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Abstract

Exophiala is a genus comprising several species of opportunistic black yeasts,
which belongs to Ascomycotina. It is a rare cause of fungal infections. However,
infections are often chronic and recalcitrant, and while the number of cases is
steadily increasing in both immunocompromised and immunocompetent people,
detailed knowledge remains scarce regarding infection mechanisms, virulence
factors, specific predisposing factors, risk factors, and host response. The most
common manifestations of Exophiala infection are skin infections, and the most
frequent type of deep infection is pulmonary infection due to inhalation. The
invasive disease ranges from cutaneous or subcutaneous infection to systemic
dissemination to internal organs. The final identification of the causative organism
should be achieved through a combination of several methods, including the
newly introduced diagnostic analysis, matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometry, together with sequencing of the
ribosomal ribonucleic acid internal transcribed spacer region of the fungi, and
histological and culture findings. Regarding treatment, because anti-infective
agents and natural compounds exhibited poor antibiofilm activity, few treatments
have ultimately been found to be effective for specific antifungal therapy, so the
optimal antifungal therapy and duration of therapy for these infections remain
unknown. Therefore, most forms of disease caused by Exophiala dermatitidis
require aggressive combination therapies: Both surgical intervention and
aggressive antifungal therapy with novel compounds and azoles are necessary for
effective treatment.
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Core Tip: Exophiala is a genus comprising several species of opportunistic black yeasts,
which belongs to Ascomycotina, and it is a rare cause of fungal infections. The final
identification of this organism should be achieved through a combination of several
methods, including the newly introduced diagnostic analysis, matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry, together with sequencing of
the ribosomal ribonucleic acid internal transcribed spacer region of the fungi, and
histological and culture findings. Most forms of disease caused by this pathogen
require aggressive combination therapies: both surgical intervention and aggressive
antifungal therapy with novel compounds and azoles are necessary for effective
treatment. Today, detailed knowledge regarding this pathogen is scarce, so further
studies are required in order to collect evidence.
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INTRODUCTION

Exophiala is a genus comprising several species of opportunistic black yeasts, which
belongs to Ascomycotina, in the order Chaetothyriales[1,2]. Exophiala dermatitidis (E.
dermatitidis) is a melanized, thermophilic, dimorphic, dematiaceous, and hyphal
growth state fungus with multiple conidial forms, and it can be found in abundance in
extreme natural habitats; in hot, moist artificial environments that are rich in toxic
hydrocarbons, such as steam baths and bathrooms; in decaying organic matter; in
creosote-treated oak railway ties in regions near sea level; and in dishwashers[3-12]. It
is a polyextremophilic opportunistic human pathogen, which has frequently been
isolated in tropical regions of the world[8,13]. Its growth characteristics include a
polymorphic life cycle, its ability to grow in both high and low temperatures in
broadly varying pH environments, its ability to survive high sodium chloride concen-
trations, and its ability to survive high amounts of both ultraviolet and radioactive
radiation[2,10]. However, despite many ecological studies done worldwide, little
remains known about the natural habitat of this fungus[2].

This dematiaceous (brown-pigmented) fungus is a large, heterogenous group of
molds that can cause a wide range of diseases, including phaeohyphomycosis,
chromoblastomycosis, and eumycotic mycetoma; however, it is rarely the cause of
fungal infection, primarily in patients who already have certain predisposing factors[3,
8,14-17]. It is known to generate a biofilm in a strain-specific manner, with invasive E.
dermatitidis isolates forming biofilms with the greatest biomass[16,18]. In addition,
melanin, which forms part of the cell wall of black yeasts, is known to be a major
contributing factor to the pathogenicity of E. dermatitidis, and to its increased resistance
against both host defense and anti-infective therapeutics[16]. Additionally, clinically, it
is considered to be the most virulent species, and potentially the cause of disseminated
infections, as both produce extracellular capsule-like material[19].

