig. 1c). In the dermis, there was a
heavily mixed infiltrate, including neutrophils, epithelioid
macrophages, lymphocytes, and plasma cells (Supplemental
Fig. 1). Notably, deep pigmented septate hyphae and ovoid-
shaped yeast were observed from the stratum corneum to the
dermis infiltrate (Fig. 1c), especially within and around the
necrotic microabscess and multinuclear giant cells.
According to the presentation of pigmented fungal elements
observed in a histopathological examination, she was finally
diagnosed as subcutaneous phacohyphomycosis. The patient
was prescribed with 200 mg itraconazole twice daily and top-
ical oxiconazole cream twice daily (the treatment process is
summarized in Fig. 1a). Only mild improvement was ob-
served after 5 months of anti-fungi treatment (Fig. 1b, 3-30-
2014). Terbinafine was then used in combination with
itraconazole to increase the anti-fungal effects. However, after
more than 4 months of treatment, there were still papules on
the original site with mild improvement (Fig. 1b, 8-14-2014).
The patient reported the discontinuation of oral anti-fungal
drugs. Due to the incompliance of the patient with anti-

a 10-30'2013 8-14-2014 3-17-2015 and 1-13-2019
BIOIDSY 3'30;2014 resectilon 10-14-2014 foIIoiN-up
itraconazole itraconazole "
terbinafing m———— 7 teMi“e
8-14-2014

b -30-2013 3.30.2014

before resection

3-17-2015

1-13-2019

Fig. 1 Clinical course and histological findings of our patient. a
Treatment process (“?” indicates the discontinuation of the oral
terbinafine or itraconazole at an uncertain time) and b clinical images
during the time course of the disease. ¢ Hematoxylin-eosin staining
showed epidermal pseudoepitheliomatous hyperplasia and dermis

infiltration (original magnification x 12.5). Pigmented hyphae and
cigar-shaped yeast in the corneum (white arrow), stratum spinosum
(white arrow, original magnification x 200), and multinuclear giant cells
in the dermis (white arrow, original magnification x 400) are shown
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fungal treatment, surgical excision was performed to remove
the entire lesion. After surgery, itraconazole and terbinafine
were prescribed for another 2 months to prevent recurrence. A
follow-up at 7 months and 4.5 years indicated no evidence of
recurrence (Fig. 1b, 3-17-2015 and 1-13-2019).

Identification of the Culprit Fungi with Culturing
and DNA Sequencing

Velvety and black colonies were cultured from the excised
skin tissue on Sabouraud glucose agar, oat meal agar, or corn
meal agar (Fig. 2a, from left to right) after 2 weeks of incuba-
tion at 27 °C. To investigate the colony sizes at 27 °C, 35 °C,
and 37 °C, the fungi were seeded onto Sabouraud glucose agar
with or without cycloheximide supplementation for 2 weeks.
As shown in Fig. 2b, at 27 °C, a “volcanic island”-like black
colony gradually formed, while only a small (0.4 cm in
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Fig. 2 Identification of the culprit fungus for phaeohyphomycosis in our
patient. a “Volcanic island”-like black colony on Sabouraud glucose agar,
oat meal agar, and corn meal agar (from left to right) after 2 weeks of
culture at 27 °C. b Colony growth on Sabouraud glucose agar at 27 °C
(with or without cycloheximide), 35 °C and 37 °C were recorded for
2 weeks. ¢ Colony growth at the indicated time points before and after
transferring from 37 °C to 27 °C. d Direct microscope examination of
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junction

in subcutaneous tissue

diameter) black colony formed at 35 °C. Importantly, the fungi
were unable to grow at 37 °C. The Sabouraud glucose agar
plates with no colony forming at 37 °C were transferred from
37 to 27 °C (Fig. 2¢). After transferring, a black colony grad-
ually formed. The results indicate that the isolated fungi can
only grow normally at ambient temperature but remain alive at
37 °C. Direct microscopic examination of cultured fungi
showed filamentous septate hyphae with pale brown, thick-
ened, wall and no sporulation (Fig. 2d). Furthermore, trans-
mission electron microscopy revealed that connected hyphae
were vertically or horizontally fractured because of the easily
broken branches (black arrow, Fig. 2e). Due to its
nonsporulation on different media, the accurate identification
of the fungi at the species level was impossible by morpho-
logical methods. Recent advances in molecular techniques
have led to the ability to rapidly and accurately identify
nonsporulating melanized molds. Therefore, DNA sequences

