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Preface

Endemic fungal infections present diagnostic challenges as they can mimic various other illnesses
such as tuberculosis, pneumonia, and cancer, especially in regions where they are prevalent. Despite
being familiar diseases in endemic areas, these fungal infections are now emerging in new geographic
locations due to increased travel. It is crucial for everyone to recognize their presence.

Although the microscopic appearance of these fungal agents often provides clues, diagnosing
them requires significant expertise, and test accuracy varies. The gold standard for diagnosis is
culturing samples from potentially affected areas, but this process can take a long time. Severe cases
typically require treatment with amphotericin B or its lipid formulations, while itraconazole is effective
for oral treatment. Clinical trials are limited, and access to modern medications remains a challenge,
especially in developing countries.

To consolidate recent research on the epidemiology, diagnosis, and treatment of endemic mycoses,

we present a dedicated book. We hope this resource proves valuable and insightful to you.

Alessandro C. Pasqualotto
Editor
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Endemic mycoses are difficult-to-diagnose conditions that may mimic several other dis-
eases, particularly tuberculosis, community-acquired pneumonia, and cancer. Even though
these are well-known diseases for physicians living in endemic areas, fungal diseases have
now reached novel geographic areas, in a world where extensive travelling occurs. We
should therefore all be aware of their existence.

The microscopic appearance of the agents of endemic mycoses is frequently suggestive,
but their diagnoses require considerable expertise, and test sensitivities are variable. Culture
from potentially involved sites remains the diagnostic gold-standard; however, plates need
to be incubated for up to 6-8 weeks. Treatments of severe clinical forms usually rely
on amphotericin B and its lipid formulations, while itraconazole is the most active oral
antifungal agent. Controlled trials are rare in the field, and access to modern medicines is
usually a challenge in developing countries.

With the purpose of summarizing recent findings involving the epidemiology, diag-
nosis and treatment of these conditions, the Journal of Fungi is publishing a Special Issue
dedicated to endemic mycoses. A summary of the novel findings associated with some of
these conditions is presented herein.

1. Blastomycosis

Blastomycosis is endemic in the Mississippi and Ohio River basins, in the United
States. The range of disease may be expanding, with cases now commonly occurring
in the state of New York, and other areas previously considered outside the traditional
region of endemicity. Regarding the diagnosis of blastomycosis, an antigen detection
assay is available in North America and has acceptable sensitivity (85-93%) and specificity
(79-99%) [1]. Testing of the urine is preferable over other sample types.

2. Coccidioidomycosis

The majority of cases of coccidioidomycosis are reported in Arizona and California;
the number of coccidioidomycosis cases is continuing to increase yearly in the United
States. Other arid areas in Latin America are also involved. Culturing Coccidioides spp. from
clinical samples presents biosafety concerns. Most patients are diagnosed with serology,
but weeks are also required for antibodies to be produced and detected. Coccidioidal
antigen testing is also available and is best performed in urine samples [2]. Antigenuria
should be tested only when the diagnosis is in question.

3. Cryptococcosis Due to Cryptococcus gattii

In contrast to the opportunistic agent C. neoformans, which has a global distribution and
is frequently isolated from bird droppings, C. gattii is reported in tropical and subtropical
areas of the globe, and is associated with trees. Moreover, C. gattii may cause infection in
immunocompetent individuals. Infections caused by C. gattii are more likely to result in
mass-like lesions, either pulmonary or cerebral. C. gattii shows higher minimum inhibitory
concentrations to several antifungals than C. neoformans.

J. Fungi 2022, 8, 1184. https://doi.org/10.3390/jof8111184 1
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4. Emergomycosis

Since the introduction of molecular-based identification methods of dimorphic fungi
in some South African laboratories, emergomycosis has been recognized as the most
frequently diagnosed endemic mycosis in South Africa [3]. To date, nearly all cases of
emergomycosis have involved immunocompromised patients. Emergonyces spp. can cross-
react with the Histoplasma galactomannan antigen test; therefore, urine samples can be sent
for Histoplasma antigen testing.

5. Histoplasmosis

Once considered a disease restricted to the Mississippi and Ohio rivers in the United
States, histoplasmosis is now a global disease, with hundreds of cases being reported
in China, India, Oceania, Africa, and Europe. The highest burden of disease occurs in
Latin America. As for the other agents of endemic mycoses, the growth of Histoplasma
species in culture is slow and the detection of Histoplasma antigens may enable the rapid
diagnosis of histoplasmosis, particularly in patients with acute or disseminated disease.
Antigen testing has recently been evaluated using a lateral flow technique. Urine antigen
testing is preferred. Histoplasmosis is the only endemic mycosis for which a randomized
controlled trial has been conducted, revealing the superiority of liposomal amphotericin
B (L-AmB) over deoxycholate amphotericin B in disseminated disease [4]. An ongoing
study is evaluating the effectiveness and safety of single-dose regimens of L-AmB in AIDS
patients with histoplasmosis (clinical trials identification NCT04059770), in a similar fashion
to what has been performed with leishmaniasis and cryptococcosis.

6. Lobomycosis

Lobomycosis is a neglected fungal disease that mostly occurs in the Amazon rain-
forest in Brazil. Infected patients present with keloidal nodules after fungal inoculation
following traumatic exposure. Even though this is not a notifiable disease, an increase in
the number of cases has been observed in recent years. Diagnosis—which still relies on
histopathology—is challenging, because lesions are quite often mistaken for leishmaniosis,
atypical mycobacteria including leprosy, sporothrychosis, and other dermatological fungal
diseases. No drug is effective for the treatment of lobomycosis, and surgical resection has
usually been followed by disease recurrence. Preliminary data suggest that posaconazole
might be effective in lobomycosis; however, clinical trials are lacking.

7. Paracoccidioidomycosis

Outside endemic areas in Latin America, paracoccidioidomycosis is a disease carried
by travelers who have lived in those areas for extended times. An expansion of endemicity
has been associated with changes in agricultural practices, as well as the emergence of the
newly recognized species P. lutzii [5]. The majority of patients with chronic disease are
diagnosed using serology, or the microscopy of infected tissues or fluids. Antigen detection
is not yet applicable to clinical practice, due to the lack of standardized or commercially
available tests.

8. Sporothrychosis

Until recently, it was believed that only members of the pathogenic clade of Sporothrix
schenckii were able to cause disease, but additional species such as S. brasiliensis, S. globosa,
S. mexicana, and S. pallida have gained importance. The clinical relevance of identifying
Sporothrix at the species level remains unclear. Serologic testing is promising, but currently
limited by availability [6]. Antigen testing has the potential to be used in sporothrychosis.

9. Talaromycosis

Another disease which has had its name changed in mycology: penicilliosis is now
talaromycosis. Initially a disease solely associated with AIDS patients, talaromycosis is now
increasingly recognized in association with other immunocompromising conditions [7].
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The region of endemicity is expanding, from Vietnam and southern China to northern and
eastern China (Beijing and Shanghai) and in northeastern India. Mplp antigen testing
is now strongly recommended in the diagnosis of talaromycosis (superior sensitivity
compared with culture: specificity > 95%) in plasma and urine specimens.

10. Conclusions

Most significant changes involving endemic mycoses have affected diagnostic tools.
With such slow-growing fungi, this is fertile terrain for point-of-care tests to grow. Molecular
assays are also in place for diagnosis, but standardization is required. With advances in
fungal DNA sequencing, novel fungal species have been described, with some being of
clinical or epidemiological relevance. For most of these fungi, the value of antifungal
susceptibility testing is unknown, and serology remains largely unstandardized. Most
pharmacological interventions in endemic mycoses are based on uncontrolled studies.
Modern trials involving antifungal drugs are required in endemic mycosis. Additionally,
above all, the development of drugs and diagnostic tests is only justifiable if these are made
available to the countries in which these conditions are endemic, to reduce the burden of
these diseases.
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Abstract: Diagnosis of endemic mycoses is still challenging. The moderated availability of reliable
diagnostic methods, the lack of clinical suspicion out of endemic areas and the limitations of con-
ventional techniques result in a late diagnosis that, in turn, delays the implementation of the correct
antifungal therapy. In recent years, molecular methods have emerged as promising tools for the rapid
diagnosis of endemic mycoses. However, the absence of a consensus among laboratories and the
reduced availability of commercial tests compromises the diagnostic effectiveness of these methods.
In this review, we summarize the advantages and limitations of molecular methods for the diagnosis
of endemic mycoses.

Keywords: endemic mycoses; molecular diagnosis; PCR; NGS

1. Introduction

The common term “endemic fungi” usually refers to fungal species within the Ony-
genales order sharing, among others, four distinctive features: (i) thermal dimorphism,
(ii) geographical distribution restricted to specific regions of the world, (iii) ability to cause
a disease in otherwise healthy humans, although illness tends to be more severe in im-
munocompromised individuals, and (iv) high mortality rates if the illness fails to be timely
diagnosed and treated [1]. Recently, the WHO has released the fungal priority pathogen
list to strengthen the global response to fungal infections. Several endemic fungi are listed
within the high and medium priority groups [2].

1.1. Epidemiology of Endemic Mycoses

Endemic mycoses (EM) are caused by species of the genera Histoplasma, Blastomyces,
Coccidioides, Paracoccidioides, Talaromyces, Sporothrix, Lacazia, and the recently described
Emergomyces. The distribution area of endemic cases encompasses countries across the
five continents. Coccidiomycosis, paracoccidiomycosis and lobomycosis are restricted to
the American continent, whereas sporothrichosis and histoplasmosis have a cosmopolite
distribution with high presence in the Americas and Africa. Blastomycosis extends mainly
across Africa, the western basins of United States of America (USA), and the south-western
Canadian border. Talaromycosis cases are typically found in south-eastern Asia, while
emergomycosis is frequently diagnosed in South Africa, but cases have also been reported
in North America, Europe, Asia and India [3,4]. Certain species within endemic genera can
be found only in specific areas of the world, usually associated to particular environmental
conditions of heat, moisture, pH or nutrients, among others [5].

The true epidemiology of endemic fungal infections is unknown. Many primary
infections are asymptomatic or present with mild self-resolving symptoms not requiring
the search of medical care, and frequently the etiological agent of the infection fails to be

J. Fungi 2023, 9, 59. https:/ /doi.org/10.3390/jof9010059 4 https:/ /www.mdpi.com/journal/jof
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identified due to lack of awareness and limited access to the appropriate diagnostic tools.
This is particularly concerning outside hyperendemic territories, where the vast majority of
EM cases are imported and associated to immigration and travels from endemic areas [6].
Despite EM global burden is increasing, clinical infections are not subjected to mandatory
notification to Public Health systems with exceptions restricted to specific areas [7,8].

The incidence of histoplasmosis has been estimated to range between 0.1-100 cases-
/100,000 inhabitants, with lowest rates observed in areas with temperate climates, and
the highest incidence in humid tropical territories [9]. Serologic studies indicate that up
to 40% of the population living in highly endemic areas may have been exposed to the
fungus, with seropositivity reaching up to 87% in specific populations [7]. The real number
of coccidioidomycosis cases has been estimated to exceed 350,000 per year in the USA,
with an increasing trend observed over the last years [10-12]. In Brazil, paracoccidioidomy-
cosis is estimated to affect 3—4 new patients /100,000 inhabitants/year, with an incidence
that may reach up to 40 patients/100,000 inhabitants depending on the location. In this
country, paracoccidioidomycosis represents the main cause of hospitalization and death
among the overall systemic mycoses [3]. Talaromycosis is one of the most neglected and
underrecognized EM as its prevalence is largely unknown. This disease is strongly asso-
ciated to poverty and uncontrolled advanced HIV disease, especially in areas where the
access to healthcare is limited. Some reports describe that the burden of this disease could
exceed 17,000 cases/year, being lethal in as much as 1 in 3 cases [13]. With approximately
40,000 new cases every year sporotrichosis is considered the most prevalent EM in South
America, and the most frequent EM in regions of Southern Brazil [14]. It is also endemic in
Mexico and Northern China, and has been responsible of large outbreaks in North-America,
Australia, and South Africa [15]. Emergomycosis has been described as an HIV-associated
infection in South Africa, where it ranked the second most frequent EM only after sporotri-
chosis in a recent review of contemporary cases spanning 10 years [16]. Scattered reports
locate Emergomyces spp. also in Europe, North America, and Asia. The true incidence of
emergomycosis is unknown, but after the introduction of molecular techniques, many cases
initially classified as histoplasmosis on the basis of histopathology have been demonstrated
to be emergomycosis, indicating that its prevalence may be more frequent than previously
thought [17]. Lobomycosis prevalence is unknown but an increase in new cases has been
observed in recent years [18].

EM incidence has been reported to be on the rise in recent years [3,7,19,20]. This
has been mainly attributed to environmental changes, travels, and expansion of at-risk
populations, along with increased awareness and wider access to improved diagnostic
techniques. As more research and educational actions are undertaken, new areas de-
voted to combatting these diseases will be uncovered [7,13,21,22]. Thus, a wide avail-
ability of sensitive, specific, rapid, and versatile diagnostic techniques will become an
immediate necessity.

1.2. Diagnosis of Endemic Mycoses

To date, the laboratory diagnosis of EM is an unsolved issue [23]. The diagnostic
yield of currently available microbiological techniques has been extensively reviewed
by an international team of experts in a joint ECMM-ISHAM initiative, resulting in
evidence-based recommendations of use recently published [4]. Conventional tech-
niques, such as histopathology and culture, are not difficult to implement, but exhibit a
number of limitations that should be taken into consideration. Firstly, these techniques
require a high level of expertise and special caution is needed when handling specimens
and cultures, as some species are classified as BSL-3 microorganisms; depending on
the specimen and phase of the illness [24]. Moreover, cultures may delay the diagnosis
up to four-to-six weeks, as these fungal species are slow-growing, and the confir-
mation of the dimorphism may be required for the final identification. In addition,
their diagnostic yield is hampered by lack of sensitivity, particularly in non-invasive
chronic forms.
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Culture independent commercial assays, which rely on the detection of antigens or
antibodies in clinical samples, are only available for the most prevalent EM. Antibody-
based diagnosis is determined by the immune status of the host, as immunosuppresed
patients fail to produce high antibody titers and seropositivity remains long time after
the infection [25]. Moreover, these tests exhibit cross-reactivity among EM-causing
species and with other human fungal pathogens. Antigen tests have been proved to
be useful for rapid diagnosis in populations generally affected by severe immunosup-
presion and disseminated forms of disease [26], but little information is available on
their applications in other contexts. Specificity of antigen tests is reduced by cross-
reactivity issues with other fungi [27]. During the diagnostic process, the possibility
of cross-reactivity of antigens and antibodies shall be considered in areas where en-
demic genera co-exist. Point-of-care methods have been developed for the detection of
Coccidioides spp. and H. capsulatum, although studies to date are limited, results seem
to be promising [28,29].

Molecular techniques have been key for taxonomic placement and to uncover
cryptic species withing the EM-causing species [30], but their application to clinical
diagnosis is far from being of routine use. Most specific PCR techniques have been
developed by reference laboratories without a consensus about the technology used
(conventional PCR, quantitative PCR, LAMP etc.) or the genomic regions targeted
by the assays. Despite several techniques for the detection of EM have been reported
to be useful for diagnosis, only a Coccidioides-specific PCR is commercially available
((accessed on 28 December 2022)).

Despite the efforts on validating molecular assays in diverse types of patients and
samples, the limited presence of molecular techniques in international diagnostic guide-
lines is due to the need of further standardization, and the lack of solid multicentered
studies involving large populations. Recently, an European initiative has established
a working group devoted to perform intercomparison multicenter diagnostic stud-
ies with the objective of improving EM diagnosis and acquiring a better knowledge
about the epidemiology of these neglected fungal infections (https://www.ecmm.info/
working-groups/working-group-on-the-diagnosis-and-the-epidemiology-of-endemic-
mycoses (accessed on 28 December 2022)). Notwithstanding these limitations, molec-
ular techniques currently seem to represent a good immediate alternative for a fast
and specific diagnosis of such infections, as well as a feasible tool to go deeper into the
knowledge of their epidemiology [31].

This review is intended to summarize the techniques, targets, applications of
molecular techniques to the diagnosis of endemic mycoses, covering the full spec-
trum of techniques, from the most traditional PCR protocols to the most advanced
sequencing methods (Figure 1).
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TECHNICAL CHARACTERISTICS
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Figure 1. Description of the technical characteristics, advantages and limitations of the molecular
methods used for the diagnosis of endemic mycoses including specific PCR methods, methods based
on broad range PCR and new methods as those based on Next Generation Sequencing (NGS). MCA:
melting curve analysis.

2. Specific PCR Assays

Specific PCR assays have been developed last years in reference laboratories mainly fo-
cused on the detection of H. capsulatum and Coccidioides spp. For the remaining EM species,
there are considerably fewer studies. In general, commercial tests and inter-comparison
studies are lacking. The global SARS-CoV-2 pandemic has allowed the implementation
of conventional and real-time PCR (qPCR) technology in several laboratories worldwide,
including endemic regions, which offers an excellent opportunity to expand the application
of molecular techniques for the detection of these neglected pathogens in a near future.

2.1. Histoplasmosis

Methods based on PCR (conventional or real time) for the detection of H. capsulatum
target different genomic regions: (i) ribosomal DNA (rDNA) multicopy regions as 18S [32],
ITS1 and ITS2 regions [33-36] and the ribosomal small subunit RNA [37], or (ii) unicopy
targets as genes coding the 100-kDa-like protein or the M antigen [38-42] and, more recently,
PPK and CFP4 genes [43].
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DNA from clinical and reference isolates or/and clinical samples has been used for
validation of these specific PCR assays. The type of clinical samples varies including
respiratory secretions, biopsies, bone marrow, blood, or sera. In general, better sensitivity
values were reported using clinical specimens sampled at the site of the infection, such as
respiratory and biopsy samples. However, less invasive samples, such as sera and blood,
were often preferred in disseminated infections [33,37,41]. Methods for the nucleic acid
extraction from clinical samples also differed depending on the assay with some including
sample pretreatment and others using total nucleic acids, the latter introducing a reverse
transcription step before the amplification of the target to improve sensitivity [37]. Although
the number of clinical samples in some publications was very limited, sensitivity values
reported in these studies ranged from 70-100% [35,38]. A recent meta-analysis focused on
HIV+ patients with progressive disseminated histoplasmosis reported an overall sensitivity
and specificity of (95% CI) of 95.4% (88.8-101.9) and 98.7% (95.7-101.7), respectively, in
different type of samples including respiratory, biopsies, blood and bone marrow [44].

LAMP methods described for the diagnosis of histoplamosis are scarce. These assays
have been designed to target the ITS region [45] or the 100-kDa-like protein [46] showing
variable sensitivity results.

Regarding the establishment of a consensus about histoplasmosis PCR diagnostic
methods, to date, only one multicenter study involving laboratories from four Latin Ameri-
can countries and Spain has been published [47]. In this work, seven different PCR protocols
were compared using the same DNA panel for testing the assays. Although the overall
sensitivity and specificity was 86 and 100%, respectively, PCR real-time based protocols
were demonstrated to be the most sensitive and reproducible approaches compared to
conventional PCR assays. Methods targeting unicopy genes showed the poorest sensitivity.

2.2. Coccidiomycosis

Molecular techniques for the detection of Coccidioides spp. have been developed to
be used on both clinical [48,49] and environmental settings, such as endemic regions from
USA, where a steady rise in coccidioidomycosis infections has been reported [50,51]. These
assays were designed to target the ITS region of the ribosomal DNA and genes encoding
both Antigen 2 and Proline rich Antigen, with sensitivity ranging from 74 to 100%. Clinical
samples used to test these assays were mainly respiratory, fresh and paraffin embedded
biopsies and cerebrospinal fluid. When comparing different clinical samples, the best
performance was obtained when using respiratory samples, fresh tissues reached 93%
sensitivity, and paraffin-embedded tissues sensitivity was reported to be around 73% [48].
In 2018, the FDA authorized a commercial assay for the rapid detection of coccidioidomyco-
sis, the Genestat MDX Coccidioides (https:/ /www.aacc.org/cln/articles /2018 /march/fda-
clears-first-molecular-test-for-valley-fever (accessed on 28 December 2022)). In a multicen-
ter study, this method reached a 100% sensitivity, with a specificity that ranged between
93.8% and 100% depending on the sample tested [52].

Of interest, Coccidioides spp. is the only fungal genus included in the international lists
of potential bioterrorism agents [53], making essential to be able to face this contingency
with the aid of a rapid detection method. In this line, molecular techniques represent an
excellent option to be included in preparedness and response protocols due to their short
turnaround response time and remarkable sensitivity and specificity scores. However,
further standardization and consensus are needed.

2.3. Paracoccidioidomycosis

Several “in house” molecular techniques have been described for the detection of
Paracoccidioides spp., especially in laboratories from Brazil and other non-endemic regions
(Table 1). Most of these assays were based on conventional PCR methodologies [54-57].
On the other hand, two methods based on qPCR for their use in paracoccidioidomycosis
diagnosis have been published [31,58]. Targets selected for amplification were the multicopy
ITS rDNA region and the genes encoding the proteins Gp43 or Pb27. The clinical samples
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tested in theses assays were mainly respiratory, biopsies, blood and sera. Of note, sera
samples were not recommended in two of these studies [31,56] as authors never detected
DNA in these kinds of samples. The overall sensitivity ranges reported were 91-100%,
showing a great potential of these techniques for clinical use.

Only one LAMP method has been described to date targeting the gene encoding
the Gp43 protein; however, the sensitivity reported on sputum samples was moderate
(61%) [59].

Paracoccidioides spp. are considered fastidious microorganisms as recovering these
pathogens from culture is hard and time-consuming, commercial antigen tests are still
not available and serological methods have strong limitations. Considering all the above,
the inclusion of these molecular diagnostic techniques in the routine of clinical microbiol-
ogy laboratories is substantially justified. This is even more imperative in non-endemic
regions where the delay in diagnosis has fatal consequences in paracoccidioidomycosis
patients [60-62].

2.4. Blastomycosis

Fewer assays have been described for the diagnosis of blastomycosis. The BAD1 gene,
an important conserved adhesion-promoting protein and virulence factor of
Blastomyces spp. has been chosen as target in several assays developed for the detec-
tion of the fungus in soil [63] or in clinical samples [64]. Other targets as DRK1 gene have
also been used [65]. Although there is little evidence of the usefulness of theses assays
in a clinical setting, the results obtained were very promising with high specificity and
sensitivity values reported.

2.5. Talaromycosis

A recent meta-analysis has reviewed the methods based on PCR developed for the
rapid diagnosis of talaromycosis [66]. Most of them have been published by authors from
endemic regions (China, Vietnam, Thailand) which used conventional nested PCR [67] or
real-time PCR [68,69] targeting the ribosomal DNA or other gene encoding regions [70].
Samples tested included plasma, blood, serum and bone marrow reporting an overall
sensitivity and specificity of 84% and 99%, respectively. A LAMP assay has been published
recently showing a suitable sensitivity and detecting all the biopsy samples tested [71].

2.6. Conclusions

Although data are very heterogeneous among works, specific PCR assays are rapid
sensitive and specifics. Some studies used a limited number of samples for the validation
of the assays, and studies focus on blastomycosis and talaromycosis are scarce. Reaching
consensus about targets and kind of samples should be a priority (Table 1).

Table 1. Details of the studies where specific PCR assays were used to diagnose endemic mycoses.

PCR Technology Target Sample ( Cassezr);:::clitzicity Specificity Ref
Histoplasmosis
Conventional . o
(nested) 18S rDNA Blood, spleen, lung (mice) 83.1% ND [32]
Conventional 100-kDa-like . o o
(nested) protein gene Biopsy 70% 100% [72]
Conventional M antigen gene ND 100% 100% [39]
Conventional . .
(semi-nested) M antigen gene Biopsy, blood, mucose, BM ND (30) ND [38]
Real-time ITS rDNA BAL, lung biopsy, BM 100% (3) 100% [35]
Conventional 100-kDa-like Blood, serum, BAL, BAS, biopsy, o o
(nested) protein gene CSE, others 100% (40) 100% [41]
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Table 1. Cont.

Sensitivity o
PCR Technology Target Sample (Cases)/Specificity Specificity Ref
. Blood, serum, BM, sputum, BAS, 89% Proven H (54) o
Real-time ITS rDNA BAL, biopsy, CSF, others 60% Probable H (13) 100% (31]
Real-time ITS rDNA BAL, biopsy, BM, CSF 95.4% (348) 96% [36]
Real-time . o Y
(multiplex) ITS rDNA BAL, biopsy, serum, BM 92.5% (72) 100% [34]
. Blood, serum, BAL, BAS, biopsy, o
Real-time mtSSU gene CSE, others 97.7% (44) ND [37]
Conventional PPK, CFP4 FFPE tissue 100% (2) ND [43]
Real-time
Paracoccidioidomycosis
Conventional . . o
(nested) Gp43 Biopsy (mice) 91% (23) ND [57]
LAMP Gp43 Sputum 60% (18) ND [59]
Conventional . . o o
(semi-nested) ITS rDNA Biopsy (mice) 100% (4) 100% [54]
Real-time ITS rDNA Serum, blood, sputum 100% (6) ND [73]
Conventional ITS rDNA Serum, biopsy ND ND [56]
Conventional o
(semi-nested) ITS rDNA Sputum 100% (14) ND [74]
Conventional . o o

(nested) GP43 gene BAL, biopsy, sputum 100% (25) 100% [55]

Real-time Pb27 gene Blood, serum, biopsy and others 94% (78) 100% [58]
Coccidioidomycosis

Conventional Antigen2/Proline-

. Rich FFPE- biopsy 100% (3) ND [75]
(nested) /real-time R
Antigen,

Real-time ITS rDNA Respiratory, biopsy, FFPE-biopsy 89% (480) 98% [48]
Real-time ITS rDNA Mice samples 98% (44) 100% [49]
Real-time GeneSTAT BAL/BW 100% (332) 93.85-100%  [52]

Coccidioides assay

Blastomycosis
Conventional .

(nested) WI-1 (BAD 1) PE-biopsy (dogs) ND (73) ND [76]
Real-time DRK-1 Respiratory, biopsy and others 86% (14) 99.4% [65]
Real-time BAD-1 FFPE-biopsy 83% (12) 100% [64]
Real-time BAD-1 FFPE-biopsy, respiratory and ND (33) ND 7]
(duplex) others

Talaromycosis
Real-time 5.8S rDNA Blood 60% (20) 100% [78]
Conventional 185 rDNA Serum 68.6% (35) 100% [67]
(nested)

LAMP ITS rDNA Biopsy 100% (12) 100% [71]

Conventional o o o o
(nested),/ real-time ITS rDNA Blood, serum 82% (22)/91% (22) 75%/63% [68]
Real-time ITS rDNA Serum 86.11% (36) ND [69]

ND: no data; FFPE-biopsy: formalin-fixed paraffin-embedded biopsy; BAL: brochoalveolar lavage; BAS: bro-

choaspirate; BW: bronchial wash; CSF: cerebrospinal fluid; BM: bone marrow.
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3. Broad-Range PCRs

Broad-range or panfungal PCR assays are especially useful for EM diagnosis, generally
used when there is not a clear suspicion of the fungal agent causing the disease, which
is one of the hallmarks of EM, or when the infection is not frequent in the setting of the
diagnostic laboratory, as it is in non-endemic areas. This approach relies on the use of
fungal (or fungal group)-specific primers to amplify fungal DNA directly from clinical
samples followed by an identification method, mainly Sanger sequencing, to confirm the
causative agent [79]. With the aim of improving sensitivity, classic multi-copy targets as
the ribosomal operon [37] are often selected for panfungal amplification, while fresh tissue
samples are preferred over formalin-fixed, paraffin-embedded samples [80].

Sample contamination, detection of commensal fungi, PCR bias due to primer mis-
matches and, the lack of adequate reference databases for fungi identification are the main
limitations of panfungal PCR assays. However, the limitation of delay in response time
associated to species determination has been addressed by replacing Sanger sequencing
identification with other time-saving post-PCR methods such as melting curve analysis,
DNA microarray, electrospray-ionization mass spectrometry analysis and T2 magnetic
resonance [81].

In conclusion, although proper studies directed to EM diagnosis by using broad-range
PCRs are still missing, there are plenty reports in the literature showing the ability of this
technique to provide a definite diagnosis when paired with other reference methods. This
technique has the advantage of being cost-effective and can be an alternative to specific
PCR considering their limitations (Table 2).

Table 2. Details of the studies where broad-range PCR was used to diagnose endemic mycoses.

Target Sample Post-PCR ID Method Notes Ref
Histoplasmosis
rDNA (18S) BM Sanger sequencing Confirmed by histopathology and culture [82]
rDNA (ITS1) BM Sanger sequencing Confirmed by culture [83]
rDNA (ITS, 28S) Lung tissue Sanger sequencing Confirmed by histopathology [84]
rDNA (285) Mucosal biopsy Sanger sequencing Confirmed by specific PCR [85]
rDNA (28S) FFPE tissue Sanger sequencing Confirmed by histopathology and specific qPCR [86]
Coccidioidomycosis
rDNA (ITS) Biopsy Sanger sequencing Confirmed by histopathology, qPCR format [87]
Blastomycosis
TDNA FFPE tissue Sanger sequencing Confirmed by histopathology [88]
(ITS2 and D2)
Emergomycosis
rDNA FFPE tissue Sanger sequencing Confirmed by histopathology [89]
(288, ITS2)
Lobomycosis
rDNA (ITS1-4) Biopsy Sanger sequencing Confirmed by histopathology [90]
Multiple EM identified
DNA (I7S2) Biopsies cequencng paracocadiondemycosis, Confmed by histopathology 1
gjll_\IDAz)(ZSS' 1Ts2, FFPE and fresh tissue Sanger sequencing g‘:et;)}zi:fr:rl I(i?:i gi;a;i.;rtlg};ca(;;l;:gl;stomyc0515. Some [92]
:PFI;I; D2) FFPE tissue Sanger sequencing }I;Iiisstt(:)lf;:lﬁgllg;i;,;I?ECI;C}E);;K::\YCOSH Confirmed by [93]
DNA (ITS1-2) FEPE and fresh tissue Sanger sequencing Histoplasmosis, paracoccidioidomycosis. Confirmed by [94]

culture or histopathology

BM: bone marrow; FFPE: formalin-fixed paraffin-embedded; MCA: melting curve analysis.
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4. Next Generation Sequencing (NGS)

NGS has revolutionized the diagnosis of fungal and other microbial infections and
it is already considered the future replacement for the current broad-range PCR methods.
The most used NGS approach for diagnosis nowadays is targeted amplicon sequencing or
metabarcoding. By using fungal-specific primers, thousands of copies of different DNA
templates are amplified and sequenced simultaneously, reducing turnaround time and
costs [95]. However, shotgun metagenomic sequencing can be also used to target most
parts of the genomes of the microorganisms present in the sample. This approach is more
expensive and computationally demanding, but allows for further characterization of
the infecting agent as other features, such as identifying the subtype or the antimicrobial
resistance profile, could be retrieved from the sequenced data [96]. In general, NGS methods
face the same limitations as broad-range PCR assays but with the additional requirement
of expertise in data analysis and increasing complexity in the technical procedures [97].

NGS technologies were originally standardized as an exploratory tool to study the
fungal community profile (mycobiome) of human specimens. As an example, McTaggart
LR and colleagues developed an NGS-based method for the analysis of the lung myco-
biome during Blastomyces dermatitidis/gilchristii infection [98]. The successful detection
of the causative agent as well as other fungal pathogens indicated the potential of this
method for the diagnosis of EM. However, proper standardization and retrospective studies
including a substantial number of clinical isolates are still missing, it not being currently
possible to recommend or suggest a method or to consider NGS as a suitable tool for EM
diagnosis. Most studies reported in the literature describe brief case reports or anecdotical
presence of EM samples in bigger specimen sets. Nevertheless, NGS methods have already
been employed successfully in the differential diagnosis of infections with similar clinical
symptoms and the identification of the biological source of an outbreak (Table 3). Recently,
the assessment of the clinical performance of NGS for the rapid diagnosis of talaromycosis
in HIV patients has been evaluated [99]. The sensitivity of the new method was signifi-
cantly higher than culture and serum galactomannan determination (98.3% vs. 66.7% and
83.3%, respectively) underlining the potential use of NGS for EM diagnosis. In conclusion,
although the NGS-based method seems to be promising, more studies need to be able of
consider it as a tool for the diagnosis of EM (Table 3).

Table 3. Details of the studies where NGS was used to diagnose endemic mycoses.

Target Samples Aim Notes Ref
Talaromycosis
Confirmed by
Total DNA BAL, CSF and BM Diagnosis of a pat.lent with a.3-m0nths record hl.st.opatholog}{ and‘ [100]
of undiagnosed disease positive culture in skin
lesion

Total DNA CSFE D1agn0§1s of a patlenf Wlth [101]
meningoencephalitis

Not mentioned BAL Diagnosis of a patient with chronic pneumonia Conﬁrmecé}:}]:culture m [102]

Total DNA Peripheral blood Diagnosis of HIV febrile patient Confirmed by panfungal [103]

P & P PCR on lymph node biopsy
Not mentioned BAL Diagnosis of a patient with chronic pneumonia Conflrme%Z{ culture in [104]
Total DNA Skin tissue and eye Diagnosis of a patient with eye tumor Confirmed by PCR in the [105]
aqueous humor aqueous humor
Not mentioned BAL and blood Diagnosis of a patient with chronic pneumonia Confirmed by culture in [106]

sputum
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Table 3. Cont.

Target Samples Aim Notes Ref
Total DNA FEPE tissue Differential dlagn'oms' O,f a patient with [107]
peritonitis
Not mentioned BAL Diagnosis of a patient with chronic pneumonia Conﬁrmec];l:}]:culture m [108]
Sensitivity and specificity
BAL, blood, and Assessment of clinical performance of NGS for values wgre 983 and.9.8.6 Vo,
Total DNA BM talaromycosis diagnosis respectively. The clinical [99]
¥ & final diagnosis was used as
the reference standard.
Histoplasmosis
Statistical framework
supported by
Total RNA CSF Differential diagnosis of meningitis environmental and [109]
non-infected control
samples
Total DNA Miscellaneous Identification of the causative agent causing an [110]
outbreak
Not mentioned Not mentioned Diagnosis of a patient w1th chronic progressive [111]
lung lesions
. . . . . . . . Confirmed by
DNA (ITS region) FFPE tissue Diagnosis of a patient with a skin lesion histopathology [112]
Not mentioned BM Diagnosis of non-HIV febrile patient Conf%rmefi b}{ direct [113]
visualization
Blastomycosis
Cell-free DNA Plasma Diagnosis of a patient with chronic pneumonia [114]
. . . . . . . . Confirmed by
Not mentioned BAL and biopsy Diagnosis of a patient with chronic pneumonia histopathology of BAL [115]
Multiple EM identified
. . 11 o . Histoplasmosis (confirmed
Not mentioned Perl];};?iraBlhljllood Differential dlagnosi1 g; r11rtr;munocompromlsed by histopathology), [116]
P talaromycosis
DNA (ITS region) FEPE tissue Retrospective evalua’sl.on of the NGS clinical (.:onﬁrmed by [117]
utility histopathology

BAL: brochoalveolar lavage; CSF: cerebrospinal fluid; FFPE: formalin-fixed paraffin-embedded; BM: bone marrow.

5. Conclusions and Perspectives

Diagnosis of EM is still difficult in endemic regions and even more complicated out
of these regions, where the lack of suspicion and expertise are the major shortcomings.
Molecular techniques have shown their great potential for the rapid diagnosis of EM in
several studies performed in reference laboratories in the last years. The recent COVID-
19 pandemic has not only increased the awareness on how critical a rapid diagnosis
is but paved the way to the generalized implementation of the molecular diagnosis of
infectious diseases. As summarized in this review, several molecular techniques developed
in recent years show a great potential for the rapid diagnosis of EM. In non-endemic
countries, where the availability of some other useful techniques, as antigen detection, is
limited, qPCR-based molecular assays have been developed to this purpose, extending their
usefulness to difficult-to-diagnose forms of infection [34,37]. The introduction of multiplex
formats also allows for performing a differential diagnosis with other pathogens causing
similar clinical patterns reducing costs [118]. In endemic areas, especially in resource-
limited settings, cost-effective molecular methods such as LAMP could be a promising
alternative. However, in general terms, there is still great variability in published methods
to date and commercial kits are practically non-existent. An effort to standardize and
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achieve a consensus should be performed among the different laboratories. Technical issues
such as the selection of genomic targets or nucleic acid extraction methods, coupled with
the implementation of inter-comparison studies should be prioritized to include these
techniques in the future guidelines for patient management. Panfungal assays stand for an
interesting alternative to specific assays as these techniques are easy to implement and more
cost-effective; however, limitations of these tests should be considered when performing
a final diagnosis. Recently, NGS has emerged as an alternative to overcome some of
these limitations soon. As a conclusion, the implementation of molecular techniques in
clinical settings will revolutionize the rapid diagnosis of EM, especially in countries where
laboratories use diagnostic PCR routinely.
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Abstract: Endemic fungal infections are responsible for high rates of morbidity and mortality in
certain regions of the world. The diagnosis and management remain a challenge, and the reason
could be explained by the lack of disease awareness, variability of symptoms, and insidious and often
overlooked clinical presentation. Imaging findings are nonspecific and frequently misinterpreted as
other more common infectious or malignant diseases. Patient demographics and clinical and travel
history are important clues that may lead to a proper diagnosis. The purpose of this paper is to
review the presentation and differential diagnosis of endemic mycoses based on the most common
chest imaging findings.

Keywords: endemic mycoses; histoplasmosis; coccidioidomycosis; cryptococcosis; blastomycosis;
paracoccidioidomycosis; computed tomography

1. Introduction

Fungi may have a widespread or endemic geographic distribution. Imnmunocompro-
mised patients are most affected by ubiquitous fungi, such as Aspergillus, Candida, Mucor,
Cryptococcoci neoformans, and Pneumocystis jiroveci. Immunocompetent individuals or those
with chronic conditions may be susceptible to endemic mycoses. Overall, patients with
reduced immunity are more vulnerable to complications and disseminated disease from
endemic and ubiquitous fungal infections. Additionally, endemic mycoses can be divided
into two groups, such as implantation or subcutaneous mycoses in which the pathogen
generally infects transcutaneous wounds and systemic mycoses in which the respiratory
tract is the primary route of transmission into the human host, i.e., aerogenic and dust in-
halation (construction, farming, landscaping, excavation) [1,2]. Systemic endemic mycoses
are a group of dimorphic fungi prevalent in specific geographical locations. Histoplasma
capsulatum, Coccidioides spp., Blastomyces dermatitidis, Cryptococcosis gattii, and Paracoccid-
ioides brasiliensis are the primary pulmonary fungal pathogens of otherwise healthy people.
Histoplasma capsulatum is found worldwide, but particularly in North, Central, and South
America. Pulmonary coccidioidomycosis or valley fever is caused by the dimorphic fungi
C. immitis and C. posadasii. It is endemic in the southwestern parts of the USA (Califor-
nia, Arizona, Utah, New Mexico, and Nevada) and parts of Central and South America
(Brazil, Argentina, Mexico). Blastomycosis is mainly reported in North America and Africa.
Cryptococcosis (C. gattii) is endemic in the Pacific Northwest, Central and South America,
Asia, and India. Paracoccidioidomycosis (P. brasiliensis) is endemic in Latin America, par-
ticularly Brazil, Colombia, Venezuela, and Argentina [3-5]. Additionally, talaromycosis
and emergomycosis are two other important endemic systemic mycoses; however, they
are more frequently reported as opportunistic infections in immunocompromised patients,
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particularly in advanced HIV disease. Talaromycosis, caused by Talaromyces marneffei,
is endemic to north-eastern India, southeast Asia, and southern China. Emergomycosis
are endemic to Africa (Emergomyces pasteurianus, Es africanus), Europe (Es pasteurianus, Es
europaeus), North America (Es canadensis), and Asia (Es pasteurianus, Es orientalis) [6,7].

The majority of infected people remain asymptomatic or develop self-limiting respira-
tory symptoms (up to 6 weeks). The clinical presentation of these granulomatous diseases
can vary from asymptomatic to disseminated infection and depends on the amount of
environmental exposure, virulent strain, host’s immune status, and extremes of age. Symp-
toms are often subacute but may have an acute presentation. Cough, fever, chills, anorexia,
weight loss, fatigue, headache, and chest pain are all possible clinical symptoms. Patients
may also manifest dermatological symptoms, such as erythema nodosum or multiforme,
and rheumatological manifestations. The severe disease form may spread hematogenously
to bones, skin, joints, and central nervous system [1,4].

The diagnosis of systemic endemic mycosis is challenging and frequently misinter-
preted for other diseases (e.g., bacterial or viral pneumonia, tuberculosis, sarcoidosis, lung
cancer, metastases). Both clinicians and radiologists may be unfamiliar with the disease
manifestations, especially those from non-endemic areas. Familiarization with these dis-
eases by health professionals is of crucial importance as they are becoming increasingly
relevant worldwide due to traveling and immigration [4,8].

Imaging findings are nonspecific and overlap with both other non-fungal diseases
and among the numerous fungal pathogens. The aim of this paper is to review the most
common imaging presentation and differential diagnoses of systemic endemic mycoses.

2. Imaging Findings
2.1. Lung Nodule or Mass

Acute or chronic fungal infections may manifest as solitary or multiple lung nodules or
masses. The most frequent pathogens are histoplasmosis, coccidioidomycosis, cryptococcosis,
and blastomycosis [4]. The nodules have a nonspecific appearance, may be ill or well-
defined, have regular or spiculated borders, and may also demonstrate cavitation or
ground glass halo (Figure 1). Additionally, a presenting dominant nodule or mass may
be associated with other satellite nodules or bronchovascular beading [9]. Three-in-bud
opacities are less common but may be seen in cases of bronchiolitis. More severe infections
may present with multiple solid or cavitary nodules with a tendency toward confluence
(Figure 2) [4,10]. In histoplasmosis, cryptococcosis, and coccidioidomycosis, the size of
the nodules frequently ranges from less than 10 to 30 mm and they have a lower lobe
predominance. The nodules in histoplasmosis and cryptococcosis are also predominantly
peripherally located (Figure 3) [4,5,10-13]. Lung masses are the second most common
finding in blastomycosis (after lobar and segmental consolidation), and they may measure
up to 10 cm in diameter [4,14]. Pulmonary granulomata resulting from histoplasmosis may
continue to enlarge over time (average of 1.7 mm per year) due to proliferation of fibrosis
at the periphery of the nodule, secondary to an abnormal host response [9].

Hilar and mediastinal lymphadenopathies are typically visualized in histoplasmosis
and coccidioidomycosis, which may be bulky, especially in the latter [4]. In acute infection,
Fluorine 18 (18F)—fluorodeoxyglucose (FDG) PET/CT shows avid uptake in both the
pulmonary infection and lymph nodes but with a greater degree of pulmonary uptake.
During the subacute phase of infection, the pulmonary nodules or masses demonstrate
a decrease in FDG activity more quickly than the adenopathy (Figures 4 and 5). This is
the opposite of lung cancer in which the malignancy usually retains higher FDG avidity.
This finding, also known as the flip-flop fungus sign, discloses the benign granulomatous
disease nature, particularly associated with histoplasmosis [15]. As the infection heals,
the infected mediastinal lymph nodes and pulmonary granulomata can calcify, showing
central (target) or diffuse calcification, a typical finding in histoplasmosis [4,8,9]. Hilar and
mediastinal lymphadenopathy and pulmonary calcified nodules are not typical findings in
coccidioidomycosis, cryptococcosis and blastomycosis [12-14].
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Figure 1. (A,B) Axial CT images showing peripherally located solid nodules with ground-glass halo
in the upper left lobe, in a patient with acute histoplasmosis infection. (C) Coronal CT image depicts
left mediastinal and hilar enlarged lymph nodes (arrow).

Figure 2. Axial CT image in a patient with histoplasmosis shows numerous bilateral and randomly
distributed solid nodules, some of them with peripheral ground-glass halos.
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Figure 3. Cryptococcosis in a 63-year-old man with clinical history of colon cancer, heavy smoking
and cough for 3 months. (A) Axial and sagittal (B) images show an irregular solid mass in the right
upper lobe adjacent to the pleura and ground-glass halo.
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Figure 4. Acute histoplasmosis infection. (A) Axial CT image depicts a left upper lobe nodule.
(B) FDG PET/CT shows avid uptake in the pulmonary infection.

Figure 5. Chronic histoplasmosis infection. FDG PET/CT images show higher FDG activity in a
mediastinal draining lymph node (arrow) in (B) than in the left upper lobe cavitary mass (A). The
flip-flop fungus sign discloses the benign granulomatous nature of the disease.

Although nodules or masses can predominate on imaging findings, mixed patterns
and additional findings are frequently visualized: consolidations, ground-glass opacities,
bronchovascular and septal thickening, and airway disease. Pleural effusions are not a
common finding but may be present. More rarely, other pulmonary complications, such as
pneumothorax, bronchopleural fistula, and lung abscess, can be found [4,5,8,11].

The main concern in differential diagnosis is the exclusion of malignancy (primary
lung cancer and metastases). Other differentials include tuberculosis, nontuberculous
mycobacteria, sarcoidosis, vasculitis, and further infectious fungi, such as semi-invasive or
invasive aspergillosis, mucormycosis, and candidiasis, especially in immunocompromised
patients [4,8,11,16].

2.2. Non-Resolving Pneumonia

Acute fungal infections can present clinically with flu-like symptoms or as commu-
nity acquired bacterial pneumonia with fever, cough, pleuritic chest pain, myalgia, and
headache. Lobar, segmental or patchy multifocal consolidations involving several lobes
concurrent with hilar and mediastinal lymphadenopathy are common findings of coccid-
ioidomycosis and histoplasmosis (Figure 6). A tree-in-bud pattern may also be present.
Progressive cavitation of the consolidations can occur as the disease progresses. The
consolidations in coccidioidomycosis tend to be unilateral, basilar, or perihilar [11,17,18].
Additionally, nodules or masses may evolve at sites of prior consolidation, and eventually
can form residual granuloma [4,9].
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Figure 6. Acute histoplasmosis infection. Axial CT images from upper (left image) and lower levels
(right image) showing bilateral peribronchovascular consolidations and groundglass opacities, and
ill-defined centriacinar nodules.

