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Abstract: Microsporum canis is a widely distributed dermatophyte, which is among the main etiological
agents of dermatophytosis in humans and domestic animals. This fungus invades, colonizes and
nourishes itself on the keratinized tissues of the host through various virulence factors. This review
will bring together the known information about the mechanisms, enzymes and their associated
genes relevant to the pathogenesis processes of the fungus and will provide an overview of those
virulence factors that should be better studied to establish effective methods of prevention and control
of the disease. Public databases using the MeSH terms “Microsporum canis”, “virulence factors” and
each individual virulence factor were reviewed to enlist a series of articles, from where only original
works in English and Spanish that included relevant information on the subject were selected. Out
of the 147 articles obtained in the review, 46 were selected that reported virulence factors for M.
canis in a period between 1988 and 2023. The rest of the articles were discarded because they did
not contain information on the topic (67), some were written in different languages (3), and others
were repeated in two or more databases (24) or were not original articles (7). The main virulence
factors in M. canis are keratinases, fungilisins and subtilisins. However, less commonly reported
are biofilms or dipeptidylpeptidases, among others, which have been little researched because they
vary in expression or activity between strains and are not considered essential for the infection and
survival of the fungus. Although it is known that they are truly involved in resistance, infection and
metabolism, we recognize that their study could strengthen the knowledge of the pathogenesis of M.
canis with the aim of achieving effective treatments, as well as the prevention and control of infection.
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1. Introduction

Dermatophytes are a group of keratinolytic and keratinophilic fungi, etiological agents
of zoonoses or anthropo-zoonotic transmissions that secrete a variety of enzymes during
the adhesion, germination, invasion and penetration of host tissues, through which they
are able to degrade components of the skin and extracellular matrix to obtain nutrients. The
enzyme spectrum, as well as the duration and intensity of the activity, changes between
species and is even variable between strains of the same species [1–3]. They are distributed
in nine genera (Trichophyton, Microsporum, Epidermophyton, Nannizzia, Arthroderma, Paraphy-
ton, Lophophyton, Ctenomyces and Guarromyces) according to their morphology, clinical form
and molecular characteristics and grouped according to their main habitat into anthro-
pophilic, geophilic and zoophilic, although in general they can be isolated from any of the
three environments [4,5]. According to this new classification, some of those who belonged
to one genus became part of another, such as Microsporum gypseum, which is now called
Nannizzia gypsea, Microsporum nanum, which is now known as Nannizzia nana, etc. [6].

Among the most common dermatophytes are the three species of the genus Microspo-
rum: M. audouinii and M. ferrugineum, both anthropophilic, and M. canis, which is considered
anthropo-zoophilic; all of them are associated with dermatophytosis in domestic animals
and tinea capitis, tinea corporis and occasionally onychomycosis in humans [2,6–10]. In
particular, M. canis is considered to be of medical importance because it is capable of infect-
ing pediatric or immunocompromised patients. It causes severe inflammatory responses
(inflammatory type tinea capitis including Celsus’ Cherion, favus, tinea barbae and tinea
corporis, the latter sometimes being an extension of HIV-AIDS-related tinea capitis) (Figure 1).
In addition, this fungus has a wide worldwide distribution and is difficult to control. For
infection to occur, hosts must come into contact with the microorganism through sick
domestic animals, especially cats, dogs and horses, sick people or soil [5,7,11–13].
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Despite the fact that, genetically, M. canis is the most heterogeneous species of the
genus, with approximately 943 unique genes and 6000 orthologs shared with the rest of
the dermatophytes [5], it has low intraspecific variability even between strains of different
geographical origins or from different hosts, which makes its genotyping difficult. It is an
anamorphic fungus that, in the laboratory, presents sexual compatibility with strains of the
Artrhoderma otae complex; however, it is predominantly asexual, although the coexistence of
clonal and recombinant populations in nature is not ruled out. It is also heterothallic, with
its sexual compatibility factor determined by the MAT locus, presenting the idiomorph
MAT 1-1 in most of the strains analyzed to date [5,14–16].
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A successful infection with M. canis is considered to be multifactorial and depends on
characteristics such as genetics, maturity, immune system functioning, and the nutritional
status of the host, as well as environmental conditions, mainly temperature and humid-
ity [3]. This review will bring together the information known to date on the mechanisms,
enzymes and their associated genes involved in the pathogenesis of M. canis, in addition to
establishing an overview of those lines of research that need to be explored in detail for the
establishment of effective methods for the prevention, control and treatment of the disease
caused by this fungus.