Septate hyphae
structure

cultured fungi revealed septate hyphae without sporulation. e Cross-
linked hyphae which were easily fractured (arrow) were noted under
scanning electron microscopy (original magnification x 4000). f
P, crystallina in shape of a dot-like structure or septate hyphal structure
was detected near the epidermal-dermal junction area in the tissue section
using in situ fluorescence hybridization (with a cutaneous alternariosis as
a control, original magnification x 200)

Dot-like
structure

Cutaneous
alternariosis
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of the actin (partial), elongation factor, 18S rRNA (partial),
and ITS1-5.8S-ITS2 regions were amplified by PCR
(GenBank accession numbers MF135482, MF135483,
MF135484, MF135485). The sequencing results deposited
in GenBank were compared using a basic local alignment
search tool (BLAST) search, which identified the
P, crystallina with a 100% similarity. To exclude the possibil-
ity that the isolation of P. crystallina from our patient was due
to contamination during the biopsy process, fluorescence in
situ hybridization (FISH) was performed. As shown in Fig. 2f,
a fluorescence probe synthesized according to the ITS se-
quence of P, crystallina can detect the presence of fungi main-
ly in the superficial dermal area, instead of the deep dermis or
subcutaneously where the sweat glands located.
Representative images showing probe fluorescence in shape
of dot-like or septate hyphae are shown. These results con-
firmed that P. crystallina indeed caused subcutaneous
phaeohyphomycosis in our patient.

Whole-Genome Sequencing of P. crystallina

The total genomic DNA of cultured P. crystallina was extract-
ed. Purified DNA was used to construct an I[llumina standard
shotgun library with an insert size of 400-500 bp, and then
was sequenced using the Illumina HiSeq platform. After se-
quencing, the raw reads were trimmed and filtered using
Trimmomatic-0.36. De novo assembly of short read se-
quences was performed using the SPAdes Genome
Assembler (v.3.5.0), and multi-kmer values were 77, 91, and
127. PrInSeS(G-1.0.0.beta) was utilized to correct these as-
sembled contigs. The assembled 36,958,195 bp genome
encoded 15,499 putative coding genes. These putative genes
equated to 57.38% of the assembly (1 gene per 2.38 kb). On
average, there were 2.17 exons per gene and the average size
of protein coding genes was 1368 bp in the genome. The
average GC content in the genome was 53%. A total of 45
tRNAs and 27 rRNAs were identified in the P. crystallina
genome.

The genome was further mapped to the Eukaryotic Clusters
of Orthologs (KOG) database to further characterize the puta-
tive proteins. A total of 6558 (42.31% of the total predicted
genes) protein-coding genes were mapped in the KOG data-
base and were classified into 26 different functional groups
(Fig. 3a). The genome contains a large number of putative
genes (1727 genes) that were not categorized into a distinct
group (categories “General functions prediction only” and
“Function unknown”). Apart from the poorly characterized
categories, the top three most abundant KOG groups were
“Posttranslational modification, protein turnover, and chaper-
ones” (539 genes), “Lipid transport and metabolism” (404
genes), and “Signal transduction mechanisms” (373 genes).

KEGG pathway analysis was carried out to further gain
insight into the gene functions in P. crystallina (Fig. 3b). A

total of 3840 predicted proteins were assigned to their
orthologous genes in metabolic pathways in the KEGG data-
base. The top four categories in the KEGG metabolic pathway
were carbohydrate metabolism, amino acid metabolism, lipid
metabolism, and signal transduction.

