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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/NJ).
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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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Parental population

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

Climate change Deforestation
Environment,
health and safety
) o

N N

ONE
HEALTH

Feline
sporotrichosis

Host factors
(e.g., immunity
and genetics)

N\
Y

Founder

Social

determinants — effect
(e )

Antifungal resistence

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).
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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 3-6pm), 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].



J. Fungi 2022, 8,776

10 of 32

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 pm 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 um.

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].

It is 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 SSCBE. 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 SSCBF-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«x) [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. KlI's ability to directly destroy microorganisms is still a matter of speculation.



J. Fungi 2022, 8,776

16 of 32

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].
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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.
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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 Reference
(MIC<Tpg/ml)  (1<MIC < 4 ug/mL) (MIC > 4 pg/mL)
Polyenes
Amphotericin B [262]
Azoles
Albaconazole [286]
Clotrimazole [287]
Eberconazole ool
Fluconazole [286]
Itraconazole [262]
Isavuconazole Sl
Ketoconazole [262]
Miconazole ol
Posaconazole [262]
Ravuconazole [286]
Voriconazole [262]
Allylamines
Terbinafine [262]
Naftifine [289]
Echinocandins
Anidulafungin S
Caspofungin o
Micafungin [286]
Pirimidine
Flucytosine 8ol

2 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 ug/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.


https://www.cortellis.com/drugdiscovery/
https://www.cortellis.com/drugdiscovery/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/

J. Fungi 2022, 8,776

19 of 32

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 Compound Concentration ? Mechanism of Action G

Hy élraz~one 22-hydrazone el;r:_c;z%g}m 2-yl-chol-5 0.01-05 g /mL, Inhlbgil;);\ yift EZ%;Steml [291]

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 TCAN?6 0.25-2 pg/mL Cell' membrane [293]
analogc disruption
Pentathiepin 23 0.5-1 ug/mL Unknown [294]
Benzisothiazolone 1.9 0.5 pg/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]NO;3 0.006 uM Unknown [298]
Naphthoquinone 2,5-dichloro-3,6-bis(4-
derivative methylpiperazin-1-yl)cyclohexa-2,5- 1.56 pg/mL Unknown [299]
diene-1,4-dione
Natural products farnesol 0.003-0.222 pg/mL Unknown [300]
. . 1-2 ug/mL Cell membrane [278]
Miltefosine 0.25-2 pg/mL disruption [301]
Iodoquinol 0.5-1 uM Cegi;?sg}(:ine [302]
Rep(zfrlzgable Buparvaquone P 0.005-0.16 pg/mL Ng;‘;ﬁg?t‘féif‘l [303]
Cell membrane
Ibuprofen 0.03-0.5 ug/mL ¢ disruption and ROS [292]
accumulation

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

2 MIC range or MIC mean [271,272]; b veterinary use; ¢ combined with itraconazole, amphotericin B,
or terbinafine.

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
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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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