The most prevalent pattern of blastomycosis is patchy, ill-defined consolidations with
air bronchograms. The disease may be unilateral or bilateral, and areas of confluence can
become quite extensive. These findings may also be visualized alongside the presence of
large nodules or masses [19,20].

Segmental or lobar consolidations are also recognized features of cryptococcosis,
usually coexisting with parenchymal nodules and masses (Figure 7) [21,22].

Figure 7. 72-year-old male with acute cryptococcosis. Axial CT images from upper to lower levels
(A-D) displaying bilateral consolidations with air bronchograms and multiple nodules.

Associated hilar and mediastinal lymphadenopathies are frequent in histoplasmosis
and coccidioidomycosis. Pleural or pericardial effusions are not a common finding but may
be present. When this complication is present, it occurs most frequently secondary to a
hypersensitivity reaction to the fungus antigens. It develops mainly in younger patients and
is self-limited in the vast majority of cases. Less frequently, pleural or pericardial effusions
can also occur during immune reconstitution syndrome, due to an excessive inflammatory
response against the pathogen after a rapidly restored immune system. This finding has
been especially reported in histoplasmosis infection in immunocompromised patients (HIV,

24



J. Fungi 2022, 8, 1132

immunomodulatory therapy) [23,24]. Additionally, empyema may complicate some cases
of pleural effusions [4].

The differential diagnoses include community-acquired pneumonia, malignancy, tu-
berculosis, aspiration, airway invasive aspergillosis, and organizing pneumonia [8].

2.3. Chronic Cavitating Disease

Chronic infections, mainly associated with histoplasmosis and coccidioidomycosis,
may develop over time into scarring or cavitating disease. The findings are similar to
tuberculosis and most frequently appear in the upper lobes, especially in the apical and
posterior segments (Figure 8). Imaging depicts chronic consolidation with progressive
cavitation. The cavity may present wall thickening, air-fluid level, internal fungus balls,
and may enlarge or collapse, ultimately resulting in volume loss [9,11]. Pleural thickening
adjacent to cavitary lesions is also common. Additionally, coccidioidomycosis may evolve
thin-walled cavities, a finding termed grape-skin cavities [25]. Calcified lymph nodes
may be present in histoplasmosis, but lymphadenopathy is usually absent. Conversely,
lymphadenopathy is common in coccidioidomycosis, especially in the acute phase. Other
pulmonary findings are recurrently present, such as patchy consolidations, ground-glass
opacities, nodules, bronchiectasis, fibrosis, and architectural disorganization [4].

Figure 8. Chronic histoplasmosis infection. CT axial image depicts a spiculated cavity with thick
walls in the left upper lobe.

Complications are uncommon and include pneumothorax, fistula formation, bron-
choliths, empyema, hemoptysis, atelectasis, and pleural and chest wall invasion [4,8].
Involvement of the airways (trachea and bronchi) or larynx can also occur, especially in
chronic coccidioidomycosis and paracoccidioidomycosis [11,26].

Chronic pulmonary aspergillosis (CPA) is an important differential diagnosis and
usually occurs in non-immunocompromised patients with prior or current lung disease.
Chronic cavitating PA is the most common form of CPA, and if untreated it may progress to
chronic fibrosing PA (CFPA). Subacute invasive aspergillosis is another form of CPA, occur-
ring in mildly immunocompromised patients (such as those with a history of alcoholism,
diabetes mellitus, connective tissue disorders) and usually has a more rapid progression.
Imaging findings include necrotic nodules or masses, cavities with thin or thick walls,
perhaps containing intraluminal debris and aspergilloma. Pericavitary infiltrates, consoli-
dation, and fibrosis may also be present (Figure 9). Severe fibrotic destruction involving at
least two lobes is a hallmark of CFPA [27].

Additional differential diagnoses include postprimary pattern of tuberculosis, lung can-
cer, nontuberculous mycobacterial infection, Actinomyces, mucormycosis, and Nocardia [8].
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Figure 9. Subacute invasive aspergillosis in a 35-year-old male with HIV infection. CT axial images
from an upper and lower levels (left to right) show an irregular cavitary mass in the right upper and
lower lobes transgressing the major fissure.

2.4. Disseminated Infection

Endemic mycosis is a self-limited disease in the vast majority of immunocompetent in-
dividuals. Immunosuppressed patients are at risk for disseminated disease: HIV, transplant
recipients, biologic modifying agents, hematological malignancies, corticosteroid therapy,
and extremes of age. Symptoms may include fever, malaise, weight loss, septicemia, severe
respiratory distress, coagulopathy, and multiorgan failure. This form of disease presen-
tation is most frequently associated with histoplasmosis and coccidioidomycosis. Chest
imaging may depict diffuse air-space opacities, multiple consolidations, acute respiratory
distress syndrome (ARDS), and diffuse miliary micronodules (Figure 10). The severe chest
imaging findings represent the spread of infection and the difficulty of controlling fungal
proliferation in immunosuppressed patients. Extrathoracic dissemination may affect any
organ, including skin, lymph nodes, heart, adrenal glands, gastrointestinal tract, bones,
joints, and central nervous system [5,9,28,29].

Figure 10. Diffuse miliary nodules in an immunosuppressed patient with histoplasmosis. Axial
CT images from upper and lower levels (from left to right) depict diffuse micronodules randomly
distributed in both lungs.

Talaromycosis and emergomycosis are endemic mycoses that occur predominantly
in immunosuppressed patients and frequently manifest as multiorgan disseminated dis-
eases. Talaromycosis can involve the upper and lower respiratory tract. Although rare,
the infection of the pharynx, larynx, trachea, and bronchi is a distinctive manifestation,
and frequently accompanied by cervical lymphadenopathy. Chest imaging findings are
diverse and may include patchy consolidations, ground-glass changes, multiple nodules,
cavitary disease, pleural effusions, and lymphadenopathy [6]. Patients with emergomycosis
commonly manifest widespread polymorphic skin lesions at clinical presentation (umbili-
cated papules, verrucous lesions, nodules, erythema, and hyperkeratotic plaques). Chest
imaging findings are also highly nonspecific and can include diffuse and focal infiltrates,
consolidation, lobar atelectasis, pleural effusions, and hilar lymphadenopathy [7].

Differential diagnoses include miliary tuberculosis, hematogenous metastases, and
pneumocystis pneumonia (Figure 11).
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Figure 11. Pneumocystis pneumonia in a patient with acquired immunodeficiency syndrome (AIDS).
Axial CT images from upper and lower levels (from left to right) reveal diffuse bilateral ground-glass
opacities with some peripheral sparing. Multiple bilateral pneumatoceles of varying size, shape and
wall thickness are also visualized.

2.5. Mixed Pattern

Paracoccidioidomycosis is endemic in Latin America, with the greatest number of
cases originating in Brazil. However, several cases have been reported in Europe and North
America, particularly among travelers and immigrants. The initial infection is similar to
the primary complex of tuberculosis and may have a self-limited path controlled by the
host immune response or may progress to symptomatic disease. The two leading clinical
forms of paracoccidioidomycosis are the acute form or juvenile type and the chronic form
or adult type. The adult form may manifest clinically several years after the inhalation
of the infectious particles and accounts for the vast majority of the disease presentation
(90% of cases). The disease installation is typically insidious and classically character-
ized by pulmonary involvement in more than 90% of patients and chronic development
of mucocutaneous lesions in approximately 50% of patients. The dissociation between
inoculation and proliferation of the fungus and the initial clinical symptoms is responsi-
ble for the frequent extensive imagiological findings and severe lung damage in the first
exams. Pulmonary fibrosis may be present from the time of diagnosis in 32% of patients,
even with indirect signs of pulmonary hypertension and cor pulmonale [30-32]. Imaging
findings are nonspecific and may include: patchy ground-glass opacities, consolidation,
nodules of variable sizes, interlobular septal thickening, intralobular lines, cavitation, and
manifestations of fibrosis, such as traction bronchiectasis, paracicatricial emphysema, ar-
chitectural distortion (Figures 12 and 13). A miliary pattern and lung opacities with “halo”
and “reversed halo” signs are also described. These changes are often combined and tend
to be bilateral, symmetrical, and involve at least one-third of the lung parenchyma. The
disease regularly affects all lung zones; however, a tendency toward the middle zones
configuring a butterfly wing pattern may also suggest the diagnosis. Residual fibrotic
changes may persist in 60% of patients. Enlarged mediastinal or hilar lymph nodes and
pleural effusions are uncommon in the chronic form of the disease. Patients may also
manifest extrapulmonary findings, such as tracheal involvement, pneumothorax, joint
and osseous lesions. Tracheal infection may manifest as irregular circumferential wall
thickening with submucosal nodules, and it may result from direct contact with infected
sputum, lymphatic drainage, or hematogenous dissemination. Paracoccidioidomycosis is
uncommon in immunocompromised patients, such as those with hematologic malignancies,
HIV infection, or transplant recipients. Differential diagnoses include community-acquired
pneumonia, other fungal diseases, tuberculosis, and malignancy [5,33,34].
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Figure 12. Imaging findings in different patients with paracoccidioidomycosis. The changes are
often bilateral, affecting both central and peripheral lung areas and may predominate in the middle
zones. The changes are often combined; however, some patterns may prevail. Imaging findings may
include patchy bilateral predominant ground-glass opacities (A), multiple bilateral small nodules
(B), bilateral consolidations with associated nodules (C), and a dominant pattern of large bilateral
nodules (D).
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Figure 13. 52-year-old man with paracoccidioidomycosis, presenting with a history of 1 year
of shortened of breath that had worsened in the last 20 days. (A) coronal CT and (B) coronal
minimum-intensity projection images depict bilateral and symmetrical consolidations and cavita-
tions in a “butterfly wing” pattern, nodules, and ground-glass opacities. CT also reveals tracheal
infection, with irregular circumferential thickening of the wall (C). Diagnosis was established by
transbronchial biopsy.

2.6. Central Bronchiectasis and Asthma

Allergic bronchopulmonary aspergillosis (ABPA) is an uncommon hypersensitivity
reaction to fungal infection that affects immunocompetent individuals. It has a ubiqui-
tous distribution and does not belong to the family of endemic mycosis; however, this
disease is worth mentioning. ABPA is classically portrayed in asthmatic patients but also
occurs in individuals with cystic fibrosis, lung transplantation, or Kartagener’s syndrome.
Asthma-induced mucosal damage of the proximal airways enables the proliferation of
the fungus, creating an additional mucosal injury, mucus production, and bronchiecta-
sis [8]. Imaging findings can be either transient or permanent and include predominant
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central bronchiectasis, mucous plugging, consolidation or non-homogeneous infiltrations
frequently surrounding the secretion-filled bronchiectasis, centrilobular nodules, parenchy-
mal scarring, fibrosis, mosaic perfusion, and air trapping on expiration. Plain films show
tubular and branching opacities with peri-hilar predominance, related to bronchiectasis
with mucoid impaction (finger in glove sign). High-attenuation mucus plugging on CT
is a pathognomonic feature of ABPA, noticed in 28% of patients, and represents metallic
ions and calcium produced by the fungus (Figure 14). Lobar or segmental collapse is not
uncommon [8,35].

Figure 14. 39-year-old female with ABPA and asthma. (A) Axial CT image depicts right lower lobe
varicose bronchiectasis with mucoid impaction. (B) High-attenuation mucus plugging on CT (arrow):
a pathognomonic feature of ABPA.

2.7. Additional Intra and Extrathoracic Findings

Fibrosing mediastinitis is a rare, delayed and potentially life-threatening fibroinflam-
matory process associated most commonly with H capsulatum infection (usually years
earlier). Most cases are seen in young patients and are thought to be caused by an abnormal
reaction to fungus antigens in genetically susceptible individuals. On CT, it appears as an
infiltrative mediastinal fibrous mass, replacing the fat and encasing the adjacent airways
and vascular structures, usually with calcified lymph nodes. This complication commonly
causes compression of the superior vena cava (with resulting vena cava syndrome), pul-
monary arteries and veins, esophagus, and bronchi. The main causes of morbidity and
mortality are related to pulmonary arterial hypertension and cor pulmonale [36].

Signs of previous histoplasmosis infection: calcified pulmonary nodules (dense or
target calcification), broncholithiasis, hepatic and splenic granulomata [4].

Involvement of the larynx and airways: laryngeal, tracheal, and bronchial disease is a
chronic disease presentation, especially in coccidioidomycosis and paracoccidioidomycosis,
usually associated with parenchymal disease and with disseminated disease, and most
commonly results from direct invasion. Additionally, upper and lower respiratory tract
infection is also a distinctive manifestation of talaromycosis. Imaging findings include
wall thickening, endoluminal nodules, stenosis, and obstruction. Lymph nodes may
also compress and erode into the airways, causing obstruction. Complications of airway
obstruction include postobstructive atelectasis or pneumonia, fistula formation, hemoptysis,
and lithoptysis (expectoration of broncholiths) [6,33,37].
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3. Conclusions

We described the most frequent chest imaging findings of endemic mycoses, such
as the presence of lung nodules or masses, non-resolving pneumonia, chronic cavitating
disease, and disseminated infection, with discussion of the differential diagnoses (Table 1).
However, a mixed pattern or a combination of multiple findings are frequently observed
and may be focal, multifocal, or diffuse. Inmunocompromised patients often present with
mixed, diffuse, and severe chest findings. As the geographic distribution of mycoses is
spreading, familiarity with the imaging findings, along with a proper clinical, occupa-
tional/recreational, and travel history are essential to make an appropriate diagnosis.
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Abstract: The endemic mycoses blastomycosis, coccidioidomycosis, histoplasmosis, paracoccid-
ioidomycosis, cryptococcosis, sporotrichosis, talaromycosis, adiaspiromycosis, and emergomycosis
are mostly caused by geographically limited thermally dimorphic fungi (except for cryptococcosis),
and their diagnoses can be challenging. Usual laboratory methods involved in endemic mycoses
diagnosis include microscopic examination and culture of biological samples; however, serologic,
histopathologic, and molecular techniques have been implemented in the last few years for the
diagnosis of these mycoses since the recovery and identification of their etiologic agents is time-
consuming and lacks in sensitivity. In this review, we focus on the immunologic diagnostic methods
related to antibody and antigen detection since their evidence is presumptive diagnosis, and in some
mycoses, such as cryptococcosis, it is definitive diagnosis.

Keywords: antibody; antigen; blastomycosis; coccidioidomycosis; histoplasmosis; paracoccidioidomycosis;
cryptococcosis; sporotrichosis; talaromycosis; emergomycosis

1. Introduction

Endemic mycoses are mostly caused by thermally dimorphic fungi that present a
limited geographic distribution, occupying specific ecologic niches in the environment, and
can cause both primary or opportunistic diseases [1]. In addition, endemic mycoses are
recognized as significant causes of morbidity and mortality predominantly in HIV/AIDS
and other immunosuppressive conditions, including immunosuppressant drugs [2]. The
most common endemic mycoses are blastomycosis, coccidioidomycosis, histoplasmosis,
paracoccidioidomycosis, cryptococcosis, sporotrichosis, and, more recently, talaromycosis,
adiaspiromycosis, and emergomycosis, considered emerging endemic mycoses [3]. In re-
cent years, the number of endemic mycoses cases has risen worldwide [1]. In addition, there
are significant variations in their geography, clinical presentation, roentgen manifestations,
analytic diagnostic methods, and therapeutics. Their proper control involves recognition
of risk factors (e.g., putative environmental sources of fungal exposure in endemic areas),
correct diagnostic procedures, and therapeutic management [4].

The diagnosis of endemic mycoses is difficult to achieve. Precise laboratory data
evaluation is necessary to guarantee appropriate therapy for patients. Although the mani-
festations of endemic mycoses are well defined, their diagnosis cannot be centered solely on
patient’s clinical data, since the signs and symptoms of endemic mycoses overlap among
them and with other infectious diseases [3].

The association of clinical, epidemiological, and laboratorial data typically diagnoses
endemic mycoses. To corroborate the diagnosis, laboratorial tests must be performed. The
usual laboratory tests involved in endemic mycoses diagnosis comprise the microscopic
examination and culture of several types of biological samples. The microscopic aspect of
the agents is often indicative in the case of endemic mycosis, but considerable laboratory
expertise is necessary and sensitivity of these methods is variable. Culture from possibly
involved sites remains the diagnostic gold standard method, despite longtime fungal
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growth (up to six weeks in some cases) and the need for biosafety level 3 facilities for
handling some agents in the laboratory [5].

Currently, there are further diagnostic tools available for diagnosis of endemic mycoses
to complement culture and direct examination [6]. These complementary methods have fast
turnaround time and satisfactory efficiency. Different immunologic techniques concerning
antibody and antigen detection have been developed to aid in the diagnosis of endemic
mycoses (Table 1). Several antigenic preparations have been used in these tests, from crude
to purified antigens, as well as recombinant proteins and synthetic peptides. However, the
latter are not used in the validated assays for routine mycology laboratories. As mentioned
before, serologic evidence of these infections is valuable due to the time-consuming nature
and low sensitivity of gold-standard methods. In addition to antigen and antibody detection
methods, intradermal skin tests were largely employed in the last century [7-9], but their
current use for diagnostic purposes in medical mycology is severely limited, due to the
lack of standardized antigens, advances in antibody and antigen detection methods, and
biosafety requirements to perform the skin tests. Molecular tools of dimorphic fungal DNA
detection in biological samples are also being standardized and validated in numerous
laboratories to simplify diagnosis. Unfortunately, although promising and useful, non-
culture diagnostic tools are not accessible in most low-income countries.

Table 1. Immunologic methods used for antigen or antibody detection for the diagnosis of the major
endemic mycoses.

Method BLM CDM HPM PCM CRY SPT TLM
Complement fixation Ab Ab Ab Ab - - -
Immunodiffusion Ab Ab/Ag Ab Ab - Ab Ab/Ag
Counterimmunoelectrophoresis - - - Ab/Ag - Ab -
Tube precipitin - Ab - - - Ab -
Latex agglutination - Ab Ab Ab Ag Ab -
Lateral flow assay - Ab Ag - Ag Ab Ag
ELISA Ab/Ag Ab/Ag Ab/Ag Ab/Ag Ab/Ag Ab Ab/Ag
Western blot - Ab Ab Ab/Ag - Ab -
Radioimmunoassay Ab - Ag Ag - - -

BLM: blastomycosis; CDM: coccidioidomycosis; HPM: histoplasmosis; PCM: paracoccidioidomycosis; CRY:
cryptococcosis; SPT: sporotrichosis; TLM: talaromycosis; Ab: antibody; Ag: antigen; ELISA: enzyme-linked
immunosorbent assay.

The next sections will focus on the immunologic diagnostic applications of the endemic
mycoses. A number of well-established tools will be discussed and reviewed. Furthermore,
we will summarize the progress in the development of new serologic tests and their
relative advantages.

2. Blastomycosis

Blastomycosis is a fungal infection of humans and mammals caused by dimorphic
fungi of the genus Blastomyces. Its major etiologic agents include Blastomyces dermatitidis,
Blastomyces gilchristii, and Blastomyces percursus. Blastomycosis frequently affects immuno-
competent individuals; however, immunocompromised patients are more likely to present
severe disease [10].

Direct visualization of Blastomyces spp. in biological samples can provide fast diagnosis,
making it possible to initiate proper antifungal therapy. Correct visualization of fungal
elements is sometimes difficult to achieve by hematoxylin-eosin (H&E) staining, thus the
periodic acid-Schiff or methenamine silver stains are recommended. Potassium hydroxyde
or calcofluor white direct examination are valuable for specimens from the respiratory
tract [3]. As for other endemic mycoses, culture is the gold standard diagnostic method.
Sabouraud dextrose agar cultures usually demonstrate mold Blastomyces sp. colonies within
weeks to months.
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2.1. Antibody Detection

The complement fixation reaction was used as the first immunological test for blas-
tomycosis diagnosis using the yeast-form derived antigen, but its sensitivity (57%) and
specificity (30%) were low. After the introduction of the immunodiffusion test in 1973
using B. dermatitidis specific “A” antigen, a culture filtrate [11], the efficiency of the test was
enhanced [12,13]. The evaluation of the purified “A” antigen, instead of the crude yeast
antigen, and its application in the complement fixation test resulted in high specificity, even
though sensitivity was 62% [14]. Afterwards, the value of purified “A” antigen was evalu-
ated in an enzyme-linked immunosorbent assay (ELISA), revealing 92% sensitivity and
84% specificity when comparing its diagnostic efficacy to blastomycosis with complement
fixation and immunodiffusion tests as gold standards [15].

The reagents commercially available for Blastornyces antibody detection have been used
for several years; nevertheless, they are currently judged unsatisfactory for blastomycosis
diagnosis. Immunodiffusion performed with the purified B. dermatitidis “A” antigen was
shown to be more efficient than complement fixation. Immunodiffusion precipitation bands
are specific for blastomycosis, but their absence does not rule out diagnosis, since the test
sensitivity ranges from 65% to 80% [14,16]. Undoubtedly, EIA for diagnosis of blastomycosis
developed for antibody detection is more sensitive than immunodiffusion; however, it
is less specific [15]. The EIA provided a noteworthy advance in immunologic testing for
blastomycosis and could be performed during outbreaks as an epidemiological tool to
detect acute B. dermatitidis infection; titers higher than or equal to 1:32 powerfully support
blastomycosis diagnosis, while titers of 1:8 or 1:16 are only indicative of blastomycosis [15].

Linder and Kauffman (2020) summarize the main points of standard immunodiffusion
and complement fixation assays, which are valuable for histoplasmosis diagnosis, but have
not showed satisfactory sensitivity and specificity to support blastomycosis diagnosis [17].
Further improvements aiming to measure antibodies to the WI-1 (BAD-1) antigen, an
important fungal adhesin, look like they have better sensitivity [18]. An EIA directed to
the WI-1 antigen presented superior efficiency when compared to previous tests [19]. The
report of sensitivity and specificity was 88% and 99%, respectively.

Klein and Jones (1990) developed a radioimmunoassay (RIA) to detect antibodies anti-
WI-1 (also known as BAD-1) antigen, demonstrating positivity in 85% of blastomycosis
patients and just 3% of patients with other mycoses, proving to be superior to the EIA using
the “A” antigen (58% positivity) [20]. Several studies validate the initial results [21-23],
but up to now, no commercially available kit for clinical testing using this method has
been manufactured.

2.2. Antigen Detection

The quantitative Sandwich EIA is produced by the MVista®, and is applied for the
antigen detection test for the diagnosis of blastomycosis. A galactomannan of the cell wall
of B. dermatitidis is the target of the MVista® enzyme immunoassay. The test is useful for
diagnosis and monitoring of disease and patient management. Cross-reactions are seen with
histoplasmosis, paracoccidioidomycosis, talaromycosis, infrequently in coccidioidomycosis,
uncommonly in aspergillosis, and probably in patients with sporotrichosis [24,25]. This
assay can be performed with urine, serum, bronchoalveolar lavage (BAL), and cerebrospinal
fluid (CSF) samples [26-28]. The majority of the data about efficiency are stated for urine,
in which sensitivity varies from 76% to 90% in several studies [24,26,27,29]. Sensitivity of
the sandwich EIA is lower in serum, ranging from 56% to 82% [25,27,28]. Pretreatment
with ethylenediaminetetraacetic acid and boiling to 104 °C to dissociate immune complexes
improved antigen detection in serum samples, increasing antigenemia from 35.7% to
57.1% [25]. Sensitivity of antigen detection in BAL and CSF is unknown, but has been
informed to help diagnosis of particular cases [26].

Several fungi share galactomannan antigens, and therefore, the specificity for a partic-
ular genus is usually not high enough. For instance, the cross-reactivity of Histoplasma and
Blastomyces antigens has ranged between 93 and 96% using this EIA assay [24,25]. Although
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several patients with blastomycosis present false positive results for Aspergillus galactoman-
nan, no patient with aspergillosis presented a positive antigen assay for B. dermatitidis [30].

Some research groups have stated that the antigen follow-up in urine can be helpful
for checking the resolution or progression of blastomycosis [28,31,32]. The Blastomyces
urine antigen detection could also be valuable to follow up the therapeutic response, since
clearance of antigen correlates well with the patient’s recovery [28]. In addition, this test
appears to diagnose blastomycosis regardless of its etiological agent [33].

3. Coccidioidomycosis

The two cryptic and dimorphic fungi Coccidioides immitis and Coccidioides posadasii
cause coccidioidomycosis. The former species occurs in the Central Valley of California
(San Joaquin Valley), but has now been detected as far north as east of Washington [34]. The
latter species is regularly found in Arizona, Texas, Utah, Mexico, and Central and South
America [35]. The at-risk individuals to be infected with these fungi include archeologists,
laboratory staff handling the coccidioidomycosis agents, and visitors to endemic areas [34].
Coccidioidomycosis is often asymptomatic or occurs as a respiratory syndrome with
undistinguishable, self-limiting symptoms. On the other hand, depending on the patient’s
immunity, symptomatic, disseminated, and severe infections may occur [36].

Microscopic examination is fast and effective for coccidioidomycosis diagnosis, and
culture confirms the species. Spherules of 20 to 70 um in diameter, or even larger, with
a double membrane containing endospores (2-5 um), are observed in biological samples
by microscopy [4]. Histopathologic tests show tuberculoid and mixed granulomas with
spherules of different sizes [37]. The intradermal coccidioidin skin test and antibody
detection by complement fixation are the most used immunological diagnostic tools for
coccidioidomycosis. Both tests are useful for prognosis [4].

Among the immunological methods on hand for the endemic mycoses, those for
coccidioidomycosis have been the most trustworthy. The following tests have been used
for diagnosis: complement fixation and precipitin reactions in numerous versions, i.e., tube
precipitin, immunodiffusion tube precipitin, immunodiffusion complement fixation, and
quantitative immunodiffusion complement fixation, agar gel precipitin-inhibition test, and
counterimmunoelectrophoresis; latex particle agglutination; fluorescent antibody; RIA,
ELISA, and mycoarray.

3.1. Antibody Detection

Smith and collaborators established the tube precipitin and complement fixation
tests [38,39]. They observed positive tube precipitin reactivity within weeks of infection.
On the other hand, complement fixation positivity occurred later, usually within 2 to
3 months after fungal exposure. Moreover, complement fixation titers might increase if
coccidioidomycosis was not under control.

The appearance of immunodiffusion complement fixation and sporadic immunodiffu-
sion tube precipitin bands between a serum sample and the Coccidioides antigen is probable
evidence of coccidioidomycosis, active or recently acquired, and a negative test does not
exclude mycosis [40].

Latex agglutination and complement fixation assays may offer relevant additional
data about the patient status [41]. The complement fixation assay has high sensitivity;
however, its performance is complex and laborious. In addition, the complement fixation
assay has low specificity due to cross-reactivity that may occur with antibodies recognizing
common fungal carbohydrate moieties. The immunodiffusion assay is more specific, and
complement fixation is more sensitive [42].

The use of complement fixation and immunodiffusion tests for coccidioidomycosis
diagnosis is well established with crude antigen samples, known as coccidioidins, which
include the reactive complement fixation antigen, as well as several important molecules.
The production of purified antigens could improve the effectiveness of immunological
tests. The C. posadasii Silveira antigenic preparation has a protein with a 110 kDa molecular
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weight that migrated at 48 kDa when fractionated under heated and reducing SDS-PAGE
conditions. The use of recombinant chitinase antigen in conventional complement fixation
and immunodiffusion complement fixation has been reported [43].

Several tests for antibody detection in coccidioidomycosis have been reported, demon-
strating very relevant outcomes [44]. In an effort to improve sensitivity of immunologic
diagnosis, Meridian Diagnostics (Cincinnati, OH, USA) established an ELISA (Premier
Coccidioides EIA kit) for IgM and IgG antibody detection against Coccidioides spp. as well
as for the detection of antibodies against a 33 kDa cell-wall purified antigenic molecule
from immature C. immitis spherules [45].

The method “mycoarray” is composed of three antigen extracts (histoplasmin, coc-
cidioidin, and Coccidioides “TP”) for antibody detection. Microarray slides are probed
with coccidioidomycosis and histoplasmosis serum samples from patients or from healthy
individuals and the detection of immunocomplexes is carried out by indirect immunofluo-
rescence. In concordance with clinical and mycological diagnosis, the “mycoarray” could
distinguish between these two mycoses and clearly discriminate between IgM and IgG
antibody reactivity. After a proper validation and with its employ as a large-scale array, the
“mycoarray” could be applied to help clinicians provide coccidioidomycosis diagnosis [46].

The immunologic response of an in-house antigen preparation, obtained from a C.
posadasii strain isolated in Ceara, northeastern Brazil, was evaluated by immunodiffusion
and Western blot. In addition, its biochemical characterization was performed. Two
immunoreactive proteins were characterized as a 3-glucosidase and a glutamine synthetase
after analyses of their respective N-terminal sites. This in-house Coccidioides preparation
could be promising as a fast and low-cost diagnostic method [47]. This study, however,
does not contain conclusions on immunologic data.

Other studies directed to antigenic fractions recognized by anti-Coccidioides antibodies
in serum samples from coccidioidomycosis patients were carried out more recently, and the
obtained proteins were analyzed by homology to species-specific Coccidioides peptides. A C.
immitis specific peptide was selected from the “GPI anchored serine-threonine rich protein
OS” that recognized both C. immitis and C. posadasii. These peptides can be employed in
diagnostic reagents, immunobiologicals, and antifungal drugs [48].

3.2. Antigen Detection

Antibody detection has been used as the principal coccidioidomycosis diagnostic
method, but it presents some weaknesses. Kassis and collaborators evaluated in retrospect
the efficiency of antigen and antibody detection in 158 coccidioidomycosis cases and
487 controls. The sensitivity of combining antigen and immunodiffusion antibody detection
was 93.0%. The sensitivity of antigen detection in urine and serum samples was 55% in
proven coccidioidomycosis and 59% in probable coccidioidomycosis, 79% in disseminated
coccidioidomycosis, 42% in pulmonary cases, 75% in immunocompromised individuals,
and 40% in immunocompetent individuals. Specificity was 99% for antigen detection and
96% for antibody detection using the immunodiffusion method. Accuracy was determined
as 95% for immunodiffusion antibody and antigen detection, 94% for immunodiffusion
antibody alone, and 89% for pathology or culture [49]. These findings supported the
detection of antibodies and antigens to diagnose progressive coccidioidomycosis. An
incorrect diagnosis would occur if antigen detection was not carried out.

An inhibition ELISA was developed to detect and quantify Coccidioides chitinase-1
(CTS1) in human sera using a monoclonal antibody reactive for this protein. CTS1 was
quantified in commercial antigenic reagents using recombinant CTS1 as the standard. The
amounts of CTS1 in diagnostic commercial antigens from distinct suppliers varied. CTS1
antigenemia was observed in 87% of patients with proven or probable coccidioidomycosis.
Specificity was determined to be 97% using sera from Phoenix, Arizona residents who
did not have coccidioidomycosis. Levels of CTS1 could be associated with low- and high-
titer serology from individuals with proven coccidioidomycosis diagnosis [50]. The CTS1
antigen detection assay has the possibility of similar or better performance than other
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immunologic assays as well as the distinct advantage of a direct measurement of fungal
antigen concentrations in blood. Even though further studies are necessary to specify the
real role of this assay in mycology laboratories, it could be used as a convenient instrument
for difficult-to-diagnose cases.

4. Histoplasmosis

Histoplasmosis is a systemic mycosis caused by the dimorphic fungus H. capsulatum
and is the major endemic myecosis in the United States and in a large part of Latin Amer-
ica [51,52]. In Africa, in addition to classical histoplasmosis, African histoplasmosis, caused
by Histoplasma duboisii, is also endemic [53]. H. capsulatum is a primary fungus, and can
cause serious infection in immunocompetent patients, and depending on the patient’s
immunity, symptomatic, disseminated, and severe infections may occur.

Histoplasmosis diagnosis is a challenge and often requires a multifactorial approach.
Identification of H. capsulatum in biological samples by direct microscopy and/or culture is
still the gold standard for diagnosis [54,55]. However, these tests still have some limitations:
(i) the low sensitivity, which varies according to the clinical form of HPM; (ii) the lengthy
cultivation of the fungus, taking 4 to 6 weeks and still requiring conversion to the yeast-like
form; (iii) the need for a biosafety level 3 facility for handling H. capsulatum [56]. Thus,
immunologic methods of antibody and antigen detection are options for the presumptive
diagnosis of histoplasmosis using serum, plasma, CSF, and urine as clinical specimens [55].

4.1. Antibody Detection

The time required for anti-H. capsulatum antibody development is two to six weeks
after fungal exposure [54]. Some of the available serological tests for detecting anti-
Histoplasma antibodies are immunodiffusion, complement fixation, latex agglutination,
ELISA, and Western blot. The two most used methods until recently for antibody detection
in biological samples are immunodiffusion and complement fixation, usually performed
in reference laboratories due to the convenience, availability, and precision of these as-
says [57,58].

Immunodiffusion using the histoplasmin antigen (HMIN), an antigenic preparation
obtained from the mycelium-form cultures of H. capsulatum, detects the presence of antibod-
ies through the appearance of H and M precipitins. The H precipitin usually co-exists with
the M precipitin; however, the latter often occurs alone. Anti-M antibodies are triggered
in acute or chronic histoplasmosis and in some individuals who have undertaken the
histoplasmin skin test. In addition, the M precipitin can persist for years [59]. H precipitin
usually appears after the M precipitin and is suggestive of chronic or severe histoplas-
mosis. Anti-H antibodies are rarely observed in the routine diagnosis (20%), but, when
detected, corroborate with a histoplasmosis diagnosis [55]. Although the specificity of the
test is 100%, the sensitivity varies from 70 to 95%, according to the histoplasmosis clinical
form [58]. The detection of both precipitins (H and M) is thought to be decisive for the
histoplasmosis diagnosis, although the mycosis condition requires an evaluation of the
patient [57].

The complement fixation test detects antibodies against the yeast and mycelial phase
histoplasmin. Although often more sensitive (72-95%) than immunodiffusion, depending
on the antigen used, complement fixation is less specific and may present cross-reactivity
with serum samples from patients with B. dermatitides, C. immitis, Paracoccidioides brasiliensis,
and Candida sp. infections [58,60]. As for the interpretation of the results, titers equal or
higher than 1:32 or four times increase in antibody titers of acute and convalescent disease
indicate active infection. Titers of 1:8 generally suggest prior H. capsulatum exposure [61].

Latex agglutination tests were developed for the diagnosis of histoplasmosis, and
despite some reports that this test is more sensitive than complement fixation using histo-
plasmin as the antigen, the specificity of the test was compromised [62]. False positive
results may occur in patients with another infectious disease, e.g., tuberculosis [63], and
with inflammatory diseases such as theumatoid arthritis [64].
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It has already been demonstrated that immunoassays such as ELISA [65] and Western
blot [66] have higher sensitivity than immunodiffusion and complement fixation in the
detection of antibodies. Several ELISA protocols for detecting antibodies anti-Histoplasma
using different antigenic preparations have been described; however, most of them are
developed for an in house use and present varied degrees of sensitivity and specificity [57,58].
For instance, an ELISA assay with an H. capsulatum yeast cell antigenic preparation showed
an 86% sensitivity and a specificity of 91% in patients with acute pulmonary histoplasmosis
detecting human IgG, but when detecting IgM, the sensitivity decreased to 66% and the
specificity rose to 100% [67]. The ELISA test with a proprietary MVista® Histoplasma
antigen used for evaluating the acute pulmonary form of histoplasmosis detected IgG
antibodies in 87%, IgM antibodies in 67%, and IgG and/or IgM antibodies in 89% of
patients with this clinical form of histoplasmosis [68]. Another indirect ELISA using
purified and deglycosylated histoplasmin was 92% sensitive and 96% specific [65]. The
same assay was evaluated for different clinical forms of histoplasmosis, yielding positive
results in 100% of acute patients, 90% of chronic patients, 89% of disseminated infection
in individuals without HIV infection, 86% of disseminated disease in people living with
HIV/AIDS (PLWHA), and 100% of mediastinal histoplasmosis patients [69]. More recently,
an ELISA using a similar antigen, deglycosylated extracellular released antigen, showed
72% and 98% sensitivity and specificity, respectively. In this study, 100% from the patients
with acute form, 50% with chronic form, and 66.67% with disseminated form, respectively,
were positive [70].

A Western blot test using purified and deglycosylated histoplasmin was developed,
evaluated, and validated, showing sensitivity of 94.9% and specificity of 94.1%. In addition
to being simpler and faster, strips sensitized with the purified and deglycosylated histo-
plasmin antigen were shown to be viable for use for at least five years [66,71,72], and can
also be applied with high sensitivity even in PLWHA [73].

4.2. Antigen Detection

Antigen detection tests are particularly valuable in the diagnosis of disseminated
histoplasmosis in PLWHA whose antibody levels are low or inexistent. They provide high
sensitivity for the diagnosis of histoplasmosis, and are now incorporated in the World
Health Organization (WHO) Essential Diagnostics List [74]. During histoplasmosis, the
antigen can be liberated from fungal cells and detected in biological samples such as serum,
urine, CSF, BAL, and pleural fluid [58]. Antigen detection assays can also be applied
in the histoplasmosis follow-up. However, a limitation to these tests is the substantial
cross-reactivity with other mycoses, including paracoccidioidomycosis, blastomycosis,
talaromycosis, coccidioidomycosis, and aspergillosis [55].

The RIA method was the first test described for the recognition of H. capsulatum anti-
gens. Based on the detection of H. capsulatum polysaccharide antigen in urine and serum of
patients, it proved to be effective to diagnose this infection, especially in individuals with
disseminated histoplasmosis. Since its development in 1986, and with the improvement of
the technique, there has been an increase in detection levels of antigens, demonstrating a
sensitivity of 96.7% in urine and 78.7% in sera from PLWHA and disseminated histoplas-
mosis patients [75,76]. False positive results may occur in individuals with blastomycosis
or paracoccidioidomycosis [77] and this test has been performed in an EIA format to avoid
exposing workers to radioactivity [78].

ELISA, in its various protocols, is another method using for Histoplasma antigen
detection [79-82]. A quantitative ELISA assay was developed, and the concentrations of
H. capsulatum galactomannan antigen were established by comparing them to a standard
curve constructed with a purified galactomannan from the H. capsulatum yeast-like form.
Serum and urine samples were tested, showing a sensitivity of 92.3% in serum samples and
100% in urine from the disseminated histoplasmosis cases. Cross-reactions were detected
in 70% of patients with other endemic mycoses (blastomycosis, paracoccidioidomy-cosis,
coccidioidomycosis, and talaromycosis) [83]. The same test, MVista Histoplasma antigen
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enzyme assay, was changed to allow the quantitative determination of antigen in BAL
and this method was compared to culture and cytopathology. Antigen was detected in
BAL in 93% of patients with histoplasmosis, and culture and cytopathology both showed
48% sensitivity. Combining antigen detection and cytopathology in BAL, both rapid
diagnostic tools, the sensitivity was 96.8%. Thus, BAL antigen detection complements
antigenemia and antigenuria as a diagnostic tool for histoplasmosis. However, cross-
reactivity is observed in patients with blastomycosis (80%) [84].

A multicenter study described by Hage and collaborators [85] evaluated the sensitivity
and specificity of the ELISA for the detection of MVista® Histoplasma antigen (MiraVista
Dianostics) in different clinical forms. A sensitivity of 91.8% was found in urine from
individuals with disseminated histoplasmosis, 83.3% with acute histoplasmosis, 30.4% with
the subacute form, and 87.5% with the chronic pulmonary form. In serum samples, the test
showed a sensitivity of 100% in cases of disseminated histoplasmosis. Specificity was 99%
between individuals with non-fungal infections and healthy individuals; however, 90% of
patients with blastomycosis presented cross-reactivity.

Another study evaluated two commercial kits for histoplasmosis diagnosis in immuno-
compromised individuals. The FDA-cleared in vitro diagnostic assay kit (Alpha Histoplasma
Antigen ETA) uses a rabbit polyclonal antibody or a monoclonal anti-Histoplasma galac-
tomannan antibody (Immuno Mycologics - IMMY, Norman, OK, USA). The assay using the
monoclonal antibody presented higher sensitivity (90.5%) and specificity (96.3%) than the
test performed with the polyclonal antibody (61.9 and 79.3%) [86]. More recently, an ELISA
for the detection of Histoplasma antigenuria, developed by Optimum Imaging Diagnostics,
was studied, presenting 92% sensitivity. However, false positive results occurred in 68% of
samples tested [87].

In the search for rapid tests for the diagnosis of histoplasmosis, a lateral flow assay
to detect Histoplasma antigenemia settled by MiraVista Diagnostics was studied in three
populations: PLWHA with proven histoplasmosis, PLWHA with other infectious diseases,
and people without HIV. The test sensitivity was 96% when read visually and 92% when
an automated reader was used and the specificities were 90% and 94% for the same
conditions [88]. Afterwards, a validation study was carried out on the MVista® Diagnostics
Histoplasma urine antigen lateral flow assay for antigen detection, and was associated with
the MVista® Histoplasma Ag quantitative ELISA. The sensitivity of both tests was 96%;
however, the specificity was 96% and 77% for LFA and ELISA, respectively [89].

4.3. African Histoplasmosis

Most cases of African histoplasmosis reported up to now were diagnosed by culture
and histology. Serological tests to diagnose histoplasmosis have been applied in just a few
African countries (Benin, Chad Republic, Egypt, Republic of Congo, South Africa, Tanzania,
and Uganda). In four cases, the serological test was carried out outside Africa [90-92].

Diagnosis of histoplasmosis in Africa is currently attainable using traditional myco-
logical methods (culture or histopathology). Antigen detection, although very sensitive,
is not available in most of Africa [91]. According to Cipriano and collaborators, antigen
detection in serum and urine has only been developed for H. capsulatum [93].

Immunodiffusion tests using histoplasmin produced with H. duboisii and H. capsulatum
strains were used to investigate the presence of antibodies in inhabitants around a natural
focus of H. duboisii [94]. In a case report of suspected disseminated histoplasmosis by
H. duboisii in a child from the Chad Republic, cultures could not be performed due to
the lack of laboratory infrastructure, but immunodiffusion tests with soluble antigens of
H. capsulatum and H. duboisii were performed and precipitins were observed against both
antigens [90].

A recent literature review about African histoplasmosis in the Republic of Congo, with
the majority of cases of histoplasmosis reported in Africa, demonstrated fifty-four cases
of African histoplasmosis, and only one of them was diagnosed by Histoplasma antigen,
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which was tested in France, in an HIV-positive woman originating from the Republic of
Congo [92].

5. Paracoccidioidomycosis

Paracoccidioidomycosis, a neglected tropical disease recognized by the WHO [95],
has the fungi from the genus Paracoccidioides as etiologic agents, Paracoccidioides brasiliensis
being the most common species, followed by Paracoccidioides lutzii. The other cryptic species
P. americana, P. restrepiensis, and P. venezuelensis have also been reported. All species are
widespread in Latin America, from Mexico to Argentina, being more frequent in Brazil [96].

Paracoccidioidomycosis diagnosis is typically achieved by the association of clini-
cal, epidemiological, and laboratorial information [97]. Substantial progress has occurred
in non-culture-based methods employed in the diagnosis of this systemic mycosis, with
the development of a diversity of techniques for antibody, antigen, or nucleic acid detec-
tion. Immunologic techniques are typically simpler than mycological traditional methods,
e.g., culture, and are extremely helpful in the diagnosis and follow-up of patients infected
with Paracoccidioides spp. These methods underwent substantial advances in the past years
as a result of the development of original detection methods and identification of pertinent
Paracoccidioides antigens [96].

5.1. Antibody Detection

Over the years, several groups have evaluated serological techniques for the diagno-
sis of paracoccidioidomycosis, which provides a presumptive diagnosis and therapeutic
follow-up. Despite the variety of assays proposed during years of study, the immun-
odiffusion test, described by Ouchterlony [98], is employed as the gold standard in the
serological diagnosis of paracoccidioidomycosis. Currently, immunodiffusion, counter-
immunoelectrophoresis, ELISA, and Western blot are the immunologic tests offered by
different reference laboratories [96,97]. The tests employ similar and adequate antigens,
presenting sensitivity values ranging from 80% to 95% [96]. The detection of seric anti-
Paracoccidioides spp. antibodies involves a fungal antigenic preparation, which needs to
have satisfactory reactivity in the chosen immunologic test format. This reactivity needs
to involve patients infected with either P. brasiliensis or P. lutzii, in addition to being low
in serum samples from patients with other mycoses [99]. The glycoprotein gp43 is the
major antigen of Paracoccidioides spp., but its production is variable among different fungal
species, especially in P. [utzii, whose gp43 is released in lower quantities and may present
with an altered molecular organization [100].

Negative results in serological testing of patients with confirmed mycological paracoc-
cidioidomycosis are described. Failure in the detection of anti-Paracoccidioides antibodies
has been associated with issues either related to the methods or to the immunologic con-
dition of the patient. In the last few years, this has been clarified by the perception that
P. lutzii and P. brasiliensis have different antigenic profiles and, consequently, may drive
different humoral immune responses in the host [101].

The literature about the immunologic diagnosis of paracoccidioidomycosis is wide
and diverse. A variety of serological methods have proven suitable for proper diagnosis
in adequate time [102]. For a detailed summary of works in this subject up to 2016, the
review of Silva is recommended [103]. Here, we will prioritize the most used tests in the
paracoccidioidomycosis presumptive diagnosis.

Double immunodiffusion has been the most used method for the primary diagnosis
of individuals with paracoccidioidomycosis [97]. This test has high efficiency, which may
range from 65 to 100%, depending on the antigenic preparation employed [104]. The test
performance is not affected by HIV-driven immunosuppression [105]. For many years,
different antigens have been used for paracoccidioidomycosis immunologic diagnosis,
and various antigens lack a standardized preparation from one laboratory to another. The
glycoprotein gp43 is considered the most important P. brasiliensis antigen. Patients affected
by severe paracoccidioidomycosis present high amounts of anti-gp43 antibodies, therefore
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a strong and long-lasting humoral response to this antigen is usually seen in P. brasiliensis
infected patients [96]. Actually, around 90% of paracoccidioidomycosis patients can be
easily diagnosed by gp43-based immunodiffusion [106]. Some laboratories noticed that
false negative results can occur in some cases [96,97,107,108]. Two possibilities could be
associated with this situation: (i) immunosuppression of the patient, with insufficient
precipitating antibodies in immunodiffusion; (ii) the presence of IgG asymmetric antibodies
with a structure predominantly based on the mannose-rich oligosaccharide part connected
to the Fc moiety of just one of the Fab arms of the antibody, which are functionally univalent
and, therefore, non-precipitating [107]. Additionally, the lack of reactivity on serum samples
from patients with P. brasiliensis may be associated with the production of low-avidity
IgG2 antibodies that bind carbohydrate epitopes [109]. During efficacious treatment, the
serum antibody levels detected by immunodiffusion decrease progressively until becoming
negative [96], thereby constituting the most useful test for paracoccidioidomycosis cure
control [97].