The Pathogen-Host Interactions database contains expertly
curated molecular and biological information on genes proven
to affect the outcome of pathogen-host interactions [19]. Three
of top four categories (reduced virulence, unaffected pathoge-
nicity, and the loss of pathogenicity) indicated a lower or un-
affected pathogenicity of P. crystallina (Fig. 3c).

In Vivo Immune Responses to P. crystallina in Mice

To further characterize the pathogenicity of P. crystallina, a
viable P. crystallina suspension was injected subcutaneously
into BALB/c, C57BL/6, and ICR mice. Increasing thickness
of the footpad, which reflects the local severity of the edema
and infiltration, was monitored at the indicated time points. As
shown in Fig. 4a, the mouse footpads exhibited peak swelling
at 4 days postinfection when the local draining lymph node of
the P. crystallina injected side was enlarged compared with
that of the control side (Fig. 4b). Then, the footpad swelling
gradually decreased over 3 to 4 weeks (natural course in Fig.
4c). Among mice with different genetic backgrounds, BALB/
¢ mice showed significantly reduced swelling of footpad com-
paring to C57BL/6 or ICR mice, which indicates a distinct
immune response to P. crystallina. Furthermore, heat-killed
P crystallina was used to explore whether the swelling of
the footpad was attributed to the viability of P. crystallina.
The same volume of viable or heat-killed P. crystallina was
subcutaneously injected into the footage of C57BL/6, ICR, or
BALB/c mice. One week after infection, compared to the
control treatment, heat-killed P. crystallina induced a signifi-
cantly reduced footpad swelling (Fig. 4d). These results sug-
gested that the swelling of the footpad was largely attributed to
the viability of P. crystallina. Histological examination of the
footpads at 1, 3, or 7 days after infection is shown in Fig. Sa.
Dematiaceous hyphae were surrounded by large numbers of
infiltrating inflammatory cells. Immunofluorescence of mouse
Ly6G (Fig. 5b) or myeloperoxidase (Fig. 5¢) indicated that
neutrophils were predominant in infiltrating cells. The viabil-
ity of P, crystallina after subcutaneous infection was measured
using the pan-fungi probe-based gPCR [20]. After the surge of
neutrophils into the infectious site, the fungal load of
P, crystallina sharply decreased (Fig. 5d). Such a short period
of elimination suggested that the innate immune response
alone may eliminate the P. crystallina infection. Neutrophils
may play a critical role in the defense of fungal infections [21].
Whether neutrophils play a vital role in the elimination of
P, crystallina infection was explored using antibody neutrali-
zation in vivo (Fig. 5e). Neutrophils were efficiently deleted
and examined by flow cytometry using the peripheral blood
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<« Fig. 3 Whole-genome sequencing of Pallidocercospora crystallina. a
KEGG classifications of genes in the P. crystallina genome. b KOG
class annotation distribution of the P. crystallina genome. ¢ Pathogen-
host interaction annotation of the P. crystallina genes

(data not shown). The back skin of the mice was subcutane-
ously injected with P. crystallina, and mice without neutro-
phils showed significantly increased fungal burdens 5 days
after infection (Fig. 5f). Moreover, all neutrophil-depleted
mice were survived. No signal was amplified using the pan-
fungal probe-based qPCR in the draining popliteal lymph
node from the neutrophil-depleted or control mice. In order
to further clarify the immune response in vivo, nude mice with
a greatly reduced number of T cells leading to an inhibited
adaptive immune response were used. As shown in Fig. 5g,
nude mice displayed a milder foot thickness compared to that
of the immunocompetent mice. However, nude mice eventu-
ally eradicated the P. crystallina infection. The above results
indicate that the innate killing mechanisms of neutrophils
alone can effectively eliminate the injected P. crystallina. In
addition, in mice with the intraperitoneal infection of
P crystallina, both immunocompetent mice including