SYMPTOMS

E. dermatitidis is a rare cause of fungal infections, and the infection is often chronic and
recalcitrant; however, much is still unknown about the mechanisms of infection[2,7,17,
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20]. In addition, while the number of cases is steadily increasing in both immunocom-
promised and immunocompetent people, detailed knowledge remains scarce
regarding infection mechanisms, virulence factors, specific predisposing factors, risk
factors, and host response[8,17,21].

Altered immune status is known to affect the progress of infectious diseases[14].
While more and more cases have been seen in immunocompromised patients, there is
still little knowledge regarding infections, virulence factors, and host response[11].
Immunocompromised patients, including patients undergoing steroid therapy,
patients who have received transplants, and patients with cancer and/or AIDS, are
especially at risk of contracting fungal infections[14,21]. For instance, cutaneous,
subcutaneous, and corneal infections with dematiaceous fungi naturally occur
worldwide, and tropical and subtropical climates lend themselves to increased
incidence of these infections, particularly because they are seen mainly as opport-
unistic infections in immune-deficient patients, and can cause cutaneous and
subcutaneous phaeohyphomycosis in healthy individuals[4]. Disseminated infections
are rare, but becoming more common, particularly in individuals who are immuno-
compromised, such as chemotherapy patients[3,22,23]. On the other hand, this fungus
may potentially be a cause of disseminated infection in humans who otherwise appear
to be healthy[24].

The most common manifestations of the infection are skin infections; in addition,
less commonly, extracutaneous diseases from traumatic implantation have been
reported, including the eyes, heart, gastrointestinal tract, lungs, and bones|3,4,14,22,25,
26]. The fungus can actively grow and penetrate the skin; consequently, it is more
frequently isolated from superficial, cutaneous, subcutaneous, and deep seated
infections, including visceral infections, with central line associated bloodstream
infection (CLABSI) or endocarditis seen on rare occasions[11,25,27-29]. Regarding
these skin infections, mycetoma is a tumorous skin growth, notable for the black
granules that form within tissue[l4]. Chromoblastomycosis is a superficial or
subcutaneous skin infection, which is histologically characterized by pigmented
sclerotic bodies, as well as pseudoepitheliomatous hyperplasia[14]. The invasive
disease, known as phaeohyphomycosis, varies significantly: from cutaneous or
subcutaneous infections to systemic dissemination to the internal organs[4,14].
According to a previous report, this is the third most common species among the
reported causes of disseminated phaeohyphomycosis, at 7%, and is among the most
significant human pathogens of the dematiaceous fungi[3].

The most common forms of deep infections are respiratory system infections, due to
inhalation, and pulmonary infections; the latter are mostly not invasive, but it seems
likely that subclinical colonization may be involved in Europe or Latin America, as
rates can vary from 1% to 19%]3,16,25,30]. This pathogen is known to cause deep or
localized phaeohyphomycosis in immunocompromised people worldwide, and is
regularly found in the lungs of cystic fibrosis (CF) patients, but only very rarely is it
found in respiratory specimens from patients who do not suffer from CF[2,18,31]. In
one study, about 75% of CF patients were found to have been colonized by yeasts,
chiefly among these Candida albicans (38%) and C. dubliniensis (12%). Additionally,
Aspergillus spp. (Aspergillus fumigatus: 29%) was detected in 35% of patients, followed
by E. dermatitidis and Scedosporium/Lomentospora complex isolates, each found in 4% of
patients[32]. Conversely, the most common form of systemic phaeohyphomycosis is
cerebral infection, though only in Asian patients; other localized deep forms of the
disease have also been reported, including arthritis and endocarditis[3,25]. This
suggests the potential possibility of race-dependent virulence[25]. Cerebral phaeo-
hyphomycosis is a central nervous infection that is sporadic, but often fatal[7,16,33].
Although cases of cerebral phaeohyphomycosis are known to have occurred in
immunocompromised persons, it has most commonly been found in immunocom-
petent individuals who have no obvious risk factors[3].