An additional method used in the early diagnosis of paracoccidioidomycosis is coun-
terimmunoelectrophoresis. The time to obtain results of immunodiffusion and coun-
terimmunoelectrophoresis is virtually the same [107]. In addition, counterimmunoelec-
trophoresis has a sensitivity equal to or slightly higher than immunodiffusion [110]. How-
ever, this test is more expensive and is not accessible in several laboratories from en-
demic areas [107]. Other precipitation techniques, such as immunoelectrophoresis and
immunoelectrophoresis-immunodiffusion, are less specific than immunodiffusion, and are
also more expensive [111,112]. Therefore, they are usually applied more in research studies
than diagnostic tests [113].

Several latex agglutination tests have been described [103]. They have lower specificity
and sensitivity, but are faster and are simple to be carried out. For instance, Santos and
collaborators described a latex agglutination test with high sensitivity and specificity to
detect the anti-gp43 antibody and gp43 antigen when employing latex particles linked to
the purified gp43 and anti-gp43 monoclonal antibody [114].

ELISA has been extensively employed for the detection of antibodies to Paracoccid-
ioides spp. in biological samples. Different research groups use a variety of antigens in
ELISA tests because partially purified crude antigens and purified proteins, such as gp43,
normally present high sensitivity but do not have high specificity with certainty [103].
Recombinant antigens, such as rPb27 and rPb40, can be used as well [115]. After some
years, a standardization of a yeast filtrate as an antigen provided an increase of sensitivity
and specificity [116]. Capture ELISA uses adsorbed monoclonal antibodies directed to
gp43 on the plate, and represents progress in the detection of specific antibodies [107]. The
standard ELISA is an excellent method for the detection of humoral immune responses
in paracoccidioidomycosis patients for laboratories with medium infrastructure [103]. In
addition, antibody responses evaluated by this method differ according to the clinical form
of the disease. Patients with acute paracoccidioidomycosis present higher IgG titers, while
patients with chronic paracoccidioidomycosis have higher IgA production [117].

Western blot has been used to recognize Paracoccidioides antigens that react with
antibodies in serum samples. Mendes-Giannini and collaborators were pioneers in the
development of this methodology for paracoccidioidomycosis diagnosis [118,119], being
followed by several other groups [120-124]. The benefit of Western blot in relation to
routine immunologic tests is a fast diagnosis of some patients, before complement fixation
and immunodiffusion detect seroconversion, in addition to high efficiency [97].

Dot-ELISA has been recognized as a quick, versatile, and effortless test based on the
principle of EIA, for the detection of many protozoan, virus, and fungal infections [125]. Dot-
ELISA use in paracoccidioidomycosis diagnosis was hitherto presented by three research
groups, without fundamental differences in efficiency [126-128]. In fact, Dot-ELISA was
a particularly innovative tool as an immunologic screening technique, due to its high
sensitivity (91%) and specificity (95%) [102]. Furthermore, Dot-ELISA could be performed
by laboratories with little infrastructure or even in field work.
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5.2. Antigen Detection

Although antigen detection would have crucial benefits over antibody detection in
paracoccidioidomycosis diagnosis, especially in immunocompromised patients [129], a
large scope for enhancement in antigen detection remains, as the last relevant contribution
in this field was provided in 2011. Different assays of antigen detection were described,
involving different ELISA formats, antigenic targets, and clinical samples, e.g., serum, urine,
BAL, and CSF [130-132]. The majority of them, however, showed low sensitivity [107].

6. Cryptococcosis

Cryptococcosis is a mycosis of worldwide significance, involving both immunocom-
promised and immunocompetent patients. Traditionally, Cryptococcus neoformans and
Cryptococcus gattii have been the major agents of cryptococcosis [133]. These two fungi
share numerous similarities, but diverge in endemic areas, epidemiology, and clinical
presentation [134]. C. neoformans occurs worldwide. C. gattii has been identified for several
years, especially in tropical parts of Australia, Asia, Africa, and the Americas, but after the
outbreak in Vancouver Island, C. gattii has gained prominence, with cases of Cryptococcus
gattii in mammals from other areas of southwestern Canada and the northwestern United
States [135].

The diagnosis of cryptococcosis, regardless of the causative species (C. neoformans or
C. gattii), is classically performed using microscopy, immunologic methods, or microbiologic
methods. India ink direct examination is a low-cost and fast method to detect Cryptococcus
spp. in CSF and other body fluids. The stain fills the background field, but is not taken up
by the Cryptococcus capsule, forming a bright light halo under regular microscopy. Though
highly specific, the sensitivity of India ink microscopy (around 86%) is user-dependent
and notably inferior in early infection, when the fungal burden is minor [136]. Therefore,
its use is less frequent, particularly in the setting of broadly available rapid cryptococcal
antigen tests.

The majority of the Cryptococcus capsule mass is constituted of glucoronoxylomannan
and is generally known as cryptococcal antigen or CrAg [137]. Glucoronoxylomannan is
produced by all Cryptococcus species. Cryptococcus spp. differ in the architecture on their
capsular polysaccharides, and this may have consequences for development of diagnostic
tests, possibly affecting glucoronoxylomannan detection.

There are many immunologic techniques for the diagnosis of cryptococcosis and
innovative approaches have significantly diminished complexity and time of the test until
results. Immunochemically based methods such as EIA, reverse passive latex agglutination,
and immunochromatography are broadly used due to present advantages such as efficiency,
easiness, and speed [138]. The main tools for the immunologic diagnosis of cryptococcosis
are the tests aiming at CrAg in biological samples. The serum CrAg test is the most
used noninvasive method to detect cryptococcal infection [139]. All these tests are able to
diagnose disease caused by either C. neoformans or C. gattii.

6.1. Antibody Detection

Anti-Cryptococcus antibodies are usually not detectable during active cryptococcosis;
therefore, antibody detection is not applied to the diagnosis of cryptococcosis. Tests based
on antibody detection present highly variable results, depending on the type of assay. A
study demonstrated that patients infected with C. gattii had a significantly higher preva-
lence of IgA and a non-significant higher prevalence of IgG compared to immunocompetent
patients with C. neoformans infection [140].

6.2. Antigen Detection

An EIA, the PREMIER Cryptococcal Antigen Assay (Meridian Diagnostics, Inc.), was
developed to detect cryptococcal capsular polysaccharide molecules in either serum or
CSF specimens. This EIA does not need specimen pretreatment. The sensitivity with the
serum samples is 100% and the specificity is 99%. Only the genus Trichosporon, which also
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produces glucoronoxylomannan-like molecules [141], caused a false positive reaction with
this test [142].

Latex agglutination has been used for routine serological diagnosis, and some com-
mercial kits are globally available to improve the diagnosis of cryptococcosis: CALAS
Cryptococcal Antigen LA System (Meridian Bioscience Inc., Cincinnati, OH, USA), The
Murex Cryptococcus Test (Remel), Crypto-LA test (Wampole Laboratories, Waltham, MA,
USA) IMMY Latex-Crypto, and Pastorex Crypto Plus [143]. Usually, latex particles are
linked to specific hyperimmune rabbit immunoglobulins, and are combined with differ-
ent dilutions of clinical samples (CSF, sera, and urine) from cryptococcosis patients. A
positive result at a 1:4 dilution clearly suggests Cryptococcus infection. Titers higher than
8 generally denote active disease. False positive results may be related to the presence
of rheumatoid factor, which can be abolished after the biological sample treatment with
pronase, dithiothreitol, or with boiling in EDTA. False positive results seldom occur when
a glucoronoxylomannan-similar antigen is present in the clinical sample, for instance the
polysaccharide of Trichosporon spp. The prozone-like effects due the excessive concentra-
tion of antigen or immune complexes can be abolished after clinical sample dilutions or
treatment with pronase, respectively. The sensitivity of the latex agglutination is 94-100%
and the specificity is 86-97% [144]. Performing the latex agglutination test requires a
laboratory facility, and skilled laboratory workers, heat inactivation, and refrigeration of
reagents [145].

A significant advance in testing for cryptococcal antigen was the development of
an immunochromatographic assay, in a lateral flow assay format, the CrAg test (IMMY,
Norman, OK, USA). This test identifies free capsular carbohydrates that have been released
by Cryptococcus spp. into body fluids and addresses all pathogenic Cryptococcus species.
The test is inexpensive and its sensitivity is equal to or higher than latex agglutination. The
lateral flow assay detects the same antigen that is demonstrable by the commonly used
latex agglutination and ELISA tests, and consequently, it has similar specificity. However, it
is faster than the latex agglutination and ELISA, and produces clear results within 10 min.
The test does not require electricity or advanced laboratory infrastructure, presents rapid
turnaround time, and little technical knowledge is needed for development [146,147]. The
CrAg lateral flow assay offers both qualitative and semi-quantitative results and can be
used as a point-of-care assay for cryptococcosis diagnosis [148,149].

WHO published a guideline to diagnose and treat PLWHA infected by Cryptococcus
spp.- [150]. This guideline is centered on the fact that early diagnosis and treatment of
cryptococcosis are essential to reduce mortality. The guideline emphasizes the value of a
rapid CrAg test and pointed out that the CrAg test has high efficiency, is easy to perform,
and is less dependent on laboratory expertise. This test would detect patients at high risk
for cryptococcal disease and permit preemptive treatment with antifungals to avoid disease.
This tactic is based on the fact that Cryptococcus antigenemia is noticeable around three
weeks preceding the onset of clinical signs [151,152].

A number of other serologic procedures have been developed and are reported to
improve cryptococcosis diagnosis. The alternative assays are based upon recombinant
multi-epitope proteins, specific monoclonal antibodies, and the fungal heat shock protein
70 [153-155]. These tests have great potential to be inserted into the array of diagnostic tests.

7. Sporotrichosis

Sporotrichosis is a subcutaneous disease caused by human pathogenic fungi belonging
to the genus Sporothrix, especially Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix
globosa. The current major endemic areas of sporotrichosis include South America, espe-
cially Brazil; Asia, especially China and India; and Australia, but cases are also described
in Europe and North America [4]. Since the 1970s, certain attempts were made to use
immunologic tests as a tool for sporotrichosis diagnosis. For this mycosis, immunological
tests are considered to be of inestimable diagnostic value, especially for extracutaneous
and atypical forms of the disease [156].
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7.1. Antibody Detection

Initially, immunoelectrophoresis, tube or latex agglutination, and immunodiffusion,
using Sporothrix spp. antigens, were proposed for the serodiagnosis of sporotrichosis, but
the efficacy of these methods was considered low, especially in cutaneous forms of the
disease, which account for most cases of the mycosis [157-159]. Despite the low sensitivity,
the immunodiffusion test is specific, without cross-reactions with cutaneous leishmaniasis
or chromoblastomycosis, two infectious diseases with similar manifestations. Immuno-
electrophoresis presents better sensitivity, with the presence of an anodic precipitation
arc, called S arc, in reactive samples [157]. The sensitivity of agglutination tests was
higher than that of precipitation tests, but only latex agglutination yielded satisfactory
specificity results [158]. Due to this good specificity and sensitivity, latex agglutination
is currently commercially available for sporotrichosis diagnosis (LA-Sporothrix antibody
system—IMMY, Norman, OK, USA).

Because of the high endemicity of sporotrichosis in Brazil, noticed since the late
1990s, tests that are more sensitive for the cutaneous forms of the disease have been
developed [160-162]. However, there is no consensus on the antigens used. ELISA has
been performed with antigens obtained from the crude extract of yeast-like or filamentous
forms of Sporothrix, besides purified antigens. The first described ELISA protocol for
sporotrichosis diagnosis used a soluble antigen preparation from the S. schenckii yeast form.
This antigen presented proteins ranging from 22 to 70 kDa and the whole performance
of the assay showed 100% sensitivity and 90.5% specificity [163]. Later, the ELISA with
a S. schenckii concanavalin-A binding antigenic fraction, isolated from the yeast cell wall,
proved efficient in the detection of IgG antibodies, with a sensitivity of 90%, specificity of
80% and 86% global efficacy [160]. This ELISA can give results in a few hours and is very
useful for therapeutic follow-up [164]. In addition, an ELISA with exoantigens produced
by the filamentous form of S. brasiliensis was developed. The detection of IgG antibodies
against these exoantigens resulted in 97% sensitivity and 89% specificity, with similar
reactivity among patients with different clinical forms of the disease [161]. Moreover, IgA
and IgM antibodies can also be evaluated using this method and a combination of IgG
and IgA detection improves immunologic diagnosis, while the combination of IgG and
IgM reactivities is suitable for therapeutic follow-up [165]. This ELISA protocol was also
validated for diagnosis of sporotrichosis in cats, with better efficiency than the S. schenckii
concanavalin-A binding antigenic fraction, as seen with human sera [166]. In addition,
it was used to investigate an area supposedly without sporotrichosis endemicity, but
with around 31% of positive samples from cats living in urban areas of the city [167].
Alvarado and collaborators developed an ELISA using a similar antigen produced by
S. schenckii. Samples with immunologic reactivity were evaluated by immunodiffusion and
counterimmunoelectrophoresis. They observed 100% of specificity and sensitivity superior
to 98% with immunodiffusion, counterimmunoelectrophoresis, and ELISA [168]. Finally,
an ELISA protocol using yeast cellular lysate proteins from S. schenckii was successfully
used for a seroepidemiological survey in an endemic area in Brazil [169].

Western blot is less studied in the context of sporotrichosis diagnosis. The first proto-
col used the same soluble antigen from an S. schenckii strain described for the ELISA. All
sera from patients with sporotrichosis presented reactivity against this antigen. Moreover,
serum samples from individuals with extracutaneous manifestations of the disease reacted
to more proteins than those from patients with cutaneous SPT: 15 to 20 and 8 to 10, respec-
tively [163]. The other protocol uses a cell-free antigen preparation with the yeast-like form
of S. brasiliensis, which presents up to 13 immunologic reactive bands, from 40 to 186 kDa.
This Western blot showed 100% sensitivity, but just 50% specificity when an individual
band was considered. Conversely, if only sera reactive to at least two distinct proteins are
considered positive, sensitivity slightly decreases to 92.9% but specificity rises to 80% [170].

More recently, a lateral flow assay was developed to aid in the diagnosis of this mycosis.
The test showed an accuracy of 82%, with sensitivity values dependent on sporotrichosis
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clinical forms. The sensitivity was greater for extracutaneous disease (92% sensitivity for
ocular sporotrichosis) and lower for fixed-cutaneous sporotrichosis (78% sensitivity) [171].

An advance in the applicability of immunologic tests in sporotrichosis diagnosis is the
possibility of analyzing different biological samples in addition to blood, such as CSF and
synovial fluid. Furthermore, the serology is associated with an efficient clinical-serological
correlation and cure control and can provide diagnosis even in immunocompromised
patients [160,172-174].

7.2. Antigen Detection

The human pathogenic Sporothrix species produces an important antigen, rhamnoman-
nan [164], that is not shared with other common mycoses agents, which usually produce
galactomannan or glucuronoxylomannan. This would make antigen detection an interest-
ing tool for sporotrichosis diagnosis. However, to the best of our knowledge, there are no
immunological tests based on antigen detection for sporotrichosis diagnosis.

8. Talaromycosis

Talaromyces marneffei (formerly Penicillium marneffei) is a thermodimorphic fungal
pathogen endemic in several countries of Southeast Asia, where it is a major threat to
PLWHA. It was also reported in individuals traveling from several countries to an endemic
area. There is a single report in Ghana of a patient who certainly did not travel to Southeast
Asia [3]. Talaromycosis, the disease caused by T. marneffei, is a life-threatening infection
with unspecific symptoms, which makes diagnosis difficult, especially in cases of imported
disease [175].

The talaromycosis gold standard method is the culture of its agent from bone marrow,
blood, sputum, and skin samples. The fungal filamentous form will develop at 25 to
30 °C, consisting of a white mycelium that turns green after sporulation with red diffusible
pigment production. At 37 °C, yeast cerebriform or smooth colonies formed by cells that
divide by binary fission will grow. Since rapid diagnosis is necessary, immunologic tests
centered on antibody and antigen detection were developed to aid in this task [176].

8.1. Antibody Detection

The first immunologic test used for talaromycosis diagnosis was an immunodiffusion
test using a concentrated filamentous secretome of the fungus grown for six weeks at
25 °C. Two or three precipitin bands are observed in this test against a rabbit hyperimmune
serum [177]. However, this test presented low sensitivity and a single precipitin in positive
samples when used for serum antibody detection in culture-proven talaromycosis patients,
probably due to their immunosuppression [178].

To overcome this problem, an ELISA was developed using a recombinant 90 kDa
mannoprotein of the fungus, Mplp, expressed in Escherichia coli. This test was developed
to be used in both immunocompetent and immunosuppressed patients, reaching an overall
82% sensitivity and 100% specificity, with around 80% positivity among PLWHA [179].
Later, the test with this mannoprotein was remodeled, now using Pichia pastoris to express
the recombinant protein and a double-antigen sandwich ELISA format to detect anti-Mp1p
antibodies. Again, 100% specificity was observed, but the sensitivity lowered to 13.3% [180].

The major limitation in employing antibody detection assays for talaromycosis diagno-
sis is their low sensitivity. In fact, these methods are highly specific, but culture, although
time-consuming, has higher sensitivity [181].

8.2. Antigen Detection

As occurs with other endemic mycoses, antigen detection is particularly useful to diag-
nose talaromycosis in PLWHA that fail to produce specific T. marneffei antibodies. Special
attention must be given to possible serologic cross-reactions that may occur when patients
with talaromycosis are tested for Histoplasma, Blastomyces, or Aspergillus antigens [129,182].
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Initially, antigen detection was performed using immunodiffusion, with better sen-
sitivity values than antibody detection. In fact, a study with eight patients with proven
talaromycosis revealed seven positive patients for antigen and two for antibodies (one
patient was positive for both) using this method [178]. Afterwards, several methods for
antigen detection were described, most of them in an ELISA format using polyclonal or
monoclonal antibodies reactive to the Mplp antigenemia or antigenuria. Their pooled
sensitivity and specificity values, which have enrolled 320 T. marneffei infected patients
and 1873 control individuals, are 82% and 99%, respectively [183]. The ELISA for Mplp
antigen detection is faster and more sensitive than traditional culture-based methods of
diagnosis [184].

A dot-blot ELISA with a polyclonal anti-T. marneffei antibody coupled to FITC and an
anti-FITC amplification system to detect antigen in urine samples presented 94.6% sensitiv-
ity and 97.3% specificity; however, these values were lower than those observed with the
traditional ELISA format. The same reagents were used in a latex agglutination format and,
with this method, 100% sensitivity was reached, with 99.3% specificity [185].

Lately, a lateral flow assay was created for talaromyces point-of-care diagnostics. This
assay uses a monoclonal antibody reactive to a 50-180 kDa mannoprotein with a broad
high molecular mass pattern conjugated with nanoparticles of colloidal gold for specific
T. marneffei antigenuria detection. The detection limit is 3.12 ug/mL for T. marneffei antigen
and sensitivity and specificity were 87.87% and 100%, respectively [176].

Some authors also report the combined detection of specific antigen and antibodies
in patients with talaromyces. For instance, a study that used two ELISA formats to detect
Mplp, one with monoclonal antibody and the other with polyclonal antibody, and an ELISA
to detect IgG anti-Mp1p presented 55%, 75%, and 30% sensitivity, respectively. However,
the combined results of these tests yielded 100% sensitivity and 98% specificity [186].
Another study found 93.3% sensitivity when combining antigen and antibody detection
results using a P. pastoris recombinant Mp1lp in a sandwich ELISA [180].

Despite the high sensitivity and excellent specificity of the tests to detect T. marneffei
antigens, no validation studies to endorse their use in the clinical setting exist. More-
over, there is a paucity of commercially available diagnostic kits for the serodiagnosis of
talaromycosis [129].

9. Endemic Mycoses without Specific Inmunologic Tests
9.1. Lacaziosis

The diagnosis of lacaziosis, a deep fungal infection caused by Lacazia loboi, is con-
firmed by clinical and histopathological methods. One study demonstrated that individuals
with lacaziosis possess antibodies reactive to the gp43 antigen of P. brasiliensis, and also
to a 193 kDa major L. loboi antigen through WB. The cross-reactivity occurs because, as
supported by molecular studies, L. loboi and P. brasiliensis share a similar ancestor [187].
In contrast to prior reports, this study proposes that, during infection, L. loboi presents
antigens that are distinct from that presented during paracoccidioidomycosis [188,189].
The molecular report of the 193 kDa molecule could generate precious data to compre-
hend the immunology of lacaziosis and its diagnostic applications, probably aiding in the
management of infections caused by this resilient fungus.

9.2. Adiaspiromycosis

Adiaspiromycosis is a pulmonary infection of rodents, fossorial mammals, and their
predators, infrequently occurring in humans, and is caused by the Emmonsia crescens
and Emmonsia parva. During adiaspiromycosis, inhaled conidia enlarge to form non-
replicating adiaspores. The infection usually involves the lungs, with rare cases of infection
at other sites. Diagnosis is usually made by histopathology and the etiologic agent is
identified based on the size of adiaspores [190]. There are a few immunologic tests to aid in
adiaspiromycosis diagnosis; they are all designed to diagnose this mycosis in wild animals.
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Immunodiffusion and complement fixation showed good correlation with histopathology,
with valuable sensitivity and specificity [191].

9.3. Emergomycosis

In the last few years, the emergence of emergomycosis, a rare, cosmopolitan fungal
infection caused by the unusual dimorphic fungus Emergomyces spp. has been noticed
among immunocompromised patients [192]. This mycosis also affects wild mammals.
The main agents are Emergomyces pasteuriana (formerly Emmosia pasteuriana), Emergomyces
africanus, Emergomyces orientalis, and Emergomyces canadiensis [193]. Multifocal pneumonia
and cutaneous forms including papule-crusted injuries, nodules, wart-like lesions, or
ulcerated plaques on the face, trunk, and extremities are the most common symptoms.

Diagnosis of emergomycosis remains challenging. Differential diagnosis includes
HPM, BLM, tuberculosis, Listeria sp., and TLM. Among the endemic mycoses, emergomy-
cosis should be considered in the histoplasmosis differential diagnosis since there is sub-
stantial clinical and histopathological findings overlapping between the two diseases [194].
The gold standard laboratory diagnosis is culture, with the growth, around 20-30 days, of
white to beige, fastidious, and mycelial fungal colonies. Microscopic examination presents
hyaline and thin hyphae with microconidia. However, potassium hydroxide slides of
sputum or secretions are also helpful, where several small yeast cells around 1-3 um in size
are typically noticed. Histopathology displays an inflammatory, granulomatous process,
with intra- and extra-cellular, 2-5 um, round or ovoid yeast-like cells, alike in H. capsulatum,
but Emergomyces have smaller and halo-less yeast cells [195].

There is no immunologic test or biomarkers with sufficient efficiency for emergomy-
cosis diagnosis. Nevertheless, cross-reactivity has been seen with other dimorphic fungi.
A retrospective case series was reported with two emergomycosis patients with a posi-
tive Histoplasma antigenuria, and one with positive 1,3-f-D-glucan antigen detection [196].
Other reports also revealed cross-reactivity of the Histoplasma galactomannan in urine
samples of patients infected with E. africanus. A commercial Histoplasma EIA had suit-
able accuracy to diagnose proven histoplasmosis, but cross-reactions were seen in urine
samples from individuals with invasive infections due to E. africanus and in culture fil-
trates of this species and other related fungal pathogens [197]. Emergomyces spp. may
present cross-reactivity with Histoplasma antigenuria assays, but a negative result cannot
reject diagnosis [198]. Clinical research main concerns must incorporate the validation
of existing and new diagnostic tests to improve comprehension of emergomycosis epi-
demiology, to aid in diagnosis, and to feasibly identify individuals who may benefit from
preemptive therapeutics.

10. Conclusions

Endemic mycoses result from infection mainly due to dimorphic fungi, and continue
to cause substantial morbidity and mortality, especially in selected regions. The diagnosis
of endemic mycoses is typically achieved by an association of clinical, epidemiological, and
laboratory information. Substantial progress has been made in non-culture-based methods
to diagnose these mycoses with the development of a variety of techniques for the detection
of antibodies (Table 2), antigens (Table 3), and nucleic acids. The serological methods
described for the diagnosis of endemic mycoses have their strengths and weaknesses and
demand critical evaluation by mycologists and medical doctors. Nevertheless, not all tests
herein described are entirely available across the world, which complicates the competence
to diagnose and treat patients with endemic mycoses. Moreover, the immunological
status of the patient and manifestation of these diseases influence the efficacy of the
diagnostic test. Continuing efforts to improve or develop diagnostic tests will facilitate
our diagnostic capacity. However, such assays will require validation in populations from
diverse regions of the world prior to their general application in routine diagnosis. Results
obtained from a panel of serologic diagnostic tests play an important role in the diagnosis
of endemic mycoses, allowing more rapid and precise diagnosis, which would lead to
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earlier treatment. However, the gold standard for diagnosis continues to be the culture,
and the correlation between molecular data and phenotypic characteristics is crucial in
identifying the etiological agents of endemic mycoses.

Table 2. Summary of sensitivity and specificity values of immunological tests used for diagnosis of
endemic mycoses by antibody detection.

Disease Test Sensitivity Specificity References
ID 75-95 100 [58]
Histoplasmosis CF 72-95 70-80 (58]
EIA 66-97 54-100 [65,67-70]
Western blot 95 94 [72,73]
1D 17-100 43.3-100 [99,103,104,110,122]
Paracoccidioidomycosis EIA 75-100 100 103,115 116]
Western blot 77.3-100 73.3-100 [114,118-120,123]
CIE 95-100 100 [99,103,110]
ID 28 100 [6]
Blastomycosis CF 9 100 [6]
EIA 77 92 [6]
ID 50-90 [6,44]
Coccidioidomycosis CF 67-75 [6]
EIA 54-92 97 [6,44]
D 98 100 [168]
Sporotrichosis CIE o8 100 [168]
EIA 90-100 80-100 [160,161,163,168]
Western blot 93-100 50-80 [163,170]
Talaromycosis D 2 NE [177,178]
EIA 13-82 81-100 [179,180]

ID: immunodiffusion; CF: complement fixation; EIA: enzyme immunoassay; CIE: counterimmunoelectrophoresis.

Table 3. Summary of sensitivity and specificity values of immunological tests used for diagnosis of
endemic mycoses by antigen detection.

Disease Test Target Specimen  Sensitivity Specificity References

Urine 96.7 100

RIA 100 kDa (HPA) [76]
Serum 78.7 100

EIA 69-70 kDa Serum 714 85.4 [80]

Urine 61.9-100 32-99.8 [82-87]
. . EIA Galactomannan Serum 92.3 99 [83]
Histoplasmosis

BAL 93.5 97.8 [84]

EIA Cell wall antigen Serum 81 95 [79]

EIA 100 kDa (HPA) Urine 86 94 [81]
Urine 96 96

LFA Galactomannan [88,89]

Serum 92 94
. Urine 76-90 NE

Blastomycosis EIA Galactomannan [24]
Serum 52-82 NE

Coccidioidomycosis EIA Chitinase-1 Serum 87 97 [50]

EIA gP43 glycoprotein Serum 95.1 97.5 [131]

Paracoccidioidomycosis EIA E brf’?SlllenSZS t(.)tal and Urine 75 100 [132]

iltrate antigen
EIA 87 kDa Serum 80.4 81.4 [130]
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Table 3. Cont.

Disease Test Target Specimen  Sensitivity Specificity References
D T. marneffei yeast secretome Serum 58.8 100 [176]
T marneffe Serum 87.5 NE [176,178]
filamentous secretome
LA T. marneffei yeast secretome Serum 76.5 100 [176]
Whole—ﬁssmn—form yeast of Urine 100 993 [176,185]
T. marneffei
Whole-fission-form yeast of .
Talaromycosis Dot-blot T. marneffei y Urine 94.6 97.3 [176,185]
EIA Whole—ﬁssmn—form yeast of Urine 973 98 [176,185]
T. marneffei
EIA Yeast and mycelial antigens Serum 72-92.5 97.5-100 [176]
EIA Mplp Serum 55-75 99.4-99.6 [176,179,186]
EIA TM cytoplasmic yeast antigen Serum 100 100 [176]
LFA TM cytoplasmic yeast antigen Urine 87.9 100 [176]
LA Cryptococcal capsular antigen ~ Serum, CSF 94-100 8697 [144]
Cryptococcosis EIA Cryptococcal capsular antigen ~ Serum, CSF 99 97 [142]
LFA Cryptococcal capsular antigen ~ Serum, CSF 100 97-99 [149]
RIA: radioimmunoassay; EIA: enzyme immunoassay; LFA: lateral flow assay; LA: latex agglutination; ID:
immunodiffusion; CSF: cerebrospinal fluid.
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Abstract: Zoonotic sporotrichosis, a subcutaneous mycosis caused by Sporothrix brasiliensis, has
become hyperendemic and a serious public health issue in Brazil and an emerging disease throughout
the world. Typical sporotrichosis is defined as fixed or lymphocutaneous lesion development,
however, reports of atypical presentations have been described in hyperendemic areas, which may
result in a worse prognosis. Thus, considering an increase in atypical cases and in more severe
extracutaneous cases and hospitalizations reported in Brazil, we aimed to perform a systematic
review to search for hypersensitivity reactions (HRs) and extracutaneous presentations associated
with zoonotic sporotrichosis. A systematic review was performed, following the PRISMA guidelines
to search for atypical/extracutaneous cases (mucosal, osteoarthritis, HRs, pulmonary, meningeal) of
zoonotic sporotrichosis. A total of 791 published cases over 26 years (1998-2023) in eleven Brazilian
states were reviewed. Most cases corresponded to a HR (47%; n = 370), followed by mucosal (32%;
n = 256), multifocal (8%; n = 60), osteoarthritis (7%; n = 59), meningeal (4%; n = 32), and pulmonary
(2%; n = 14) infections. When available (n = 607), the outcome was death in 7% (n = 43) of cases. Here,
we show a frequent and worrisome scenario of zoonotic sporotrichosis in Brazil, with a high and
dispersed incidence of atypical/extracutaneous cases throughout the Brazilian territory. Therefore,
educational measures are necessary to make health professionals and the overall population aware of
this fungal pathogen in Brazil as well as in other countries in the Americas.

Keywords: zoonosis; ocular; nasal; hypersensitivity; osteoarthritis; pulmonary; meningeal disease

1. Introduction

Sporothrix brasiliensis is one of the major causes of sporotrichosis, a neglected implan-
tation mycosis that has become a significant public health problem in South America,
especially in Brazil. Thousands of cases of zoonotic sporotrichosis have been described,
and, in the last decade, this disease has spread all over the Brazilian territory [1-3]. Not
restricted to Brazil anymore, nowadays S. brasiliensis is also an emergent pathogen in
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other South American countries, with autochthonous cases being described in Chile, Ar-
gentina, Paraguay, and Uruguay. Furthermore, cases of zoonotic sporotrichosis have been
reported in recent years in other continents (North America and Europe) where patients
were infected by cats imported from Brazil [4-9].

Domestic cats are the main victims of sporotrichosis caused by S. brasiliensis and
the main source of the dissemination of this fungal species. Affected animals usually
develop a severe manifestation of the disease, often with disseminated cutaneous and nasal
lesions, which may potentially lead to death [10,11]. The high fungal burden found in
feline cutaneous lesions explains how easily S. brasiliensis can be transmitted by bites or
scratches to other cats or humans [12]. Since feline sporotrichosis outbreaks are increasing in
number and spreading geographically, zoonotic sporotrichosis nowadays involves several
epidemiological scenarios, including (i) areas of hyperendemicity (in many regions of Brazil
and some Argentinian provinces); (ii) large outbreaks (in distinct regions of South America);
and (iii) occasional cases occurring in other continents, resulting in an increased awareness.

Although most zoonotic sporotrichosis is clinically evidenced by the typical known
fixed or lymphocutaneous lesions, reports of atypical presentations have been described in
hyperendemic areas, which may result in a worse prognosis [13-21]. Mucosal involvement,
hypersensitivity reactions (HRs), osteoarthritis, and pulmonary and meningeal involvement
are highlighted as atypical presentations of sporotrichosis [17-22]. S. brasiliensis is more
likely to cause atypical clinical manifestations of sporotrichosis than the sapronotic species,
S. schenckii and S. globosa [14].

HRs in zoonotic sporotrichosis can occur as (i) Sweet’s syndrome, characterized as
painful erythematous papules, plaques, or nodules with neutrophil infiltrate, associated
with fever; (ii) erythema nodosum, defined as the appearance of painful erythematous
subcutaneous nodules in the lower limbs, with fever, arthralgia, and myalgia; (iii) erythema
multiforme, an acute inflammatory reaction, showing erythematous plaques on the skin or
mucosa, typically target-shaped; and (iv) arthritis, characterized as an aseptic inflammatory
articular process resulting in pain and edema, frequently affecting the knees, wrists, elbows,
or ankles [17,23-28]. Although atypical, the HRs fortunately have a good prognosis, but
they require a correct diagnosis by healthcare professionals [17,23].

In mucosal involvement, ocular sporotrichosis is described in a diversity of ophthal-
mologic patterns, which occur as ocular adnexal or intraocular infections. Sporotrichosis
in ocular adnexa is subclassified as eyelid involvement, granulomatous conjunctivitis,
Parinaud syndrome, or disorders of the lacrimal system (dacryocystitis). Intraocular
sporotrichosis can be presented as endophthalmitis, granulomatous uveitis, scleritis, re-
tinitis, choroiditis, or iridocyclitis [15,29-32]. Nasal involvement is another manifestation
of mucosal zoonotic sporotrichosis, which varies from mild to severe, progressing to a
perforation of the septum [21].

Sporotrichosis in bones or causing septic articular involvement occurs mostly as a con-
sequence of the extension of a cutaneous lesion, through the classical traumatic route, or due
to Sporothrix sp. hematogenous dissemination [33]. Similarly, pulmonary and meningeal
infection can follow Sporothrix conidia inhalation, after fungal dissemination [18,19,34-36].
Severe atypical presentations of sporotrichosis are often associated with comorbidities,
such as AIDS, alcoholism, chronic obstructive pulmonary disease, or diabetes [13,18,37].

Considering the increase in the reports of these atypical manifestations in patients
with zoonotic sporotrichosis, which can lead to a higher rate of hospitalization and a
worse prognosis [3,9,23,38], we compiled data from all cases reported and/or series of
cases published in the literature in a unique and combined approach, to better understand
their impact. Therefore, here we perform a systematic review of the literature on zoonotic
sporotrichosis involving HR and extracutaneous presentations.

2. Materials and Methods

A systematic review was performed, following the PRISMA guidelines [39], using
the databases Pubmed, SciELO, Web of Science, and LILACS, which were last consulted
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in February 2024. Aiming to expand the search, references of the selected articles were
reviewed to find additional articles. Descriptors were (extracutaneous and sporotrichosis)
OR (epidemiological and Sporothrix and brasiliensis) OR (disseminated and Sporothrix and
brasiliensis) OR (pulmonary and Sporothrix and brasiliensis) OR (ocular and Sporothrix and
brasiliensis) OR (nasal and Sporothrix and brasiliensis) OR (hypersensitivity and Sporothrix
and brasiliensis) OR (osteoarthritis and Sporothrix and brasiliensis) OR (osteomyelitis and
Sporothrix and brasiliensis) OR (meningeal and Sporothrix and brasiliensis). No automation
tools were used to search articles, and two researchers performed the search independently,
reducing the bias.

We included cases of extracutaneous sporotrichosis (mucosal, osteoarthritis, pul-
monary, meningeal) and HRs. Both cases of proven (with Sporothrix spp. isolation in culture
from the primary site of infection) and probable (patients with clinical-epidemiological
characteristics of zoonotic sporotrichosis) sporotrichosis were included [40]. Each case
was categorized as (i) mucosal: patients with ocular (adnexal and/or intraocular), nasal
and/or oral involvement; (ii) osteoarthritis: patients with osteomyelitis and/or septic
arthritis; (iii) a HR: patients showing Sweet’s syndrome, erythema nodosum, erythema
multiforme, or aseptic arthritis in consequence of Sporothrix spp. infection; (iv) pulmonary:
patients with lung involvement; (v) or meningeal: patients with central nervous system
involvement. Cases of sporotrichosis were also classified as unifocal (involving a single site
or two contiguous sites of infection/type of atypical presentation) or multifocal (two or
more non-contiguous sites).

Articles were initially selected by title, then by abstract, without language restriction.
Eligible articles were read in full and included when they met the inclusion criteria. Criteria
for inclusion were articles (i) from 1990 (beginning of zoonotic outbreaks) to December
2023 and (ii) describing atypical sporotrichosis manifestations (mucosal, osteoarthritis, HR,
pulmonary, or meningeal). Review articles and case series with no data regarding the site
of infection were excluded.

Cases were grouped and analyzed in each category (HRs, mucosal, osteoarthritis,
pulmonary, meningeal) regarding sex, age, dispersion in time and location, primary site
of infection and sites of dissemination, presence of comorbidities, and outcome. Data
compilation and analyses were performed with the Excel software (2013 version, Microsoft
Corporation®, Redmond, WA, USA). Geographical analyses were performed using Google
Maps (https:/ /maps.google.com/, accessed on 28 February 2024) (Google®, Mountain
View, CA, USA) superimposed on a world map, generating a Geographic Information
System (GIS). QGIS software version 3.30.0 (Open Source Geospatial Foundation—OSGeo,
Anchorage, AK, USA) was used to analyze the geographical distribution of cases.

3. Results
3.1. Article Searching

A total of 442 articles were selected for analysis (404 from databases and 38 from
references of articles), and 206 were excluded due to duplicate records, with no other reason
for excluding articles. After reviewing titles and abstracts, no additional records were
retrieved, and 89 articles were selected for full-text reading. Of these, 64 articles were
included in our systematic review (Figure 1).

The first case of atypical zoonotic sporotrichosis was published in 2002. Nearly half of
the articles (55%; 35/64) were published in the last five years (2019-2023), which correspond
to an increase of 700% in comparison with the number of publications from the first 5 years
of our review (Figure 2) [13-15,17-22,24-29,31,32,34-37,41-83].
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Figure 1. Flowchart describing the total of scientific articles obtained by the database searches for
atypical cases of sporotrichosis by Sporothrix brasiliensis that occurred in Brazil and included in

this study.
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Figure 2. Temporal distribution of articles describing atypical zoonotic sporotrichosis caused by
Sporothrix brasiliensis between the years of 2002 and 2023, highlighting an increase of 700% in the
number of publications comparing two periods of five years (beginning and most recent period).
3.2. Extracutaneous and HR Cases

A total of 791 cases of patients showing atypical zoonotic sporotrichosis were described
in the 64 articles included in this review, all of them in patients from Brazil. Geographic
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~#+..South America

distribution showed the occurrence throughout eleven Brazilian states, with 88% (n = 695)
of cases occurring in Rio de Janeiro. Other states with the description of patients with
atypical zoonotic sporotrichosis were Minas Gerais (5%; n = 36), Parand (3%; n = 23),
Pernambuco (1%; n = 11), Sao Paulo (1%; n = 8), Rio Grande do Sul (<1%; n = 7), Paraiba
(<1%; n =7), Espirito Santo, Bahia, Distrito Federal, and Rio Grande do Norte (<1%; n = 4;
one case from each of the last four states described) (Figure 3).
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Figure 3. South America map highlighting (green color) the only country (Brazil) where atypical
zoonotic sporotrichosis has been reported and a Brazilian map showing the distribution of cases
reported through states. DF: Distrito Federal; MG: Minas Gerais; RS: Rio Grande do Sul; PR: Parana;
SP: Sao Paulo; RJ: Rio de Janeiro; ES: Espirito Santo; BA: Bahia; PE: Pernambuco; PB: Paraiba; RN: Rio
Grande do Norte. Mu: mucosal; Ost: osteoarthritis; HR: hypersensitivity reaction; Pul: pulmonary;
Men: meningeal; Mult: multifocal.

Most patients, 66% (453/689), were female, and the mean age was 38 years old (ranging
from 2 to 80, standard deviation: 18; n = 682). More than 90% of cases involved close contact
with cats, and in 98% a proven diagnosis of sporotrichosis was achieved by the isolation of
the fungus in mycological culture.

Into the group of patients with unifocal atypical zoonotic sporotrichosis (n = 731), a
HR was the main presentation occurring in 51% of the patients (n = 370), with mucosal
involvement being the second mainly atypical condition, occurring in 35% (n = 256) of the
patients. Patients with more severe patterns of atypical zoonotic sporotrichosis totalized 105,
including 8% (n = 59) with osteoarthritis, 4% (n = 32) with meningeal involvement, and 2%
(n = 14) with pulmonary involvement. The other 60 patients had multifocal disease, often
(53 patients) involving two sites/types of presentation: osteoarthritis + mucosal (n = 32); os-
teoarthritis + pulmonary (n = 14); osteoarthritis + meningeal (n = 3); mucosal + meningeal
(n = 2); and meningeal + pulmonary (n = 2). There were six patients with three sites: os-
teoarthritis + meningeal + pulmonary (n = 3); osteoarthritis + meningeal + mucosal (n = 2);
and osteoarthritis + mucosal + pulmonary (n = 1). One patient showed osteoarthritis +
mucosal + meningeal + pulmonary involvement (Tables 1 and 2).
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Table 1. Extracutaneous zoonotic sporotrichosis data.

Extracutaneous

Clinical Manifes-

Immunosuppression/

Primary Site of

Type tatmnIS}te of Number Comorbidities (%) Infection (%) Outcome (%) Refs.
Infection
Hypersensitivity 370 Kfj 1181//53 ((2;50//0)) Not applicable Cur(el 333/)318
Erythema 184
nodosum [14,17,24-28,42,
Erythema 143 47,54,69,76,81]
multiforme
Sweet syndrome 35
Arthritis 8
Yes 29/65 (45%) Yes 229/250 (92%) Cure 193/193
Mucosal 6 No 36/65 (55%) No 21/250 (8%) uﬁoo%g‘ [15,2021,29,31,32,
Ocular 221 # Sequelae 23/193 41,42,47,48,52,53,
Nasal 28 (12%) 57,60,61,63—
Oral 2 65,67,70,71,73—
Ocular and nasal 1 75,78,79,81,82]
Oral and nasal 4
Hand
59
Upper and lower %
limb 9 Cure 22/26 (85%);
Osteoarthritis Foot and/or 6 Yes 26/28 (93%) Yes 22/49 (45%) # Sequelae 3/22 [22,37,46,50,56,76,
ankle 3 No 2/28 (7%) No 27/49 (55%) (14%) 79-81,83]
Knee Death 4/26 (15%)
1
Elbow 1
Clavicle
Cure 9/30 (30%)
. Yes 29/32 (91%) Yes 3/32 (9%) ### Sequelae 1/9 [19,34-36,43—
Meningeal 32 No 3/32 (9%) No 29/32 (91%) (11%); Death 45,47,55,62]
21/30 (70%)
Cavitary nodules 1f
Bronchiectasis 2 Yes 7/9 (78%) Yes 10/14 (71%)  Cure 3/5(60%)  [18,37,49,51,59,66,
Pulmonary Infiltrate o o o
. 1 No 2/9 (22%) No 4/14 (29%) Death 2/5 (40%) 68,72,77,81]
Pleural effusion 1
Fibrosis
1
Multifocal 60 Ye;]:%//i% ((%)(3/0)/0) Not applicable Cure 19/35 (54%)
* Two sit 5 ° #### Sequelae [18,19,21,22,37,47,
N wo sites 2/19 (11%); Death 58,71,79]
Three sites 6 16/35 (46%)
*** Four sites 1

# Mucosal sequelae: ocular (chronic dacryocystitis, corneal changes, cutaneous fistula, lagophthalmos, ectropion,
entropion, pannus 180°, symblepharon, conjunctival fibrosis, paracentral leucoma, or eyelid retraction) or nasal
S’g}lperrhynolalia and retraction of the right ala nasi); ## sequelae osteoarthritis: amputation, total or partial;

meningeal sequelae: neurological sequelae (ataxia and extrinsic ocular motor paresis related to basal meningi-
tis); " multifocal sequelae: amputation. * Two sites: osteoarthritis + mucosal (n = 30); osteoarthritis + pulmonary
(n = 13); hypersensitivity + meningeal (n = 6); osteoarthritis + meningeal (n = 3); meningeal + pulmonary (n = 2);
mucosal + meningeal (n = 2); hypersensitivity + mucosal (n = 1). ** Three sites: osteoarthritis + meningeal +
pulmonary (n = 3); osteoarthritis + meningeal + mucosal (n = 2); osteoarthritis + mucosal + pulmonary (n = 1).
*** Four sites: osteoarthritis + mucosal + meningeal + pulmonary. REF: reference.

Comorbidities were described in 53% (110/209) of the total of patients for whom these
data were available. The predominant condition was HIV infection (n = 74), followed by
systemic arterial hypertension (n = 20), alcohol abuse (n = 19), and diabetes (n = 12). Other
comorbidities described were tuberculosis (n = 7), renal transplantation or chronic renal
failure (n = 4), chronic obstructive pulmonary disease (n = 3), asthma (n = 2), bacteremia
(n = 2), tobacco abuse (n = 2), corticosteroid use (n = 2), hepatitis C infection (n = 2),
malnutrition (n = 2), cytomegalovirus infection (n = 2), and epilepsy (n = 2). Additional con-
ditions included (n = 1 each) drug abuse, chronic anemia, bronchiectasis, post-COVID-19
with asthma, deep vein thrombosis, pneumocystosis, neurotoxoplasmosis, nocardiosis,
sarcoidosis, dyslipidemia, Takayasu arthritis, lepra, fibromyalgia, hypothyroidism, hepatic
steatosis, benign prostatic hyperplasia, and/or pulmonary arterial hypertension. Most
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(62%; 18/29) patients with a HR had no underlying condition, while in the mucosal form
of sporotrichosis 45% (29/65) of the patients had comorbidities. In the more severe forms
of sporotrichosis (osteoarthritis, meningeal, pulmonary, and multifocal), 94% (108/115) of
patients had comorbidities.