a b

-+ C57BL/6
-+ BALB/c
-+ ICR

0 4 7 10 14 17 21 24 28
-500 Days

Control

Fig. 4 Different strains of mice can efficiently eliminate subcutaneously
injected Pallidocercospora crystallina. One side of the hind footpads was
subcutaneously injected with 100 pl viable P. crystallina. The other side
of the hind footpads were subcutaneously injected with 100 pl saline as a
control. a Foot thickness was measured at the indicated time points after
injection into mice with different genetic backgrounds including C57BL/
6, BALB/c, and ICR, and the increase in foot thickness from the baseline
is shown. b Foot lesions and draining lymph nodes from ICR mice are

BALB/c, C57BL/6, and ICR mice and immunocompromised
nude mice were alive and gained weight normally after infec-
tion. Four weeks after infection, a histological examination of
the spleen, liver, lung, kidney, mesenteric lymph nodes and
omentum majus revealed no sign of infection (Supplemental
Fig. 2). Moreover, tissues including the spleen, liver, mesen-
teric lymph nodes, and omentum majus were harvested at
2 weeks after the intraperitoneal infection of P. crystallina.
Using the pan-fungal probe qPCR, no signal was generated
in the DNA extracted from the above tissues. These results
indicated both immunocompetent mice including BALB/c,
C57BL/6, and ICR mice and immunocompromised nude mice
can eliminate an intraperitoneal P. crystallina infection.

Whole-Exome Sequencing and Copy Number
Variation in the Patient and Her Parents

The short period of elimination of P. crystallina infec-
tions in mice was inconsistent with the long history of
our patient. Therefore, we hypothesized that our patient
may carry an inborn error which causes her susceptibility
to P. crystallina infections. In order to verify our

Control Treated

Control Treated (PBS) (P. crystalline)

(PBS) (P. crystalline)
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shown 3 days after injection. ¢ The time course of subcutaneous
P, crystallina infection in C57BL/6 mice over 3 weeks. d One side of
hind footpads was subcutaneously injected with 100 ul viable
P, crystallina. The other side of the hind footpads was subcutaneously
injected with 100 pl heat-killed P. crystallina. The increase in foot thick-
ness from the baseline is shown. Data shown is representative of three
independent experiments

Lived Heat killed
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Fig. 5 Neutrophils’ role in eliminating P. crystallina infection. a
Hematoxylin-eosin staining tissue sections at 1, 3, and 7 days after the
subcutaneous injection of P. crystallina into the back skin of mice (white
arrow indicates pigmented fungi, original magnification x 200). b Ly6G-
positive neutrophils are shown in the section 3 days after infection. ¢
Myeloperoxidase-positive neutrophils are shown in the section 3 days
after infection. d The absolute number of fungi in the infected tissues at
days 1, 3, or 7 after subcutaneous P. crystallina injection. e Schematic of
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the experimental protocol for eliminating the neutrophils. f Five days after
subcutaneous P. crystallina injection into the back skin, the absolute
number of fungi was determined and was calculated as the relative fungal
viability with the mean of the control group as 1. g One week after the
subcutaneous injection of P. crystallina, the footpads of nude mice and
their foot thickness are shown. Data shown is representative of three
independent experiments
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speculation, whole-exome sequencing of genomic DNA
from the patient and her parents was performed and de-
tected a possible homozygous missense mutation in
CARD9 (c. 1118 G>C or p.R373P, Fig. 6a). Copy num-
ber variation was otherwise normal in the patient and her
parents. Sanger sequencing of CARDY9 in the patient’s
DNA identified a homozygous missense mutation
(Supplemental Fig. 3a), c. 1118 G>C or p.R373P, located
in the 8th exon in coiled-coil domain. Homozygosity of
the mutation was not present in control databases (1000
Genomes, Exome Aggregation Consortium, or Genome
Aggregation Database). The minor allele frequency of
this variant was 0.000024 (details are shown in
Supplemental Table 1). All the rare and novel homozy-
gous variants seen in the trios are listed in Supplemental
Table 1. Notably, the parents were consanguineous. The
proband is the offspring of a first cousin union. The
parents and the son of our patient were all asymptomatic
and heterozygous carriers of the corresponding mutation.