EXAMINATION

Identification of Exophiala at the species level has conventionally been based on
morphological observations, complemented by molecular tests[34]. Tissue cultures can
provide a definitive contribution to differential diagnosis of mold infections[14]. In one
study, 100% of E. dermatitidis was correctly identified when using Sabouraud glucose
agar, and 92.9% of strains were correctly identified at the species level when using
Columbia agar[35]. In addition, Burkholderia cepacia selective agar can prove useful for
recovery from CF patients’ sputum samples[36]. Here, we show a sputum sample from
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our institution, from a patient with pneumonia due to E. dermatitidis. Black, yeast-like
colonies grown on the Chromogenic Agar CHROMagar® Candida plate can be
observed (Figure 1). We extracted and cultured the bacteria on potato dextrose agar
using the specimen at 37 °C, yielding a huge colony on the plate 21 days later
(Figure 2). In addition, the diphasic form was observed under a differential
interference contrast microscope (Figure 3), bacterial growth was confirmed below 40
°C, and morphological characteristics were confirmed with a stereoscopic microscope
(Figure 4). All of these characteristics were also compatible with E. dermatitidis.
However, this is a slow-growing fungus, which can ordinarily take up to two weeks to
culture in a microbiology laboratory setting; therefore, it is slow to detect it conven-
tionally, leading to a risk of bacterial overgrowth due to common cohabiting pan- and
multi-resistant bacterial pathogens from sputum, specifically Pseudomonas aeruginosa
and B. cepacia complex organisms[37]. As mentioned above, conventional mycological
identification, premised on recognizing morphological characteristics, can prove
problematic[38].

On the other hand, in the past decade, matrix-assisted laser desorption/ionization-
time-of-flight mass spectrometry (MALDI-TOF MS) has come into use at medical
centers internationally, as a diagnostic technique[35]. This technique takes advantage
of taxon-specific mass patterns that have been recorded from abundant cell proteins,
directly from whole-cell preparations[38]. The relationships observed between the ITS
(internal transcribed spacer) strains, from the MALDI-TOF MS profiling analyses,
were supported by DNA-sequence-based analyses of the ITS1 and ITS2 regions of
ribonucleic acid[38]. The ribosomal RNA (rRNA) genes (small and large subunits),
rRNA ITS regions, and protein-coding genes, including the genes for translation
elongation factor 1-a and B-tubulin, have served as fungal identification targets[38].
There was extremely little intra-species sequence diversity in medically important
dematiaceous fungi, such as E. dermatitidis: In some cases, no changes were detected at
all in Exophiala species[15]. Furthermore, the D1/D2 domain is sufficiently variable to
identify pathogenic dematiaceous fungi and other relevant species[15]. Therefore,
phylogenetic analysis of the ITS region sequence provided information that was useful
for not only the identification of new species, but also for the subtyping and origin of
Exophiala species[39]. The data demonstrated that MALDI-TOF MS can serve a rapid,
reliable, and cost-effective way to identify isolates of E. dermatitidis, as well as other
clinically relevant fungi and yeasts that can ordinarily be difficult to identify using
conventional methods[38,40]. This represents a major breakthrough in medical
mycology diagnostics, and will lead to improved fungal pathogen identification rates,
including rare and nonsporulating fungi, in ordinary clinical laboratory settings[35]. In
addition, this is expected to simplify the routine identification of bacteria,
mycobacteria, and fungi, compared to using traditional diagnostic methods; one
exception, however, is viruses, which, due to their relatively low protein content,
remain difficult to detect, even with this technique[35,38]. Consequently, this
technique seems promising for use in species-level identification of Exophiala,
alongside ITS sequencing, which remains the gold standard[41]. On the other hand,
there is still very little generated data available on any black yeast species; as a result,
these databases are often incomplete or entirely absent[35,41]. However, a recent study
has confirmed that this technique is able to identify organisms such as black yeasts,
which are ordinarily comparatively difficult to identify, down to the species level, with
a discrimination rate of E. dermatitidis using MALDI-TOF MS of at least 80.6% —
impressive, but unfortunately still not 100%[35]. The identification results for E.
dermatidis is based on the database provided with the system. In this study, mass
spectrometry was performed using the Microflex LT model (Bruker Daltonik GmbH)
MALDI-TOF instrument. Also, the linear positive-ion mode was used within a mass
range of 2000-20000 Da for microbial identification, and the instrument was equipped
with a 60-Hz nitrogen laser and for each spectrum, 240 Laser shots from different
positions of the sample spot were accumulated and analyzed. Accurate, quality-
controlled reference databases are still necessary for both the ITS-based and MALDI-
TOF MS-based identification modalities, and it understanding each approach’s
limitations is key[35]. In particular, the low-quality mass spectra caused by bad
material processing and insufficient database entries for some fungal isolates can
hinder MALDI-TOF MS-based identification; additionally, only a very small
percentage of fungi have been sequenced in the ITS region, and the taxonomic
reliability of fungal ITS sequences available in public repositories remains inadequate
[35]. Another major issue currently associated with MALDI-TOF MS-based identi-
fication of fungi is similarities in molecular components, which can make it impossible
to distinguish between sister species[41]. As shown here, there are several limitations
to the MALDI-TOF MS technique[41].
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Figure 1 Colonies of Exophiala dermatitidis on Chromogenic Agar CHROMagar® Candida plate. Sputum sample of pneumonia patient from our
institution. Many black, yeast-like colonies were observed.