Table 2. Outcome of multifocal cases of extracutaneous zoonotic sporotrichosis.

Number of Sites Types N Outcome (%) Refs.
i Cure (68%; 13/19)
Osteoarthritis + mucosal 32 Death (32%; 6,/19)
. Cure (67%; 6/9)
Two Osteoarthritis + pulmonary 14 Death (33%; 3/9)
Osteoarthritis + meningeal 3 Death (100%; 2/2)
Meningeal + pulmonary 2 Death (100%; 1/1) [13%1595’32711’27257'
Mucosal + meningeal 2 - Y
Osteoarthritis + meningeal + pulmonary 3 Death (100%; 2/2)
Three Osteoarthritis + meningeal + mucosal 2 Death (100%; 1/1)
Osteoarthritis + mucosal + pulmonary 1 Death (100%; 1/1)
Four Osteoarthritis + mucosal + meningeal + pulmonary 1 -

N: number; Refs.: reference.

3.2.1. HR Cases

Erythema nodosum or multiforme represented 88% of the HRs (327/370), followed
by Sweet’s syndrome in 10% (35/370) and arthritis in 2% (8/370) (Table 1). The patients
being cured was the outcome in all zoonotic sporotrichosis cases that developed HRs
(n=318) [14,17,24-28,42,47,54,69,76,81].

3.2.2. Mucosal Cases

Mucosal cases were predominantly ocular (86%; 221/256), followed by nasal (11%;
28/256) and oral (<1%; 2/256). Four patients (2%) had oral and nasal sporotrichosis as-
sociated, and one patient (<1%) showed ocular and nasal lesions. Data of the pattern
of ocular disease were available from 199/221 patients, 158 (83%) with only one pattern
(conjunctivitis, n = 123; eyelids, n = 27; dacryocystitis, n = 7; retinal granuloma, n = 1),
39 presenting two associated patterns (conjunctivitis + Parinaud syndrome, n = 23; conjunc-
tivitis + dacryocystitis, n = 5; conjunctivitis + eyelids, n = 3; Parinaud syndrome + eyelids,
n = 3; Parinaud syndrome + dacryocystitis, n = 3; or dacryocystitis + eyelids, n = 2), and
two patients showing three associated patterns (conjunctivitis + eyelids + dacryocystitis,
n = 2). One patient presented ocular involvement (Parinaud syndrome + dacryocystitis)
together with a HR.

Mucosal involvement occurred as a primary disease in the majority of the patients
(92%, n = 230/251), while the remaining (8%, n = 21) developed mucosal sporotrichosis
due to a hematogenous dissemination of Sporothrix spp. Even though all such patients
were cured, 12% (23/193) had sequelae of the mycosis, such as chronic dacryocystitis,
corneal changes, cutaneous fistula, lagophthalmos, ectropion, entropion, pannus 180°,
symblepharon, conjunctival fibrosis, paracentral leucoma or eyelid retraction (ocular), and
hyperrhynolalia and retraction of the right ala nasi (nasal) (Table 1) [15,20,21,29,31,32,41,42,
47,48,52,53,57,60,61,63-65,67,70,71,73-75,78,79,81,82].

3.2.3. Osteoarthritis Cases

Osteoarthritis as an extracutaneous manifestation of zoonotic sporotrichosis was re-
ported in 59 patients, 42 as osteomyelitis and 17 as septic arthritis. Information on the site of
osteoarthritis was available for 46 patients. This most frequently involved the hands (56%;
n = 26), followed by upper and/or lower limbs (20%; n = 9), feet and/or ankles (13%; n = 6),
knees (7%; n = 3), elbows (2%; n = 1), and clavicles (2%; n = 1). Fifty-five percent (27/49) oc-
curred after fungal hematogenous dissemination, with the bone involvement a consequence
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(contiguity infection) of a cutaneous lesion in the other 22 patients (45%); in 10 patients
these data were unavailable. The outcomes were described in case reports of 26 patients,
with 85% (22/26) being cured and 15% (4/26) dying. From the 22 cured patients, sequelae
(total or partial amputation) occurred in 14% (3/22) (Table 1) [22,37,46,50,56,76,79-81,83].

3.2.4. Pulmonary Cases

Pulmonary zoonotic sporotrichosis occurred as a primary disease in 71% of patients
(10/14), and in 29% (4/14) it occurred because of a hematogenous fungal dissemina-
tion. The infection resulted in cavitary nodules (n = 4), bronchiectasis (n = 2), lung in-
filtrate (n = 1), pleural effusion (n = 1), and/or fibrosis (n = 1) (data available for eight
patients only). In 93% (13/14) of cases, Sporothrix spp. was isolated from respiratory
samples in mycological cultures (Table 1). In total, 60% of these patients were cured (3/5),
including two patients with disseminated disease and one patient with primary lung
involvement [18,37,49,51,59,66,68,72,77,81].

3.2.5. Meningeal Cases

Meningeal involvement was reported in 32 cases, the majority (91%, 29/32) occur-
ring in immunosuppressed patients, with sporotrichosis disseminating to the central ner-
vous system. Underlying conditions for these patients included HIV infection (n = 25),
drug/alcohol abuse (n = 3), liver transplantation (n = 1), leprosy (n = 1), or chronic steroid
use (n = 1), with an overlap of diseases in two cases (drug/alcohol abuse and liver trans-
plantation; leprosy and chronic steroid use). The three (9%) other patients with neurological
sporotrichosis as a primary disease were immunocompetent, and the diagnosis was con-
firmed by the isolation of Sporothrix spp. from the cerebrospinal fluid. Death was the pre-
dominant outcome (70%, 21/30), with one immunocompetent individual, and 30% (9/30)
of patients were cured, including two immunocompetent patients, with sequelae (ataxia
and extrinsic ocular motor paresis) reported in one (11%; 1/9) [19,34-36,43-45,47,55,62].

3.2.6. Multifocal Cases

Among 60 patients with multifocal atypical sporotrichosis, 88% (53/60) presented
two sites of involvement, while others had three (10%; 6/60) or four (2%; 1/60) non-
contiguous sites of infection (Table 1). The predominant outcome of multifocal cases was
the patient being cured (54%; 19/35); sequelae occurred at a rate of 11% (2/19), associated
with bone involvement; and death occurred in 46% (16/35) of patients. It was reported
that 68% and 67% of patients with osteoarthritis plus mucosal or pulmonary involve-
ment were cured, respectively. However, all patients with the following presentations
died: osteoarthritis + meningeal; meningeal + pulmonary; osteoarthritis + meningeal +
pulmonary; osteoarthritis + meningeal + mucosal; and osteoarthritis + mucosal + pul-
monary [18,19,21,22,37,47,58,71,79] (Table 2).

4. Discussion

In this systematic review, we summarized ~800 atypical zoonotic sporotrichosis cases
described in the literature, with an exponential increase in the number of papers reporting
these atypical cases of zoonotic sporotrichosis in the last five years of study, which coincides
with the significant expansion of the disease throughout the Brazilian territory [84].

All the atypical cases of zoonotic sporotrichosis occurred in Brazil, which is considered
the epicenter of the disease in the world [9], and the majority occurred in the state of
Rio de Janeiro, where this mycosis has a hyperendemic status, in a scenario that began
as an outbreak at the end of the 1990s [3,42]. Besides Rio de Janeiro, atypical zoonotic
sporotrichosis cases were also reported in patients from ten additional Brazilian states. Two
of these states (Rio Grande do Sul and Sao Paulo) are nowadays hyperendemic areas for
sporotrichosis, starting with outbreak reports since the 2000s [76,85-87], and in eight other
states (Parana, Distrito Federal, Minas Gerais, Pernambuco, Bahia, Rio Grande do Norte,
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Paraiba, and Espirito Santo) outbreaks of S. brasiliensis infection have been reported in the
last five /ten years [79,88-93].

Thus, we can speculate that, in general, atypical cases of zoonotic sporotrichosis are
not directly related to areas with a high endemicity already established for long periods.
Instead, atypical cases can occur from the beginning of S. brasiliensis reports, which can
be attributed to fungi strain characteristics, considering that they exhibit distinct viru-
lence profiles and genotypes [94,95]. In fact, it has been demonstrated that at least seven
genotypes of S. brasiliensis are currently circulating in the Brazilian territory [95,96] and
that these different genotypes can vary in terms of virulence profiles and susceptibility
to antifungal drugs. Considering the incidence of different clinical patterns in distinct
Brazilian states, which can be associated with the genotypes and the evolution of fungi
from different environmental conditions, in addition to the well-known importance of cats
on the sporotrichosis epidemiological chain, a One Health approach is necessary together
with the investigation of clinical patterns in humans and distinct genotypes of S. brasiliensis
to clarify these points.

A potential limitation of our systematic review was the bias caused by descriptor
delimitation and by the non-registration of the systematic review before the beginning of
the methods. In addition, the impossibility of recovering other nonscientific material using
databases, like epidemiological bulletins or informal notices, which could report more cases
from the same or other areas, is highlighted as an additional limitation.

HRs, with a predominance of erythema (nodosum or multiforme), described in pa-
tients from four Brazilian states (Rio de Janeiro, Sao Paulo, Rio Grande do Sul, and Per-
nambuco), have been associated with continuous exposure to the S. brasiliensis antigen,
resulting in immune sensitization by the patients. The exposure to high levels of S. brasilien-
sis antigens commonly occurs in hyperendemic areas of zoonotic sporotrichosis. Close
and prolonged contact of patients with lesions that are rich in fungal propagules from
infected cats contribute to the overexpression of an immunological reaction during the
disease development, which probably explains the high number of HRs in patients with
zoonotic sporotrichosis in Brazil [12,23]. However, the exact immunological mechanism
that promotes this inflammatory exacerbation still needs to be unveiled, contributing to
research in the immune field of sporotrichosis [97]. In particular, the role of the host defense
in determining disease predisposition is currently unknown, along with the protagonism
of variables such as genetic predisposition, inoculum size, genotype, and S. brasiliensis
virulence factors. Although HRs have a good prognosis and are not potentially severe, they
need to be promptly and correctly diagnosed for the adequate management and treatment
of the cases.

Mucosal sporotrichosis, a prevalent condition that usually affects immunocompetent
patients, occurs mainly as conjunctivitis, dacryocystitis, and Parinaud syndrome. These
unspecific manifestations argue for the necessity of ophthalmologists” awareness to include
the infection by S. brasiliensis in the roll of the diagnostic hypotheses in patients from
endemic areas. The clinical features are also distinct from ocular sporotrichosis caused
by S. schenckii and S. globosa, which often manifest as eyelid lesions after an accidental
traumatic fungal inoculation [98,99]. An explanation for this difference can be attributed
to the source of infection, since in zoonotic sporotrichosis the mucosal surface is directly
infected through contact with fungal propagules carried by sneezes of infected cats, which
can carry a high quantity of fungal cells of S. brasiliensis [20,30,66,100].

As demonstrated in this systematic review, osteoarthritis caused by S. brasiliensis
was an important atypical manifestation of zoonotic sporotrichosis, resulting in relevant
impacts on the quality of life and prognosis of the patients [22,37,50,56,76,79,81,83]. Its
consequences, like partial or total amputation, are unfortunately also common in patients
with other neglected fungal diseases, such as mycetoma and chromoblastomycosis, and
these are often associated with a late diagnosis [101]. Bone sporotrichosis was rarely
reported until the emergence of the species S. brasiliensis and is frequently associated with
various degrees of immunosuppression. Considering that 59 cases of osteoarthritis were
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published in Brazil over 24 years (1998 to 2021), while a previous review of the literature
(1980-2015) found 20 cases over 36 years [33], we can hypothesize that S. brasiliensis is
associated with more severe manifestations of sporotrichosis, in comparison to other
species of Sporothrix [14,33]. This hypothesis is supported by in vivo studies. Arrillaga-
Moncrieff et al. [102] showed a more expressive virulence of S. brasiliensis in a murine
model in comparison with S. globosa and S. schenckii, stimulating a more severe form of
sporotrichosis with the highest rate of dissemination and more severely cutaneous lesions.
In addition, an in vivo study with different isolates recovered from one unique human
patient in different periods showed that S. brasiliensis can increase its virulence during
pathogenesis [103].

In the same line, systemic sporotrichosis with the involvement of internal organs (brain
and lungs) has severe patterns of sporotrichosis and results in a poor prognosis, warning of
a worrisome situation in Brazil [34,36,66]. Pulmonary sporotrichosis is, fortunately, still
considered a rare condition, but it is associated with unspecific symptoms that overlap
with other lung infections (including tuberculosis and histoplasmosis) [104]. This factor
contributes to delays in its diagnosis, potentially leading to severe lung parenchyma
destruction, which is associated with high rates of death, bringing the necessity to add
sporotrichosis to the differential diagnosis of pulmonary fungal infections, particularly in
hyperendemic areas in Brazil [72].

Meningitis caused by S. brasiliensis also showed unspecific symptoms (i.e., headache,
mental confusion, weight loss, lethargy, and vomiting), similar to other meningeal infec-
tions, including tuberculosis, syphilis, and cryptococcosis [105]. Meningitis usually follows
hematogenous dissemination, mostly in immunosuppressed patients. However, it may also
occur in immunocompetent patients as a primary disease with brain involvement, which
brings the necessity of in vivo studies to evaluate if some S. brasiliensis strains could have
a primary neurological tropism, which has already been described in other fungi such as
Cryptococcus neoformans [106,107] and evidenced in in vivo experimental studies [108,109].

The high rate of deaths and sequelae evidenced after the compilation and analyses
of ~800 cases in our study can be attributed to poor host conditions, such as immuno-
suppression and other co-infections and comorbidities, and may have been aggravated
by the unfamiliarity of health professionals with the unusual clinical presentations of
sporotrichosis, with delayed diagnosis and treatment. Thus, it is urgently necessary to
invest in educational programs for health professionals and the general population re-
garding zoonotic sporotrichosis, to increase the knowledge about individual control and
preventive measures and to reduce underdiagnosis of patients. In addition, it is necessary
to make efforts to continue educational activities to highlight the necessity of including
sporotrichosis as a differential diagnosis of these atypical clinical manifestations in hyper-
endemic areas [110-112]. In addition, in the Brazilian territory, sporotrichosis is a disease
of non-compulsory notification, which certainly makes cases underestimated; thus, our
compiled cases are only a part of the real cases. It is necessary to implement public politics
at a national level to know the real scenario of sporotrichosis in Brazil.

Another gap to work with is the development of novel diagnostic tests for sporotri-
chosis, since cultures (current gold standard) require 7-21 days for a conclusive positive
result [12,113]. Even though such a delay in non-severe cases may not be a problem, in
systemic cases this can directly influence the prognosis, sequelae, and outcome of patients.
Therefore, the development of rapid tests is urged to diagnose extracutaneous and atypical
cases of zoonotic sporotrichosis, being a promising field for research and innovation.

5. Conclusions

In conclusion, here we have compiled and summarized data on atypical zoonotic
sporotrichosis, showing that severe and unusual manifestations of this mycosis are not
uncommon and are geographically dispersed in the Brazilian territory, supporting previous
in vivo and clinical studies that hypothesize that S. brasiliensis is a species that is more
virulent than sapronotic Sporothrix species. Therefore, educational measures are needed to
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make health professionals and the general population aware of different zoonotic sporotri-
chosis manifestations that can occur in endemic areas of Brazil. In addition, research should
evolve to improve diagnosis, aiming for a quicker diagnostic method in severe cases, and
the role of new antifungal agents should also be evaluated. A better understanding of the
relevance of S. brasiliensis genotypes in relation to these diverse clinical presentations is
ultimately needed.
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L S

Abstract: Cryptococcus species are a major cause of life-threatening infections in immunocompromised
and immunocompetent hosts. While most disease is caused by Cryptococcus neoformans, Cryptococcus
gattii, a genotypically and phenotypically distinct species, is responsible for 11-33% of global cases of
cryptococcosis. Despite best treatment, C. gattii infections are associated with early mortality rates of
10-25%. The World Health Organization’s recently released Fungal Priority Pathogen List classified
C. gattii as a medium-priority pathogen due to the lack of effective therapies and robust clinical
and epidemiological data. This narrative review summarizes the latest research on the taxonomy,
epidemiology, pathogenesis, laboratory testing, and management of C. gattii infections.

Keywords: Cryptococcus gattii; cryptococcosis; fungal infection; medical mycology; diagnostic tools;
epidemiology; antifungal; antimicrobial resistance

1. Introduction

Cryptococcus can cause life threatening infections in both immunocompromised and
immunocompetent hosts. Although most disease is caused by Cryptococcus neoformans, C.
gattii—a genotypically and phenotypically distinct species—causes 11-33% of invasive
cryptococcosis globally [1-3]. Even with best available therapy, C. gattii is associated with
28 day case fatality rates in range 10-25% [4-7]. The World Health Organisation’s recently
released Fungal Priority Pathogen List categorised C. gattii as a medium priority pathogen
in light of the poor availability of safe and effective therapies and a lack of robust clinical
and epidemiological data [8].

We conducted a narrative review of the literature, summarising what is new in epi-
demiology, pathogenesis, diagnosis, and management of Cryptococcus gattii infections—
contrasting this, where relevant, with what is known about the more common pathogen,
Cryptococcus neoformans. Data, as far as possible, are from the last 10 years. Only English-
language publications were included.

2. Latest on Taxonomy and Molecular Epidemiology of Cryptococcus

Cryptococcus neoformans and Cryptococcus gattii are haploid encapsulated yeast-like
fungi of the class Trellomycetes [9]. First described in 1895, there have been numerous
revisions in nomenclature since [9]. Cryptococcus neoformans includes two varieties, Crypto-
coccus neoformans var. grubii and Cryptococcus neoformans var. neoformans, though further
sub-divisions have been proposed; Cryptococcus gattii is a separate species [9-11]. The term
species complex is used for both in recognition of the substantial genetic variation within
the Cryptococcus neoformans and Cryptococcus gattii complexes [12].
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Historically, Cryptococcus spp. were distinguished by serotype with serotypes A, B
and C recognized two decades before serotype D [9]. Serotyping initially used rabbit
sera to react with capsular polysaccharides before moving on to PCR targeting the laccase
gene (LAC1I) and capsule gene (CAP64) [13-15]. Serotypes A and D are both Cryptococcus
neoformans: A is C. neoformans var grubii and D is var neoformans. Serotypes B and C are
Cryptococcus gattii. Hybrids also exist. A minority of Cryptococcus spp. (ranging from
2-21%), are acapsular or pauci-capsular, and so untypeable [16-18].

The advent of molecular taxonomy has revolutionized fungal nomenclature. Various
techniques have been used including PCR-fingerprinting, Restriction Fragment Length
Polymorphism (RFLP), Amplified Fragment Length Polymorphism (AFLP) and Multi-
Locus Sequence Typing (MLST) to identify distinct lineages within the two species com-
plexes: C. gattii (VGI-VGIV) and C. neoformans (VNI, VNII, VNB) (now separated into
VNBI and II-all serotype A), VNIII (hybrid of serotypes A and D), VNIV-serotype D) [19]
(see Table 1).

Adding a further genotype based on a single clinical isolate from Mexico, Hagen
et al. in 2015 proposed that C. neoformans and C. gattii be divided into 7 sibling species
based on the phylogenetic (evolutionary) species concept. Namely, for neoformans: Cryp-
tococcus neoformans (genotype VNI), Cryptococcus deneoformans (genotype VNIV), plus
C. neoformans x C. deoneoformans hybrid (genotype VNIII). For gattii: Cryptococcus gattii
(genotype VGI), Cryptococcus deuterogattii (VGII), Cryptococcus bacillispora (VGIII), Cryptococ-
cus tetragattii (VGIV), and Cryptococcus decagattii [20]. Subsequently, a genetically distinct
lineage of C. gattii discovered in Zambian woodland environments in association with
nitrogen-rich middens of a small mammal known as Hyrax, has been designated VGV, and
C. decagattii as VGVI [21,22].

Debate continues within the scientific community as to whether C. neoformans and C.
gattii should be considered species complexes, supported by clinical, epidemiological and
ecological data, or divided into separate clades (species) with corresponding changes in
nomenclature, based on genotyping alone, without clearcut biological differences [12,20,23].
It was argued by Kwon-Chung and colleagues in 2017 [12] and later by Farrer et al. [21] that
species designations as proposed are not yet stable. The recent characterization of multiple
environmental isolates of a new C. gattii lineage in Zambian woodlands introduced above
suggests that further lineages will be discovered [21].

MLST-based DNA Barcoding, which uses short diverse genetic sequences that are
stable and unique to a given species, is currently the gold standard for cryptococcal typ-
ing [21,24,25]. A multitude of genetic loci were initially proposed for MLST, complicating
its utility and comparability [9,22]. A single schema is now supported by the International
Society for Human and Animal Mycology (ISHAM) and includes seven loci (URA5, CAP59,
GPD1, LAC1, SOD1, PLB1, and IGS). A database of quality-controlled reference sequences
is available at https://mlst.mycologylab.org/ (accessed on 30 June 2022). and in the CBS-
KNAW database (Westerdijk Fungal Bioversity Institute, https://www.knaw.nl (accessed
on 30 June 2022)). As of 30 June 2022, this data base contained 566 entries for C. gattii and
662 for C. neoformans.

Accurate species identification from fungal colonies can also be achieved reliably and
rapidly by matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS) [25] with minimal sample preparation or it can be combined with nucleic
acid-based testing. Using MALDI-TOF MS methods, C. neoformans and C. gattii can be
distinguished readily [24,26,27]. However, because of lack of standardization of sample
preparative procedures and limitations of commercial databases, the use of MALDI-TOF MS
for detailed fungal identification is generally limited to reference or research laboratories.

MLST has revealed geographical associations with clonal populations with increased
heterogeneity possibly related to the origins of the species; for example, C. gattii, may have
spread from Australia and Northern Brazil to North America and Canada [28,29] whereas
for C. neoformans, ST5 is the predominant serotype in China and Taiwan, ST93 in Brazil,
ST41 in Japan and the US, with greater diversity in African countries [16,28-32].
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Table 1. Classification of Cryptococcus neoformans and Cryptococcus gattii species complexes based on
serotype, molecular sub-type, and genomic sequence.

Species Complex Proposed Species Variet Serotype PCR Reference Strain—Accession ID
P P Name y yP Fingerprinting of Reference Assembly
Cryptococcus
neoformans species C. neoformans var. grubii A VNI H99-ASM301198v1
complex
VNB Bt88-BROAD_CneoA_Bt88_1
VNI PMHc1023.ENR
BROAD_CneoA_PMHc1023.Enr_1
C. deneoformans var. neoformans D VNIV JEC21-ASM9104v1
C. neoformans x C. .
deneoformans hybrid AD hybrid AD VNI
Cryptocccus gattii iy WM276-ASM18594v1
species complex < gattit B/C Vel Ru294-Cryp_gatt_Ru294_V1
C. deuterogattii B/C VGII, VGlla, b, ¢, d R265-R265.1
C. bacillisporus B/C VGIII CA1280-Cryp_gatt_CA1280_V1
B CA1873-Cryp_gatt_CA1873_V1
C. tetragattii B/C VGIV IND107-Cryp_gatt_IND107_V2
B MF34-Cryp_gatt_MF34
- B/C VGV
C. decagattii B/C VGVI

Adapted from Hong 2021 Frontiers in Cellular and Infection Microbiology [28].

Despite the value and comparatively low cost of MLST, the highest resolution is
achieved with whole genome (next-generation) sequencing (WGS or NGS). This allows
greater discrimination between strains and offers a method for species identification,
detection of drug resistance mutations and epidemiological information. WGS has broadly
confirmed the relationships between the different genotypes identified by MLST. The
first whole genome sequence for C. neoformans was published in 2005 [33]. There are
now 115 genomes incorporated in NCBI belonging to what was previously known as C.
neoformans (NCBI accessed 30 June 2022). This has enabled further elucidation of origins,
evolution, and genetic variation amongst the species complexes [13,34]. Associations
between genomic differences and virulence or habitat have been postulated [35,36]. Because
of the tendency of these yeasts towards aneuploidy and to become diploid, as well as more
minor structural rearrangements, accuracy requires a higher genome coverage than that
accepted for simpler organisms, and complete assessment may require long read sequencing
to supplement short read sequencing [28,37]. Nonetheless, WGS enabled the delineation
of VGV C. gattii isolates in Zambia, and sub-lineages VNBI and VNBII within VNB of
sub-Saharan African isolates associated with phenotypic differences, as well as the new
designation of VGVI (putative C. decagattii) [19-21].

In summary, debate persists regarding the delineation of species within both C. gattii
and C. neoformans species complexes. For clinical purposes, the use of species complexes
is the more useful terminology and will be used from this point. Meanwhile, important
research continues into the implications of different genetic groupings.

3. Ecology, Epidemiology and Clinical Features

C. gattii and C. neoformans are adapted to different ecological niches and exhibit
differences in epidemiology, clinical features, and virulence mechanisms [38,39].

3.1. Ecology

Several arboreal species have been identified as the predominant environmental
reservoir of C. gattii, often eucalypts but including a huge range from oaks to baobabs [40].
C. neoformans, on the other hand, is primarily associated with weathered pigeon guano.
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Despite potential sampling bias across the globe, evidence to date indicates that C.
gattii infections occur predominantly in Australia, British Columbia, Canada, the Pacific
Northwest of the USA, parts of South America and Africa. Molecular type VGI, has a global
distribution but is most prevalent in Africa, Australia, and Europe. Molecular type VGII
occurs globally but is mostly reported from Australia and the Americas. Molecular type
VGIII is concentrated in, but not limited to, the Americas. The relatively rare molecular
type VGIV has been reported in southern Africa and India, while the very rare molecular
type VGVI has been reported from Mexico [9,20,21,40,41].

There is some evidence that subgroups (subclades) within the VG lineages are also
geographically defined, for example VGlIa is found in Australia and the Pacific Northwest
of the US, whereas VGI b has been found in Zambia; VGII a and ¢ predominate in the
Vancouver area and the Pacific Northwest of the US whereas VGIIb has been reported in
far Northern Australia. These associations may reflect microevolution within these lineages
over time.

Interest has recently turned to environmental factors affecting the distribution and
virulence of fungal species, including C. gattii. Modelling performed by Cogliati et al.
determined that in Europe, C. gattii was concentrated along the Mediterranean coast, with
its distribution limited by low temperatures during the coldest season, and by heavy
precipitations in the driest season; C. neoformans var. grubii colonized the same areas but it
tolerated cold winter temperatures and summer precipitations better [42]. More extensive
modelling using Maxent analysis showed a gradual expansion of C gattii from 1980 to 2009
in the same region followed by doubling of the potential environmental niche in 2010-2019
and a predicted further extension inland from the coastal Mediterranean basin as a result
of climatic change and global warming [43].

In relation to evolution of C. gattii, the discovery of VGV coexisting with VGI and
VGII in Zambia in an entirely new ecological niche, namely, middens of the Southern tree
hyrax (Dendrohyrax arboreus) [21] is of great interest. Hyrax middens concentrate faecal
material and are extremely stable and long-lasting structures that can exist in the same
place for thousands of years [44]. They have a high nitrogen content which is known to aid
cryptococcal growth. Hence due to their extreme environmental stability, these middens
may provide stable, long-term, evolutionary niches that facilitate the evolution of genetic
diversity within Cryptococcus.

3.2. Epidemiology

Although it was traditionally believed that C. gattii infection occurred predominantly
in immunocompetent people, evidence increasingly points to potential immune and genetic
factors predisposing to infection. In Australia the incidence of cryptococcosis in aboriginal
populations is 10.4/million/year compared with 0.7/million/year in non-indigenous
populations, and the difference cannot be wholly explained by differences in places of
domicile or work [45]. In the outbreak centred on the Pacific Northwest of the USA,
some form of immune deficiency or underlying health problem has been identified in
approximately half of patients [46,47]. Subtle immune defects can play an important role.
For example, clear links have been established between high titres of autoantibodies to
granulocyte-macrophage colony-stimulating factor and both acquisition and severity of C.
gattii infection [48,49]. Over the last five years, a plethora of new immunological and genetic
factors predisposing to cryptococcosis have been described—more research is needed to
understand their role in C. gattii.

When dealing with C. gattii infections, clinicians must consider the possibility of an
underlying immune defect. Although many major causes of immunocompromise may
be obvious on history taking, such as transplant or haematological malignancy, others
require specific questioning about history of prior infections, family history of unusual
infections, early deaths and/or malignancies. Positive findings may indicate further testing
is desirable, such as blood smear/film, CD4/CD8/natural killer (NK) cell subsets by flow
cytometry, immunoglobulin levels, complement testing and others. Where inborn errors
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of immunity are suspected, genetic testing will be required, and a clinical immunologist
should be involved in discussions.

3.3. Clinical Features and Diagnosis

Although C. gattii is less likely to present with CNS involvement (varying by genotype),
when it does, there is a higher incidence of CNS imaging abnormalities, mass lesions
and hydrocephalus requiring neurosurgical intervention. There appear to be significant
differences in cerebrospinal fluid (CSF) examination between the two species, with C. gattii
CNS infections demonstrating lower CSF glucose and protein, higher median white blood
cell counts and more frequent India ink positivity. Immune reconstitution inflammatory
syndrome (IRIS) is more frequent in C. gattii infections than C. neoformans. Despite all
this, CNS C. gattii infection has a lower mortality rate than C. neoformans. It must be
noted, however, that mortality in patients with cryptococcal infections is often related to
the predisposing disease rather than direct cryptococcal-induced mortality and this may
partially explain this observation [6,39]. See Table 2 for a summary.

Table 2. Comparison of morbidity, mortality, and antifungal susceptibilities between C. gattii and C.
neoformans [4-7,39,50].

Hospitalization and Mortality by . .
Pathogen Complications 12 Months Antifungal Geometric Mean MIC
Length of hospital .
c stay: 2210 days ~ PLWHIV: 20-61% Fluconazole: 0.5-9.7 ug/mL
neoformans Renal 1r2répo/a1rment: Voriconazole: 0.021-0.5 ug/mL
Elevated ICP: 18% . Y Posaconazole: 0.027-0.10 ug/mL
Blindness: 12% Non-HIV: 8-50% Amphotericin B: 0.098-0.69 ug/mL
Fluconazole: 1.46-8.6 ug/mL
. Length of ICU o . .
C. gattii stay: 1-29 days. 10-43% Voriconazole: 0.02-0.10 pg/mL
Neurological
sequelae: 17-27% at Posaconazole: 0.04-0.36 ug/mL
12 months
IRIS: 44% Amphotericin B: 0.2726-0.39 ug/mL

Abbreviations: ICP, Intracranial pressure; ICU, Intensive Care Unit; IRIS, immune reconstitution inflammatory
syndrome; MIC, mean inhibitory concentration; PLWHIV, person (s) living with Human Immunodeficiency Virus.

4. Advances in Understanding of Virulence and Pathogenesis

After inhaled Cryptococcus cells are phagocytosed by alveolar macrophages, they
alter the macrophage transcriptome, preventing significant acidification, calcium efflux and
protease activity, and thereby allowing intracellular pathogen proliferation [51].

Classically activated M1 macrophages that result from the usual Th1l cytokine im-
mune profiles are essential for clearing Cryptococcus, while alternatively activated M2
macrophages resulting from Th2 cytokine stimulation are associated with a higher burden
of disease [52,53]. C. gattii can modulate macrophage polarisation to M2, thereby evading
immune recognition and clearance [51-53]. There are observed species-dependent in vitro
differences in M1-polarised macrophage transcriptomic gene regulation and subsequent
bioprocess modulation. Both Cryptococcus species affect the Akt/mTOR pathway and
TNF-alpha gene expression, reducing protective M1 macrophage fungicidal activity. Subse-
quently, there is dysregulation of normal immunologic dendritic cell development, NK cell
activation and proliferation, other cellular cytokine profiles and nitric oxide production,
leading to the alternative Th2-activated M2 macrophage polarisation [51]. C. gattii impacts
signalling, cell differentiation and regulation of immune system processes, while C. neo-
formans modulates the cellular response to stimulus, response to DNA damage and cell
death [51].
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Deficiencies in alveolar macrophage functions, including phagocytosis and pattern
recognition receptors, result in an intracellular proliferation of Cryptococcus. Subsequent
abnormalities in cytokine and protein signalling pathways then initiate a suboptimal or
potentially pathogenic immune response, depending on where the deficiency lies [53].
Advances in defining these pathways have led to diagnoses of immunodeficiencies in other-
wise seemingly healthy hosts and stimulated significant interest in therapeutic approaches.

Endogenous interferon (IFN)-gamma production is associated with protection against
Cryptococcus disease, leading to increased phagocytosis and fungicidal activity of phago-
cytes. Although exogneous IFN-gamma is sometimes useful as a therapy for refractory
IRIS [54], as discussed in the treatment section, it has not been proven effective as a
treatment adjunct for cryptococcal meningitis. Anti-granulocyte-macrophage colony-
stimulating factor autoantibodies, introduced as a predisposing factor above, result in
defective surfactant clearance by pulmonary macrophages [55] offering a mechanistic ex-
planation for increased risk of infection, although as yet this has not been translated into a
therapuetic option.

C. gattii VGI and VGII genotypes cause most infections in immunocompetent hosts,
while VGIIT and VGIV are mainly isolated from immunocompromised hosts. Genotype
VGII is the most heat-resistant of the known strains, especially at 37 °C. Different subtypes
have different gene expressions identified in vitro, which correlate with their observed
virulence clinically. Notably, the outbreak strain VGIIa, in a whole genome sequencing
study, demonstrated genetic transformation and mitotic microevolution from 12 missense
mutations and one shift mutation. Hypervirulent strains of C. gattii, but not C. neoformans,
demonstrate enhanced mitochondrial tubularisation, which positively correlates with
intracellular proliferative capacity within macrophages, a possible species-specific virulence
mechanism [56].

Both species elicit a robust host immune response. However, murine studies note a
considerably different species-dependent host transcriptomic profile [52]. There is variation
in the molecular and chemical properties of extracellular enzymes secreted by C. gattii
compared with C. neoformans, perhaps reflecting their different environmental niches and
contributing to different clinical manifestations [57].

Another difference is related to the cryptococcal capsule. The cryptococcal capsular
polysaccharides, glucuronoxylomannan (GXM) and galactoxylomannan, simultaneously
evoke an immune response, enhancing pathogen virulence and allowing evasion of immune
recognition by coating antigens on C. gattii [58]. The GXM of C. gattii has an additional
xylose residue compared to C. neoformans [59].

Two structural factors associated with increased virulence, the larger size of the
dynamic capsule and increased melanin production protecting against reactive oxygen
species, are impacted by environmental conditions, with the former shown to be altered
by some common herbicides [60]. The different environmental niches of C. neoformans and
C. gattii, hypothetically, are subjected to different herbicidal and environmental pressures,
which may differentially alter capsule size and melanin production.

Capsule size correlates with virulence, although not case-fatalit [61]. Notably, C. gattii
seems to have a greater propensity to form titan cells [62]. Titan cells are abnormally
sized (>10 um) yeast cells that have an immunomodulatory role and potential roles in the
pathogenesis of cryptococcosis [63].

C. gattii melanise more slowly than C. neoformans [61]. Melanin modulates suscepti-
bility to amphotericin and fluconazole [61], and the speed of melanisation may correlate
with virulence and subsequent morbidity and mortality, making this another important
avenue of investigation into differences in disease phenotype between the species. It is
important to note that there is no evidence showing a relationship between susceptibility
and treatment outcome.

Some strains of C. gattii have a greater ability to form biofilms in vitro, which may
also contribute to differences in disease phenotype between the species [64]. Along with
higher levels of the enzymes phospholipase and haemolysin activity, the ability to form
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biofilms has been associated with human pathogenicity, and correlates with histopathologic
pulmonary tissue damage in animal models [64-66].

A recent in-depth review summarising C. gattii genotypes, phenotypes, virulence and
regulatory mechanisms is recommended for those interested in further reading on this
topic [57].

5. Novel Therapeutics for C. gattii

Six international consensus guidelines have been released in the past decade covering
cryptococcal infections [67-72]. None are targeted explicitly at C. gattii infection, and
recommendations are based on expert opinion as, to date, no prospective randomized
controlled treatment trials have been conducted for C. gattii infection. The rarity of C. gattii
infection presents a significant challenge to conducting such trials. For severe infection,
many clinicians favour a prolonged induction therapy with liposomal amphotericin B and
5-flucytosine (4-6 weeks) followed by consolidation therapy for 12-18 months, and this is
supported by an Australian case series [5]. There have been no significant new data to guide
best use of existing antifungal therapies in C. gattii infections in the last decade—more
research is needed to optimise this aspect of care.

A comprehensive review of the antifungal drug pipeline in 2021 [73] reported the
spectra of activity for fosmanogepix, ibrexafungerp, olorofim, opelconazole, and rezafungin
(all agents in late-stage clinical development). Fosmanogepix and opelconazole have potent
in vitro activity against C. gattii and C. neoformans. Olorofim has no activity against either.
Rezafungin, as consistent with data for the echinocandin class of antifungal, is not active
against C. neoformans and is unlikely to be effective for C. gattii (although data are awaited).
There were no data for ibrexafungerp. Not included in that review was oteseconazole, a
novel tetrazole, which shows activity against C. neoformans, though no data are available
for C. gattii [74,75]. A less developed agent, T-2307, also shows evidence of activity against
both species in vitro and in animal models [76,77]. Several other agents are undergoing
pre-clinical investigation for activity against C. neoformans but not C. gattii.

Given the relative dearth of agents in the antifungal pipeline and the ongoing high
mortality and morbidity rates with existing antifungal therapy, researchers have enthusias-
tically pursued adjunctive therapies. Despite their theoretical promise, trials have returned
disappointing results. However, it must be highlighted that the following studies for “cryp-
tococcal meningitis” were not species-specific and mainly recruited C. neoformans patients.

Both pathogen and host play roles in tissue damage, so immunomodulation is a
natural target for adjunctive therapies. Under this category, both IFN-gamma and dex-
amethasone have been subject to clinical trials in HIV co-infected patients. In 2004, a
double-blind placebo-controlled trial (n = 70) of adjunctive IFN-gamma Ib (100 or 200 pg
thrice weekly for ten weeks) showed a non-significant trend towards improved CSF clear-
ance of cryptococci [78]. However, adverse events increased significantly. In 2012, a
randomised, open-label study in Malawi (n = 88) (again in HIV co-infection) compared
two/six adjunctive doses of 100 ug IFN-gamma Ib. Although patients receiving IFN-
gamma cleared cryptococci from their CSF more quickly, there was no mortality benefit [79].
There are currently no further trials registered for IFN-gamma at ClinicalTrials.gov as of
26 November 2022.

Dexamethasone was considered a promising therapy for HIV-associated CM based on
mortality benefits in tuberculous meningitis and confirmed bacterial meningitis [80], and
supportive evidence from cryptococcal meningitis observational studies (particularly in C.
gattii) and animal models. In 2016, results of a double-blind, randomised placebo-controlled
trial (“Crypto-Dex”, n = 451) which recruited patients in Vietnam, Thailand, Indonesia,
Uganda, and Malawi, were released [81]. The trial was stopped early by the data safety and
monitoring board as clear evidence emerged that the same dose of dexamethasone was used
successfully in tuberculous meningitis (starting at 0.3 mg/kg/day and weaning weekly
over six weeks to 1 mg/day) was harmful in this group [81]. Dexamethasone caused higher
rates of disability, slower fungal clearance, increased frequency of adverse events, and a
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statistically non-significant increase in 10-week mortality (47% vs. 41%) [81]. Notably, the
hazards were non-proportional, with early signs of benefit outweighing later signs of harm.
It remains unclear whether steroids could be helpful in specific subgroups (e.g., space-
occupying lesions), whether a shorter course at induction would have led to a different
outcome, or indeed whether outcomes would differ for patients with C. gattii infection.

Unfortunately, there is insufficient evidence to inform clinicians about the harms or
benefits of steroids in HIV-uninfected cryptococcal meningitis patients. These patients
have a very different baseline immune response to HIV-co-infected patients, so responses
are likely to differ. Case series have described benefits, especially in C. gattii infections
and patients with mass CNS lesions [82,83], but there is no robust trial evidence. Recent
guidelines recommend against general use but support short courses in specific indications
such as space-occupying lesions with surrounding mass effect [84].

Other agents have been identified as promising non-immunomodulating adjuncts,
although again, results have been disappointing. Between 2018-2020 three trials were
published reporting on the efficacy of the selective serotonin reuptake inhibitor sertraline in
cryptococcosis [85-87]. A significant phase III double-blind, randomised placebo-controlled
trial (n = 460) in Uganda [85] and in a smaller study in Mexico (n = 12) [86] both targeted
HIV-associated CM and showed neither microbiological nor clinical benefit. Another trial
looked at the efficacy of sertraline in HIV-associated asymptomatic antigenaemia but was
ceased after just 21 patients due to an excess of adverse events [87]. Based on in vitro
evidence for efficacy, adjunctive tamoxifen 300 mg/day was trialled in a randomised
open-label trial (n = 50), but results published in 2021 show no benefit [88].

Work on cryptococcal vaccinations has been undertaken since the 1950s, with many dif-
ferent antigens and delivery systems protecting against infection or attenuation of disease
in animal studies. More recently, acapsular strains of C. gattii and dendritic cell-based vac-
cines are under investigation as vaccine antigens [58,89,90]. Adjuvants are likely to play an
important role in stimulating an immune response that is effective at multiple sites without
causing undue toxicities. They are the subject of intense investigation, as summarised in a
2021 paper by Oliveira et al. [91]. Although vaccines for some fungal pathogens have reach
clinical trials, none directed against Cryptococcus have yet reached this stage. Recently,
chimeric antigen receptor (CAR) cytotoxic T cells targeting glucuronoxylomannan have
been demonstrated in vitro to bind to C. gattii and C. neoformans regardless of whether the
cells are titan or not, but with a more pronounced affinity for the yeast form and reduced
the size and number of pulmonary titan cells in cryptococcus infected mice [63,92].

6. Updates in Diagnostics

Although there are multiple strategies to diagnose cryptococcosis, with and without
fungal culture, diagnosis can be challenging. Delays in treatment because of missed early
diagnoses or incorrect diagnoses, lead to worse clinical outcomes [93].

Traditionally, fungal culture has been used to diagnose cryptococcosis (see Figure 1).
Whilst reasonably sensitive, this requires an equipped laboratory and is time consum-
ing [94]. The species complexes can be distinguished by their growth on canavanine-
glycine-bromthymol blue (CGB) agar; C. gattii turns the culture medium blue, whereas C.
neoformans does not change the colour of the medium [95].

In terms of microscopy, Cryptococcus can be seen in body fluid with India ink (see
Figure 1) examination, histopathology of infected tissue with specific stains to identify cap-
sule (mucicarmine and alcian blue) or presence of Fontana Masson’s melanin detection [93]
in addition to standard histopathological stains. Although the India ink detection method
of cerebrospinal fluid (CSF) is simple and fast, the sensitivity is only 50% and it is unable to
distinguish between the two species complexes.
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(a) (b)

Figure 1. (a) Cryptococcus gattii growing on Sabouraud dextrose agar (b) C. gattii strained with
India Ink.

X-ray, computerised tomography (CT) scans and magnetic resonance images (MRI) of
the lungs (pulmonary cryptococcosis), brain (cryptococcal meningoencephalitis), and other
parts of the body are valuable adjunctive tools for diagnosing cryptococcosis and especially
the extent of disease, but radiography results alone are unlikely to be diagnostic [96-98].

Serological diagnostic tests are used to detect cryptococcal capsular polysaccharide in
serum and CSF by Latex agglutination test (LATs), enzyme-linked immunoassays (ELISA).
These tests have an overall sensitivity and specificity of 93-100% and 93-98%, respec-
tively [93]. The false positive rate is less than 1% mostly due to technical issues or other
infections (e.g., a cross reaction with antigens from Trichosporon species). A possible
limitation is that LATs based on monoclonal antibodies can be less sensitive to C. gattii
infections, including infections caused by C. gattii and C. neoformans hybrids [99].

The introduction of cryptococcal antigen lateral flow assays (CrAg-LFA) marked a
major revolution in the diagnosis of cryptococcal infections [100]. CrAG-LFA is a dipstick
immunochromatographic assay that is simple to use and does not require any pathol-
ogy laboratory infrastructure (see Figure 2) [101]. Additionally, the LFA shows excellent
concordance with Latex Agglutination, ELISA and cultures. It works well in resource-
limited settings and effectively diagnoses C. gattii infections which may be missed by other
serological tests.

Although molecular assays, such as polymerase chain reactions (PCRs), are potentially
a more rapid diagnostic method than culture and antigen testing, such assays are not
routienly required. When in use, commercial PCR-based assays that target Cryptococcus
cannot distinguish between C. neoformans and C. gattii. Recently, a real-time PCR assay
targeting the multicopy mitochondrial cytochrome b (cyt b) gene to detect C. neoformans and
C. gattii has been developed [102]. The assay was tested in clinical specimens, showing that
the cyt b-directed assay accurately detected and identified all eight molecular genotypes
of C. neoformans and C. gattii. The overall reported assay sensitivity was 96.4%, and the
specificity was 100%, and it can diagnose cryptococcosis in patients within four hours [102].
The targeted assay is cost-saving (USD 40 per sample) and applicable to a diverse range
of clinical specimens, including respiratory tract specimens and formalin-fixed paraffin-
embedded tissue that is not feasible for culture.
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Figure 2. Cryptococcal antigen lateral flow assays (CrAg-LFA).

The novel lateral flow strips combined with recombinase polymerase amplification (LE-
RPA) assays were developed to detect the specific DNA sequences of C. neoformans and C.
gattii in clinical CSF specimens [103,104]. The LF-RPA assay could detect 0.64 pg of genomic
DNA of C. neoformans per reaction within 10 min and be highly specific to Cryptococcus
species. The assay sensitivity was 95.2%, and the specificity was 95.8% [103]. Meanwhile, a
separate LF-RPA assay was developed to amplify the capsule-associated gene, CAP64, of C.
neoformans or C. gattii to detect cryptococcosis in CSF [104]. Nonetheless, while the LE-RPA
assays provide a more rapid approach for screening cryptococcal meningoencephalitis,
they cannot distinguish C. neoformans and C. gattii, and may not be able to detect cases
where CSF is clear of infection.