1l u ...

6 98

Computational analysis of the c¢. 1118 G>C indicated
possibly damaging or deleterious, which was reported
in a recent review [15]. Consistent with this, patients
with an autosomal recessive CARDY deficiency have
been shown to predispose them to increased susceptibil-
ity to fungal infections in a recent decade [22, 23]. The
mutations cluster in the two functional domains of
CARDY (Supplemental Fig. 4). Several types of muta-
tions in CARDY9 have been identified which range from
loss of expression (L64fs*59, Q158X, D274fs*60,
Q289X, Q295X, and E323del) to the loss of function
(R57H, R70W, G72S, Y91H, R101C, and R373P). In
order to investigate the expression and function of mu-
tated CARDY, peripheral blood from the patient, the son
of the patient and three unrelated healthy controls were
collected. Sanger sequencing of CARDY using the pe-
ripheral blood DNA identified a heterozygous c. 1118
G>C in the son of the patient, while the three healthy
controls harbored wild-type alleles (Supplemental
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Fig. 6 Deleterious homozygous missense mutations of CARD9 in our
patient. a Pedigree analysis, with the genotype of family members. b
Relative mRNA expression levels of CARD9 using two primers. ¢
Protein expression of CARD9 was measured in leukocytes carrying
homozygous, heterozygous and wild-type alleles by a western blot. d
Flow cytometry analysis of CARD9 expression gated from the CD14-
positive cells in the PBMCs. e IL-13 and f TNF-« production by wild-
type (G/G), heterozygous (G/C), or homozygous (C/C) CARD9 PBMCs

after 24 h of stimulation with P. crystallina. g The absolute number of
P, crystallina after 24-h coculture of neutrophils carrying wild-type, het-
erozygous, or homozygous CARD9 with P. crystallina in vitro. The ex-
periment using the peripheral blood from the patient, the patient’s son and
three unrelated healthy controls was done for one time due to the limited
number of cells. Single asterisks (*) indicate P < 0.05 and double asterisks
(**) indicate P <0.01
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Fig. 3b). The mRNA expression of CARD9 was similar
among the patient, the son of the patient, and the three
unrelated controls (Fig. 6b). The protein expression of
CARDY was evaluated by a western blot (Fig. 6¢) and
flow cytometry (Fig. 6d) and indicated that different al-
leles expressed similar levels of CARDY. These results
indicate that the homozygous c. 1118 G>C mutation
may not alter the expression of the CARDY protein. To
investigate whether mutated CARDY leads to impaired
anti-P. crystallina function, responses to P. crystallina
were evaluated by the production of IL-13 and TNF-«
in the supernatants after the coculture of PBMCs with
P crystallina. As shown in Fig. 6e—f, the production of
TNF-« or IL-13 was significantly decreased in peripher-
al blood mononuclear cells (PBMCs) carrying homozy-
gous mutations (the patient, 1118C/C) comparing to the
heterozygous (the son of the patient, 1118G/C) or wild-
type (three healthy controls, 1118G/G) controls.
Furthermore, the anti-P. crystallina ability of neutrophils
were also explored using the coculture of neutrophils
with P. crystallina. After 24 h of coculture, the DNA
was extracted from the sediment of each well for the
quantification of the absolute number of fungi using the
pan-fungal probe-based method (Fig. 6g). The results in-
dicate that, compared to that in heterozygous or wild-
type neutrophils, the anti-P. crystallina activity was sig-
nificantly reduced in the patient’s neutrophils.
Collectively, these data strongly suggest that our patient
is homozygous for a deleterious mutant CARD?9 allele.