Figure 2 A colony of Exophiala dermatitidis on potato dextrose agar. Sputum sample of pneumonia patient from our institution, 21 d after cultivation. A

very large black colony was yielded.
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A high-resolution melting assay has been developed, which can be serve to help
ascertain the identity of E. dermatitidis, which may vary in its clinical significance, with
a high degree of accuracy[1]. For species-level identification of Exophiala isolates, the
ligase-dependent reaction assay was found to be both less expensive and more reliable
than rolling circle amplification[42]. Antifungal susceptibility tests demonstrated that
triazole compounds were the most active agents against Exophiala in vitro[34]. In
addition, triazoles, especially itraconazole (ITCZ) and posaconazole (PSCZ), were
found to have minimum inhibitory concentration (MIC) values below those of
amphotericin B (AMB), caspofungin (CPFG), and flucytosine (5-FC)[40]. This suggests
that, in the future, it may be possible to use this in order to identify species directly, in
clinical samples and/or in environmental niches[1].

TREATMENT

Due to the rarity of infections caused by this fungus, little is known about its treatment
[17]. Various fungi are able to colonize surfaces and form biofilms[18]. Due to resis-
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Figure 3 Appearance of Exophiala dermatitidis under differential interference contrast microscope. Sputum sample of pneumonia patient from
our institution. The diphasic form was observed.