Other recent advances include identification systems such as MALDI-TOF MS. This is
a rapid identification tool that can identify both C. gattii and C. neoformans [105]. It offers
a simple method for the separation of the eight major molecular types and the detection
of hybrid strains within this species complex in the clinical laboratory. Nonetheless, a
limitation of this technology is that it requires a positive culture and can only identify new
isolates if the spectral database contains peptide mass fingerprints of the type strains of
specific genera, species, subspecies or strains [106].

Surface-enhanced Raman scattering (SERS) and spectral analysis offer an additional
potential diagnostic tool for C. neoformans and C. gattii [94]. This novel technology uses
positively charged silver nanoparticles (AgNPs) as a substrate to distinguish C. neoformans
and C. gattii in clinical samples directly. SERS is rapid and nondestructive and has relatively
low equipment cost. Briefly, it was shown that AgNPs-self-assembled on the fungal cell
wall surface via electrostatic aggregation, leading to enhanced SERS signals that were better
than the standard substarte negatively charged AgNPs. The SERS spectra could then be
used as a sample database in the multivariate analysis via orthogonal partial least-squares
discriminant analysis. The SERS detection method can accurately (was shown to be 100%)
distinguish between C. neoformans and C. gattii using principal component analysis. SERS
seems to be a breakthrough, though further evaluation will be required before it can be
introduced into routine clinical practice.

7. Conclusions

In conclusion, it is valuable to distinguish between C. gattii and C. neoformans at the
individual patient level given their differences in patient predisposition, disease phenotype,
and treatment approaches. Treatment trials should include patients infected with both
strains and, where possible, run subgroup analyses to identify any differences.
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At the population/public health level, molecular characterization of the strains circu-
lating in specific geographies can provide valuable information on virulence and impacts
on at-risk groups. Although there is currently no evidence of differences in MICs impacting
treatment outcome it is important that in vitro and in vivo studies of new antifungals
include both C. gattii and C. neoformans. Ongoing basic science research is vital to identify
potential new targets for both organisms.

Ensuring that diagnostic tools are effective against both strains is also crucial. Further
research comparing IRIS manifestations and therapies between the two species would be
valuable in reducing morbidity and mortality.

The vast majority of high-grade evidence on the management of cryptococcosis comes
from HIV-associated cryptococcal meningitis trials, which are increasingly conducted
in low- and middle-income countries with the highest disease burden and a predomi-
nance of C. neoformans as the causative pathogen. Consequently, our understanding of
cryptococcosis in other settings remains poor, and we struggle to know how much can
be directly translated. These gaps can only be filled by establishing large international
collaborative networks designed to describe the protean manifestations of cryptococco-
sis in well-established and emerging niche host groups. These large networks would
be fertile ground for investigating novel antifungal or adjunctive therapies, including
proper assessment of pharmacokinetic-pharmacodynamic and drug-drug interactions in
disparate groups.
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Abstract: Paracoccidioidomycosis (PCM) is a systemic mycosis endemic to Latin America caused by
thermodimorphic fungi of the genus Paracoccidioides. In the last two decades, enhanced understanding
of the phylogenetic species concept and molecular variations has led to changes in this genus’
taxonomic classification. Although the impact of the new species on clinical presentation and
treatment remains unclear, they can influence diagnosis when serological methods are employed.
Further, although the infection is usually acquired in rural areas, the symptoms may manifest years
or decades later when the patient might be living in the city or even in another country outside
the endemic region. Brazil accounts for 80% of PCM cases worldwide, and its incidence is rising
in the northern part of the country (Amazon region), owing to new settlements and deforestation,
whereas it is decreasing in the south, owing to agriculture mechanization and urbanization. Clusters
of the acute/subacute form are also emerging in areas with major human intervention and climate
change. Advances in diagnostic methods (molecular and immunological techniques and biomarkers)
remain scarce, and even the reference center’s diagnostics are based mainly on direct microscopic
examination. Classical imaging findings in the lungs include interstitial bilateral infiltrates, and
eventually, enlargement or calcification of adrenals and intraparenchymal central nervous system
lesions are also present. Besides itraconazole, cotrimoxazole, and amphotericin B, new azoles may be
an alternative when the previous ones are not tolerated, although few studies have investigated their
use in treating PCM.

Keywords: paracoccidioidomycosis; Paracoccidioides spp.; endemic mycosis; thermodimorphic fungi

1. Introduction

Paracoccidioidomycosis (PCM) is a systemic fungal infection caused by thermodi-
morphic microorganisms belonging to the genus Paracoccidioides. The disease is endemic
to South and Central America, but imported cases have been reported in North America,
Europe, Africa, and Asia. The fungus is a soil saprophyte; classically, humans get infected
through agricultural activities. Thus, socioeconomic changes in Latin America in recent
decades—namely, reduction in human labor in agriculture—have directly impacted the
epidemiology of PCM [1-4].

Although PCM-related mortality is low, morbidity is high once the chronic form’s
sequelae are present in almost 50% of patients despite treatment [5]. Often, a lack of early
clinical suspicion results in delayed treatment.
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A recent review of endemic mycosis in America recognized that PCM had the fewest
diagnostic tools available [6]. Microbiological studies on respiratory, ganglion, or mucocu-
taneous samples can be easily performed with a direct microscopic examination (DME). A
limitation is that expertise is required to recognize the characteristic fungal structures [6].

Commercial kits for serological diagnosis have been developed, but countries still face
production, distribution, and cost problems; thus, in most centers, the antigen is produced
in-house. Some investigations have been conducted to determine triggers that detect PCM
owing to all the species of Paracoccidioides. Novel molecular biomarkers have been studied,
but warrant further investigation to validate their use and identify the best scenarios to
employ them [6-9].

Treatment-wise, Paracoccidioides spp. are susceptible to sulfonamides, azoles, and
amphotericin B (both conventional and lipidic formulations). Although itraconazole has
been proven to be more effective than cotrimoxazole to treat mild and moderate PCM, in
Latin America, the last is still largely used because of its lower cost. Similarly, although the
lipid formulations of amphotericin B are less toxic than the conventional one, their high
price limits its use in low-income countries [10-12].

This paper summarizes essential knowledge and updates in the epidemiology, diagno-
sis, and treatment of PCM. In addition, we aimed to highlight the need for advancement in
diagnostic and therapeutic strategies that will reduce the burden of PCM in Latin America.

2. Epidemiology of Paracoccidioidomycosis
Species and Geographic Distribution

In recent years, the taxonomy of the genus Paracoccidioides has undergone notable
changes. Until 2005, Paracoccidioides brasiliensis was considered the only species that
caused PCM. In 2006, Matute et al. [13], through genotypic studies, revealed variations
in P. brasiliensis encompassing four genetic variants (S1, PS2, PS3, and PS4) [12]. In 2009,
Teixeira et al. [14] described the new species Paracoccidioides lutzii in the midwest region of
Brazil. In 2017, Turissini et al. [15] proposed a new classification for the P. brasiliensis
variants” phylogenetic species (51, PS2, PS3, and PS4), comprising four new species:
P. brasiliensis sensu stricto, for S1, the deep split of the S1 lineage into two clades named Sla
and S1b [16]; Paracoccidioides americana for PS2; Paracoccidioides restrepiensis for PS3; and
Paracoccidioides venezuelensis for PS4. In 2020, whole genome sequencing studies confirmed
P. brasiliensis complex reclassification into new species [17].

Regarding geographic distribution, P. brasiliensis sensu stricto is widespread and pre-
dominant in the southern region of South America (Brazil, Argentina, Paraguay, Uruguay,
and Bolivia). P. americana has been identified in the same regions, but in limited cases.
P. restrepiensis is predominant in Colombia, with cases reported in Argentina, Peru, and
Uruguay. P. venezuelensis is dominant in Venezuela and reported in Colombia as well.
P. lutzii is prevalent in central-west Brazil, with scattered cases outside this area [14-18].

Recent developments in genetic studies of Paracoccidioides’ different species and their
epidemiology show that they co-exist in several regions of Latin America, with a clear
overlapping distribution. Interestingly, when the magnitude of gene flow between species
was analyzed, Mavengere et al. [19] confirmed that Paracoccidioides species rarely exchange
genes despite extensive geographic overlap [16-19].

Although the different species have shown differences in conidial morphology and
antigenic display, no recent studies have shown clear implications of species diversity on
disease clinical manifestation and treatment [20-22]. Finally, recent genetic analyses of spec-
imens from dolphins with lobomycosis placed the DNA sequences of Lacazia loboi within
Paracoccidioides species, proposing the taxonomy of the dolphin pathogen as Paracoccidioides cetii,
and the human pathogen as Paracoccidioides loboi [23].

In Latin America, Brazil has the highest number of PCM cases (80%), followed by
Colombia, Venezuela, Ecuador, and Argentina [2]. The disease has been reported as far
north as Mexico and south as Argentina [24,25]. No cases have been reported in Nicaragua,
Belize, most Caribbean islands, Guyana, Surinam, or Chile [2,26].
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Over 100 PCM cases have been reported in Europe, the United States of America,
Canada, Africa, and Asia. The patients are usually non-autochthonous, mainly immigrants
or travelers from endemic countries [27-29]. In a recent systematic review, Wagner et al. [4]
identified 83 patients with PCM in 11 European countries, most of whom were from Spain,
Italy, and Germany. The patients were mostly men aged 23-83 years, with a latency period
of 6 days to 50 years [4]. In Asia, specifically in Japan, 16 imported cases of PCM—mainly
from Brazil—have been reported [30-38]. Figure 1 shows all countries with endemic PCM
and imported cases.

Figure 1. Geographic distribution of Paracoccidioidomycosis in relation to endemic areas and
imported cases.

A major risk factor for PCM is soil exposure in rural areas, being an occupational
disease for farmers in endemic regions [2,3]. Person-to-person transmission has not yet
been documented [1]. In terms of personal and social history, smoking has been elicited in
the histories of 90% of patients with chronic PCM; smokers have a 14-fold higher risk of
developing the disease than nonsmokers [39,40]. Alcohol intake also increased the risk of
chronic PCM by 3.5 times [2,39].

PCM'’s chronic form presents in adults from 30 to 60 years, with a male predominance
(ratios of 15:1 to 22:1 in Brazil) [41,42]. The acute form of the disease shows an equal
distribution between sexes, especially in childhood [41]. The predominance of chronic
PCM in men can be explained by the protective effect of estrogen in women, which inhibits
the transformation of conidia in yeast cells after menarche [43].

The incidence of PCM in Brazil ranges from 1 to 4 per 100,000 inhabitants per year
in established endemic areas in the southeastern and southern regions. In areas of re-
cent colonization in the northern region (Amazon), the incidence rises to 940 cases per
100,000 inhabitants, illustrating a hyperendemic pattern in the last few decades [2,44,45].
The prevalence rate of PCM infection was 45.8% in endemic rural areas in southeast Brazil
according to surveys based on skin tests, with Colombia and Ecuador having rates of 45%
and 41%, respectively. Conversely, in Argentina and Venezuela, the rates were as low as
7.8% and 10.2%, respectively [39,46-49]. Notably, since PCM does not require compul-
sory notification in most Latin American countries, its incidence and prevalence may be
underreported [6].

The most extensive study on PCM mortality performed in Brazil by Coutinho et al.
reported a mortality rate of 1.45 per million inhabitants, with a total of 3.181 attributed
deaths per million inhabitants between 1980 and 1995 [50]. Currently, the mortality rate is
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decreasing in Brazil’s southeastern and southern regions, and increasing in the north. The
state of Parand, which had the highest mortality rate for PCM in south Brazil (3—4.29 deaths
per million inhabitants during 1980-1995), showed a reduction in the average annual
mortality rate to 1.17 deaths per million inhabitants during 2007-2020 [51]. Contrastingly,
the state of Rondonia in the northern region drastically progressed from a mortality rate of
3.65 per million inhabitants in 1980-1995 to 8.2 in 2002-2004 [44,52].

Death from PCM is due to disseminated disease, respiratory insufficiency, and adrenal
insufficiency. These three are frequently associated with the chronic form of the disease
and may develop long after antifungal treatment has been completed [41,53,54]. Despite
the indolent course of the disease and the availability of curative medications, difficulty
accessing diagnostics and treatment contributes to an unfavorable prognosis [3,50].

The epidemiology of PCM has significantly changed in terms of frequency, demo-
graphic characteristics, and geographic distribution, owing to human migration, environ-
mental interventions, and climate change. The opening of new agricultural frontiers and
deforestation have contributed to the rise in the incidence of PCM in northern Brazilian
states. In contrast, the reduction in child labor in rural areas and mechanization of agri-
culture have decreased the number of new cases in the southern region [3,44,55,56]. An
increase in Paracoccidioides spp. infections has been associated with the construction of the
Yacyreta hydroelectric plant in northeastern Argentina [57]. Clusters of acute/subacute
cases of PCM were reported after the El Nifio phenomena in 1982/83 in southeast Brazil
and 2009 in northeast Argentina [55,58], as well as after the massive land removal during
the construction of the ring road in the Rio de Janeiro metropolitan area in 2016 [59]. These
clusters underscore the urgent need for the surveillance of new cases in endemic regions
undergoing climate change and human interventions, such as deforestation and massive
constructions, to ensure early diagnosis and treatment [59].

3. Diagnosis of Paracoccidioidomycosis
3.1. Clinical Diagnosis

The first challenge in diagnosing PCM is to think about the disease when, even
in endemic countries and more so in countries outside Latin America, physicians are
unfamiliar with this systemic mycosis. Consequently, late diagnosis increases morbidity
and mortality rates [4,40].

PCM infection is acquired by inhaling fungal propagules found in the environment,
but only 1% to 2% of infected individuals will develop clinical manifestations during
their lives [3]. Those who remain asymptomatic can control fungal replication through
a robust Th-1 immune response pattern, characterized by cytokine release that activates
macrophages and TCD4+ and TCD8+ cells, forming compact granulomas. This stage is
named PCM infection [60]. Among those individuals who progress from infection to illness,
5-25% present with the acute/subacute clinical form of PCM, in which Th-2 and Th-9
immune response patterns activate B-lymphocytes that produce high levels of antigen-
specific IgA, IgE, and IgG4 [61]. The other 75-95% of cases will evolve from the latent
stage to the chronic form of the disease many years later, usually after the fourth decade of
life [3].

Chronic PCM manifests gradually and may occur years after exposure to
Paracoccidioides when the patient is already living in urban areas or outside endemic re-
gions [3]. This form mainly affects the lungs; mucous membranes; skin; and, eventually,
the adrenal and central nervous systems [2,41,53]. The main manifestation of chronic PCM
in approximately 90% of patients is pulmonary, with symptoms of cough, dyspnea, and
sputum expectoration [3,41]. A recent study by Dutra et al. [62] in a southeastern Brazilian
hospital found that 59.6% of the patients with PCM had granulomatous ulcerated oral
lesions. The oral lesions (Figure 2A,B) may be the first visible physical manifestation of the
disease noticed by the patient, and may lead to a prompt diagnosis. However, even with
adequate treatment, patients may develop the residual form of PCM, owing to fibrosis of
the affected organs [3,5].
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C

Figure 2. (A) Chronic form: gingival and lingual frenulus “mulberry-like” ulcers with hemorrhagic
dots; (B) chronic form: deep ulcerative lesion on the tongue with infiltrative borders, hemorrhagic
dots, covered with fibrin; (C) acute/subacute form: multiple polymorphic (nodular, papular, and ul-
cerated) skin lesions and cervical inflammatory lymphadenopathy; (D) disseminated form in a patient
with PCM and HIV co-infection; the following may be seen: cervical lymphadenopathy, exuberant
ulcerated, crusted skin lesions, and larges subcutaneous abscesses in the thorax and abdomen.

The acute/subacute form of the disease shows rapid and disseminated progression in
the form of skin lesions; lymphadenopathy; and eventual suppuration, fever, and anorexia
(Figure 2C) [3,41,63]. This form characteristically develops a few weeks or months after
fungal exposure [2].

In immunocompromised patients, a mixed clinical form of PCM, with characteristics
of both chronic and acute forms of the disease, has been observed. Pulmonary involvement
can coincide with generalized adeno- and hepatosplenomegaly. In patients with the mixed
form, multiple, exuberant skin involvement; lytic bone lesions; and central nervous system
involvement can be present, indicative of severe disease (Figure 2D). Patients with HIV co-
infected with PCM make up the bulk of immunosuppressed patients with PCM; however,
cases of PCM in transplant patients and those receiving immunobiological therapy have
also been reported [63-66].

PCM is often confused with tuberculosis in Latin America, owing to its high preva-
lence and the similar clinical presentations of both diseases [34]. Besides tuberculosis, the
most relevant differential diagnoses of chronic pulmonary PCM are other fungal infec-
tions, such as coccidioidomycosis and histoplasmosis. Sarcoidosis, pneumoconiosis, and
interstitial pneumonitis should also be considered. Moreover, it is essential to rule out
concomitant diseases. Tuberculosis and PCM can occur simultaneously or sequentially in
5.5-19% of cases [41,53,67,68]. Additionally, PCM and solid cancers of the respiratory and
gastrointestinal tracts share similar risk factors (male sex, smoking, and alcohol intake).
Solid neoplasias and Paracoccidioides infection have been shown to co-exist in 0.16-11% of
patients [69].
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In patients with mucocutaneous PCM, the differential diagnosis should include leish-
maniasis, tuberculosis, chromoblastomycosis, leprosy, syphilis, and neoplasia. In indi-
viduals with acute PCM, clinicians should be concerned about hematologic neoplasms,
histoplasmosis, tuberculosis, and visceral leishmaniasis [3]. It is important to remember
that many infectious diseases share the same endemic areas as PCM.

Finally, patients with chronic pulmonary PCM are at higher risk of more severe
illness with COVID-19 coinfection. Despite that, during the pandemic, only one case of
SARS-CoV-2 and Paracoccidioides spp. co-infection was described in an individual with the
acute form of PCM. The scarcity of documented cases probably reflects underdiagnosis or
underreporting in Latin American countries that had their health systems overwhelmed by
COVID-19 [70-72].

3.2. Laboratory Diagnosis

Laboratory diagnosis via microscopy remains the gold standard method for diagnosing
PCM. This may show the presence of the etiologic agent in biological fluids and tissue
sections or the isolation of the fungus from clinical specimens, owing to the characteristic
appearance of typical Paracoccidioides spp. yeast forms [73]. Other tools, such as cultures,
immunodiffusion assays, and polymerase chain reaction (PCR) tests [7-9,74,75], are also
used. Different types of clinical samples may be collected for testing. Mucocutaneous
scrapings, sputum, bronchoalveolar lavage (BAL), cerebrospinal fluid (CSF), lymph node
aspirate, biopsy, and tissue samples are those most frequently collected [76,77]. Prior
processing of some samples is needed to increase their sensitivity to detection methods,
including centrifugation (for sputum, BAL, CSF, and lymph node aspirate) and maceration
of fragmented, biopsied tissues [7]. The sputum sample should be prepared with potassium
hydroxide, sodium hydroxide, and N-acetyl-L-cysteine before being added to a suitable
culture medium at 25 °C [73]. Figure 3 shows the main diagnostic tools employed for
laboratory diagnosis of PCM.

3.2.1. Mycological Diagnosis

This method includes visualizing fungal elements through DME, followed by iso-
lation of the agent in culture media [25]. DME of the sputum, BAL, CSF, lymph node
aspirate, and mucocutaneous scraping are prepared with the addition of 10-20% KOH
or calcofluor, making it possible to visualize Paracoccidioides spp. in their parasitic form
with multiple budding cells (blastoconidia) surrounding it, connected by short cellular
bridges (Figure 3B,D) [78-82]. However, it is important to mention that for biopsy and
tissue samples, the slides are mounted using 40% KOH [78]. Paracoccidioides cells have
a thick mucopolysaccharide wall with a double-contour appearance that is birefringent
under light microscopy [83,84]. Paracoccidioides structures resembling a “ship’s wheel” or
“Mickey Mouse” are deemed pathognomonic findings [9,79,82].

The size and multiple budding distinguish Paracoccidioides spp. from other fungi.
Nevertheless, Paracoccidioides isolates can be mistaken for Histoplasma capsulatum and
Cryptococcus spp. when it produces small, non-budding cells, and when Cryptococcus does
not produce its capsule efficiently [84,85].

Moreto et al. [7] evaluated the diagnostic methods for PCM at a university hospital
between 1976 and 2004. They observed that in the DME of 51 different tissue specimens
and 112 sputum samples, the sensitivity was 75% and 63%, respectively. For 483 sputum
cell blocks, the values found were 55%. Since the PCM chronic form is the most frequent
form encountered, sputum is the biological material most commonly evaluated under
DME, and the sensitivity will depend on the processing method of that material [40,53,86].
Although DME is a simple, fast, and low-cost technique implemented in small laboratories,
its sensitivity is low [40,45,53,86,87]. Thus, DME cannot provide a conclusive diagnosis in
cases of negative results. Owing to the heterogeneity of the sample fractions, DME can
mistakenly lead to the assumption that the fungus does not exist in the entire sample [75].
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Figure 3. Laboratory diagnosis of Paracoccidioidomycosis. (A) Paracoccidioides spp. on Sabouraud
agar slants for 14 days at 25 °C (left, filamentous phase) and 37 °C (right, yeast phase); (B) yeast
form showing multiple budding (5 to 15 pm) seen upon direct examination of a lymph node aspirate,
stained with KOH and Parker ink; Bars 10 um (C) double immunodiffusion assay: Paracoccidioides
brasiliensis exoantigen (Ag) is in the center well; sera sample from a patient with paracoccidioidomy-
cosis is used in different titrations (wells 1:1 to 1:16) and positive control (PC); positive 1:2 (left) and
negative (right); (D) Grocott’s methenamine silver stain showing Paracoccidioides yeast cells. Bars
10 um.

3.2.2. Cultures

Paracoccidioides take an average of 3-6 weeks to grow on fungal culture media [88-90].
Nonetheless, the growth of this fungus varies in the different studies, with a sensitivity
of 80 to 97% of cases [21,90-92]. The results should be evaluated about 4 weeks after the
cultivation of the sample at 25 °C. To reduce the running cultivation time, samples must
be cultured simultaneously at 25 °C and 37 °C. The culture media most frequently used
are Sabouraud, Mycosel, and Fava-Netto agar. Other media, such as mycobiotic agar,
brain heart infusion agar (BHI), Sabouraud dextrose plus BHI broth (SABHI), agar-yeast
extract-phosphate, agar-yeast extract, agar-yeast extract-penicillin plus streptomycin and
cycloheximide, and Kelley medium with hemoglobin, are also employed [75,78,79,84,93].
According to Hahn et al. [78], the successful recovery of Paracoccidioides from clinical
specimens depends on several factors, including the culture media and the number of tubes
or plates seeded, besides the decontamination with antibiotics of sputum and bronchial
lavage fluid. Despite its slowness, culture is always recommended because it allows species
identification using molecular biology [9,94-96].

3.2.3. Histopathological Diagnosis

Histopathological examination is a valuable tool (>95% sensitivity) for PCM diag-
nosis. It can also determine disease severity [7,53,97]. The sections can be stained with
hematoxylin/eosin (H & E), Grocott’s methenamine silver, and periodic acid-Schiff (PAS).
These last two are specific stains that increase sensitivity [62]. When stained with H&E,
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an inflammatory response can be observed in the parasite-host interaction. Organizing
granulomas or a combination of suppurative and granulomatous infiltrates can also be
seen [7,75,98]. If the samples are sufficient, DME and tissue culture can be performed [86].
It is worth mentioning that biological samples for histological examination are fixed in
formaldehyde solution. For culture, the biopsy and tissue samples must be placed in a
sterile container under a sterile physiological saline solution.

3.2.4. Immunological Diagnosis: Antibody Detection

In 1916, Arthur Moses, an assistant physician at the Oswaldo Cruz Foundation, iso-
lated an antigen from P. brasiliensis-infected cells used in a complement fixation (CF) test
to diagnose PCM [20]. Since then, numerous antigens and antibody-based serological
assays have been developed as alternative methods for detecting fungal structures in bi-
ological fluids/tissues and disease monitoring [99,100]. Double immunodiffusion (DID),
counterimmunoelectrophoresis (CIE), immunofluorescence, radioimmunoassay, enzyme-
based immunoassays (ELISA), immunoblotting, dot immunoassay, western blotting, and
latex particle agglutination (LA) are some important techniques in use [9,99-108]. Though
many validated methods for detecting anti-Paracoccidioides serum antibodies exist, most are
conducted only in research centers. There also remains significant limitations, owing to
cross-reactivity with other infectious fungi, such as Histoplasma and Aspergillus [25,99,109].

DID is the most widely used method for detecting anti-Paracoccidioides serum anti-
bodies in endemic countries [99,110]. Its advantages include the ease of performing the
quantitative techniques, low cost, and high specificity (85-100%) [34,53,89,90]. However, its
sensitivity can range from 80 to 95% depending on the antigen applied [111,112]. CIE has
similar specificity to DID (>95%) with slightly higher sensitivity (77-100%). Both techniques
are recommended as serological screening tests for patients with suspected PCM because
of their faster turnaround time than microbiological methods [25,99,111,113,114].

By applying the immunoblotting technique, de Camargo et al. [115] assessed several
exoantigens produced by P. brasiliensis isolates against serum from PCM-positive patients.
IgG anti-P. brasiliensis was discovered in some cell surface components, but the most
promising were glycoproteins gp70 (70 KDa) and gp43 (43 KDa). The latter is commonly
recognized by IgG antibodies, and is reactive in 100% of patients with PCM caused by
P. brasiliensis sensu stricto.

Several components with antigenic ability to distinguish circulating antibodies in
patients with suspected PCM have been tested. Glycoprotein gp43 is the most commonly
used component that can be presented as a cell-free antigen (CFA), exo-antigen (ExoAg),
and recombinant or purified antigen [9,110,115,116]. Throughout the exponential growth
phase of P. brasiliensis, its cells secrete this antigen, found in almost all isolates [75]. However,
there is decreased expression of this antigen in patients infected with P. [utzii, and false-
negative results may result [9,110,115,116]. These differences in antigenic composition
are probably related to phylogenetic peculiarities [117]. In addition, gp43 may trigger
cross-reactivity in patients with histoplasmosis or lobomycosis because its epitope is a
galactose-containing carbohydrate, common among pathogenic fungi [75,118].

By evaluating different antigenic preparations from P. lutzii using the immunodiffu-
sion technique, Gegembauer et al. [112] demonstrated that tests employing P. brasiliensis
antigens might yield false-negative results when P. [utzii is the causative agent [109,119].
Maifrede et al. [109] showed that 7 of 21 sera samples negative for P. brasiliensis antigen
were positive for P. lutzii when the Pb339 exoantigen and PIEPM208 CFA were applied. We
can infer that the frequency of P. [utzii may be higher than reported in endemic areas because
gp43 is the most commonly used antigen in routine laboratory examinations [9,77,109].

In 2021, an American company began commercializing a DID-based test to detect
Paracoccidioides serum antibodies (ID Antigen®). In the same year, Cocio and Martinez [110]
used CIE and DID to evaluate the sensitivity and specificity of the antigen in ID Antigen®.
They found that of the 24 PCM-positive serum samples of patients with active PCM, 100%
were reactive in CIE methodology using ID Antigen®, including 11 cases of infection by
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P. brasiliensis sensu stricto, one by P. americana and one by P. lutzii. The test’s specificity was
100%, with negative results for histoplasmosis, aspergillosis, and other diseases, and an
overall 75% sensitivity with PCM sera. Therefore, the antigen available in the commercial
test could diagnose PCM caused by three different species.

Considering that five Paracoccidioides species have been recognized as PCM agents in
endemic areas, new antigen preparations must be, and are, being investigated to expand
the use of PCM serology with increased sensitivity and specificity.

3.2.5. Antigen Detection

Antibody detection is not the best choice for all patients with PCM. To illustrate, in
many studies, immunocompromised patients and those with severe forms of acute/subacute
disease showed decreased antibodies, with half showing none [84,120,121]. Therefore, iden-
tifying antigens instead in these cases would be more suitable.

In 1997, using the inhibition ELISA technique (inh-ELISA), Colombian researchers
discovered a monoclonal antibody to detect the 87 kDa antigen in patients with PCM. In
patients with the disease, acute, multifocal, and unifocal forms were detected in 100%,
83.3%, and 60% of patients, respectively [122]. Since then, several antigenic molecules and
tools have been characterized and evaluated [74,78,105-108]. Notably, anti-gp43 and anti-
gp70 monoclonal antibodies are still the most frequently investigated glycoproteins [86].
However, cross-reactions have been obtained with heterologous sera, such as sera from
patients with aspergillosis, cryptococcosis, and histoplasmosis [96].

Xavier et al. [106] analyzed the Platelia™ Aspergillus enzyme immunoassay (EIA)
(Bio-Rad, Marnes-la-Coquette, France) as a diagnostic tool for 30 PCM patients and found
a positivity rate of 50%. This method is widely used to detect galactomannan in patients
suspected of having invasive aspergillosis [123].

Recently, Melo et al. [108] investigated the performance of (1,3)-3-D-glucan assays
(BDG), a test used to diagnose invasive fungal infections in patients with PCM. Fifty-two
serum samples from 29 patients with acute and chronic PCM were evaluated. Despite its
excellent diagnostic sensitivity (96.5%), it did not contribute to disease monitoring.

Some commercial methods have been validated and are currently available for detect-
ing specific fungal antigens in patients with cryptococcosis, histoplasmosis, coccidioidomy-
cosis, blastomycosis, aspergillosis, and candidiasis. However, progress has not been made
on making commercial tests for detecting Paracoccidioides antigens available. It is essential
to highlight that if the antigen tests were commercially available, they could make the
serological diagnosis of PCM more accessible to patients who live far from referral centers.

3.2.6. Molecular Detection

In the last century, molecular tools have provided crucial information for the taxonomic
classification and epidemiological, diagnostic, and therapeutic management of pathogenic
fungi. Several molecular methods, including PCR-derived techniques, have opened doors
for the early diagnosis of fungal diseases and the identification of etiologic agents [9]. PCR,
loop-mediated isothermal amplification (LAMP), quantitative real-time PCR (qPCR), nested
and semi-nested PCR, and duplex PCR-assay have been found to detect Paracoccidioides
genetic material directly from clinical samples [7,9,77,124-128]. Most assays are based on
primary markers, such as the GP43 gene and the internal transcribed spacer (ITS) region of
ribosomal DNA [77].

In 2021, Pinheiro et al. [77] developed a duplex PCR single-assay capable of detect-
ing and differentiating members of the P. brasiliensis complex and P. [utzii from paraffin-
embedded tissue blocks [62]. This methodology became vital in clinical laboratory practice,
particularly in diagnosing atypical cases, such as those with seronegative yet positive DME
results, and in examining patients with co-infections.

Despite having similar sensitivity and specificity as DME and histopathological tech-
niques, molecular methods might have a better yield with materials with a low burden of
infection (serum, BAL, CSF), and may be more sensitive than DID. However, the molec-
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ular approach is performed based on in-house tests, for which currently external quality
assessments are lacking [7,77,128]. Moreover, using molecular techniques for diagnos-
ing disease-causing fungi directly from the clinical sample is challenging because of the
complexity of DNA extraction. In addition, databases with genome sequences for these
microorganisms are under construction. The very nomenclature of these agents requires
continuous updating in the laboratory. In other words, the molecular tools, to be success-
fully used, have to adapt to the objectives of the study. Knowledge is constantly evolving
in the study of fungi, and these techniques are not yet validated for use in the routine
diagnosis of PCM. Furthermore, it is worth emphasizing that molecular tests are expensive,
and most of the population affected by PCM belongs to developing countries.

4. Diagnostic Imaging

The conventional imaging of different systems affected by the fungus can contribute
to PCM diagnosis and help identify the disease’s acute, chronic, or sequel forms. The
most common findings in PCM are pulmonary lesions, for which chest radiography or
computed tomography (CT) can be used, with the latter being more sensitive to abnormali-
ties. Ultrasonography, CT, or magnetic resonance imaging (MRI) can be used to examine
the abdominal region. For the head and neck, CT or MRI are used; and for examining
the osteoarticular system, radiography, CT, or MRI are acceptable options [115]. Recently,
Cunha et al. [129] studied the effectiveness of F-fluorodeoxyglucose-positron emission
tomography (FDG-PET/CT)/CT) in evaluating the extent of active disease in patients with
PCM under antifungal treatment, and demonstrated that FDG-PET/CT could help detect
active lesions and is more sensitive than conventional imaging methods.

In the lungs, which are more affected in the chronic form of the disease, the involve-
ment is usually bilateral and symmetric, with lesions occurring mainly in the periphery
and middle-third regions (Figure 4). There are multiple CT presentations, including consol-
idations, ground-glass opacities, nodules, masses, and cavitations (Figure 5); interlobular
septal thickening is the most common finding. In patients from endemic areas, the so-called
“butterfly wing” pattern and bilateral symmetric opacities in the middle region of the lungs
are suggestive of PCM [130]. The “reversed halo” sign on CT, defined as a focal and round
area of ground-glass opacity surrounded by a complete or nearly complete consolidation
ring, can be observed in up to 10% of cases [34]. However, it is not specific to this disease.
It also occurs in patients with tuberculosis, mucormycosis, invasive pulmonary aspergillo-
sis, Pneumocystis carinii pneumonia, organizing pneumonia, granulomatous polyangiitis
(Wegner), lymphomatoid granulomatosis, sarcoidosis, and lepidic predominant adenocar-
cinoma, among others [130]. Pleural effusion and pneumothorax, also manifestations of
PCM, are rare findings in patients with the chronic form. There is significant heterogeneity
in pulmonary presentations. Fibrotic lesions can develop in patients and be visualized
on CT as architectural distortions, traction bronchiectasis, honeycomb lesions, thickening
of the alveolar and interlobular septum, paracicatricial emphysema, and parenchymal
bands [130]. There are usually no pulmonary parenchymal lesions in the acute form of the
disease, frequently seen with pleural effusion or lymph node enlargement (37%) [130].

The abdomen is less frequently affected than the chest. Abdominal involvement is
mainly observed in patients with the acute form of PCM, which may primarily involve the
adrenal glands, liver, spleen, lymph nodes, and intestinal loops. The adrenal gland is the
most commonly affected abdominal organ. There may be diffuse enlargements of the gland
with heterogeneous attenuation on CT and MRI, with peripheral contrast enhancement in
the acute form of the disease. Adrenal atrophy and calcification are usually observed during
the chronic phase (Figure 6). Differential diagnoses should include other granulomatous
infections, such as histoplasmosis and tuberculosis; old hemorrhage; and neoplasms, such
as lymphoma, primary tumors, and metastases [131].
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Figure 4. Computed tomography showing ground-glass opacities (arrows) with bilateral and sym-
metric distribution, occurring mainly in the periphery and the middle-third of the lungs (“butterfly
wing” pattern), as shown from top to bottom in (A-D).

Figure 5. Computed tomography showing nodular opacities bilaterally distributed (arrows in A-D),
with cavitation (arrow in C), as shown from top to bottom in figures (A-D).
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Figure 6. Computed tomography axial without contrast (A) and coronal post-contrast (B) images
showing asymmetric adrenal thickening without significant contrast enhancement. The right adrenal
is calcified, whereas the left is enlarged. Computed tomography axial post-contrast (C) and coronal
post-contrast (D) from another patient showing adrenal thickening.

The literature demonstrates a wide range of involvement of the central nervous
system, ranging from 1 to 27% in different case series. The involvement can be intra-
parenchymal, (rarely) meningeal, or a mix of both. Parenchymal involvement usually
presents as hypointense lesions on T2WI (T2-weighted imaging) MRI sequences, with
peripheral enhancement after contrast (Figure 7). Occasionally, the lesions may emit iso- or
hyperintense signals on T2WI, and variable, but predominantly hypointense, signals on T1.
Diffusion restriction mimicking a brain abscess may also be observed.

Figure 7. Magnetic resonance imaging showing a hypointense lesion on fluid-attenuated inversion
recovery (FLAIR) (A) and T2-weighted imaging (T2WI) (B), with an annular enhancement on T1
post-contrast (C) located in the right occipital and temporal lobes.

Contrast enhancement can be ring-shaped, nodular, or heterogeneous [132]. Rosa
et al. [133] demonstrated the presence of a “double halo” sign on a susceptibility-weighted
imaging (SWI) MRI sequence. This finding can contribute to imaging-based diagnosis
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for patients with suspected PCM. These investigators also demonstrated the association
between PCM and mesial temporal sclerosis, known as dual pathology, in patients with
epilepsy. The meningeal form commonly presents as leptomeningeal contrast enhancement.
Spinal cord involvement is rare and difficult to differentiate from neoplastic lesions [134].
Isolated involvement of the osteoarticular system is rare and, when present, is part of a
multisystem process. Osteolytic lesions with cortical destruction are generally observed, es-
pecially in the metaphyses and epiphyses of long bones, without periosteal reactions [135].

In summary, the most recent advances in diagnostic imaging were FDG-PET/CT
for evaluating the extent of active disease in patients with PCM undergoing antifungal
treatment, demonstrating that it is more sensitive than conventional imaging. Additionally,
the description of the presence of the “double halo” sign on SWI MRI sequences can help
diagnose neuroparacoccidioidomycosis.

5. Treatment

The treatment of PCM has evolved in the last decades, and the current antifungal
options are cotrimoxazole, triazoles, and amphotericin B. However, there is a lack of robust
trials, and current guidelines are primarily based on non-comparative studies, expert
opinions, and a couple of studies that compared itraconazole and cotrimoxazole [3,10,136].

Itraconazole (ITZ) is the first therapeutic choice for mild-to-moderate presentations
of PCM, with response rates of 85-90% and an adequate tolerance profile [3,10,11,36].
Currently, the drug is available in almost all Latin American countries, but with a limited
presence in non-referral hospitals and at a high cost [6]. Moreover, intravenous formulations
of itraconazole are not easily available, and the oral absorption of capsules is erratic, leading
to unpredictable supratherapeutic or subtherapeutic plasma levels [12]. To overcome this
limitation, a novel formulation of ITZ, labeled SUper BioAvailable (SUBA)-itraconazole,
was developed, with a relative bioavailability of 180% when compared with conventional
itraconazole (C-ITZ), and an absolute bioavailability up to 90%. Indeed, some studies
suggested less variability of SUBA compared with C-ITZ capsules, especially under fasted
conditions, but a recent open-label comparative trial of 160 mg SUBA bid versus 200 mg
C-ITZ bid for the treatment of endemic mycosis showed almost identical serum levels with
similar specific adverse events. Of note, PCM cases were not included in the trial [137,138].

Sulfanilamides were the first agents used to treat PCM in the 1940s, and, until now,
cotrimoxazole has been widely used in South America to treat mild and moderate forms of
PCM, owing to its lower cost than that of itraconazole [11]. It also has the advantages of
oral and venous formulations, good absorption with predictable serum levels, and fewer
drug-drug interactions than azoles [10].

The duration of treatment may vary from 9 to 18 months with itraconazole, and 18
to 24 months with cotrimoxazole [3]. No in vitro or in vivo evidence suggests that the
different species of Paracoccidioides require modifications in doses of antifungal agents or
the duration of treatment [21].

Severe and disseminated forms should be treated with amphotericin B for 2-4 weeks
until clinical stabilization and then transitioned to the maintenance of oral treatment. Lipid
formulations are preferred (3-5 mg/kg/day) because they are less toxic than deoxycholate.
Unfortunately, its availability is limited in Latin America [6,73,139]. If amphotericin B is
contraindicated, high-dose intravenous cotrimoxazole (800 mg/160 mg every eight hours)
may be an alternative [11].

Second-generation triazoles (voriconazole, posaconazole, and isavuconazole) have not
been used extensively to treat PCM. Their high cost still prevents their large-scale use, but
they are expected to be potential substitutes to itraconazole when it is not tolerated [140,141].
Notably, most endemic countries from Central and South America reported limited access
to posaconazole and isavuconazole [6].

A significant challenge in effectively treating PCM is the need for prolonged antifungal
use, leading to poor compliance [12]. Additionally, despite long-term treatment, the
sequelae, due to chronic inflammatory processes and fibrosis, may profoundly impact organ
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function, and are not entirely resolved after antifungal medication [136,142]. Persistent
fungal antigen stimulation and immune system activation can lead to fibrosis through
excessive extracellular matrix component deposition and alterations in the tissue-scarring
process, despite appropriate treatment [67,143].

Strategies have been developed to reduce lung damage. Vaccination with an im-
munogenic recombinant antigen of P. brasiliensis has shown the potential to attenuate
fibrosis [144,145]. Experimental animal models treated with antifungal drugs and other
antibiotics or immunomodulatory compounds (itraconazole + pentoxifylline and cotri-
moxazole + azithromycin) have also achieved good results [146,147]. A monoclonal an-
tibody specific to neutrophils (mAb-anti-Ly6G), associated with itraconazole, reduced
pro-inflammatory cells, fungal load, and pro-inflammatory cytokines in mice [143,148]. In
addition, a recent biological therapy comprising a P. brasiliensis cell wall glycoconjugate
monoclonal antibody (mAbF1.4) combined with cotrimoxazole showed promising results
in reducing the pulmonary fungal burden in mice [149]. Additionally, mesenchymal stem
cell transplantation in combination with antifungals has been found to attenuate the in-
flammatory response and fibrosis induced by P. brasiliensis [150]. Further trials in human
subjects are needed to determine the effectiveness of the new therapies for PCM.

6. Conclusions

PCM is undoubtedly a public health problem in Latin America, where it is an occu-
pational disease in rural populations. Indeed, despite the mechanization of agriculture
reducing human exposure to the fungus in classically endemic regions, the expansion of
agriculture frontiers has led to the rise of new cases of PCM among rural workers, especially
in the Amazon region. Simultaneously, reports of clusters of the acute form of the disease
suggest that climate changes and anthropic environmental interventions may be risk factors
for PCM development once they expose individuals to high fungal burdens, even away
from rural areas. Given the increase in the number of transplants performed in endemic
areas, and in the indications for the use of immunobiological therapy, a growing number of
immunosuppressed people are at risk of developing PCM. In non-endemic countries, when
there is a clinical suspicion of infection with Paracoccidioides spp., it is crucial to consider
individual travel and migration history up to decades ago if the chronic form of the disease
is to be considered.

Improving patients” quality of life after PCM treatment depends on early diagnosis
and new therapeutic strategies to reduce pulmonary sequelae. Public health policies aiming
to spread knowledge of the disease among general practitioners in rural areas of Latin
America are crucial.

In summary, efforts must be combined to achieve advances in new biomarkers for
diagnosing PCM and determining the causative species. This will allow us to know more
about these microorganisms” molecular epidemiology, since culture media recovery is slow
and not always possible. Moreover, this process reinforces the necessity to develop and
standardize new antigens for serology diagnosis when differences in antigenic composition
are probably related to phylogenetic peculiarities.

In addition, efforts must be made to ensure access to itraconazole throughout Latin
America, besides optimizing antifibrotic treatments and pulmonary rehabilitation.
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Abstract: Blastomycosis, caused by Blastomyces spp., is an endemic mycosis capable of causing
significant disease throughout the body. Higher rates of infection are seen in the Mississippi and
Ohio River valleys, the Great Lakes region of the United States and Canada, much of Africa, and, to a
lesser extent, in India and the Middle East. Limited reporting inhibits our true understanding of the
geographic distribution of blastomycosis. An estimated 50% of those infected remain asymptomatic.
Of those who present with symptomatic disease, pulmonary involvement is most common, while the
most common extrapulmonary sites are the skin, bones, genitourinary system, and central nervous
system. Itraconazole is the standard therapy for mild-moderate disease. Data for other azoles are
limited. Amphotericin is used for severe disease, and corticosteroids are occasionally used in severe
disease, but evidence for this practice is limited. Despite increasing incidence and geographic reach
in recent years, there are still significant knowledge gaps in our understanding of blastomycosis.
Here, we provide an updated review of the epidemiology, clinical presentations, and diagnostic and
therapeutic approaches for this infection. We also discuss areas needing further research.

Keywords: Blastomyces; Blastomyces dermatitidis; blastomycosis; mycosis; diseases; fungus

1. Introduction

Endemic mycoses are fungal pathogens known to cause human disease and that have
characteristic geographic distributions [1]. These fungi are increasingly important in aging
and vulnerable populations, such as post-transplant or otherwise immunocompromised
persons [2,3]. Among the endemic fungi, Blastonyces is relatively rare, but it has potentially
devastating consequences. Mortality data are fairly limited due to gaps in disease reporting
for blastomycosis, yet, case fatality rates of 4-22% have been reported, depending on patient
demographics, such as advanced age, male sex, ethnicity, and living in hyperendemic
regions [4]. Thus, knowledge of blastomycosis is incredibly important for clinicians in
hyperendemic areas and those seeing patients who have traveled to such areas. In addition,
we must continue to be aware that areas of endemicity are shifting for blastomycosis and
other endemic mycoses [5]. The primary etiologic agents of blastomycosis are Blastomyces
dermatitidis species complex (comprised of B. dermatitidis and the more recently described
Blastomyces gilchristii) and Blastomyces helicus. In the Middle East and Africa, Blastomyces
percusus and Blastomyces emzantsi are uncommon causes of blastomycosis; a newer member
of the Blastomyces genus, Blastomyces parvus, has also been described as a rare cause of
atypical, granulomatous pulmonary blastomycosis [6-8].

While most commonly seen as a pulmonary pathogen, Blastomyces spp. can dis-
seminate throughout the body, often mimicking other infections and/or malignant pro-
cesses [9,10]. Given the syndromic similarity of Blastomyces infection to other disease
processes, a high index of clinical suspicion is crucial to ensure the prompt recognition

J. Fungi 2022, 8, 824. https:/ /doi.org/10.3390/jof8080824 113

https:/ /www.mdpi.com/journal/jof



J. Fungi 2022, 8, 824

and treatment of blastomycosis. There are disproportionately little recent data on blasto-
mycosis, particularly regarding the increasing geographic spread of these fungi and the
utilization of new antifungal agents [2,5,11]. In this review, we examine the current data on
the epidemiology, clinical presentation, and treatment of blastomycosis and comment on
particularly important areas where additional research is urgently needed.