Discussion

Phaeohyphomycosis, which refers to a group of infections
caused by dematiaceous fungi, can be divided into superficial,
subcutaneous, and systematic types from a variety of genera
[5, 24]. Although the patient is often unaware of it, the disease
is often associated with traumatic implantation on exposed
areas of the body. In the current case, our patient reported that
she had been punctured by a poplar branch on her face, but it is
difficult to ascertain if this incident is related to her
phaeohyphomycosis. Moreover, presentation is usually indo-
lent, with the mass or cyst gradually enlarging for weeks to
months. Currently, no standard treatment has been established
for phaeohyphomycosis. Oral anti-fungal agents such as
itraconazole and terbinafine are frequently used [4].
However, there was mild improvement without eradication
in our patient after oral itraconazole and terbinafine treatment,
which may be due to the discontinuation of antifungal drugs.
Moreover, localized phaeohyphomycosis can also be treated
with excision. In our patient, surgical excision successfully
removed the lesion without recurrence at the 4.5-year fol-
low-up.
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New fungal species have been increasingly reported as
pathogenic fungal species in phacohyphomycosis, espe-
cially with the help of molecular tools [5]. The reproduc-
tive structures and the conidia are required for identifica-
tion of molds under a microscope. However, for
nonsporulating molds, such as P. crystallina in our case,
the species identification heavily relies on molecular
tools. Consistent with our observations, Feng et al. report-
ed that P. crystallina isolated from the spot leaves of cit-
rus cannot be induced to sporulate [8]. Therefore, the
identification of pathogenic nonsporulating fungi by mor-
phological means is extremely difficult, which highlights
the importance of molecular techniques in the diagnosis
of this disease. In addition, a previous study [25] reported
that molecular tools can provide a fast and accurate iden-
tification of fungi at the species level for filamentous
molds, which can guide the treatment of fungal infections.
Pseudocercospora species are well known as plant path-
ogens for important food crops and other plants. DNA
phylogenetic analysis showed that Pseudocercospora is
heterogeneous and contains hundreds of species.
P. crystallina was first isolated from the leaves of
Eucalyptus bicostata in 1996 by Crous and M. J Wingf
[7]. Moreover, Pseudocercospora was isolated from li-
chens as plant-inhabitants without pathogenic phenomena
[26]. In a recent study, P. crystallina was also isolated
from Citrus in China [8]. However, a detailed description
of this fungus is absent and the whole genome sequencing
of P. crystallina in our study provided insights into the
features of P. crystallina.

Neutrophils are critical for eliminating invasive fungal
infections. As the most numerous cellular soldiers in the
blood, neutrophils are recruited into the skin lesion with
an arsenal of antimicrobial agents after a fungal infection.
A histological examination of our patient revealed several
small neutrophil microabscesses surrounding the
pigmented fungi. Consistent with this finding, histological
analyses of the skin from three patients with subcutaneous
phaeohyphomycosis revealed a lack of neutrophil infiltra-
tion. However, whether the local lesion of our patient can
recruit a number of neutrophils comparable to that in
wild-type individuals requires further investigation. Due
to the long duration of the disease, multinuclear giant
cells were generated to combat fungal infection. This is
often observed in chronic cutaneous infections. Several
previous studies reported that neutrophils from patients
with CARD9 mutation showed defective killing ability
of different fungi [27-29]. Even though the reduced an-
ti-P. crystallina ability of the neutrophils from the patient
was observed in vitro, neutrophils from the patient can
also lower the fungal burden after 24-h coculture. One
hypothesis is that during the 16-year period of the
P. crystallina infection, neutrophils would be recruited
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continuously into the lesion to eradicate P. crystallina.
However, in contrast to the massive neutrophil infiltration
in P. crystallina infected mice, only a limited number of
neutrophils were observed in the lesion of our patient.
Such a limited number of neutrophils may be insufficient
to eradicate P. crystallina infection. Therefore, whether
the local lesion of the patient can recruit a number of
neutrophils comparable to that recruited by wild-type in-
dividuals requires further investigation. Moreover, the
neutrophil recruitment into the fungus-infected sites may-
be tissue-, mutation-, and fungal-specific. Recent study
indicated that neutrophil recruitment was significantly re-
duced in microglia-specific CARD9 deletion in a central
nervous system fungus infection model induced by
Candida albicans [27, 30]. Whether the recruitment of
neutrophils was impaired in our patient needs further ex-
ploration. In addition, the underlying microbicidal mech-
anism of neutrophils may involve the neutrophil extracel-
lular traps [31] and the neutrophil-dendritic cell hybrid
[32] in antifungal immunity [27, 33].