Figure 4 Appearance of Exophiala dermatitidis under stereoscopic microscope. Sputum sample of pneumonia patient from our institution. Melanized,
dimorphic, dematiaceous, and hyphal-growth-state fungus, with multiple conidial forms, was confirmed.
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tance to antifungal drugs, infections associated with fungal biofilms are frequently
refractory to targeted treatment[18]. This leads to a variety of illnesses in humans that
are always refractory to the available treatment modalities[43]. Data on in vitro
susceptibility remains scarce, and seemingly correlates poorly with in vivo drug
efficacy[44]. More information remains necessary on activities against species of
Exophiala[44]. Furthermore, although antifungal susceptibility tests have been
developed, there is still very little in vitro data available for dematiaceous fungi, and
comparisons are difficult because the previous literature is often inconsistent
regarding methodology[44]. To date, most forms of disease caused by E. dermatitidis
have required therapy combining surgery with medical treatment that uses novel
compounds and azoles, in order to achieve effective results[3,20,25]. In particular,
aggressive antifungal therapy is vital, in combination with surgical intervention[45].
However, because anti-infective agents and natural compounds have demonstrated
poor antibiofilm activity, few treatments have ultimately been found to be effective
when it comes to specific antifungal therapy; as a result, it is still unknown what the
optimal antifungal therapy and duration of therapy are for these infections[18,21,25,
44]. MIC results for all E. dermatitidis strains have revealed that CPFG has the widest
range and the highest MICs (range 1-16 mg/L, geometric mean 4.912 mg/L), while
PSCZ has the lowest MICs (range 0.016-0.031 mg/L, geometric mean 0.061 mg/L)[10].
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However, their clinical effectiveness remains unknown for treatment of infections
caused by this fungus[10]. Additionally, European Society of Clinical Microbiology
and Infectious Diseases and European Confederation of Medical Mycology joint
clinical guidelines for the diagnosis and management of systemic phaeohyphomycosis:
Diseases caused by black fungi, which was published in 2014, do not indicate AMB for
treatment[34]. Therefore, combination therapies that use novel compounds and azoles
could prove to be an effective solution[20,21].

A recent study has reported that crucial stress responses, mechanisms of cell wall
repair, and antifungal resistance in pathogenic fungi are governed by Hsp90[43].
Consequently, targeting Hsp90 with specific inhibitors holds considerable promise as a
combination strategy[43]. In addition, the compounds were detected to have the
greatest impact when added prior to cell adhesion; these findings suggest that,
ultimately, prevention may prove more effective than treatment for biofilm-associated
infections caused by this fungus[22]. Furthermore, in cases of suspected CLABSI, the
most effective treatment seems to be promptly removing the central line, followed by
treatment with AMB or an azole[29]. According to another study, pyrvinium pamoate
may exert antifungal activity on its own, and may demonstrate a favorable synergy
with azoles against planktonic E. dermatitidis[20,21]. The underlying mechanisms could
perhaps be elucidated by inducing apoptosis/necrosis, inhibiting drug efflux pumps,
and signaling pathways that are related to stress response and growth control[20,21].
More in-depth investigation into the mechanism of the antifungal properties of
pyrvinium, and the innovation of novel formulation of pyrvinium, may help establish
novel antifungal strategies. In addition, lonafarnib, an orally bioavailable nonpeptide
tricyclic farnesyltransferase inhibitor, which has excellent pharmacokinetic and safety
profiles, could serve to enhance the in vitro antifungal activity of ITCZ, PSCZ, and
voriconazole against E. dermatitidis; this suggests that azoles, particularly ITCZ and
PSCZ, combined with a farnesyltransferase inhibitor, might provide a potential
strategy for managing infections caused by this fungus[44].

PROGNOSIS

Diseases reported to have been caused by this fungus range from benign cutaneous
infections to systemic infections with a 40% fatality rate[8,11]. In particular, while
systemic infections are exceedingly rare, they are associated with both significant
morbidity and mortality[9]. A positive outcome was achieved in a disseminated E.
dermatitidis infection in an immunodeficient patient, through a combination of
aggressive surgical intervention and prolonged treatment using broad-spectrum
antifungal agents[9]. In addition, it is suspected that melanin may dramatically reduce
the invasiveness and virulence of E. dermatitidis during the initial days of the skin
infection[8].

CONCLUSION

There are clearly still many uncertainties, mainly regarding accurate diagnosis and
treatment. Because of the difficulty of morphological distinction in culture between E.
dermatitidis and other species, and because no individual technique is sufficient for
identification on its own, the final identification of the causative organism should be
achieved through a combination of several methods, including the newly introduced
diagnostic analysis MALDI-TOF MS, together with sequencing of the rDNA ITS region
of the fungi, and histological and culture findings. Furthermore, due to the rarity of
infections caused by this fungus, little is known about its treatment. Therefore, further
studies are required in order to collect evidence.
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