2. Epidemiology

The natural environment of Blastomyces is moist, acidic soil, particularly in vegetation-
dense areas near rivers or other water sources. Early efforts to isolate Blastomyces in
soil samples were largely based on culture or recovery from intravenous injection of soil
samples into mice, often a difficult process with few successes. With the advent of PCR
technology, nucleic acid detection has successfully identified Blastomyces in the expected
ecologic niche, that is, moist soil with dense woodland or vegetation nearby, or from tissues
of animals exposed to these environments [12-18]. Thus, Blastomyces is often reported in
persons who work outdoors, hunt or fish, or have recent exposures to areas where soil
and vegetation have been disturbed (construction, excavation, etc.) [5,19]. Reinforcing this
soil-spore connection, the risk of blastomycosis has been shown to be higher in canines,
particularly sporting or hunting dogs, exposed to these endemic regions, which is likely
due to their closer proximity to the soil and digging/sniffing behaviors [20,21]. Blastomyces,
being a thermally dimorphic fungus, grows as a filamentous, mycelial mold form in the
natural environment, undergoing a phase transition into a pathogenic budding yeast form
in warmer environments, such as the human (or other mammals) body, capable of evading
host immune defenses to cause both pulmonary and disseminated infection [22].

Within the United States, Blastomyces is typically considered endemic within the states
along the Ohio and Mississippi River Valleys and Great Lakes region, with extension
into several central and eastern provinces of Canada (Ontario, Quebec, Manitoba, and
Saskatchewan), which has been observed in both earlier and more recent epidemiologic
studies (Figure 1) [5,23-26]. Presently, blastomycosis is a reportable infection in only five
states within the United States (Arkansas, Louisiana, Michigan, Minnesota, and Wiscon-
sin) [27]. While these states do represent regions with a historically higher incidence of
blastomycosis, the relative lack of data from neighboring states raises questions about
the true incidence outside of known endemic regions, particularly in light of case re-
ports of blastomycosis in non-endemic areas dating back decades [26,28-30]. The bulk
of epidemiologic data predate the identification of B. gilchristii, which is included in the
B. dermatitidis complex designation, though some studies suggest that B. gilchristii is more
geographically restricted to Canada and the northern United States region [31]. By compar-
ison, B. helicus has been more commonly isolated in the western United States (Colorado,
Idaho, Montana, California, Nebraska, Texas, and Utah) and western Canada (Alberta and
Saskatchewan) [5,32].

Outside of North America, blastomycosis has been widely reported across Africa,
though as is the case in much of North America, it is not a commonly reportable infection,
so epidemiologic data are often limited to case reports [5,8,33—40]. Though less often
reported, blastomycosis has also been seen in the Middle East and India, but differences in
disease patterns and a recent molecular examination of several cases suggest that, in these
regions, two separate species (Blastomyces percusus and Blastonnyces emzantsi) may represent
a significant portion of the disease burden [8,41,42].

The non-reportable status of blastomycosis in much of the world, as well as a dearth of
broader epidemiologic studies of this infection, make it difficult to truly assess the emerging
geographic spread of Blastomyces. Couple this with the possible expansion of endemic
fungi domains due to climate change, and it is easy to see that more study is needed on the
true incidence and geography of these infections [43].
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- Estimated range in North America
- Multiple cases reported
Case reports or poor-quality evidence

Figure 1. Map of the estimated distribution of Blastomyces. Figure used with permission from
Ashraf et al. [5].

3. Clinical Presentation

Prior studies of point-source outbreaks of blastomycosis have suggested that an
estimated 50% of persons infected with Blastomyces after an exposure experience minimal
to no symptoms [44,45]. In those who go on to develop symptomatic infection, the typical
incubation period is 4-6 weeks [46]. As expected, due to the inhalational route of exposure,
pulmonary infection is the most common symptomatic presentation, accounting for at
least three-quarters of diagnosed blastomycosis cases [47]. Amongst the Blastomyces spp.,
those within the B. dermatidis complex infection are more common in immunocompetent
individuals and more often cause pulmonary symptoms compared to B. helicus infection,
which is seen more often in immunocompromised persons and as a systemic disease [32].
Those species more common outside of the United States (B. percusus and B. emzantsi) seem
to have a proclivity for dissemination from the lungs to cutaneous and osseous sites, though
further studies are needed to solidify this pathogen—presentation relationship [7].

3.1. Pulmonary Blastomycosis

The most common presentation of symptomatic pulmonary blastomycosis is an in-
dolent, chronic process, with patients typically complaining of weight loss, intermittent
low-grade fever, chest pain, fatigue/malaise, dyspnea, and cough (often with scant sputum
production and occasionally associated with hemoptysis) [9,10,47-49]. Less commonly, pa-
tients present with (or progress to) an acute form of pulmonary infection. In its acute form,
pulmonary blastomycosis presentations can range in severity from subclinical pneumonia
to acute respiratory distress syndrome (ARDS) [9,47,50]. Typical symptoms include fever,
night sweats, dyspnea, cough (productive or non-productive), hemoptysis, fatigue, malaise,
anorexia, and weight loss, often leading to an initial misdiagnosis of bacterial pneumo-
nia [10,48,49]. Of those who rapidly develop ARDS due to acute pulmonary blastomycosis,
mortality approaches 50% and is particularly severe if there was a diagnostic delay [46,47].

Imaging findings in these syndromes are variable and nonspecific. The most common
presentation on chest imaging is airspace consolidation, most often described as patchy
opacities. Less commonly, in fulminant pulmonary blastomycosis, large and/or bilateral
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consolidations can be found [10,50,51]. Other less common radiographic findings include
mass-like lesions [52,53], granulomatous or cavitary lesions similar to tuberculosis [54,55],
nodules [10,51], diffuse interstitial “tree-in-bud” nodularities, or, rarely, miliary disease with
endobronchial extension. Many of these findings are more common when focal airspace
opacity is also present. Figure 2 represents the more common, non-specific chest X-ray
findings seen in pulmonary blastomycosis. The wide spectrum of radiographic findings
in pulmonary blastomycosis often leads to misdiagnosis as other pulmonary infections or
syndromes, such as bacterial pneumonia, sarcoidosis, tuberculosis, and malignancy [9,10].
Slow or no response to typical therapy for these conditions should raise suspicion for
blastomycosis, particularly with the patient history.

Figure 2. Pulmonary blastomycosis chest X-ray image. Chest X-ray seen in a patient with pulmonary
blastomycosis demonstrating a right lower lobe consolidation and bilateral military nodules. Image
sourced from Sarkar et al. under a creative commons license (CC BY 3.0) [56].

Of those who develop symptomatic infection, an estimated 25-40% develop extrapul-
monary disease, most often disseminated from pulmonary disease (though direct inocu-
lation can rarely occur) [46,47]. The most commonly involved extrapulmonary sites are
the skin (40-80% of disseminated disease), bones (5-25%), and the genitourinary system
(less than 10%) [46]. Central nervous system infection is rare, occurring in 5-10% of dis-
seminated disease, with immunocompromised populations at higher risk [47,57]. Figure 3
summarizes the common sites of dissemination and the frequencies of dissemination to
these sites.

3.2. Cutaneous Blastomycosis

Skin is the most common site of extrapulmonary blastomycosis, typically presenting
initially as papulopustular lesions. These commonly progress to warty, verrucous plaques
with heaped margins or, less often, lesions with central ulceration, abscesses, or violaceous
nodules [58,59]. Severe cutaneous blastomycosis can expand to hundreds of lesions (typi-
cally not the scalp) and may also cause osteomyelitis by direct extension [47,58,59]. Mucus
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membranes are less commonly affected, though laryngeal, oral, and nasal lesions have
been reported [60]. Similar to the pulmonary form of blastomycosis, the cutaneous form is
often misdiagnosed as malignancy (basal or squamous cell carcinoma); bacterial infection
(tuberculosis); or other skin processes, such as pyoderma gangrenosum or keratoacan-
thoma [60,61]. Rarely, isolated cutaneous blastomycosis without concurrent pulmonary
infection is thought to occur related to a resolved prior pulmonary infection or direct inocu-
lation; these infections are usually more limited [59,62]. Figure 4 shows several different
cutaneous presentations of blastomycosis.

CNS Disease
5-10% of
disseminated disease

Pulmonary Disease
~50% of
symptomatic disease

Cutaneous Disease
40-80% of
disseminated disease

| Genitourinary Disease
<10% of disseminated
[ disease

Osseous Disease
5 -25% of
disseminated disease

Figure 3. Sites of disseminated blastomycosis. CNS: central nervous system.

3.3. Osseous Blastomycosis

Osteomyelitis due to blastomycosis is typically associated with extension into the sur-
rounding tissues causing abscesses, sinus tracts, and septic arthritis of adjacent joints [47,63].
Prior case series have shown a predilection for lower extremities and the lumbar or tho-
racic spine, though virtually any bone can be involved [47,61,64-66]. Lesions may or may
not cause pain and may mimic cancers either as bone masses or lytic lesions [63,67,68].
Concurrent pulmonary disease is common but not universal [47,61,64].

3.4. Genitourinary Blastomycosis

Blastomycosis can also affect the genitourinary system via dissemination (though it
has been rarely described in isolation) [69,70]. In men, the two classic syndromes are pro-
statitis +/ —abscess and epididymitis [47,71]. Typical symptoms of Blastomyces prostatitis
include urinary obstruction, dysuria, hematuria, hematospermia, and perineal or supra-
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pubic pain [70,72,73]. Similarly, epididymitis typically presents with pain in the affected
region, along with scrotal and/or testicular swelling, with rare sinus tract formation [47].
Genitourinary disease in female patients has been described less commonly but most often
presents as tubo-ovarian abscesses, endometritis, and salpingitis [47,74-76].

Figure 4. Cutaneous blastomycosis. (A) Verrucous blastomycosis; (B) nodular cutaneous blastomy-
cosis with bulla formation; (C) keloidal blastomycosis. All images were obtained through the CDC
Public Health Image Library (https://phil.cdc.gov (accessed on 1 August 2022)).

3.5. Central Nervous System Blastomycosis

CNS blastomycosis typically presents in the setting of multisystem disease (isolated
CNS disease has also been rarely reported) [77-79]. Common presentations include a
typical meningitis pattern (headache, nuchal rigidity, or other signs of meningism). Space-
occupying lesions can occur within the cranium or spine and may cause abscesses [61,77,80,81].
True to its “great mimic” reputation, there are several case reports highlighting the frequent
misdiagnosis of Blastomyces meningitis as tuberculous meningitis [82-84].

In all forms of blastomycosis, a common theme is the mimicry of other conditions [9,10,82-84].
Thus, particularly after treatment failure for more common diseases, blastomycosis should
be strongly considered. In a patient with proper geographic- or exposure-related risk
factors, blastomycosis should be considered immediately. Though pulmonary disease is
most common (and is typically present in those who also have extrapulmonary disease),
extrapulmonary forms are highly morbid and can also be fatal [46,47].

4. Diagnosis

The epidemiology outlined and history taking (for example, outdoor activities, such
as chopping wood or digging into dirt, or even exposure to a construction site that disrupts
soil or decaying wood) are crucial considerations that must play a part in the diagnosis of
blastomycosis [5,19]. Interestingly, a patient’s dog having been diagnosed with Blastomyces
infection may be another helpful clue [85]. Of course, when ordering diagnostic tests, the
symptoms being experienced by the patient affect which test(s) might be helpful. Regardless
of whether sputum or other tissues are used, histopathologic techniques are crucial to the
prompt diagnosis of blastomycosis, and early use may allow for the avoidance of diagnostic
delays [86].

Blastomyces yeast is typically described as broad-based budding, and it is 8-20 uM
in diameter with a doubly refractile cell wall [87]. Interestingly, giant forms have been
described occasionally that may be confused with Coccidioides [88]. Stains such as Gomori
methenamine silver, calcofluor white, periodic acid—Schiff, and 10% potassium hydroxide
are commonly used to visualize Blastomyces yeast [47,89,90]. Sputum staining with potas-
sium hydroxide is of particular interest in that it is a rapid method (15-30 min) with a fairly
high sensitivity (36-90%) [89,91]. Obviously, this method does not identify all cases, but
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when used up front, it may allow for prompt diagnosis and treatment. Figure 5 demon-
strates the common microbiologic findings of Blastomyces, notably broad-based budding
yeast cells. In disseminated blastomycosis, examination of skin tissue samples may be quite
useful, and these techniques can also be utilized on bone, blood, cerebrospinal fluid (CSF),
or prostatic tissue samples depending on the site(s) involved.

Figure 5. Characteristic Blastomyces microscopy. Hematoxylin and eosin staining of a Blastomyces-
containing cerebellar mass at x400 magnification (A) with large, round, thick-walled yeast cells.
Grocott’s methenamine-silver-stained section of the same mass at x400 magnification (B) with broad-
based budding yeast cells. Image source is Kochar et al., 2016, used under a creative commons license
(CC BY-NC-SA 3.0) [92].

Fungal culture is another traditional method of diagnosis. While often more sensitive,
culture may take up to five weeks to grow Blastomyces (though one or two weeks is more
common) [87]. One interesting study found cultures from different respiratory fluids to
have different yields, although they were limited to some degree by small numbers. Gener-
ally, respiratory cultures seem to have sensitivities >70%, with exact numbers depending on
the fluid type. Culturing multiple specimen types (tracheal secretions, sputum, and bron-
choalveolar lavage (BAL) fluid) seems to be additive [87,91]. A DNA probe (AccuProbe,
Hologic, Inc., San Diego, CA, USA) is also available to be used on cultures growing fungi
that have not yet been identified; however, this may cross-react with Emergomyces spp. [93].

Blastomyces spp. galactomannan antigen detection by an enzyme immunoassay is
also commercially available and can be used on urine, serum, BAL fluid, and CSF [93].
This technology is relatively rapid (though for some assays, shipping slows turn-around
time). Urine antigen testing is generally the most sensitive (75-90% depending on disease
severity, the location of infection, assay type, and the laboratory performing testing), and
levels may correlate with disease severity [94-98]. BAL fluid may have similar sensitivity
(80%), although one study found a sensitivity closer to serum, wherein the EIA generally
performs more poorly (50-60%) [94-96,99]. Similar to the potassium hydroxide staining
of pulmonary fluid samples, if positive, these tests are quite helpful, but a negative test
cannot rule out blastomycosis. One study found higher sensitivity in immunocompromised
persons than in those without immune deficits, presumably because of higher antigen
loads in such patients [100]. Importantly, broad cross-reactivity occurs with members of
the Histoplasma, Talaromyces, and Paracoccidiodes genera [89,95,96,101].

Complement fixation and immunodiffusion antibody detection methods have been
available for some time but are not frequently used given variable (and generally poor)
reported performance characteristics [87,98]. However, a new EIA detecting antibodies
against BAD-1 (a cell wall adhesion antigen) has shown higher sensitivity (88%) and
specificity (94-99%) and, thus, may have some role. Importantly, this test is not currently
available commercially despite the initial study having been published in 2014 [102].
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Nucleic acid amplification tests, such as polymerase chain reaction (PCR), have been
developed for B. dermatitidis but are not commercially available. Potential advantages could
be use on tissue (possibly including paraffin-embedded tissue) or body fluids and without
cross-reactions with other fungi [93,103]. Broad-range fungal PCR and metagenomic next-
generation sequencing (mNGS) certainly can detect Blastomyces, and the use of mNGS has
been reported in a patient suspected to have tuberculosis or lung cancer. Ultimately, that
patient was found (via tissue mNGS) to have B. dermatitidis infection [104]. However, the
role of these technologies for blastomycosis is not clear at this time.

5. Treatment

Updated Clinical Practice Guidelines for the treatment of blastomycosis were pub-
lished by the Infectious Disease Society of America (IDSA) in 2008 [46]. No updates to this
guideline have been published in over a decade, which is likely due to the uncommon
occurrence of blastomycosis and the resultant dearth of large, well-run clinical trials. With
the rare exception of asymptomatic infection or mild pulmonary blastomycosis in immuno-
competent hosts that improve clinically and radiographically prior to diagnosis [105,106],
all cases of blastomycosis should be treated to prevent disease progression [46]. The ap-
proach to treatment generally depends on the site of infection, disease severity, and the
immune status of the patient, as summarized in Table 1. Additional factors that should be
weighed include drug-related toxicities and patient co-morbidities.

Table 1. Management of blastomycosis.

Type of Infection

Drug(s) of Choice

Duration of Therapy

Pulmonary, mild to moderate

Itraconazole @

6-12 months

Pulmonary, severe

Induction: Liposomal amphotericin
(or amphotericin B deoxycholate)
Step-down: Itraconazole ?

Induction therapy x 1-2 weeks (or until
clinical improvement), then oral
therapy x 6-12 months.

Disseminated, mild—-moderate,
CNS involvement

no

Itraconazole @

At least 12 months

Disseminated, severe or with
CNS involvement

Induction: Liposomal amphotericin
(or amphotericin B deoxycholate)
Step-down: Itraconazole #

Induction therapy x 1-2 weeks (or until
clinical improvement), then oral
therapy x 6-12 months.

Immunosuppressed, any form
of blastomycosis

Induction: Liposomal amphotericin
(or amphotericin B deoxycholate)
Step-down: Itraconazole ?

Induction therapy x 1-2 weeks (or until
clinical improvement), then oral
therapy x 6-12 months (can be
continued as lifelong suppression if

ongoing immunosuppression) ¢

CNS: central nervous system. Treatment recommendations based on 2008 IDSA guidelines [46]. ? 200 mg
three times daily x 3 days, followed by 200 mg twice daily for remainder of therapy. b Liposomal formulation
dosed at 3-5 mg/kg/day; deoxycholate dosed at 0.7-1 mg/kg/day. ¢ Lifelong suppression dosed at 200 mg daily.

5.1. Pulmonary Blastomycosis

The choice of initial therapy for pulmonary blastomycosis depends on the severity of
disease. Unfortunately, there are limited data available to guide clinicians in the assessment
of disease severity, which is often left to clinical judgement [46]. This remains an important
area of further study.

5.1.1. Mild-to-Moderate Pulmonary Blastomycosis

Mild-to-moderate disease is usually treated with itraconazole 200 mg three times per
day for three days, followed by 200 mg once or twice daily for 6-12 months. Treatment
is often continued for a few months after clinical and radiographic resolution, though
more data are needed to support this practice and to determine the optimal duration of
therapy [46]. The disadvantages of itraconazole include extensive drug-drug interactions,
drug-related side effects, and absorption issues. The oral suspension formulation of itra-
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conazole should be taken on an empty stomach and is preferred due to a more predictable
absorption and improved bioavailability compared to the capsule formulation [107]. How-
ever, gastrointestinal side effects and the current high cost of treatment may limit its use.
By contrast, the capsule formulation of itraconazole should be taken with a full meal or
with acidic beverages to improve absorption. Acid-blocking agents should be avoided. To
ensure adequate drug levels and tissue penetration, serum levels should be obtained after
two weeks of therapy [46]. In 2018, a novel formulation of itraconazole, super bioavailable
(“SUBA”)-itraconazole was approved by the Food and Drug Administration (FDA) as
a 65 mg capsule for the treatment of systemic fungal infections, including pulmonary
and extrapulmonary blastomycosis. A recent study showed that SUBA-itraconazole has
less variable absorption as compared to conventional itraconazole under fasted condi-
tions. Whether the use of SUBA-itraconazole is associated with superior outcomes in
blastomycosis is unknown [108,109].

For patients who do not tolerate itraconazole, alternative options exist; however, these
are less effective and/or have limited data to support their use. High-dose fluconazole
(400-800 mg daily) and ketoconazole (400-800 mg daily) have been used successfully,
though ketoconazole-related side effects are common at high doses, and ketoconazole
should generally be avoided [46,110,111]. The roles of voriconazole and posaconazole in
the treatment of pulmonary blastomycosis remain poorly understood, with data limited to
case reports [53,112].

5.1.2. Moderately Severe to Severe Pulmonary Blastomycosis

For severe disease, the recommended initial treatment is intravenous amphotericin B
(lipid formulation of amphotericin B at 3-5 mg/kg per day; or amphotericin B deoxycholate
0.7-1 mg/kg per day) for 1-2 weeks or until clinical improvement, followed by step-down
therapy to oral itraconazole (200 mg three times per day for three days, followed by 200 mg
twice daily for 6-12 months) [46]. The lipid formulation of amphotericin is preferred due to
the lower rates of nephrotoxicity [113]. Patients who require mechanical ventilatory support
and develop adult respiratory distress syndrome (ARDS) have a poor prognosis [114]. The
use of corticosteroids in this setting remains controversial and unproven, with data limited
to case reports [115]. Although not recommended by the IDSA guidelines, adjunctive
corticosteroids are recommended on a case-by-case basis for patients with life-threatening
pulmonary blastomycosis during the first two weeks of therapy by the American Thoracic
Society and some experts [116].

5.2. Disseminated/Extrapulmonary Blastonycosis

Extrapulmonary blastomycosis always requires treatment, even if complete tissue
resection is anticipated, such as with surgical resection of cutaneous blastomycosis le-
sions [46]. Identifying whether there is central nervous system (CNS) involvement is a
key step to ensure that a treatment regimen is used with adequate CNS penetration. Itra-
conazole is thought to achieve poor concentrations in the CNS and should generally be
avoided [117]. Interestingly, it is used for step-down therapy in CNS histoplasmosis [118].
Similarly, determining the presence of osteoarticular disease is important, as osteoartic-
ular blastomycosis can be more difficult to treat. The IDSA guidelines recommend at
least a 12-month treatment duration due to a higher risk of relapse; however, there are
little data to support this practice, and most recommendations are primarily based on
expert opinion [46,119]. Disseminated disease without CNS involvement is treated the
same as pulmonary disease, with severe disease starting with amphotericin upfront and
mild-moderate disease focusing on itraconazole alone. High-dose fluconazole (400-800 mg
per day) can be used as an alternative option for mild-moderate disease or step-down
therapy, but it is less effective [46,110]. The roles of voriconazole and posaconazole are
poorly understood.
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5.3. CNS Blastomycosis

The recommended treatment of CNS blastomycosis is a lipid formulation of ampho-
tericin B (higher doses are more commonly used but with incomplete evidence to support
this practice) for 4-6 weeks followed by an azole for at least 12 months and until CNS
abnormalities have resolved [46]. Liposomal amphotericin B has been shown in animal
models to have superior CNS penetration as compared to alternative amphotericin B for-
mulations, although whether it is the same in humans is not clear [46,120]. The optimal
choice of azole following the completion of amphotericin B is poorly understood, with
clinical data primarily limited to case reports [46]. The most experience appears to be with
the off-label use of voriconazole, which has known intrinsic activity against Blastonyces
and achieves adequate CSF concentrations [117]. Itraconazole has poor CNS concentration
and, thus, is less effective at treating disease at this site, but in some settings, it is commonly
used. By contrast, fluconazole has excellent CNS penetration but has less intrinsic activity
against blastomycosis [107]. Surgical debridement may be needed in some cases, though
more research is needed to define the optimal role and timing of debridement [121].

6. Inmunosuppressed Patients with Blastomycosis

Immunocompromised patients (patients with HIV /AIDS, recipients of solid organ
transplants, and patients with hematologic malignancies) appear to be at greater risk of de-
veloping severe disease and respiratory failure, and of dying from blastomycosis [122-124].
Intravenous liposomal amphotericin B is used in the same way as described above and is
similarly followed by itraconazole. Life-long suppression with itraconazole 200 mg per day
should be considered in patients for whom immunosuppression cannot be withheld and/or
in patients experiencing relapse despite recommended treatment [46]. Although induction
therapy with itraconazole is not recommended, a recent retrospective analysis of patients
with proven blastomycosis identified multiple patients with solid organ transplant and ma-
lignancies on chemotherapy who were treated successfully with itraconazole monotherapy
for the full duration of treatment [124]. Though promising, clinical trial data are needed
to determine whether itraconazole, or other azoles, have a role in the initial treatment of
blastomycosis in immunocompromised hosts. Furthermore, the close monitoring of drug
(itraconazole and immune suppression medications) levels is particularly important in
patients who have undergone solid organ transplant.

7. Blastomycosis in Pregnancy and Newborns

Intravenous liposomal amphotericin is the mainstay of therapy in blastomycosis
affecting pregnant patients and should be continued until after the delivery or resolution
of the infection, whichever occurs first. This is based on the possible teratogenic effects of
azoles seen in animal studies [46]. There are limited data suggesting that fetal risk is higher
than maternal risk in blastomycosis of pregnancy, owing to the potential for trans-placental
transmission of Blastomyces [125]. Thus, if a mother is confirmed to have blastomycosis
during pregnancy, it is recommended that the placenta be examined after delivery for
signs of Blastomyces infection and that the newborn be monitored for emerging signs and
symptoms of blastomycosis. Amphotericin deoxycholate is recommended to treat the
newborn if they do become infected [46].

8. Alternative Azoles

There are emerging data supporting isavuconazole as an option for blastomycosis
in immunocompromised patients, including those with CNS blastomycosis. This drug
is appealing due to it having a smaller drug-drug interaction profile than other azoles.
A recent retrospective case series of 14 patients with blastomycosis (half of whom were
immunocompromised, and half of whom had CNS involvement) treated with isavucona-
zole demonstrated a 79% cure rate, suggesting that this drug could potentially be used
in a broad profile of patients, particularly when other azoles would cause safety or drug
interaction issues [126]. Similarly, a retrospective case series of blastomycosis in recipients
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of solid organ transplants at a single medical center in Wisconsin included a subset of
patients treated with voriconazole, posaconazole, or fluconazole. Though not powered
to examine differences in outcomes between these therapies, it offers a glimpse into the
real-world use of these azoles in patients with blastomycosis, and it suggests that, in the
right context, they may be useful alternatives to itraconazole [127]. That being said, there is
still a significant need for large-scale clinical trials to strengthen this data.

9. Future Research

Significant knowledge gaps exist in our understanding of the evolving epidemiology of
blastomycosis, as well as the effectiveness and appropriateness of newer azole medications
for this infection. In the United States, blastomycosis is not a reportable disease outside
of five states within the Mississippi River valley region [27]. Due to this, epidemiologic
data on this infection outside of those states are piecemeal and often limited to case reports.
Those epidemiologic studies that have been performed are typically focused on patients
presenting to large academic medical centers, potentially skewing the geolocation data
to the site of diagnosis rather than the site of exposure [28]. A large, multisite study that
decouples the diagnosis and exposure sites for those with symptomatic blastomycosis
would provide significant insight into the growing geographic reach of this endemic
mycosis. Newer diagnostic methods, notably next-generation sequencing and targeted
fungal PCR assay approaches similar to 13 s, are also largely unexplored in blastomycosis
(and endemic mycoses in general); these technologies have the potential to provide a
low-cost, rapid diagnosis with high specificity and sensitivity, but, unfortunately, they have
not had much funding or attention to date.

Though itraconazole is the foundation of treatment for blastomycosis, there are oc-
casionally situations where it is not a viable therapeutic option (intolerance, drug-drug
interactions, unavailability, cost, etc.). Experience with other azoles as primary therapy,
or as a transition from amphotericin in severe or CNS blastomycosis, is data-poor and
mostly based on case reports or studies involving only a very small number of patients,
leaving clinicians to make difficult therapeutic decisions without much of a data-driven
foothold. Additionally, even when itraconazole is appropriate and available, there are
significant questions that remain regarding the ideal length of therapy and the role of
adjunctive steroids. Future studies, either focused broadly on the outcomes of patients
with endemic mycoses treated with a variety of azole-based regimens or, more narrowly,
on a specific azole, would help establish the non-inferiority of these alternative agents and
could provide more therapeutic options for clinicians treating difficult blastomycosis cases.

10. Conclusions

Blastomyces is a significant fungal pathogen endemic to a large swath of the United
States, Africa, and potentially India and the Middle East. Though primarily a pulmonary
pathogen, Blastornyces is capable of causing severe disease throughout much of the body and
is of particular concern in the immunocompromised population. As summarized above,
diagnosis requires keen attention to the patient’s personal exposure risk epidemiologic
factors, and their clinical presentation, as well as microbiologic and other laboratory
data, as available. Itraconazole is often the foundation of treatment for mild-to-moderate
blastomycosis, with more severe or CNS disease requiring an initial amphotericin phase.
Experience with alternative azoles is limited, with voriconazole perhaps having the best
evidence. However, other azoles may still be viable options in cases where itraconazole
is contraindicated or unavailable. Despite increasing incidence, there remain significant
knowledge gaps in the epidemiology and management of this infection—areas where
future research needs to be carried out.
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Abstract: Sporotrichosis, a human and animal disease caused by Sporothrix species, is the most
important implantation mycosis worldwide. Sporothrix taxonomy has improved in recent years,
allowing important advances in diagnosis, epidemiology, and treatment. Molecular epidemiology
reveals that S. brasiliensis remains highly prevalent during the cat-transmitted sporotrichosis outbreaks
in South America and that the spread of S. brasiliensis occurs through founder effects. Sporothrix
globosa and S. schenckii are cosmopolitan on the move, causing major sapronoses in Asia and the
Americas, respectively. In this emerging scenario, one-health approaches are required to develop a
creative, effective, and sustainable response to tackle the spread of sporotrichosis. In the 21st century,
it has become vital to speciate Sporothrix, and PCR is the main pillar of molecular diagnosis, aiming at
the detection of the pathogen DNA from clinical samples through multiplex assays, whose sensitivity
reaches remarkably three copies of the target. The treatment of sporotrichosis can be challenging,
especially after the emergence of resistance to azoles and polyenes. Alternative drugs arising from
discoveries or repositioning have entered the radar of basic research over the last decade and point to
several molecules with antifungal potential, especially the hydrazone derivatives with great in vitro
and in vivo activities. There are many promising developments for the near future, and in this review,
we discuss how these trends can be applied to the Sporothrix-sporotrichosis system to mitigate the
advance of an emerging and re-emerging disease.

Keywords: Sporothrix brasiliensis; Sporothrix schenckii; Sporothrix globosa; sporotrichosis; implantation
mycosis; subcutaneous mycosis; epidemiology; treatment; antifungal; diagnosis

1. A Brief Introduction to the System Sporothrix-Sporotrichosis

Sporotrichosis is a subcutaneous mycosis caused by the dimorphic fungus Sporothrix
schenckii and related species, which are found worldwide in vegetation, decaying organic
matter, Sphagnum moss, and soil [1]. Sporotrichosis is transmitted through traumatic
inoculation of Sporothrix propagules into skin tissue [2]. The classical transmission route
refers to sapronosis (i.e., environment to warm-blooded vertebrate host). Therefore, it is an
occupational mycosis usually associated with trauma during outdoor work in gardeners,
farmers, extractivist, and florists, among others. The alternative route of infection is related
to horizontal animal transmission, mainly affecting domestic cats and armadillos [3,4]. In
the cat-transmitted sporotrichosis, these animals spread the disease through scratches and
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bites or direct contact with their secretions to other cats, causing epizootics, or directly to
humans (zoonosis) [5].

Most cases of human sporotrichosis manifest in the skin and subcutaneous tissues. The
disease may vary according to the immune status of the infected host, with the lymphocu-
taneous form being the most common manifestation (~80% of cases) [6]. The fungus spread
to bones and viscera is uncommon and occurs more frequently in immunosuppressed
patients, especially in AIDS [7,8]. Pulmonary sporotrichosis, resulting from the inhalation
of fungal propagules (conidia or yeasts), is uncommon [9].

Cats are the most susceptible hosts to contamination by Sporothrix and commonly
develop the most severe forms of the disease, which can progress to death [10]. Multiple
ulcerative lesions are usually observed in the cephalic region, mainly in the nose and paw
region, due to feline behavior that involves scratching and biting during fights [10-12].
Sporotrichosis is higher among adult male cats, without owners, and those not neutered [10].
Different from what occurs in lesions in humans, a high number of yeasts can be observed
in felines [13].

Spontaneous cure of human and animal sporotrichosis is rare, and treatment with
antifungals is indispensable for most patients. Although localized sporotrichosis is readily
treated, managing osteoarticular sporotrichosis, disseminated visceral forms, and feline
sporotrichosis is laborious [2,14,15].

For over a century, S. schenckii sensu lato was described as the sole agent of human and
animal sporotrichosis [16,17]. However, advances in molecular taxonomy revealed that it is
not a monotypic taxon [18]. Sporothrix comprises approximately 53 species [15], including
S. brasiliensis, S. schenckii, S. globosa, and S. luriei, forming a clade of clinical interest as
they are frequently recovered from cases of sporotrichosis. The other Sporothrix species are
embedded in the environmental clade and show little or no virulence to the warm-blooded
vertebrate host [19]. Strictly environmental Sporothrix species are often associated with
soil, insects, and plants. However, we highlight the members of the S. pallida complex
(S. chilensis, S. gemella, S. humicola, S. mexicana, S. pallida, S. palmiculminata, S. protea-sedis,
and S. stylites) which include soil-inhabitants fungi with mild-pathogenic potential for
humans and animals (Figure 1) [20].
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Figure 1. Phylogenetic analysis of the main members of medical relevance in the genus Sporothrix us-
ing sequences from the partial calmodulin-encoding gene (exons 3-5) and the ITS region (ITS1/2+5.8s).
In the clinical clade, S. brasiliensis is highly virulent for the warm-blooded vertebrate host, followed by
S. schenckii, S. globosa, and S. luriei. In the environmental clade, S. chilensis, S. humicola, S. mexicana, and
S. pallida are occasional pathogens with mild-pathogenic potential to mammals. Sporothrix phasma,
a species with no virulence to mammals, was used as an outgroup in the phylogenetic analysis.
Numbers close to the branches represent bootstraps values (ML/N]).
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The differential pathogenicity in Sporothrix may be related to the efficiency in the
temperature-induced morphological transition. Thermal dimorphism is an important
morphological adaptation for infection, shared with other human pathogens, phyloge-
netically distant in the Onygenales and Eurotiales [21]. Sporothrix species nested in the
clinical clade are “professional’ thermodimorphic fungi responding more efficiently to
thermal stimuli. In addition, S. brasiliensis express important virulence attributes such as
thermotolerance, adhesins, and melanin [22], being the most virulent species in murine
models such as BALB/c [23,24], C57BL/6 [25], and OF-1 mice [26]. Such exacerbated
virulence in animals is also observed in the human host, and S. brasiliensis is associated
with atypical [27-29] and more severe forms of the disease, including disseminated skin
infection in immunocompetent hosts and systemic disease [2,29-31].

2. Trends in the Epidemiology of Sporothrix Species

Sporotrichosis is a cosmopolitan mycosis whose etiological agents are constantly on
the move. Species of clinical interest are not evenly distributed worldwide, and many are
associated with different transmission routes [32]. No official statistics show the burden
of human and animal sporotrichosis globally, but only case series denounce the problem.
Therefore, it is a fact that sporotrichosis has classically been a mysterious disease from an
epidemiological point of view.

Notoriously, the history of sporotrichosis shows repeated manifestations in the form
of outbreaks and epidemics. The most famous epidemic occurred in the mid-1940s in
South Africa, where more than 3000 native Bantu miners were infected with Sporothrix
growing in the soil and the supporting timbers of the Witwatersrand gold mines [33-35].
Recently, to a lesser extent, a new case series was described in South Africa, showing that
the fungus can persist in nature for decades. In South Africa, sapronotic transmission
of the disease predominates, where S. schenckii s. str. is the main agent identified by
molecular methods [36-41]. Animal sporotrichosis is rare in Africa [42], and environmental
isolation shows the presence of members of the S. pallida complex [36]. Data on the
occurrence of sporotrichosis on the African continent are scarce, being reported mainly
in Madagascar [43], Zimbabwe [44], Nigeria [45], and Sudan [46]. In these areas, there
is no correlation between the incidence of sporotrichosis and the HIV/AIDS epidemic.
Despite a discreet series, the reports from the 1940s were fundamental for understanding
the sapronotic route of the disease, clarifying, for the first time, the ecoepidemiological
aspects of sporotrichosis [33-35].

On the Asian continent, epidemiological data arise mainly from Japan, China, India,
and Malaysia, where there is a predominance of cases of human sporotrichosis due to
S. globosa. Human sporotrichosis is endemic in India, occurring with high prevalence in
the northern sub-Himalayan region, from Himachal Pradesh in the northwest to Assam
and West Bengal in the east [47-51]. Historically, sporotrichosis was very common in
Japan between the 1940s and 1980s, with significant remission since then [52-55]. In this
country, molecular epidemiology was significantly influenced by RFLPs and PCR-RFLPs
analysis of mtDNA, which revealed two main clades, groups A and B [54-58]. Currently,
the reinterpretation of epidemiological data in light of taxonomic changes in Sporothrix
confirms that S. globosa (group B) was the main agent of human sporotrichosis in Japan in
the 1980s, followed by S. schenckii s. str. (group A) [59,60].

The incidence of human sporotrichosis in China is among the highest globally [61-65].
Cases are concentrated in the northeast region of China, in an area with a temperate
continental monsoon climate, including Jilin, Liaoning, and Heilongjiang provinces [64-67].
Interestingly, there is a higher incidence of cases during the winter, possibly associated with
contamination of the home environment with wood, twigs, and sticks used as an important
energy matrix for cooking and heating [65,68]. Therefore, similar to epidemics in Africa,
in Asia, sporotrichosis is a sapronosis whose main transmission route is the traumatic
inoculation of plant material. However, unlike what happens in Africa, the etiological
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agent is S. globosa [3]. The exception to the rule is Malaysia, where S. schenckii s. str. can
cause epizootics in domestic cats, increasing zoonotic transmission levels [69-71].

Human sporotrichosis was common on the European continent at the beginning of
the last century. The cases emerged mainly in France and were richly reported in the
literature [72-74]. However, the disease has decreased its incidence considerably since
then, with rare case reports mainly from the United Kingdom, Spain, and Italy [18,75-79].
Notwithstanding, with the introduction of S. brasiliensis in England [80], our attention
should be focused on the evolution of the number of cases in the coming years.

In Australia, sporadic reports of human sporotrichosis do not exceed a few hundred
infections. Australian cases are generally associated with S. schenckii s. str. and S. globosa
following a sapronotic route, mainly in Queensland, New South Wales, and Western
Australia [81-83]. In these areas, outbreaks of sporotrichosis attributed to environmental
sources such as hay are not uncommon. Feline sporotrichosis is rare in Australia, as
described in the mid-1980s [84]. New cases have now been associated with S. pallida in cats,
an even rarer association [85].

Sporotrichosis is relatively common in the Americas. In the USA, where the disease
was first described in 1898 [16], S. schenckii s. str. causes illness in professionals linked to
agricultural activities such as rose gardeners and farmers. The largest reported outbreak
in the USA occurred in 1988 and affected 84 patients in 15 states exposed to the fungus
in mosses of the genus Sphagnum, used in gardening procedures [86,87]. In the USA,
between 2000 and 2013, 1471 hospitalizations were reported in patients with opportunistic
conditions such as HIV/AIDS, immune-mediated inflammatory diseases, and chronic
obstructive pulmonary disease [88].

In Latin America, sporotrichosis emerges as the most common implantation myco-
sis [89,90], with areas of high endemicity in Brazil [91], Colombia [92], Peru [93,94], and
Venezuela [95]. However, we noticed significant differences that reflect on the species trans-
mitted and on the route of transmission of the disease. For example, the sapronotic route of
sporotrichosis is common throughout Latin America, where S. schenckii s. str. and S. globosa
are spread through contact with fungal propagules present in the environment. On the
other hand, the zoonotic route of sporotrichosis is more common in Brazilian territory,
where cat-transmitted sporotrichosis is the main type of infection for humans, dogs, and
other cats, and S. brasiliensis is the major agent in these cases [5].

Case reports of human sporotrichosis occur in 25 of the 26 Brazilian states [3,91,96-100].
However, due to the emergence of sporotrichosis in cats, there is a marked temporal
variation concerning the succession of species involved in transmissions (Figure 2). Before
the 1990s, the classical sapronotic transmission of human sporotrichosis prevailed, similar
in Latin American countries [91]. After the 1990s, with the entry of the domestic cat into the
sporotrichosis transmission chain, it is possible to detect a considerable increase in epizootic
manifestations in felines and zoonotic transmission to humans. This scenario has the
metropolitan region of Rio de Janeiro as its epicenter, and between the 1990s and 2000s we
observed a gradual spread of the epidemic to other states in the South and Southeast regions.
Recently, in full expansion, we described the emergence of S. brasiliensis in the northeast
region of the country [91,101], mainly in the states of Pernambuco [102], Paraiba [103], and
the Rio Grande do Norte [31,104,105]. Interestingly, in these areas of feline sporotrichosis,
S. schenckii s. str. is no longer the main transmitted species, and S. brasiliensis becomes the
main agent during the cat-transmitted sporotrichosis events (Figure 2).

Judging from a public health point of view, the major drawback in the above sce-
nario is the absence of a national notification system to report disease cases. Since 2011,
the notification of sporotrichosis has been mandatory in the State of Rio de Janeiro, but
not in other Brazilian states, with rare specific exceptions at regional and municipal
levels [13,100,106-108].

In general terms, the geographic fluctuation of sporotrichosis agents is fascinating.
Sporothrix globosa is the predominant molecular type in Asia. S. schenckii s. str. is highly
prevalent in Australia, South Africa, western South and Central America, and North
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America. Sporothrix brasiliensis is highly prevalent in Brazil. Among all medically relevant
Sporothrix species, S. brasiliensis has the greatest potential for geographic dispersal. In areas
where it occurs, S. brasiliensis easily outperforms other clinically relevant species due to
feline transmission [101]. To date, Argentina and Paraguay have reported the occurrence of
S. brasiliensis in humans and cats outside Brazil [109-111], and there are suspected cases
in Bolivia, Colombia, and Panama [112,113]. Recently, a zoonotic case was reported in the
UK after a veterinarian treated a cat with sporotrichosis imported from Brazil [80]. In the
absence of official epidemiological data, case reports show the importance of the disease, its
local and regional escalation, and the urgent need to establish sanitary barriers to mitigate

the advance of S. brasiliensis and the cat-transmitted sporotrichosis.
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Figure 2. Temporal evolution of feline sporotrichosis cases in Brazil between 1950 and 2022. The
current scenario of sporotrichosis shows signs of frank expansion. The map was drawn based on case

reports available on the literature [5,10,12,15,31,32,68,91,98-101,105,108,114-153].

In feline sporotrichosis, it is generally accepted that a single diseased cat introduced to
anew location can trigger an outbreak that will quickly evolve into an epidemic. A new dis-
semination area may include locations as close as a neighborhood, a new city, or even more
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distant areas such as other states. Introducing diseased animals to new areas has occurred
repeatedly within the natural history of cat-transmitted sporotrichosis. The metropolitan
region of Rio de Janeiro is described as the possible center of origin, from where the disease
initially spread to other border states in the southeastern region (e.g., Sao Paulo, Espirito
Santo, and Minas Gerais) and later to the southern region. (e.g., Parana). The most recent
migration event occurred towards the Brazilian northeast in mid-2015 (Figure 3).
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Figure 3. Founder effect events explain the expansion dynamics of cat-transmitted sporotrichosis.
The molecular studies developed by de Carvalho et al. [101] offer new bases for proposing public
policies to mitigate sporotrichosis. The S. brasiliensis genotypes (e.g., G1, G2, G3, G4, G5, Gn) infect
cats living in the metropolitan region of Rio de Janeiro and are considered the parental population.
Eventually, a sick cat infected with a single or a group of genotypes (e.g., G2 and G4) is taken to a new
area (e.g., Pernambuco), where it will establish a founder population, transmitting S. brasiliensis to
other cats (epizootics) or humans (zoonoses). A study of genetic diversity at time one (t1) will reveal
that the founder population has less genetic diversity when compared to the parental population.
However, the absence of sanitary barriers and the continuous exchange of diseased animals taken
by their tutors from the parental-to-founder population will gradually (t2, t3, t4, tn) reconstitute the
genetic diversity in the founding population and accelerate the pace of diversification.
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De Carvalho and colleagues reported that cat-transmitted sporotrichosis progresses
through founder effects (Figure 3) [101]. In population genetics, a founder effect refers
to the reduction in genetic variability that occurs when a small group of individuals not
genetically representative of the parental population migrates to a new area and establishes
a new population. Over time, the resulting new subpopulation will have genotypes and
phenotypic characteristics similar to the founding individual, which may differ greatly
from the parent population. Therefore, a founder effect may explain, for example, the
low genetic diversity found during the initial outbreaks of cat-transmitted sporotrichosis.
However, the absence of sanitary barriers and the constant introduction of sick animals
(parental population — founder population) to new areas can reconstitute genetic diversity
in the founder population, leading to comparable genetic diversity.

Cats adapt to a wide range of environments, and in general, the roaming area of
domestic cats (0.02-10 ha) overlaps with the human residential area, where they can more
easily secure food [154-156]. Therefore, the only viable hypothesis to justify the detection
of a genotype from the parental population of Rio de Janeiro in areas as remote as the
state of Pernambuco in the northeast region (>2000 km) is the introduction of sick cats via
humans who migrate with their pets, since sporotrichosis is not a disease of direct person-
to-person transmission or even a zooanthroponosis. This hypothesis may also explain
the introduction of sick cats in other South American countries, such as Argentina and
Paraguay [109-111], or even the European continent, as recently reported in England [80].
Establishing sanitary barriers to contain the migration of sick felines is a fundamental
measure for controlling the expansion of S. brasiliensis (Figure 3).

The recent outbreaks in Brazil due to cat-transmitted sporotrichosis and the widespread
expansion in South America are important reminders of how human and non-human health
are essentially connected. Animals are the source of 70% of emerging and re-emerging
infectious disease threats to human health and more than half of all recognized human
pathogens [157-160]. We observed that the recent entry of the domestic cat into the trans-
mission chain of sporotrichosis associated with the emergence of S. brasiliensis, a more
virulent species adapted to animal transmission, produced a significant revolution in the
classical epidemiological pattern [101], confirming that such threats are dynamic [161].

Although the absence of official and reliable data makes it difficult to measure the
problem, cat-transmitted sporotrichosis is responsible for a significant burden of sporotri-
chosis in Brazil [15]. Geoepidemiological analyses of zoonotic sporotrichosis cases in Rio
de Janeiro, Brazil, reveal that the social determinants of the disease are linked to social
vulnerability. The disease mainly affects women (25 to 59 years old), especially in so-
cioeconomically disadvantaged neighborhoods of Rio de Janeiro, expressed by low per
capita income and deficient supply of treated water to households [162]. This shows that
sporotrichosis can be aggravated in scenarios of greater social vulnerability [160,163], a
regretful development that tends to be repeated in other areas of the country [133,164].