The CARDY gene encodes a protein of 536 amino
acids which contains an N-terminal CARD domain and
a C-terminal coiled-coil domain. A recent review [15]
summarized that most of the patients with CARD9 muta-
tion showed impaired IL-13 and TNF-« production by
PBMC s, excepts for patients harboring YOIH CARD9
mutation [34, 35]. The cytokines IL-1 and TNF-« have
a wide spectrum of biological activities and are essential
for the differentiation of Thl7 cells. Insufficient IL-1f3
and TNF-a by PBMCs after P. crystallina stimulation in
our patient may play a role in the pathogenesis of
P crystallina-caused phacohyphomycosis. Increasing
numbers of patients with CARD9 mutations who suffered
from intractable or disseminated fungal infections have
been reported in the last decade. Moreover, most patients
with CARD9 mutations experienced relapses of fungal
infection when treatment was stopped [15]. However,
the localized phacohyphomycosis caused by
P crystallina in our patient was not disseminated during
the 16-year history of infection. Furthermore, our patient
remained healthy at 4.5 years after lesion resection. On
the one hand, these phenomena may be attributed to the
inhibitory effect of core body temperature (35 to 37 °C)
on the growth of P. crystallina. However, the homozy-
gous mutation in the 8th exon in the coiled-coil domain
may only partially affect the function of the CARD9 pro-
tein. A previous study reported invasive fungal meningo-
encephalitis due to a compound heterozygote mutation of
CARDY (G72S and R373P) [28]. Since the G72S muta-
tion was located in the CARD domain, the homozygous
mutation in the coiled-coil domain in our patient may
generate different deleterious effects. In contrast to the
CARD domain which can mediate binding with other

molecules, the C-terminal coiled-coil domain enables
protein oligomerization. Previous studies have reported
that spontaneous Candida infections of the central ner-
vous system in patients with homozygous CARDY mis-
sense mutations (R57H or Y91H) respond differently to
recombinant granulocyte-macrophage colony-stimulating
factor treatment [27, 35, 36]. These results indicate that
the underlying mechanisms may be disparate due to mu-
tations at different CARD9 gene loci. In addition, not all
amino acid changes in CARDY influence the individuals’
susceptibility to fungal infections. For example, no sig-
nificant association between the single-nucleotide poly-
morphisms CARD9 S12N and the prevalence of
candidemia or recurrent vulvovaginal candidiasis was
found [23, 37]. However, CARDY S12N promotes the
production of IL-5 from alveolar macrophages and facil-
itates the type 2 immune responses [38]. Therefore,
whether there are functional differences in CARDY9 mu-
tations between this homozygous mutation and other
devastating CARDY9 mutations needs further
investigation.

In conclusion, our case suggests that Pseudocercospora, a
group of well-known phytopathogenic fungi, may also have
pathogenicity in humans with CARD9Y mutations. When
phaeohyphomycosis presents with multiple or polymorphous
lesions [39, 40] or is caused by a relatively rare fungus [41, 42]
that was encountered by a seemingly immunocompetent indi-
vidual, physicians should examine the patient for underlying
CARDY mutations.
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