Therefore, a public health problem that encompasses human, animal, and environmen-
tal health issues requires solutions based on one-health approaches (Figure 4). One-health
approaches consider the interactions among different spheres of global health to develop a
creative, effective, and sustainable response. Therefore, interdisciplinary research is manda-
tory, as is interventionist practice at local, national, and international levels, involving
public managers, physicians, veterinarians, biologists, public and animal health authorities,
environmental health agents, and microbiologists, among other allies.

The current Brazilian environmental scenario results from climate change, intense de-
forestation, and biodiversity loss [165]. The Intergovernmental Panel on Climate Change’s
sixth assessment report reveals that a 1.5 °C rise in global temperature would result in a
100-200% increase in the population affected by floods in Colombia, Brazil, and Argentina,
300% in Ecuador, and 400% in Peru (medium confidence) [166]. Higher temperatures,
heavy rainfall, and flooding are associated with an increase in emerging zoonotic dis-
eases [166,167]. Medically relevant Sporothrix can be detected in the soil of endemic areas
where it remains for years [168,169], and it is interesting to hypothesize that water from
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floods and inundations, a phenomenon increasingly common in Brazil, may also promote
the diffusion of Sporothrix propagules in the soil.

Biodiversity loss
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Environment,
health and safety
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and genetics)
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Figure 4. A one-health approach to mitigating the spread of cat-transmitted sporotrichosis considers
human health (1), animal health (2), and environmental health and safety (3).

In this chaotic scenario, we incorporate the fact that in endemic areas, cats with
sporotrichosis are often buried directly in the soil, producing latent foci of the pathogen.
Soil functions as the main reservoir of fungal propagules and certainly does not act as
a passive reservoir. The advance of deforestation in the Amazon, Cerrado, and Atlantic
Forest is worrying, leading to biodiversity loss in these biomes. It is known that soil
microbial composition can be altered due to deforestation, reflecting co-occurrence patterns
among microorganism taxa, leading to ecological imbalance [170,171]. For example, soil
amoebas (e.g., Acanthamoeba castellanii) rapidly change the composition of the bacterial
community in the soil [172], and it is well known that many of these protozoa interact
with Sporothrix, predating the microorganism in the soil [173,174]. Therefore, it is expected
that environmental stresses (e.g., higher temperatures, humidity, pH, etc.) that affect
A. castellanii in the soil [175], leading to alterations in biodiversity, may reflect population
imbalances in the fluctuation of Sporothrix species (Figure 4).

136



J. Fungi 2022, 8, 776

These scenarios demonstrate that one-health solutions are complex to implement
in their totality, yet they are crucial to combat the spread of emerging Sporothrix species
(Figure 4) [176].

3. Trends in the Diagnosis of Sporotrichosis

Sporotrichosis can be diagnosed through a correlation of clinical, epidemiological, and
laboratory data [32]. The early and accurate laboratory diagnosis of sporotrichosis is of
substantial importance since the clinical aspect of cutaneous lesions can mimic other der-
matologic manifestations, such as mycobacteriosis, actinomycosis, American tegumentary
leishmaniasis, blastomycosis, cryptococcosis, paracoccidioidomycosis, among others [2].
In addition, ulcerative lesions can mimic pyoderma gangrenosum [177]. Clinical suspi-
cion and the patient’s epidemiological context are key to assembling this puzzle and thus
promptly establishing the diagnosis.

The diagnosis of sporotrichosis is based on the isolation and identification of Sporothrix
in culture, cytopathology, histopathology, sporotrichosis skin test, serology, immunohisto-
chemistry, and molecular techniques [10,15,78,116,178]. Moreover, complementary labo-
ratory tests such as blood count and biochemical profile should be requested in systemic
forms. Anemia, neutrophilic leukocytosis, gammopathies, and hypoalbuminemia are
commonly observed [2,7].

3.1. Mycological Test

Currently, the reference method for sporotrichosis diagnosis remains the isolation
and identification of microorganisms in culture media and characterization of the agent
by morphological parameters [179-182]. Although it has been widely used in clinical
routine, the method sensitivity is not 100%, which can generate false-negative results due
to contamination of the samples with bacteria and anemophilous fungi and inadequate
transport of the material [181-183]. While considered a low-cost diagnosis, it is noteworthy
that it is not suitable for diagnosing atypical and extracutaneous forms of the disease [184].

Depending on the clinical form and laboratory approaches, several biological samples
can be investigated. The most frequent specimens are tissue fragments, serosanguineous
exudates, purulent secretion, scraping of hyperkeratotic crusts, aspirate of lymph nodes,
and organ fragments obtained during necropsy [5,185]. It must be emphasized that some
care must be observed not to attenuate the technique sensitivity, such as material transport
temperature, time storage, and appropriate clinical sample processing [186].

To ensure the fungus viability, some criteria should be pursued, including (i) seed
the material as soon as possible in culture media; (ii) transport swabs on Stuart media;
(iii) preserve tissue fragment biopsies in sterile saline solution (mycological tests) or forma-
lin solution (histological examinations). Furthermore, the sooner the biological material is
seeded in culture media, the greater the chances of recovery of the microorganism. Oth-
erwise, amid eventualities, the clinical sample should be kept at 4 °C for a time less than
8-10 h [130].

The average growth time of Sporothrix spp. in mycelial form (25 °C) is 3-5 days
to two weeks [187]. The isolates obtained can be accurately identified from positive
cultures, and antifungal susceptibility testing in vitro and other assays can be performed [2].
Macroscopically, in media such as malt extract agar (MEA) or potato dextrose agar (PDA),
the colonies start to grow as hyaline filamentous fungi and then turn brown to black after a
few days, mainly in the colony’s center [118,188,189]. Sometimes the mycelium can grow
entirely white, designated as an albino [118,188,189]. The Sporothrix colonies’ diameter is
smaller, ranging from 19 to 41 mm, compared to other filamentous fungi, such as Aspergillus
fumigatus (65-70 mm) [118,190]. Microscopically, the mycelial form is observed as septate,
thin, branched, and hyaline hyphae, with conidiogenous cells arising from undifferentiated
hyphae, forming conidia thick-walled (hyaline or brown), small (2-3 x 3-6um), with a
different arrangement, such as sympodial form, appearing in small groups of denticles in a
slight apical dilation of the conidiophore or as sessile [118,188,189].
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Sporothrix is a thermodimorphic fungus. To ensure its identification, it is recommended
to stimulate the morphological transition. The fungus should be seeded in enriched media
such as blood glucose-cysteine agar or Brain Heart Infusion agar (BHI) and subsequent
incubation at 35-37 °C to obtain the yeast form [177,187]. The growth time is the same
as the mycelial form. In some cases, the isolates grow slowly, so the fungi should be
incubated for up to 30 days for the outcome [181,191,192]. In yeast form, the colonies
are tan or cream-colored and smooth. Micromorphologically, it is possible to observe
spindle-shaped and oval cells measuring 2.5-5 um in diameter, like cigar-shaped buds on a
narrow base [15,118,181,192].

Although the phenotypic characterization is not distinctly effective to speciate Sporothrix,
it allows the presumptive identification of some species belonging to the clinical clade. Some
characteristics, such as the color and shape of conidia, suggest some clinical species, such as
S. brasiliensis and S. schenckii s. str. [78,193]. The latter predominates more elongated conidia,
and some isolates showed triangular pigmented conidia, thereof being characteristic of the
species. Concerning S. brasiliensis, the conidia are mostly more globose dematiaceous coni-
dia, yet they may have the presence or absence of melanin [2,78,118]. Micromorphological
characteristics may also hint at identifying S. chilensis, S. mexicana, and S. pallida, commonly
environmental species, with mid-pathogenic potential for humans [20,78]. All these aspects
are subtle, and their variations can lead to errors in identifying the species [75,98,118,194].

Marimon et al. [78] and Rudramurthy et al. [51] demonstrated that physiological
characteristics such as growth rate, thermotolerance, and sugar assimilation might be
helpful in the differentiation of morphologically similar species embedded in the clinical
clade. Besides, some studies imply that medically relevant Sporothrix can be distinguished
from environmental, according to the analysis of growth rates and thermotolerance [195].
Although not entirely elucidated, clinical strains probably have specific characteristics
acquired during their evolution that undoubtedly contributed to their pathogenicity [195].

Toward accurately speciating Sporothrix, the polyphasic approach is most advisable for
assembled morphological, physiological, molecular, and ecological characteristics [19,98].
Whereas culture remains a reference in the sporotrichosis diagnosis, the delayed results
may impact the severity and compromise the disease treatment, decreasing the probability
of cure in cats and humans and improving the transmission risk.

3.2. Direct Microscopic, Cytopathological, and Histopathological Examinations

Biological material obtained from human skin lesions and tissue fragments has a
low fungal burden, and the yeast size (2-6 um) hinders their visualization in the direct
microscopic examination (DME) of fresh material. Thus, DME of samples treated with
potassium hydroxide solution (KOH, 10-30%) or with fast staining techniques should not
be recommended [185,196,197]. However, the DME shows better positivity in immunosup-
pressed patients [2,198]. The DME specificity and sensitivity of the tissue samples are still
unknown, as most investigators consider this tool inefficacious [177].

According to Orofino-Costa et al. [2], purulent secretion imprints or biopsies stained
with Giemsa increase the test’s sensitivity in humans. In extracutaneous forms, the DME
sensitivity is even lower; occasionally, it is possible to observe the fungal structures in cigar
or shuttles forms [199].

Cytopathological examination stained with periodic acid-Schiff (PAS) or Gomori-
methenamine silver (GMS), the aspiration puncture of the lesions, especially in the extra-
cutaneous and disseminated forms, eventually allows the observation of granuloma of
epithelioid cells, asteroid bodies, and yeast cells [177]. In 20% of cases, asteroid bodies may
be observed in the center of the granuloma [196,200,201]. Asteroid bodies are globular or
oval yeast cells surrounded by radiated eosinophilic material (Splendore-Hoeppli reaction),
including antibodies (IgM and IgG), with the role of defense against phagocytes [32,202].

Findings of asteroid bodies in the stained cytopathological examination are very un-
predictable since it depends on the staining method and displays minor reproducibility. It
is not a sporotrichosis pathognomonic structure, as it may be observed in other granulo-
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matous and infectious diseases [177,185,196,203]. Gram, Giemsa, PAS, and GMS may be
successfully used in disseminated manifestations [200,201].

Conversely, Gram, quick Panoptic, Wright, Giemsa, or Rosenfeld cytopathological
staining techniques are more sensitive in animals, particularly felines (Figure 5A) [116]. The
cytopathological examination from exudates and skin lesions shows a high fungal burden,
making it possible to observe Sporothrix yeast cells that range from being rounded, oval,
or cigar-shaped, surrounded by a transparent, capsule-like halo, as seen in Cryptococcus
spp. and Histoplasma spp. [10,32,179]. These structures may be disposed of inwardly in
macrophages, neutrophils, and multinucleated or free giant cells [130,131]. Concerning
feline sporotrichosis, asteroid bodies are uncommon [204].

Figure 5. The diagnosis of feline sporotrichosis can employ simple, fast, and inexpensive methods
such as the quick Panoptic method. (A) Clinical aspect of feline sporotrichosis with ulcerated lesions
in the cephalic region of a cat from the state of Espirito Santo, Brazil. (B,C) Feline macrophages
infected with numerous S. brasiliensis yeasts cells (arrows), stained using the quick Panoptic method.
Bar =15 pm.

The quick Panoptic method, a Romanowsky-type staining technique like Diff-Quik,
has become relatively common in veterinary clinics due to its practicality, low cost, and great
return (Figure 5B,C). A staining kit profits around 1000 slides [116,205]. This diagnosis has
a sensitivity of 52.6% to 95% in cats compared to culture, the reference method [116,120,206].
However, for non-ulcerated or low exudative lesions, treatment with antifungals in high
doses seems to interfere negatively with this method’s sensitivity [116,120]. In the last
years, the feline sporotrichosis laboratory diagnosis starts with cytology by imprinting
the lesions in glass slides and isolating the fungus in culture [207]. In this scenario, an
old-fashioned method such as cell block cytology achieves an impressive 97.5% sensitivity
when diagnosing feline sporotrichosis during outbreaks and epidemics [208].
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As in cytopathology, the histopathological findings in human samples may be nonspe-
cific, only signaling the human sporotrichosis diagnosis. The paucity of fungal structures is
also similar [183,204,209]. The histopathological pattern is associated with granulomatous
and pyogenic reactions, which may lodge with epidermal hyperplasia (with or without
ulceration), papillomatous acanthosis, hyperkeratosis, intraepidermal microabscess, and
fungal elements such as yeast cells and asteroid bodies [196,209]. In approximately 50% of
cases, the yeasts may be visible in tissue smears stained with PAS and GMS [196]. Briefly,
the granuloma caused by Sporothrix may show three distinct zones: (i) center with abscesses
or necrosis (central zone); (ii) area with granulomatous inflammation constituted by giant
cells (tuberculoid zone); and (iii) lymphocytes and plasm cells, with granulation tissue
and fibrosis (syphiloid zone) [209]. The inflammatory infiltrates are best observed by
hematoxylin-eosin (HE) staining [177,196]. In patients with AIDS, the histopathological
findings are uncommon; the inflammatory response is lower, and there is no presence of
asteroid bodies. However, the amount of yeast is profuse [210].

3.3. Serology

The first serological tests for sporotrichosis diagnosis were performed in 1910 us-
ing tube agglutination (TA) and complement fixation (FC) tests [211]. The tests using
precipitins were described in 1947, employing a polysaccharide antigen [212]. In 1973,
Blumer et al. [213], besides testing these methods, also evaluated immunodiffusion (ID),
slide agglutination test (SLA), and indirect fluorescent antibody (IFA). At that time, the SLA
and ID methods were the most specific. SLA had the highest sensitivity (94%), proving to
be an easy-to-perform technique that generates quick results and is highly recommended
for clinical routine.

Sporotrichin, an antigenic complex consisting of a peptide-rhamnomannan, is ob-
tained from a crude extract of the mycelial phase of S. schenckii sensu lato. This antigenic
fraction was developed for intradermal skin reactions to measure the degree of immunity
or receptivity of the individual with suspected disease, determining first contact with
the fungus without developing the disease [212,214]. Sporotrichin has a long history in
surveillance studies depicting areas of high endemicity [6,215].

The absence of a standardized or commercial antigen impacts the serological diagnosis
of sporotrichosis in Europe and the USA [6,216]. Nevertheless, sporotrichin effectiveness
in highly endemic regions ranges from 89 to 96%, making it an interesting additional
test [216-220]. Bonifaz et al. [221] reported that false-positive results might be attributed to
patients in constant contact with the agent, such as those who live in endemic areas or cases
in which the patient preserves immunological memory. However, false-negative points
correspond to patients with different immunosuppression degrees.

Many attempts have been made to adopt serological tests such as sporotrichosis
diagnostic methods, given that they are fast, highly accurate, and not invasive [222]. The
fungal cell wall antigens and anti-cell wall antibodies became the main target of studies
searching to develop serological tools that are more sensitive and specific [222-224].

Itis well known that S. schenckii displays a mixture antigen complex, including peptide-
rhamnomannan, a cell wall glycoconjugate (CWPR) of the yeast phase of the fungus.
This structure can be fractionated by affinity chromatography on Sepharose 4B with con-
canavalin A (Con A), generating two fractions: one binding to Con A (SsCBF) and the
other non-binding to Con A (SsNBF). The fraction bound to Con A is relevant for serologi-
cal diagnosis [225,226]. Besides, techniques such as immunoblot, fluorescent antibodies,
counterimmunoelectrophoresis (CIE), double immunodiffusion (DID), and enzyme-linked
immunosorbent assays (ELISA) have been quoted as auspicious [227,228].

A study by Penha and Lopes-Bezerra [213], using the ELISA method, evaluated
35 patients with the sporotrichosis cutaneous form, and SsCBF showed 100% specificity
with the investigated sera. Subsequent studies have also demonstrated high levels of
sensitivity and specificity for the various clinical presentations of human sporotrichosis,
including extracutaneous, lymphocutaneous, fixed, and disseminated forms [222,229].
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Bernardes-Engemann et al. [184] validated the ELISA test applying purified antigenic
fraction SsCBF for the human sporotrichosis diagnosis by detecting the anti-SsCBF im-
munoglobulin G (IgG) antibody fraction. Thus, 177 serum samples from different clinical
forms were evaluated. The investigators observed high specificity (82%) and sensitivity
(89%) with a reproducibility of 98%, including for emerging species such as S. brasiliensis,
and may be made disposable for routines of the health services.

One year after that, Alvarado et al. [227] evaluated the potential of the crude antigen
obtained from the mycelial form of S. schenckii s. str. in serum from sporotrichosis patients
by applying different methods, including DID, CIE, and ELISA. The assays were validated
using serum from disease patients such as paracoccidioidomycosis, histoplasmosis, leish-
maniasis, tuberculosis, lupus, and serum from healthy patients. Investigators achieved
100% sensitivity and >98% specificity for all tests.

Fernandes et al. [225] evaluated ELISA’s test using SsCBF and an exoantigen for
the domestic cats’ serological assay with suspected sporotrichosis. The authors reported
90% sensitivity and 96% specificity for SsSCBF. Excellent results were also reached by
Rodrigues et al. [122], testing different antigen types obtained from crude extracts of
S. schenckii s. str. and S. brasiliensis yeast cells. The results suggest that the ELISA technique
with distinct antigens may be applied in diagnosing feline sporotrichosis. Furthermore, all
the antigens studied reacted similarly, with no significant difference in titer. Therefore, the
results generated by antigens of the different etiological agents should probably not inter-
fere, likely because antigenic epitopes are shared and well conserved between S. schenckii
and S. brasiliensis [24,230].

Baptista et al. [217] recently validated felines serology; however, it has been available
only in private clinics and laboratories. The authors modified the SSCBE-ELISA test for
human serological diagnosis and the quantification of IgG antibodies for all clinical forms
of feline sporotrichosis.

Recombinant Sporothrix antigens have also been studied as diagnostic markers [224],
and in 2019, Martinez-Alvarez and colleagues [231] evaluated an ELISA test for the human
sporotrichosis detection from a recombinant glycoprotein obtained from the cell wall of
S. schenckii, Gp70. Nonetheless, the findings were not as promising for the diagnosis
compared to the SsCBF antigen [231].

The hyperepidemic worsening of feline and human sporotrichosis has reached pro-
portions in different regions and countries. Public policies should be established to contain
the disease, and new diagnostic methods should be developed to prevent the spread of
sporotrichosis. Therefore, serological methods can qualitatively and quantitatively evaluate
the condition, generating fast results with high levels of specificity and sensitivity. It would
already be a big step, as it would directly impact the diagnosis of the disease and the
diagnostic screening and therapeutic monitoring of human and animal sporotrichosis,
including those who develop atypical and severe forms [232].

3.4. Molecular Diagnosis

For the last decades, the classical identification of the species belonging to the Sporothrix
genus was based only on phenotypic methods [22,87,233-235]. Although these methods
supply reduced cost, they are laborious, time-consuming between collection and final
diagnosis, and do not allow to speciate Sporothrix since they have overlapping morpho-
logical and physiological features [15,95,98,181,192,194]. It is essential to highlight that the
phenotypic plasticity in Sporothrix may exist even intraspecifically [20,78,193].

With the advance and improvement of molecular tools, it is possible to identify, reclas-
sify, and recognize new species of fungi, allowing a greater understanding of the biology
of these microorganisms [236,237]. Regarding the molecular identification of Sporothrix,
some critical points should be considered; among them, we highlight the type of sample
(e.g., soil, biopsy, isolated culture, exudate, vegetable), the cost of technique, the time that
the process is executed, sensitivity/specificity, and DNA quality [238,239]. The advances in
molecular diagnosis of sporotrichosis were recently reviewed by de Carvalho et al. [240].
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The polymerase chain reaction (PCR) and its variants are widely used in human and
feline sporotrichosis diagnosis [241,242]. It is possible to carry out DNA amplification using
several molecular markers and different methods depending on the proposed objective from
clinical specimens and fungi obtained from growth in culture. Kano et al. [242] pioneered
the non-culture-dependent PCR technique. From human tissue, they identified S. schenckii
sensu lato using chitin synthase I (CHS1) as a target gene to amplify DNA. In 2003, Kano
and collaborators [243] applied this same technique in biopsy samples obtained from six
patients with human sporotrichosis, confirmed by histopathology and mycological findings.
The generated DNA fragments showed 99% similarity with S. schenckii reference strain.

After that, other molecular tools with the potential to detect the Sporothrix DNA directly
from environmental samples (soils, plants, decaying wood, tree bark) and clinical specimens
obtained from humans and animals (biopsy, skin lesion, aspirate of abscess, exudate
swabs, and pus) were proposed. The most frequently used techniques have been species-
specific PCR (Figure 6A), nested PCR, restriction fragment length polymorphism (RFLP),
and qPCR (quantitative real-time PCR). Among the different targets, the most common
are 185 rRNA [241,244], Large Subunit (LSU), internal transcribed spacer (ITS) [245], 3-
tubulin (BT2) [238], calmodulin (CAL) [96,246-248], and mitochondrial DNA genes [59,60].
Nevertheless, it is worth mentioning that few techniques allow for detecting Sporothrix
DNA from clinical samples and identifying it down to a species level.
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Figure 6. The molecular diagnosis of sporotrichosis relies on PCR. (A) Species-specific PCR is a fast
and inexpensive method that combines conventional PCR and agarose gel electrophoresis to detect
Sporothrix DNA, mainly in vitro culture samples [96]. Eventually, species-specific PCR is used for
detection from clinical samples [249]. Although it has great specificity, the method has low sensitivity
(up to 10-100 fg of DNA). (B) For the rapid and accurate diagnosis of human and feline sporotrichosis,
a multiplex qPCR assay was developed for the simultaneous detection and speciation of S. brasiliensis,
S. schenckii, and S. globosa from cultured DNA and clinical samples (up to 3 copies of the target) [238].
Ss54 = S. brasiliensis; Ss118 = S. schenckii; Ss06 = S. globosa.

Della-Terra et al. [238] developed and evaluated a multiplex qPCR assay for sporotri-
chosis diagnosis exploiting polymorphisms found in the 3-tubulin gene (Figure 6B). Sam-
ples of cat lesions and environmental samples spiked with S. brasiliensis, S. schenckii, and
S. globosa propagules were used to reveal the feasibility of the method to detect Sporothrix
DNA. High specificity (100%) and sensitivity (98.6%) were reported [238]. Moreover, the
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technique did not show cross-reaction with other pathogenic fungi, human, feline, or
murine DNA, allowing the identification of all major Sporothrix species in a single tube. The
key advantages of the multiplex qPCR assay include decreasing amount of reagents, reduc-
tion of the process steps, greater sensitivity when compared to culture [114], species-specific
PCR [96,249], rolling circle amplification (RCA) [247], and other qPCR assays [245,250].

Regarding identifying and recognizing cryptic species belonging to Sporothrix, the ref-
erence method is DNA sequencing (Sanger) followed by phylogenetic analysis. In addition
to amplification and partial sequencing of the ITS region (ITS1/2+5.8s), protein-coding loci
such as BT2 [18], translation elongation factor (EF-1«) [20], and CAL [18,78,193] should be
included [189]. Nowadays, the region between exons 3 and 5 of the CAL gene is the primary
marker for identifying clinical species for this genus [19,20,62,79,91,95,98,99,109,114,251,252].

Techniques like CAL-RFLP [246], RCA [247], and species-specific PCR [96] can also
identify Sporothrix down to species level. The major difference among methods is that RCA
and species-specific PCR can detect Sporothrix DNA, whereas CAL-RFLP was designed for
strains isolated in culture.

DNA fingerprint methods such as amplified fragment length polymorphisms (AFLPs)
have demonstrated broad applicability in speciating pathogenic fungi and describing
genetic diversity. AFLP is widely used in evolutionary, population, epidemiological, and
conservation studies of different taxa [253]. AFLP’s main advantage is the simultaneous
assessment of several loci, randomly distributed throughout the genome, without prior
knowledge of the DNA sequence. This makes the AFLP singularly helpful for species
with no genomic knowledge, and a powerful tool to be used to explore Sporothrix genetic
diversity, answer questions related to the structure of the population, transmission routes,
intra and interspecific variability, as well as modes of recombination and reproduction,
among many other biological issues [254-256].

In the last decades, mass profiles of ribosomal proteins generated by Matrix-Assisted
Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF MS) have
been a powerful tool in yeast identification in routine clinical laboratories [257,258]. In
recent years, MALDI-ToF MS databases have been built and expanded to identify fila-
mentous fungi; for the technique to be reliable, rapid, and economical, databases must be
accurate [259,260]. The method was standardized to speciate Sporothrix isolates growing
in vitro during the yeast phase, which allows the recognition of S. brasiliensis, S. schenckii,
S. globosa, S. luriei, and members of the S. pallida complex. Furthermore, speciation by
MALDI-ToF or DNA sequencing methods are in full agreement [259]. However, the great-
est limitation of MALDI-TOF relies on the need for prior culture. Only a few reports in
the literature use this methodology to speciate Sporothrix. Matos et al. [261] constructed
an in-house database enriched with spectra generated from reference Sporothrix strains,
enabling the identification of an isolate from S. brasiliensis obtained from a patient with
subconjunctival infiltrative injury in a right eye.

Despite the relevance of molecular diagnostic tools, unfortunately, these techniques
are not widely available in health services, being restricted to research laboratories and
reference centers, thus negatively impacting the diagnosis of the disease.

4. Trends in the Treatment of Sporotrichosis

The treatment choice for sporotrichosis depends on the disease’s clinical form, the
host’s immunological status, and the species Sporothrix involved. The most virulent species
(S. brasiliensis, S schenckii, and S. globosa) exhibit different susceptibility profiles to antifun-
gals; thus, the response to therapy can be variable [262].

Sporotrichosis was first described in 1898 when specific antifungal drugs were un-
available, and potassium iodide (KI) was used for several infectious and non-infectious
diseases. KI saturated solution has been used for treating sporotrichosis since 1903 [2]. KI
has immunomodulatory activity; it can suppress the production of toxic intermediates from
oxygen by the polymorphonuclear leukocytes and, therefore, exert its anti-inflammatory
effect. KI’s ability to directly destroy microorganisms is still a matter of speculation.
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Notwithstanding, reports in the literature suggest that when Sporothrix yeasts are exposed
to increasing drug concentrations, cell lysis occurs through the release of lysosomal en-
zymes [263]. Recent studies show that KI inhibits biofilm development in Sporothrix [264].
The main adverse events of KI are metallic taste and nausea, followed by an acneiform
eruption. Nowadays, its use in humans has been replaced by itraconazole, but due to its
low cost, it is still used to treat cutaneous human forms and felines, in association or not
with itraconazole [14,265,266].

Itraconazole started to be used in sporotrichosis treatment in the late 1980s, during the
advent of the triazoles generation. Itraconazole is the drug of choice due to its effectiveness,
safety, and posologic convenience for lymphocutaneous and cutaneous sporotrichosis. In
Brazil, it is also used in animal treatment [15,189,266]. Itraconazole is a fungistatic drug
that inhibits the synthesis of ergosterol, the main sterol from the fungus cell membrane
(Figure 7) [267]. Depending on the disease severity and the host’s immunological status,
the therapeutic dose may range from 100 to 400 mg/day [188]. Although it has good
efficacy, treatment with itraconazole can cause several side effects and interact with more
than 200 other drugs, inducing adverse events or lacking effectiveness [268]. The main
adverse effects reported are headaches and gastrointestinal disorders. It is also hepatotoxic,
teratogenic, and embryotoxic, and may not be used in patients with liver diseases or
pregnant women.

Another inhibitor of ergosterol synthesis used for sporotrichosis treatment is terbinafine
(Figure 7). This allylamine treats cutaneous form in humans when itraconazole or KI is
not tolerated or cannot be used [269]. It is available in 125 and 250 mg tablets, facilitating
pediatric administration. The recommended dose is 250 mg/day, but it may increase to
500 mg/day for adults [2].

In severe life-threatening cases, amphotericin B (deoxycholate or, preferably, liposomal,
because such formulation has fewer adverse effects) is recommended until clinical improve-
ment has been achieved, when it should be replaced with itraconazole. Amphotericin
B is a polyene antifungal drug developed in the 1950s. There are four models proposed
for the polyene mode of antifungal action: (i) the pore-forming model, (ii) the surface
adsorption model, (iii) the sterol sponge model, and (iv) the oxidative damage model. In
every suggested model, the binding of the polyene with ergosterol is essential to its anti-
fungal effect [270] (Figure 7). The total cumulative dose recommended for amphotericin B
ranges from 1 to 3 g. Although effective and acts with fungicidal properties, treatment with
amphotericin B is not recommended for cutaneous and lymphocutaneous sporotrichosis
because of its high toxicity and the inconvenience of intravenous administration [7,8].

Although the sporotrichosis treatment is mainly based on the prescription of the an-
tifungals described above, other commercial drugs can also inhibit the Sporothrix growth
in vitro. Table 1 shows the activities of different commercial antifungals according to the
minimum inhibitory concentration (MIC) values obtained in vitro by the broth microdilu-
tion methods described by the Clinical and Laboratory Standards Institute [271,272]. Most
of these antifungals are not used in treating sporotrichosis and are only used in the topical
treatment of other fungal infections. Amphotericin B, itraconazole, and terbinafine exhibit
higher in vitro activity against Sporothrix cells, with MIC described in the literature as lower
than 1 pg/mL (Table 1).

Little is known about in vivo activity of other azoles for sporotrichosis treatment
(Table 1), except for voriconazole and posaconazole. Voriconazole exhibits modest efficacy,
while posaconazole is effective against disseminated sporotrichosis murine models [273,274].
Although they have been used for other fungal infections, they are not currently used for
sporotrichosis treatment.

Non-pharmacological measures are also used in treating sporotrichosis with good
results, such as cryosurgery and thermotherapy. Cryosurgery is indicated when a slow itra-
conazole response is observed for the resolution of chronic lesions and when adverse effects
lead to interruption of the antifungals [275]. Local hyperthermia and cryosurgery are safe
and efficacy options for treating pregnant women with cutaneous sporotrichosis [275,276].

144



J. Fungi 2022, 8, 776

Inhibition of ergosterol

Photodynamic therapy could also be applied as a non-pharmacological treatment for
sporotrichosis, considering the promising in vitro and in vivo studies; however, further
clinical observation is still necessary [277].
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Figure 7. The main antifungal agents used in treating sporotrichosis and their cellular targets are
depicted. Azoles (e.g., itraconazole) and allylamines (e.g., terbinafine) are fungistatic drugs that
slow fungal growth; the azoles by inhibiting cytochrome P-450-dependent synthesis of ergosterol

(purple chart: sterol biosynthesis pathway) and the allylamines by competitive inhibition of squalene
epoxidase, blocking the conversion of squalene to lanosterol. Amphotericin B is a fungicidal drug

whose main target is the ergosterol molecule, producing pores in the plasma membrane (1), leading

to the leakage of cytoplasmic material, sequestering (2), absorbing or extracting ergosterol from the
membrane (4). Oxidative damage is reported as an alternative mode of action of AmB (3). The main

adaptation that can lead to resistance in Sporothrix species is the increased expression of efflux pumps,
especially to azoles, although other mechanisms may be involved. The illustration was partially
based on Servier Medical Art elements and licensed under a Creative Commons Attribution 3.0
Unported License. ER: endoplasmic reticulum; ROS: reactive oxygen species.

145



J. Fungi 2022, 8, 776

In recent years, there has been an increase in therapeutic failures in treating sporotri-
chosis and reports of isolates with low sensitivity to itraconazole [97,267,278-284]. The
decrease of itraconazole effectiveness against S. brasiliensis observed in clinical isolates
from Brazil over the last years could be related to resistance mechanisms developed by this
species, such as overexpression of efflux pumps (Figure 4). The increased expression of
efflux pumps in the fungal membrane reduces the antifungal activity due to the extrusion of
the drug, decreasing its effect. The overexpression of efflux pumps corresponds to the main
mechanism of acquired resistance to azoles in fungi of medical relevance [285]. However,
other resistance mechanisms could be related to S. brasiliensis decreasing susceptibility to
itraconazole, such as melanin production and overexpression or mutation of the target
enzyme [281]. On the other hand, studies investigating new molecules with anti-Sporothrix
activity have increased.

Table 1. In vitro antifungal activity against pathogenic Sporothrix species.

In Vitro Antifungal Activity ?

High Moderate Low

(MIC < 1 pg/mL) (1< MIC < 4 pg/mL) (MIC > 4 pg/mL) Reference
Polyenes
Amphotericin B [262]
Azoles

Albaconazole [286]
Clotrimazole [287]
Eberconazole [286]
Fluconazole [286]
Itraconazole [262]
Isavuconazole [288]
Ketoconazole [262]
Miconazole [256]
Posaconazole [262]
Ravuconazole [286]
Voriconazole [262]

Allylamines
Terbinafine [262]
Naftifine [289]

Echinocandins

Anidulafungin [286]
Caspofungin [286]
Micafungin [286]

Pirimidine
Flucytosine [286]

? Invitro antifungal activity is determined according to MIC values obtained by the microdilution
technique [271,272].

We performed a retroactive literature search for studies published between 2012 and
July 2022 using the databases Cortellis Drug Discovery Intelligence (https://www.cortellis.
com/drugdiscovery/ (accessed on 14 July 2022) [268] and PubMed (https://pubmed.ncbi.
nlm.nih.gov/ (accessed on 14 July 2022), with “Sporothrix” as the Keywords. We considered
promising compounds with MIC against Sporothrix species less or equal to 4 pg/mL or
1 uM, as determined by Clinical and Laboratory Standards Institute protocols [271,272].
Based on these criteria, we found seventeen new molecules or repositionable drugs over
the last ten years (Table 2). Most studies listed in Table 2 are Brazilian research papers
highlighting the importance of this pathogen in Brazil. Only two of the seventeen papers
are not from Brazilian groups.
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Table 2. New compounds, natural products, and repositionable drugs exhibited promising activity
against Sporothrix spp. in the last ten years.

Minimum Inhibitory Antifungal Effect or

Group Scmper Concentration ? Mechanism of Action LG
Hydrazone 22-hydrazone-imidazolin-2-yl-chol-5- 0.01-0.5 ug /mL Inhibit.ion of erg.osterol [291]
S ene-33-ol biosynthesis

derivatives 4-bromo-N'-(3,5-dibromo-2- Inhibition of vesicular

hydroxybenzylidene)- 0.12-1 pg/mL transport and cell cycle [290]
benzohydrazide progression
N-[5-(4-chlorophenyl)-1,3,4- Cell membrane
Oxadiazole oxadiazol-2-yl]-3- 0.25-0.5 uM disruption and neutral [292]
(trifluoromethyl)benzamide lipid accumulation
Alkylphospholipid TCAN26 0.25-2 ug/mL Cell'memprane [293]
analogc disruption
Pentathiepin 23 0.5-1 pg/mL Unknown [294]
Benzisothiazolone 1.9 0.5 ug/mL Apoptosis induction [295]
Zn(itraconazole)2Cl, 0.08 uM Unknown [296]
Metal complex Zn(ketoconazole)2(Ac)2-H,O 0.125 uM Unknown [297]
[Cu(PPh3)2(ketoconazole)2]NO3 0.006 pM. Unknown [298]
Naphthoquinone 2,5-dichloro-3,6-bis(4-
derivative methylpiperazin-1-yl)cyclohexa-2,5- 1.56 ug/mL Unknown [299]
diene-1,4-dione
Natural products farnesol 0.003-0.222 pug/mL Unknown [300]
X . 1-2 pg/mL Cell membrane [278]
Miltefosine 0.25-2 pg/mL disruption [301]
Todoquinol 05-1 uM Cei;‘ﬁﬁ;ﬁ“e [302]
Repcz;;ﬁtg)gable Buparvaquone b 0.005-0.16 pg/mL Ng;ﬁgﬁ?:;rl [303]
Cell membrane
Ibuprofen 0.03-0.5 pg/mL ¢ disruption and ROS [292]
accumulation

Pentamidine 0.06-0.25 ug/mL DNA intercalation [304]

c

2 MIC range or MIC mean [271,272]; b veterinary use;
or terbinafine.

combined with itraconazole, amphotericin B,

Furthermore, twelve of these works were published in the last five years, reflecting the
increase in studies using Sporothrix as a model due to its importance as a human pathogen.
Besides, most compounds induce disruption of the cell membrane in Sporothrix cells. The
MIC values show that farnesol and buparvaquone are the most promising compounds
(Table 2). However, considering in vitro and in vivo approaches, the hydrazone derivative
4-bromo-N'-(3,5-dibromo-2-hydroxybenzylidene)-benzohydrazide (reported as D13 in
the original study) exhibited the most interesting results, with good in vitro and in vivo
activities [290].

5. Conclusions

The current scenario shows the emergence and re-emergence of sporotrichosis as a
cosmopolitan mycosis whose etiological agents are in constant movement and associated
with different transmission routes. Therefore, public policies should vary according to
the epidemiological scenario, preferably using one-health strategies. Policies aimed at
the human—environment interface are mandatory for areas where the sapronotic route
prevails, driven by S. globosa and S. schenckii s. str. For areas where cat-transmitted
sporotrichosis is emerging, policies aimed at the human-animal-environment interface
are necessary (e.g., responsible animal ownership; limiting the number of cats per house;
neutering campaigns; limiting cat access to the streets; cremation of dead cats). The
invasive capacity of S. brasiliensis is impressive, becoming the predominant species shortly

147



J. Fungi 2022, 8, 776

References

after its introduction into a new area. Such dynamics of the expansion of cat-transmitted
sporotrichosis associated with S. brasiliensis occur through successive founder effect events.
Therefore, the imposition of sanitary barriers preventing the free movement of sick animals
is vital to tackle the geographic expansion of S. brasiliensis beyond the borders of Brazil.

In a rapidly expanding epidemic scenario, diagnostic tools need to keep up with the
pace of the problem. Therefore, fast and accurate methods are important tools for laboratory
diagnosis. In feline sporotrichosis, the quick Panoptic method is an efficient alternative for
diagnosis given the high fungal load in the lesions, in addition to the robustness and low
price. However, speciation will only be possible through the application of molecular tools.
The pillar of the molecular diagnosis of sporotrichosis relies on PCR, with conventional
assays that combine in vitro amplification and agarose gel electrophoresis (e.g., species-
specific PCR) to multiplex reactions capable of real-time detecting mixed infections in
a single tube (e.g., qPCR). Rapid diagnosis allows specific treatment, which positively
impacts patients’ clinical outcomes and reduces transmission rates.

The choice of treatment for sporotrichosis depends on the triad, (i) the clinical form
of the disease, (ii) the immune status of the host, and (iii) the Sporothrix species involved.
The main challenge for the coming years is the sudden emergence of isolates resistant to
itraconazole, the first choice to treat sporotrichosis. The good news is that a search in the
Cortellis Drug Discovery Intelligence database revealed 17 new molecules or repositionable
drugs in the last ten years, highlighting the hydrazone derivatives as a promising alternative
based on great in vitro and in vivo activities.

All the scenarios contemplated above are interdependent and must be considered to
mitigate the advance of the major mycosis of implantation worldwide.
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Abstract: Coccidioidomycosis is a fungal infection caused by Coccidioides immitis and Coccidioides
posadasii. The dimorphic fungi live in the soils of arid and semi-arid regions of the western United
States, as well as parts of Mexico, Central America, and South America. Incidence of disease has
risen consistently in recent years, and the geographic distribution of Coccidioides spp. appears to be
expanding beyond previously known areas of endemicity. Climate factors are predicted to further
extend the range of environments suitable for the growth and dispersal of Coccidioides species. Most
infections are asymptomatic, though a small proportion result in severe or life-threatening forms of
disease. Primary pulmonary coccidioidomycosis is commonly mistaken for community-acquired
pneumonia, often leading to inappropriate antibacterial treatment and unnecessary healthcare costs.
Diagnosis of coccidioidomycosis is challenging and often relies on clinician suspicion to pursue
laboratory testing. Advancements in diagnostic tools and antifungal therapy developments seek to
improve the early detection and effective management of infection. This review will highlight recent
updates and summarize the current understanding of the epidemiology, diagnosis, and treatment of
coccidioidomycosis.

Keywords: coccidioidomycosis; Coccidioides; Valley fever; endemic mycoses; fungal diseases

1. Introduction

Coccidioidomycosis, also known as Valley fever, is an infection caused by the inhala-
tion of airborne arthroconidia from the soil-dwelling fungi, Coccidioides spp. Though often
considered a rare disease, the environmental mycosis is a growing public health concern
due to rising case counts and evidence of geographic expansion. Symptoms develop in
approximately 40% of cases, frequently resembling other respiratory illnesses with signs
such as cough, fever, shortness of breath, and fatigue [1]. Clinical findings may be indistin-
guishable from community-acquired pneumonia (CAP), which can lead to misdiagnosis
and delays in appropriate antifungal treatment [2]. Although the infection is usually self-
limiting, many patients require antifungal treatment to resolve illness, and a small subset of
infections result in life-threatening severe pulmonary or disseminated disease [3,4]. Direct
medical costs combined with potential productivity losses constitute a substantial economic
burden [5-8].

In the United States, coccidioidomycosis is known to be endemic in the Southwest,
with southern Arizona and the San Joaquin Valley in California comprising hyperendemic
zones [9]. Coccidioides immitis has been found as far north as Washington state [10,11].
Globally, a combination of case reports and skin test studies also established areas of en-
demicity in Mexico, parts of South America (Argentina, Bolivia, Brazil, Colombia, Paraguay,
Venezuela), and parts of Central America (Guatemala, Honduras), though much remains
unknown about coccidioidomycosis in these regions because of limited diagnostic capa-
bilities and reporting [12,13]. The global geographic distribution of Coccidioides spp. is
displayed in Figure 1. Reported cases of coccidioidomycosis increased steadily in recent
years and likely underestimate the true burden of disease.
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Figure 1. Global geographic distribution of the Coccidioides species.

The development of more rapid diagnostics is key to early and accurate diagnosis.
Despite improvements in test offerings and performance over time, challenges to coccid-
ioidomycosis diagnosis persist. Results can be difficult to interpret, and sensitivity and
specificity may vary based on immunosuppression status and stage of disease. These
complexities are compounded by low clinician awareness, particularly outside of known
endemic regions [14,15]. Continued developments in antifungal therapy aim to improve
patient outcomes and address concerns of toxicities, though questions regarding early
treatment and optimal management persist.

This review summarizes the current understanding of the epidemiology, diagnosis,
and treatment and management of coccidioidomycosis.

2. Epidemiology
2.1. Increased Number of Reported Cases

Coccidioidomycosis, caused by Coccidioides immitis and Coccidioides posadasii, is a
nationally notifiable disease in the United States, though it is reportable only in 26 states
and the District of Columbia [16]. Reportable status is designated by the state or jurisdiction
and requires healthcare professionals and laboratories to notify public health departments
of cases that meet the Council of State and Territorial Epidemiologists (CSTE) definition.
For nationally notifiable diseases or conditions, states voluntarily submit case data to
the US Centers for Disease Control and Prevention (CDC) for patients meeting CSTE
criteria. The number of cases reported to the CDC rose considerably since 2014, as shown
in Figure 2. Following a three-year decline from 20122014, case counts more than doubled
from 8232 in 2014 to 20,003 in 2019 [17]. Arizona and California, which account for
more than 95% of reported cases, showed similar trends in rates of disease. Incidence in
Arizona grew from 84.4 cases per 100,000 population to 144.1 per 100,000 from 2014-2019,
while California’s incidence more than tripled from 6.0 per 100,000 population to 22.5 per
100,000 population in the same timeframe [18,19]. Based on provisional counts, Arizona’s
incidence increased to 161.1 per 100,000 population in 2020 and stayed relatively even
at 159.8 per 100,000 population in 2021, while incidence in California dipped to 16.9 per
100,000 in 2020 before rising to 20.7 per 100,000 in 2021 [20,21].
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Figure 2. Coccidioidomycosis case counts submitted to the National Notifiable Diseases Surveillance
System, 1998-2019. Case counts reported by individual states might differ slightly from those reported
by the National Notifiable Diseases Surveillance System because of differences in the timing of reports
or surveillance methods.

The cause of the concerning increase is likely multifaceted. Environmental factors
favorable to the growth and subsequent dispersal of Coccidioides spp. may have contributed
to a higher frequency of disease [22,23]. The causative fungus is known to live in arid
and semi-arid regions, and statistical models demonstrated the influence of temperature
and precipitation patterns on the proliferation of Coccidioides spp., though only a weak
correlation was found in some highly endemic areas of California [22,24-29]. Periods of
precipitation facilitate fungal growth in the environment, while ensuing periods of low
precipitation and high temperature create ideal conditions to release fungal spores [28-31].
These effects may be amplified after droughts; incidence in California declined during the
2007-2009 and 2012-2015 droughts but increased markedly in the following two years [23].
Particulate matter of size less than 10 um (PM10) is also thought to impact coccidioidomy-
cosis incidence, and PM10 concentration rose by 12% in the Southwest and 29% in the West
from 2010-2020 [30,32,33].

Population growth may have impacted the rising coccidioidomycosis case counts.
Arizona continues to be one of the fastest-growing states, recording a 12% population
increase from 2010 to 2020, driven primarily by a 16% increase in the highly-populated
Maricopa County; California also experienced a 6% population increase during the same
timeframe [34]. Many of the incoming residents are likely immunologically naive to
coccidioidomycosis. Across several endemic regions, desert land was converted to urban
and suburban centers to accommodate population influx, resulting in substantial soil
disturbance and potential exposure [35,36].

Advances in healthcare practices have expanded the at-risk population for coccid-
ioidomycosis. Prolonged life spans have led to a growing population over 65 years of
age [34]. This group has a higher prevalence of chronic disease and is more frequently
diagnosed with Coccidioides spp. infection [37]. Developments in therapeutics and medical
procedures extended survival for patients with weakened immune systems or previously
fatal conditions. The number of stem cell transplants increased by 8% from 2015-2019,
while solid organ transplantation grew by 45% from 2011-2021 [38,39]. Use of immunosup-
pressive agents has become more widespread with greater availability [40]. Transplants
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and immunosuppressants both represent known risk factors for developing severe coccid-
ioidomycosis [41,42].

Additional factors that may have contributed to the increase in coccidioidomycosis
case counts include changed or improved reporting practices, increased laboratory testing,
or heightened awareness. Patients in Arizona who heard of the disease before seeking
healthcare were diagnosed earlier than patients who were unaware of coccidioidomycosis
and were also more likely to request testing [43]. However, surveys of representative sam-
ples showed low Valley fever awareness, even in regions of known endemicity [44,45]. In
California, only 25.0% of respondents living in high-incidence areas knew that Coccidioides
spp. (termed ‘Valley fever fungus’ in the survey) existed in their area of residence, and just
3.5% of respondents with a risk factor for severe coccidioidomycosis knew that they were
at an elevated risk for severe infection [45]. Tailored messaging to vulnerable populations
may increase the knowledge of disease and consequently influence healthcare-seeking
behavior and testing practices.

2.2. Geographic Expansion of Coccidioides Species

The initial geographic distribution of coccidioidomycosis was established in the 1940s
and 1950s through extensive coccidioidin skin tests to assess prevalence [9]. Although many
cases reported outside of the traditional areas of endemicity are attributed to travel in en-
demic regions or reactivation of a latent infection, several outbreaks in California and Utah
have indicated that the geographic range is extending northward [46-48]. Whole-genome
sequencing confirmed the local acquisition of coccidioidomycosis in 2010 in Washington.
A clinical isolate from the patient and soil isolates retrieved from the suspected point of
exposure were found to be identical, providing the first evidence of Coccidioides endemicity
in the state [10,49].

Reasons for the expansion beyond traditionally recognized areas are not certain,
though several have been theorized. Climate factors are known to influence environmental
dynamics, and it is hypothesized they may create suitable conditions for Coccidioides spp.
habitation in areas that did not previously support fungal growth. A climate niche model
used disease incidence data and climate projections to predict that, by the year 2100, the area
of coccidioidomycosis endemicity will more than double and cases will increase by 50%,
based on global warming scenarios [24]. Although evidence demonstrated the potential
influence of climate change on the future geographic distribution of Coccidioides spp., it is
unclear whether climate contributed to the current observed expansion. Climate change
may additionally trigger an increase in severe weather events, such as wildfires, which
have been linked to infection and cause substantial disruption and dispersal of soil [50,51].
Dust storms (haboobs) were previously thought to drive increases in coccidioidomycosis
incidence, but recent studies found no significant association [52-54]. Air sampling studies
in Arizona even suggest that dust storms may diminish the concentration of arthroconidia
in the air [54].

Some research also suggests that rodents may contribute to the geographic distribution
by serving as a reservoir for coccidioidomycosis, though conflicting results called this theory
into question. The hypothesis, first proposed in the 1940s, was largely discarded following
contradictory results from large-scale soil sampling [55,56]. However, several studies
since found a correlation between the amount of Coccidioides spp. recovered from soil
obtained from rodent burrows compared with surrounding topsoil [57-59]. Contemporary
genomic analysis also spurred a resurgence of the theory, as the findings indicated a higher
proportion of animal versus plant tissue-associated genes [60]. Notably, recent systematic
soil sampling in Washington did not yield any association between rodent burrows and the
presence of Coccidioides [49]. The rodent hypothesis offers a conceivable explanation for
the fungus’ patchy distribution in endemic regions, but more research is needed to better
understand the role of rodents in the Coccidioides life cycle. Continued surveillance will be
essential to monitor trends in case counts and geographic expansion.
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2.3. Risk Factors

Coccidioidomycosis can affect anyone who is exposed to the causative fungus, but
certain groups may be at higher risk of infection or severe disease. People with weakened
immune systems have demonstrated greater susceptibility to disease. Elevated risk exists
for severe coccidioidomycosis among people living with HIV/AIDS, particularly those
with low CD4 counts, though incidence among this population decreased with the advent
of antiretroviral therapy [61-63]. Transplant recipients and patients receiving immuno-
suppressive medications such as corticosteroids, chemotherapy, or tumor necrosis factor
inhibitors represent additional at-risk groups owing to cellular immunodeficiencies [64,65].

Reactivation of a latent infection is also a concern among transplant recipients. Trans-
plant centers in endemic areas may administer antifungal prophylaxis to prevent recurrence
of coccidioidomycosis, often up to one-year post-transplantation [4]. Both universal and tar-
geted programs aimed at patients with positive serologic results or a history of Coccidioides
spp. infection demonstrated encouraging results [66-69]. However, no consensus exists
regarding drug type or duration [69,70]. Further research is needed to define optimal
prophylaxis strategies among certain patient groups.

Pregnancy is an established risk factor for coccidioidomycosis. Evidence suggests a
correlation between the severity of coccidioidomycosis and the length of gestation, with
the most severe disease occurring in the late stages of pregnancy and the immediate post-
partum period. Illness in pregnant women is further complicated by treatment challenges
because azole antifungals are known teratogens [71,72]. Epidemiologic studies showed
that people of African American or Filipino descent are at a heightened risk for infection,
particularly severe or disseminated disease, though reasons are unknown [73-75].

Occupational hazards have been documented for workers exposed to dust from soil
disturbance. Jobs involving digging, excavation, or soil disruption in endemic areas are
considered to pose the greatest risk of coccidioidomycosis; common examples include
construction, archaeology, agriculture, firefighting, and mining, gas, or oil extraction [76].
Although the aforementioned activities are more commonly associated with Coccidioides
spp. exposure, cases related to minimal soil disturbance have been reported, such as an
outbreak among cast and crew on an outdoor television set, as well as extremely high rates
among employees and inmates at state prisons in California [77,78].

Researchers have long postulated that males are at an elevated risk of Coccidioides
spp. infection based on the observed differences in disease incidence by sex [79-81]. Some
claim that the disparity is likely because of the disproportionate representation of males in
occupations or recreational activities associated with dust or soil exposure. Recent data
furthered the assertion of sex as an independent risk factor through a survey of human
patients, veterinary patients, and nonhuman primates [82]. Results showed significantly
higher rates of infection, severe disease, and greater average maximum serum complement
fixation (CF) titers among human males compared with females. Significant differences in
incidence emerged at age 19 and remained until age 80. Additionally, nonhuman primate
and unaltered canine males exhibited a significantly increased risk for coccidioidomycosis
compared with their female counterparts, though no significant sex differences were ob-
served between castrated male dogs and female dogs [82]. Findings from this study suggest
that biological mechanisms may contribute to the reported differences in Coccidioides spp.
infection between males and females.

2.4. Coccidioidomycosis and COVID-19

Several reports described a co-infection of Coccidioides spp. and severe acute respiratory
syndrome novel coronavirus (SARS-CoV-2), the causative agent of coronavirus disease 2019
(COVID-19) [83-90]. Common risk factors include older age, diabetes, immunosuppression,
African American or Latino heritage, and smoking [91]. The interaction between the two
infections remains largely unclear. Underlying respiratory illness and chronic lung disease
are associated with severe COVID-19, suggesting that patients with chronic pulmonary
coccidioidomycosis may be at an elevated risk of severe COVID-19 [92-94]. SARS-CoV-2
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infection may also increase the risk of coccidioidomycosis reactivation because of immune
dysregulation within the host, though at present only one case report is indicative of
reactivation [90,95,96].

The COVID-19 pandemic may have lengthened delays in diagnosis as a result of simi-
lar symptoms between SARS-CoV-2 and Coccidioides spp. infection. A survey of infectious
disease physicians indicated that testing practices did not change because of COVID-19,
though primary care doctors were not among the respondents to this survey [97]. It is also
unknown whether health-seeking behavior or access to healthcare during the pandemic
affected coccidioidomycosis case counts. Further research is needed to understand the
relationship between coccidioidomycosis and COVID-19.

3. Diagnosis
3.1. Diagnostic Challenges

Healthcare providers are faced with a variety of challenges in relation to coccid-
ioidomycosis diagnosis, though they generally fall into two categories: (1) technical ef-
ficiency of laboratory testing and (2) provider knowledge and behavior. Nonspecific
symptoms resemble other respiratory illnesses, and laboratory test results may be difficult
to interpret or logistically challenging. A delayed or missed diagnosis can consequently
lead to adverse patient outcomes in the absence of proper antifungal treatment. Presenting
symptoms are often mistaken for bacterial or viral pneumonia, yet current Infectious Dis-
ease Society of America (IDSA) diagnostic guidelines for CAP do not recommend testing
for Coccidioides spp. infection, despite evidence that the fungal disease accounts for up to
one third of CAP etiologies in some endemic areas [98,99].

According to recent enhanced surveillance, 70% of patients had another condition
diagnosed before being tested for coccidioidomycosis, and the median duration from
seeking healthcare to diagnosis was 38 days [14]. Another study found that 70% of patients
received antibiotics in the three months before their first positive coccidioidal test, and
those patients were prescribed a median of three antibiotic courses [100]. Implications of
inappropriate antibacterial treatment can include drug resistance and unnecessary costs.

A variety of laboratory diagnostic tests are available to detect Coccidioides spp. infec-
tion, but testing rates remain low. Performance measures and considerations for the various
laboratory tests are described in Table 1. A survey of healthcare providers revealed that
only 3.7% reported “frequently” testing CAP patients for coccidioidomycosis, and 15.0%
tested “sometimes”. Even in Arizona and California, just 32.4% and 7.4% of providers,
respectively, reported frequent testing [15]. Just over 60% of healthcare providers surveyed
in Arizona were confident in their ability to diagnose Coccidioides infection, and just under
60% claimed to be knowledgeable about laboratory tests used for detecting coccidioidal
antibodies [101].

A recent assessment of practice patterns in an Arizona healthcare system showed that
73% of coccidioidomycosis diagnoses were made during hospital admission. Nearly half of
those patients had at least one prior healthcare encounter related to their symptoms, but
coccidioidal serology was only obtained for 29% of them during those visits [102]. Their
subsequent hospitalizations suggest that retesting may have been beneficial to counteract
any false negatives in the early stages of the disease.

3.2. Serology

Serologic antibody testing is the most frequently used diagnostic tool for coccid-
ioidomycosis. Antibody development may trail illness onset by several weeks; serial
testing is therefore recommended, should symptoms persist following an initial negative
test result. Consideration of other laboratory tests may be warranted for immunosup-
pressed patients, as sensitivities for coccidioidal antibody tests are generally lower among
this population.

Enzyme immunoassay (EIA) tests are widely available and offer rapid results, de-
tecting coccidioidal antibodies within hours. EIA testing of both immunoglobulin (Ig) M
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and IgG levels can be highly sensitive (59-88%) and specific (68-90%), though results are
variable [103-105]. Results for IgG EIA alone are generally preferred to those for IgM alone,
as IgM EIA tests are known to show false positives and should be interpreted with caution;
IgG EIA test sensitivities range from 47-87% with specificities of 90-96%, while IgM EIA
test sensitivities range from 22-61% with specificities of 70-99% [104-106]. A lateral flow
assay (LFA) has been developed to offer a fast and simple alternative for antibody detection,
but initial data have shown markedly lower sensitivity compared to EIA [107].

Alternative serologic tests for antibody detection include immunodiffusion (ID) and
complement fixation (CF), which are less sensitive than EIA but more specific and com-
monly serve as confirmatory tests [103]. ID tests measure IgG or IgM but can take several
days to return results, limiting their utility for quick diagnosis. Quantitative CF results are
valuable measures to assess disease severity and progression; higher CF titers may indicate
dissemination, and increasing titers are associated with clinical deterioration. However, CF
tests measure only IgG antibodies, and cross-reactivity with other dimorphic fungi may
influence results [108-110]. All coccidioidomycosis antibody tests involve specialty equip-
ment, and CF testing also requires a high level of specialized training. Methods for ID and
CF vary across laboratories, leading to a considerable variability of results. Standardization
is needed to increase the reliability and comparability of these diagnostic tools.

3.3. Antigen Detection

Antigen testing may inform the detection of Coccidioides in early stages of disease,
particularly among immunocompromised patients [111,112]. A commercially-available test
for serum, urine, or cerebrospinal fluid (CSF) samples has demonstrated high specificity.
Sensitivity is moderate among immunocompromised populations but drops considerably
among immunocompetent patients, and CSF antigen testing is sensitive only in patients
with coccidioidal meningitis. Cross-reactivity with blastomycosis and histoplasmosis may
complicate diagnosis in the absence of additional testing [109,111,113].

3.4. Microscopy and Culture

Identification of Coccidioides in clinical specimens by culture remains the gold standard
for coccidioidomycosis diagnosis, though biosafety concerns and potential challenges
visualizing the spherules may limit the use of this method. Additionally, culture growth
may take up to a week, and sensitivity is dependent on specimen quality.

Histopathology and cytopathology represent other traditional methods used to iden-
tify the organism in clinical specimens. Sensitivities of histopathology (23-84%) and
cytopathology (15-75%) also vary greatly [114].

3.5. Additional Laboratory Diagnostic Methods

Encouraging results from polymerase chain reaction (PCR) testing demonstrate the
potential value of molecular methods as a diagnostic tool for coccidioidomycosis. At
present, PCR tests are not commonly used directly on clinical specimens, and the site of
specimen collection may impact test performance [115,116]. A study to evaluate perfor-
mance of the serum (1—3) 3-d-glucan (BG) assay showed sensitivity (43.9%) and specificity
(91.1%) comparable to BG testing for other invasive mycoses, such as aspergillosis and
candidiasis. However, sensitivity was lower among patients with acute pulmonary coccid-
ioidomycosis (19.1%), specificity was determined against healthy controls, and BG values
correlated poorly with serum coccidioidal CF titers [117]. The utility of BG testing as a
clinical diagnostic tool is limited by its inability to detect specific pathogens.
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Table 1. Performance and considerations for coccidioidomycosis laboratory diagnostic tests.

Test Sensitivity Specificity ¥ Considerations
Serology
Antibody Antibody production may lag behind symptom onset.

Sensitivity is often lower in immunosuppressed patients.

EIA IgG or IgM [103-105]

59-88% 68-96% Rapid performance time within hours.

EIA IgG [103-105]

47-87% 89-97% Often used as a screening test, later confirmed by ID or CE.

EIA IgM [103-105]

IgM only may lead to more false positives than IgG only.
22-61% 70-99% & ymay P 8 Y

ID § [103,118]

Results may take several days to receive.
60-91% 99-100% Some specialized training is required.
Methods are not standardized across laboratories.

Titers may offer prognostic value of disease progression.
Measurement of IgG only.

§ o 00 = 00
CF ¥ [103,108,109,118] 05-98% 80-98% Highly specialized training is required.
Methods are not standardized across laboratories.
LFA § [117,118] 31-99% 92-98% Rapid 1-h performance time.
Antigen
Urine and serum [113] 57% 99% May detect Coccidioides in the early stages of the disease [112].
May be preferred to antibody tests for immunocompromised
Urine [111,113] 37-71% 99% patients.
Serum [119] 73% 100% Substantial cross-reactivity with other dimorphic fungi.
Microscopy and culture
om0 . Considered the gold standard of coccidioidomycosis
Culture [114] 23-93% High diagnosis.
Histopathology [114] 23-84% High Biosafety level 3 lab needed for safe isolation of Coccidioides.
Culture growth may take up to a week.
Cytology [114] 15-75% High Sensitivity is heavily dependent on specimen quality.
Additional laboratory methods
PCR [115,116] 56-75% 99-100%  ~apid &hperformance time.
Site of specimen collection may influence results.
Lower sensitivity among patients with acute pulmonary
(1—3) p-d-glucan [117] 44% 91% coccidioidomycosis.

Values correlate poorly with CF titers.
Test cannot detect specific pathogens.

Abbreviations: CF, complement fixation; EIA, enzyme immunoassay; ID, immunodiffusion; IgG, immunoglobulin
G; IgM, immunoglobulin M; PCR, polymerase chain reaction. ¥ Specificity is based on published results; estimates
may not be directly comparable, as different control populations were used in some cases. § Sensitivity and
specificity ranges include testing from outbreak investigations.

4. Treatment

Management of coccidioidomycosis often depends on the severity of disease and clini-
cal history of the patient. Acute pulmonary coccidioidomycosis in immunocompetent hosts
typically resolves without antifungal intervention and results in life-long immunity [3].
Regular assessment to monitor symptoms and radiological results may prove sufficient for
these patients. Some physicians advise empiric antifungal therapy to shorten symptom du-
ration and prevent dissemination, though there are no data from prospective randomized
clinical trials to support the efficacy of early treatment on these outcomes [120].

Antifungal treatment for primary pulmonary coccidioidomycosis is recommended for
immunosuppressed hosts or patients with particularly devastating forms of disease. IDSA
guidelines outline symptoms that may warrant the initiation of therapy; these symptoms
include substantial weight loss, persistent intense night sweats, infiltrates involving more
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than half of 1 lung or portions of both lungs, prominent or persistent hilar adenopathy, CF
titers exceeding 1:16, inability to work, or symptoms that persist for more than 2 months.
Additional considerations for early treatment include a history of diabetes, frailty because
of old age, comorbidities, or African American or Filipino ancestry, though the IDSA guide-
lines note that ethnicity and diabetes status should only modestly influence management
decisions [4].

4.1. Azoles

The advent of azole therapy significantly influenced the antifungal treatment of coc-
cidioidomycosis. Ketoconazole became the first azole used against Coccidioides in 1981,
though it is no longer recommended because of concerns of adverse effects and apparently
superior efficacy of other drugs [121,122]. Fluconazole is the most commonly prescribed
antifungal agent for coccidioidomycosis, available in oral and intravenous formulations.
Its low cost, tolerability, and penetration into most body sites make it an appealing option
for drug administration [4,123]. Side effects may include alopecia, dry skin, chapped lips,
and arthropathy, and effects may become more pronounced with higher dosage [124]. Flu-
conazole in vitro minimum inhibitory concentrations (MICs) were found to be significantly
higher than those of other triazoles in limited reports, though this has not been correlated
with patient outcomes [125].

Itraconazole is also commonly used to treat coccidioidomycosis and is available as an
oral solution or a capsule. Findings from a randomized double-blind trial showed that itra-
conazole had a higher efficacy (70% response rate) compared to fluconazole (37% response
rate) for patients with skeletal forms of disease, though absorption can be challenging.
Relapse rates were also lower for patients treated with itraconazole (18%) as opposed to
fluconazole (28%) [126]. Hypertension, hypokalemia, sodium retention, and decreased
myocardial contractility constitute reported adverse effects from itraconazole therapy, and
consequently the drug is not recommended for patients at risk of heart failure [127-129].

Voriconazole may be prescribed for patients who are intolerant or unresponsive
to fluconazole or itraconazole. It can be administered intravenously or through oral
formulation and has extensive distribution throughout the body, including CSF penetration.
Although voriconazole has exhibited efficacy in cases of coccidioidal meningitis, concerns
of drug-drug interactions and toxicities may limit its use [130-132]. Voriconazole has been
associated with visual impairments, altered mental status, and harmful cutaneous effects,
including photodermatitis, melanoma, and squamous cell carcinoma [133-135].

Posaconazole is an alternate antifungal option for refractory cases of coccidioidomyco-
sis. Originally available only as an oral suspension, the development of an intravenous for-
mulation and delayed response oral tablet markedly improved absorption [136]. Posacona-
zole penetrates most body sites, with the exception of CSF, and is generally considered
to be effective, even demonstrating superior performance to other triazoles in murine
models [130,137-141]. Side effects are commonly gastrointestinal in nature, including nau-
sea, vomiting, and diarrhea. Hypokalemia, hypertension, and peripheral edema are also
reported to be associated with Posaconazole treatment [98].

Most recently, isavuconazole has been made available in oral and intravenous formula-
tions. It is widely distributed throughout the body, yet although isavuconazole has proven
to be effective against other mycoses, data for coccidioidomycosis patients in a clinical
setting are limited [142-144]. Gastrointestinal side effects similar to those of Posaconazole
have been observed.

4.2. Polyenes

Prior to the introduction of triazole antifungal therapy, amphotericin B served as
the primary agent for coccidioidomycosis treatment. Multiple formulations are available
intravenously: amphotericin B deoxycholate (AmBd), liposomal amphotericin B (L-AMB),
amphotericin B colloidal dispersion (ABCD), and amphotericin B lipid complex (ABLC).
All forms are associated with nephrotoxicity, though the frequency of adverse events is
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References

generally lower in the lipid variations [145,146]. Use of amphotericin B is now primarily
limited to cases that are intolerant or resistant to triazoles. However, intrathecal AmBd
may still be administered in patients with coccidioidal meningitis or in their first trimester
of pregnancy to avoid potential teratogenic effects of triazoles [4,147].

4.3. Treatment Duration and Follow-Up

Duration of coccidioidomycosis treatment varies based on disease type and progres-
sion. Therapy for uncomplicated acute pulmonary infection is commonly discontinued
after 3-6 months, whereas patients with severe or chronic forms of disease may require
life-long treatment. Antifungal regimens should be routinely assessed for possible adverse
effects, drug-drug interactions, and therapeutic drug monitoring if needed. Cessation
of treatment is generally prompted by diminished symptoms, improvements of imaging
results, and declining CF titers.

Regardless of treatment status, clinical follow-up is essential to evaluate the resolution
of signs and symptoms and to identify possible relapse or dissemination. Assessments
often incorporate a combination of serologic testing, radiological examination, and patient
interview to monitor the course of infection. Follow-up is recommended for at least one
year once the patient shows signs of improvement.

5. Conclusions

Our understanding of coccidioidomycosis has no doubt deepened in recent years, but
much remains to be learned. Incidence of disease is rising, and the geographic range of
Coccidioides spp. is growing. Continued and expanded surveillance is needed in the United
States and across Central and South America to monitor trends and identify potential
new areas of endemicity to inform public health efforts. Increased clinician awareness
and knowledge of suitable diagnostic methods are essential to improve early detection
and avoid inappropriate treatment and unnecessary medical costs. Furthermore, the
development of new and more rapid diagnostic tools, as well as antifungal therapies that
target Coccidioides spp., is necessary to advance the diagnosis and subsequent resolution of
disease. Insights into the epidemiology, diagnosis, and treatment of coccidioidomycosis
can be used to guide future prevention and management strategies to minimize morbidity
and mortality from this important disease.
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Abstract: Lobomycosis is a chronic disease caused by Lacazia loboi, which is endemic to the Amazon
rainforest, where it affects forest dwellers in Brazil. There is no disease control program and no
official therapeutic protocol. This situation contributes to an unknown disease prevalence and unmet
needs of people disabled by this disease who seek access to treatment. This review provides an
update on the subject with an emphasis on therapeutic advances in humans. All relevant studies that
addressed epidemiology, diagnosis, or therapeutics of lobomycosis were considered. Seventy-one
articles published between 1931 and 2021 were included for a narrative literature review on the
epidemiology and quest for a cure. An effective therapy for lobomycosis has been found following
decades of research led by the State Dermatology Program of Acre in the Amazon rainforest, where
the largest number of cases occur. This discovery opened new avenues for future studies. The main
recommendations here, addressed to the Brazilian Ministry of Health, are for lobomycosis to become
a reportable disease to ensure that disease prevalence is measured, and that it be prioritized such that
affected individuals may access treatment free-of-charge.

Keywords: keloidal blastomycosis; Jorge Lobo’s Disease; Lacazia; Lacaziosis; lobomycosis

1. Introduction

Lobomycosis is caused by the as-of-yet unculturable fungus Lacazia loboi, which pene-
trates the skin following traumatic lesions and reaches down to the subcutaneous tissue,
thus causing keloid-like nodular lesions in exposed body areas such as the ears, legs, and
arms [1]. It affects humans as well as dolphins. In humans, accidental trauma in association
with plants, thorns or insect bites is considered a precursor to skin lesions due to L. loboi,
though not in all cases. As animal-to-human transmission of Lacazia has not been confirmed;
its main mode of transmission is hypothesized to be traumatic contact with certain tree
trunks of tropical rainforests [2]. While the disease occurs throughout Central and South
America, it is mainly found in the Amazon rainforest of Brazil. It was first described in
1931 by the dermatologist Jorge Oliveira Lobo in Recife, Brazil, in a case report of a man
who had worked several years in the Amazon and developed keloidal skin lesions in the
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lumbar and gluteal regions. The first dolphin case was reported from the Atlantic coast of
Florida in 1971. Lobomycosis in dolphins has also been reported in Europe in 1983 and a
decade later in Brazil [3-7].

Reporting of lobomycosis is not a priority for the Brazilian Ministry of Health, therefore
disease prevalence is unknown. However, an increase in new cases has been observed over
the years at the State Dermatology Program of Acre (SDPA), Rio Branco County, Acre state,
Brazil [1,8]. A large hidden prevalence amongst forest people dwelling in remote areas
has been suggested as the probable cause of this rise in cases. There is consensus in the
literature that effective drug therapy for the treatment of lobomycosis is lacking, and that
surgical resection of keloidal skin lesions is often followed by disease recurrence. In more
recent years, however, a scientific breakthrough was achieved by observing the outcomes
of a natural experiment. This natural experiment consisted of patients co-infected with
leprosy and lobomycosis who were treated with the standard therapy for multibacillary
leprosy at the SDPA. Not only did symptoms of leprosy disappear during treatment, but
resolution of lesions due to lobomycosis was also observed [9,10]. Here we appraise the
literature on the epidemiology, diagnosis and management of lobomycosis in a narrative
literature review, with an emphasis on therapies.

2. Materials and Methods

A narrative literature review was undertaken using PubMed as the primary search
engine for the selection of studies. Due to the lack of experimental studies, a systematic
review was not feasible. The following medical subject headings (MeSH) were applied
to "All Fields" in PubMed Central: Lobomycosis OR Lacaziosis OR Jorge Lobo’s Disease
OR Keloidal Blastomycosis AND Epidemiology; AND Diagnosis; AND Therapeutics;
AND France; AND Italy; AND Africa; AND Mexico. The first author (FGG) selected
all articles relevant to the three axes of interest in this review: epidemiology, diagnosis,
and therapeutics.

To expand the search, a complementary strategy for selection of studies was carried
out. Google Scholar was used to search for additional references listed in PhD dissertations
by an expert on lobomycosis [11].

3. Results and Discussion
3.1. Case Reports, New Cases, and the Hidden Prevalence of Lobomycosis

The source of lobomycosis infection is unknown. It was long believed that the disease
was restricted to Brazil’s Amazon region because of its hot and humid climate, and that male
forest workers were the main host population. However, the disease is not only present in
Brazil, but also in forested areas of other countries in South and Central America [12-18].
Intriguingly, lobomycosis also occurs in dolphins [6]. While it would be reasonable to
suppose that sylvatic animals such as the sloth, new world monkeys, or the puma might be
susceptible to the disease, this has not been borne out.

One of the major shortcomings in our understanding of lobomycosis epidemiology
stems from the lack of systematic collection of disease occurrence statistics (e.g., prevalence,
incidence). This is not only due to underreporting, which is common in other neglected
tropical diseases, but also because lobomycosis is not a reportable disease in Brazil. This has
resulted in a large hidden disease burden, insufficient access to necessary health services,
and a rising number of patients presenting with advanced clinical manifestations [13,19].

Our understanding of the epidemiology of lobomycosis thus relies heavily on case
reports. The first reported case of lobomycosis was from a resident in the Amazon Basin
who worked as a rubber tapper in the 1920s. This case was described by the eponymous
dermatologist Jorge Oliveira Lobo in 1931, in Recife County in northeastern Brazil [3]. The
second reported case was of a 55-year-old man who was also engaged in forest activities
(extraction activities, fishing) in Amazonas state, Brazil [20]. Overall, the majority of cases
have been reported from the Amazonian forest regions in Brazil (Acre, Amazonas, and
Para states), Peru, Colombia, Bolivia, Ecuador, Venezuela, Suriname, French Guiana, and
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Guyana [1]. While lobomycosis cases have been reported in other countries, including the
United States, Canada, Mexico, Spain, France, Panama, Costa Rica and South Africa, the
exposure was hypothesized to have occurred in the Amazon Basin [1,6,16,18,21-23].

A longitudinal investigation of lobomycosis was undertaken amongst the Kaiabi
indigenous tribe from the 1950s to the 1980s. This tribe is in the northern Mato Grosso state
in the Xingu Indigenous Park, which is a well-studied indigenous territory in Brazil. Two
adult male brothers were the initial subjects of investigation in 1953. By 1966, 12 cases had
been recorded, followed by 15 cases in 1973, 53 cases in 1982, 56 cases in 1986, and 60 cases
in 1994 [2,24-30].

Over the years, case reports of lobomycosis were accumulating from several countries,
with the Amazon Basin as the likely source of infection. A total 418 cases had been reported
by 1996, of which 255 (61%) occurred in Brazilians [31]. A pioneering case series carried out
by Opromolla et al. reported on 40 cases of lobomycosis in Acre state, Brazil, raising the
total number of cases reported in Brazilians to 295 [32]. By 2000, 47 additional cases were
reported, bringing the total to 465 cases. Of the 465 cases, 295 (63%) occurred in Brazilians.
Out of these, 60 (20%) occurred amongst the Kaiabi indigenous tribe [33].

From the scattered epidemiological records constructed mainly by case reports, it
would seem that the disease is widespread throughout the Amazon Basin, with some
hotspots occurring within this biome. While this observation may be an artifact due to
underreporting, given that most infectious diseases show some level of spatial clustering,
it would stand to reason that the risk of acquiring lobomycosis would not be uniform
throughout the Amazon. The increasing number of new cases arising in Acre state, Brazil,
further supports this hypothesis. By way of comparison, 249 lobomycosis cases were
reported in Acre state between 1998 to 2008 by the SDPA, while 23 new cases were reported
in 1996-2005 in Para state by the Dermatology Service of the Federal University of Para
state [1,10]. Both Amazonian states have large workforces engaging in forest activities,
including the extraction of Acai fruit and Brazil nuts. These activities depend on the
conserved habitats of tropical rainforests, but workers do not have direct contact with trees.
Although Acgai crops are adjacent to continuous forests, workers stay in the crops” area only.
Brazil nut extraction is based on collecting nuts that have fallen on the ground, so there is
no need to climb trees. Rubber extraction, however, requires direct contact with the trees,
as the rubber tappers move from one rubber tree to the next to collect the sap. The large
number of rubber tappers in Acre state may explain why this state has the largest number
of lobomycosis cases.

Of the 490 lobomycosis cases reported worldwide by 2006 [1], the distribution was as
follows: 318 cases (65%) in Brazil, 50 (10%) in Colombia, 34 (7%) in Suriname, 23 (5%) in
Venezuela, 21 (4%) in Costa Rica, 16 (3%) in French Guiana, 13 (3%) in Panama, 4 (0.5%) in
Peru, 3 (0.5%) in Bolivia, 2 (0.5%) in Ecuador and in Guyana, and one (0.25%) in Mexico,
Europe, the United States, and Canada [1]. While the Amazon basin was the probable
source of infection for nearly all cases, at least two cases, reported from South Africa, may
have been acquired outside of the Amazon basin [23]. The first case was of a 65-year-old
man with keloidal skin lesions of the feet, arms, and face, with a travel history to Mexico.
The second case was of a 20-year-old swimmer and diver who frequently visited Palestine
and the United Kingdom [23]. In the former case, it can be interpreted that the actual
distribution of L. loboi may be greater than expected, expanding beyond the Amazon basin
towards North America. In the latter case, it could be speculated that L. loboi-contaminated
water may confer risk of infection to swimmers or divers.

While the pathogenesis of lobomycosis is poorly understood, the natural history of the
disease in humans is characterized by a long incubation period and a slowly progressive,
chronic infection. This is likely the result of the subversion of the local immune response [1].
The lengthy incubation period makes it difficult to pinpoint the exact time and location
of exposure. Nonetheless, cases of lobomycosis in ecotourists show that transmission can
be caused by an acute event (e.g., trauma involving forest debris) dating back years. For
example, a 55-year-old Italian man showed infiltrative nodular lesions on the left tibia in
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August 2016 [19]. The likely origin of this infection was attributed to an exposure to Lacazia
fungi several years before during a five-day trek in the forests of the Canaima National
Park, Bolivar state, Venezuela [19].

The absolute case numbers of Lobomycosis have risen over the years, adding more
information, but also more puzzles with regards to its mode of transmission. For instance,
a case reported five years ago had the probable location of transmission noted as un-
known [34]. The case was of a 36-year-old male farmer who presented with keloid lesions
of the left ear. He lived as a farmer in Brazil’s Minas Gerais state, which is located no less
than 300 km from the Amazon Basin. He had received visits from Amazonian people at his
farm prior to the onset of lobomycosis, raising the question of whether an infected human
could have been the source of transmission. Additionally, six new cases of lobomycosis
were reported in the Colombian National Army [35]. The disease was probably acquired
while in the service in the eastern Colombian Amazon [35]. The duration of illness was
between two and 15 years, which suggests that these soldiers were exposed at different
times in the same jungle area [35]. Although this jungle area was identified as an infection
site for the case series [35], the unknown is where in the environment Lacazia fungi reside
over the years. Furthermore, a second case of lobomycosis with Mexico as the probable site
of infection was reported recently [36], building on the initial case in a South African who
had travelled to Mexico [23]. This second individual was a farmer and beekeeper living
in southwestern Mexico presenting with multiple nodular lesions in the right ear [36]. In
Greece, a histologically confirmed case was reported in a 64-year-old woman without any
travel history to Central or South America, marking the first such case from Europe [37].
On the contrary, lobomycosis cases declined amongst the Kaiabi Indians, dropping to only
three new cases in the last 20 years [38].

An important outcome from the follow up of lobomycosis cases amongst the Kaiabi
Indians between 1965 and 2019 is that a spontaneous cure has not been observed [38].
This means that every new case becomes a prevalent case over time [39]. This, combined
with probable high numbers of undiagnosed cases, leads to a mounting burden of disease.
The known prevalence today totals 907 cases of lobomycosis in the world [40]. Out of
this (N =907), 496 cases (55%) were reported in Acre state, Brazil [40]. In this state, 207
new cases of lobomycosis were reported between 2009-2021. Of these 207 cases, 19 cases
occurred in women (9%), the youngest of which involved a 10-year-old child, while the
oldest case was of a 106-year-old, and the majority of the individuals affected lived in
forested areas [40]. In addition to the known 907 reported cases globally so far [40], it is
expected that a larger number remain undiagnosed, contributing to a “hidden prevalence”
of lobomycosis.

3.2. Lobomycosis in Dolphins and Zoonotic Potential

It had long been believed that lobomycosis was a human disease of Latin American
origin until the disease was reported in bottlenose dolphins (Tursiops truncates) off the coast
of Florida in 1971 [41-43]. Due to human interaction with this geographically widespread
dolphin species, lobomycosis cases resulting from dolphin-to-human transmission have
been reported [43-45]. At least two cases were confirmed as zoonotic transmission of
lobomycosis. Both cases involved work-related contact with a sick dolphin in which
the human patients presented with lesions on their hands months after contact [43-45].
Additionally, the possibility of animal-to-human transmission was further implicated when
one of the co-authors here (PSR) acquired the disease upon handling experimental mice
inoculated with live yeast-like cells from a lobomycosis patient [46]. However, reports of
zoonotic transmission are rare and may be more likely in immunocompromised individuals.

Lobomycosis in the bottlenose dolphin is as widespread as the geographical range of
the bottlenose dolphin itself, with a prevalence as high as 16% [47-58]. Reports showed
lobomycosis in bottlenose dolphins off the coasts of Florida, North Carolina (Atlantic
Ocean) and Texas (Gulf of Mexico) in the United States, the coasts of Spain and France
(Bay of Biscay), and the Brazilian Atlantic coast of Rio Grande do Sul state (Tramandi
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River) [47-58]. The disease has also been reported in the Guiana dolphin (Sotalia guianen-
sis) [44]. Interestingly, while the disease occurs readily among dolphins in regions that are
not endemic to humans, there is a complete absence of the disease in freshwater dolphins
in human-endemic regions, including the Orinoco River in Venezuela and the Amazon
River in Brazil [48,49].

Unfortunately, reports of lobomycosis in dolphins are often based on indirect means, such
as photographic evidence of lobomycosis-like disease lesions [50]. More than 20 bottlenose
dolphins carrying lobomycosis-like disease (LLD) have been photographed in the Indian
River Lagoon, Florida [50,51]. Estimates show a LLD prevalence of 3.9% in Guiana dolphins
in the Paranagua River Estuary, Parana state, Brazil [52]. Another dolphin species, Tursiops
aduncus, was also reported to LLD in the Indian Ocean [53]. The range of LLD prevalence
among bottlenose dolphins was estimated as 13.2-16.1% in waters in Central America [54-56].
In southern Belize, the first LLD case in Atlantic spotted dolphin, Stenella frontalis, has been
recorded recently [57]. Photography showing LLD correlates well with lobomycosis in dol-
phins, as supported by its 75% sensitivity and 100% specificity in comparison with histologic
examination of lesion biopsies [50].

3.3. Clinical Presentation and Diagnosis of Lobomycosis

The diagnosis of lobomycosis is challenging, as the lesions are often mistaken for cuta-
neous leishmaniasis, nontuberculous mycobacterial infections including leprosy, sporotri-
chosis, or other dermatological mycoses [39]. Distinguishing clinical features of lobomyco-
sis include slowly progressing keloidal nodules, which may ulcerate or develop a verrucous
appearance over time. Other presentations include hypo- or hyperpigmented macules and
papules. Lesions may be pruritic or cause a burning sensation, and they can be isolated
or disseminated, and are usually localized in the lower limbs, followed by the ears, upper
limbs, and head [59,60]. In the disseminated form, body deformities, an intense pruritus,
and ulcerations are commonly observed [61].

Biopsy for histological analysis is considered the gold standard [1,10,17,19,32,59]. La-
cazia fungal cells are identified by staining with haematoxylin-eosin and Gomori-Grocott
methenamine silver stains [32]. Analysis of haematoxylin-eosin dyed papillary dermis
by light microscopy at 100x magnification reveals hyperkeratosis, collagen fibroplasia,
vascular neoformation, and diffuse inflammatory infiltrate with lymphocytes, epithe-
lioid cells, giant cells, and hemosiderin-laden histiocytes [39]. Reticular dermis dyed
by Gomori-Grocott methenamine silver and analysed at 200-400x magnification shows
round thick-double-walls yeasts occurring singly or in interconnected chains [39]. These
histopathological features can be used for the diagnosis of lobomycosis [32,62].

Vinyl adhesive tape (also known as the Scotch test) can also be used for diagnosis after
observation of ulcerated lesions [63]. This test is based on the transepidermal elimination
of L. loboi, in which fungus is eliminated through the horny layer of the epidermis [62]. This
technique consists of the application of vinyl adhesive tape to the scale-encrusted aspect of
the lesion, followed by the application of this tape to a glass side present with potassium
hydroxide (KOH) and dimethyl sulfoxide (DMSO), and subsequent examination by light
microscopy. While the diagnostic accuracy has not been well studied, Miranda et al. con-
firmed lobomycosis via this technique in five of five patients, and were able to distinguish
it from other tropical neglected mycoses (chromoblastomycosis and paracoccidiodomyco-
sis) [63]. Different from lobomycosis, paracoccidioidomycosis and chromoblastomycosis
can be cultured in the laboratory [63].

Molecular testing has also been successfully employed for the diagnosis of lobomyco-
sis [19,60,61]. Amplification and direct sequencing of fungal ribosomal RNA genes yielded
the diagnosis of lobomycosis in a European man who had travelled to the Amazon region of
Venezuela [19]. Another approach has been to amplify the gp43-like gene [60]. However, as
molecular testing may not always be available in endemic regions, clinical and microscopic
diagnosis remain the most used approaches to identify cases [60,61].
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3.4. The Quest for a Cure for Lobomycosis

Over the years, numerous antifungal and antibiotic regimens have been attempted
with generally unsatisfactory outcomes, falling short of total remission. One studies used
sulfadimethoxine 1000 mg/day for an 80-year-old patient in Venezuela in 1961 [64] or
sulfamethoxypyridazine 500 mg/day for two cases of 50-year-olds in French Guyana in
1962 [65]. The former study showed partial remission of skin infiltrations and nodules [64],
while the latter showed no clear resolution of skin lesions [65] (Table 1). An experimental
approach using ketoconazole 400 mg/day showed a decrease in the number of Lacazia
fungi and mild to moderate remission of skin lesions [66]. In another study (1980), keto-
conazole 200 mg/day for six months given to a 45-year-old farmer in Brazil resulted in an
unsatisfactory outcome with no cure [67] (Table 1).

After therapeutic studies undertaken by Opromolla et al. in the 1990s [32,63], clo-
fazimine and itraconazole were considered for lobomycosis treatment. Treatment with
clofazimine and itraconazole for one year in a 46-year-old Brazilian male was reported
to result in the total remission of skin lesions [68] (Table 1). The success of this treatment
regimen may be attributed to this patient’s localized facial lesion [68], which is less complex
than treating the disseminated forms of the disease [10,69]. In another case involving a
localized skin lesion of the left ear, a 29-year-old male forest ranger in Peru was treated
with posaconazole 400 mg twice a day for 27 months [70]. Although it resulted in the
remission of skin lesions, Lacazia fungi were still viable after treatment [70]. However, even
after four years of follow up of this case, the disease had not recurred [70] (Table 1). In
another successful case, a patient was initially treated with itraconazole 200 mg/day and
cryotherapy for seven months [34]. As lobomycosis re-appeared, he had further surgery
along with clofazimine (100 mg/day), itraconazole (200 mg/day) and cryotherapy with
liquid nitrogen for two years [34]. At the time of the study’s end, the complete remission of
skin lesions and the absence of fungi in a biopsy were seen [34] (Table 1).

Notably, combination therapy with itraconazole clofazimine, rifampin, dapsone, and
surgical excision resulted in a clinical cure in both localized and disseminated forms of
the disease [46,63,71]. To date, the most promising approach to lobomycosis was found
by chance while treating leprosy patients co-infected with lobomycosis in the Leprosy
Elimination Program carried out by SDPA in Acre state, Brazil. Ten co-infected patients
were treated with the standard protocol for multibacillary (MB) leprosy with multiple drug
therapy (MDT; rifampin, clofazimine, and dapsone) as recommend by the World Health
Organization (WHO) [10]. Patients reported reduced itching and softening of the skin
lesions. Patients were periodically evaluated, and followed up with biopsy and fungal
viability assessments [10]. Alllesions showing atrophy were then surgically excised, with no
further disease recurrence, resulting in 10 of 10 patients cured [10]. Recently, SDPA reported
a randomized clinical trial with multibacillary multidrug therapy (MDT/MB/WHO) and
surgery resulting in a likelihood ratio of 2.5 (CI 95% 1.4—4.4) of cure compared with
untreated or incompletely treated patients (controls) [71] (Table 1). In this trial, out of
80 patients treated with MDT/MB/WHO, 72 (90%) showed improvement, and 20 (25%)
were considered cured [71]. MDT/MB/WHO alone is effective in most lobomycosis cases
(Figure 1A,B). MDT/MB/WHO associated with surgery can even lead to cure in the
disease’s disseminated forms (Figure 1C,D).

Lastly, a 57-year-old Brazilian man showing the disseminated form of lobomycosis
was treated with posaconazole (400 mg/twice daily) for 30 months [72]. This patient had
previously undergone treatment with itraconazole, dapsone, and clofazimine with no
remarkable success. A regimen of posaconazole decreased skin lesions in size and healed
some of them, with no side effects [72] (Table 1). This further shows that posaconazole is a
potential adjuvant drug for lobomycosis therapeutics.
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Table 1. Summary of studies on the treatment of lobomycosis, 1960-2021.

Dosing . @ . Follow-Up # Surgery Side o
Drug (Daily) * Duration n Patient Time % Outcome Used Effects $ j; :: Ref
Sulfadimethoxine 05-2¢g 1d 1 Not done 2 No No - [64]
Sulfadimethoxine 025-05g 18d 2 Not done 1 No No - [65]
Ketoconazole 02-04g 90d 1 Not done 2B No No - [66]
Ketoconazole 02g 180d 1 Not done 1 No No - [67]
Clofazimine 0lg 1
Itraconazole 0lg ly 1 2 years 3C No Yes - [68]
Clofazimine 0.05g Not
Dapsone 0lg ly 1 available 3C Yes No - [46]
Itraconazole 02g
Posaconazole 08¢g 27 m 1 4 years 3B No Yes 2 - [70]
Itraconazole 02g
Clofazimine 0lg Not
Cryotherapy with every 3 2y 1 available 3¢ Yes No ) 341
liquid nitrogen months
Clofazimine 0.05g
Dapsone 0lg
Clofazimine 0.3 g/m 1 o
Rifampin 0.6 5/m 4y 103 2 years 3C Yes Yes 25% [71]
Dapsone 0.3 g/m
Itraconazole 02g
Not
Posaconazole 08¢g 30 m 1 available 2 No No - [72]

*: doses are in grams (g) and daily, except when informed in months (m). ®: duration of treatment in days (d),
months (m), or years (y). % Follow-up time after the treatment’s end. #: outcomes of skin lesions: 1 = no resolution,
2 = partial resolution, and 3 = clinical cure. #. outcomes of fungal viability: A = unchanged; B = decreased; and
C = clinical cure. %: side effects: Yes ! = skin pigmentation due to the use of clofazimine; Yes 2 = headache.

Figure 1. WHO/MDT/MB standard protocol for lobomycosis treatment, SDPA, Acre state, 2020 [71].
(A) localized lobomycosis before and (B) after WHO/MDT /MB treatment for four years. (C) dis-
seminated lobomycosis before and (D) after WHO/MDT/MB treatment for four years plus lesion
resection twice a week for one year.
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The WHO/MDT/MB therapy (clofazimine, rifampin, dapsone) in Gongalves et al. [71]
was associated with less than $100 in medical expenditure per patient. Thus, this triple
drug therapy in combination with surgery not only leads to remission of skin lesions, but
also does so at reduced cost (Figure 1). We conclude by advocating for the inclusion of
lobomycosis in the Brazilian Ministry of Health in the list of reportable diseases and the
WHO program for control of neglected tropical diseases.

4. Conclusions

Lobomycosis is the most neglected of the neglected tropical diseases, with a rising
number of new cases among residents of the Amazon rainforest. The state of Acre in Brazil
has the highest prevalence of lobomycosis in the world, possibly due to the long history of
economic development based on rubber tapping. Lobomycosis can cause physical disability,
disproportionately affecting low-income heads-of-household who depend on manual
labour to provide for their families. This narrative review highlights the role of triple
drug therapy with clofazimine, rifampin and dapsone with adjunctive surgical excision
as a cost-effective and proven cure for lobomycosis. We recommend that lobomycosis be
included in the list of reportable diseases and for the adoption of multibacillary multidrug
therapy for the standard treatment of this disease.
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