2. Methods

Four databases, EBSCO (https://www.ebsco.com/es/productos/bases-de-datos [ac-
cessed on 10 December 2023]), SCOPUS (https://www.scopus.com/ [accessed on 10 De-
cember 2023]), SCIELO (https://scielo.org/es/ [accessed on 10 December 2023])) and
PUBMED (https://www.ncbi.nlm.nih.gov/pmc/ [accessed on 10 December 2023]), were
searched for publications under the MeSH terms “Microsporum canis”, “virulence fac-
tors”, “keratinases”, “metalloproteases”, “subtilisins”, “aminopeptidases”, “dipeptidylpep-
tidases”, “aspartyl proteases”, “hemolysins”, “catalases”, “ureases”, “serine hydrolases”,
“biofilms” and “dermatophytomas”. After the automated search in the databases and the
elimination of duplicates, two of the independent authors (T.V. g and N.A.E.-C.) performed
the review of the articles from the title and abstract to select their eligibility. When con-
ducting the systematic review, the PRISMA 2020 guidelines for systematic reviews and
meta-analyses were used (Figure 2) [17], from which a total of 147 articles were obtained.
Of these, 46 articles were included under the following criteria: Original articles, in English
or Spanish, on virulence factors associated with M. canis dermatophytosis and 101 were
excluded for different reasons, namely, 24 were repeated in one or more of the consulted
databases, 3 articles were written in Portuguese, 7 papers were review articles and the
remaining 67 did not contain information related to the subject of this work. For the analysis
of the quality of risk of bias, it was carried out in duplicate (E.M.-H and R.P.-A.) using two
tools, which serve to analyze the quality and risk of bias of qualitative systematic reviews:
the JBI Critical Appraisal Checklist for Systematic Reviews and Research Syntheses, which
indicates in the overall assessment that an article meets the quality needed to be published,
and the Critical Appraisal Skills Program (CASP), which states that a study has a logical
development that makes it feasible for publication.

https://www.ebsco.com/es/productos/bases-de-datos
https://www.scopus.com/
https://scielo.org/es/
https://www.ncbi.nlm.nih.gov/pmc/
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3. Results

Virulence factors and host receptivity provide M. canis with the ability to evade
the immune response by infecting keratinized tissues, often persistently. In general, for
the studied strains, the production of extracellular enzymes that favor their survival,
which allows them to digest tissues to obtain nutrients that can be assimilated and thus
adapt to their environment regardless of the state of the skin they infect, is reported
(Figure 3) [7,18,19].

In this review, we found a number of virulence factors (Figure 2) that can be classified
as extracellular and intracellular factors, which are described below.
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3.1. Extracellular Virulence Factors

Extracellular virulence factors are those that allow a fungus to survive, nourish and
colonize host tissues. Among these, we can certainly highlight the production of en-
zymes, particularly proteases and their activity, as being fundamental in the degradation
of keratinized tissues through the hydrolysis of their components, as occurs in other der-
matophytes [2]. The different enzymes that have been reported perform various actions
on the host tissue; for example, in addition to the keratinolytic role, there are also some
proteinases involved in the modulation of the immune system, the progression of infection
and the penetration of the pathogen [20–22]. In this section, enzymes and mechanisms that
allow the fungus to cope with the immune response of hosts and treatment with antifungal
drugs are mentioned. The virulence factors reported for M. canis are outlined here.

3.1.1. Keratinases

Among the enzymes produced by dermatophytes, keratinases are among the most
important proteases in dermatophyte infections and are considered to be one of the most
important virulence factors during tissue infection [1]. Regarding enzymatic activity, it
has been reported in different studies that it does not always show differences depend-
ing on the origin or clinical manifestations of the strain; however, Ramos et al. [2] and
Viani et al. [23] reported that there is greater productivity and/or activity in those that
come from symptomatic cats compared to asymptomatic cats and that there are usually
several enzymes that exhibit keratinolytic, elastinolytic, and collagenolytic activity. These
enzymes solubilize keratin, and it has been observed in the laboratory that they are usually
produced in high concentrations when the pH of the medium is around 7.5, in addition
to having optimal temperatures between 35 and 50 ◦C [24]. Subsequently, for M. canis,
Hamaguchi et al. [25] reported an enzyme with keratinase activity which they named Ecasa,
which is formed by three subunits and has its homolog in other dermatophyte species such
as T. rubrum and T. mentagrophytes. After the characterization of these, it was concluded
that it is an enzyme between 45 and 32.5 kDa, tolerant to thermomycalases, with high
concentrations of aspartic acid, glycine and alanine and being stable at 55 ◦C.
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3.1.2. Metalloproteases

Metalloproteases are endopeptidases grouped into 40 families according to the sub-
strate they hydrolyze and require Zinc to perform their catalytic action [26]. For dermato-
phytes in general, the main proteases are deuterolisins, dipeptidylpeptidases, aminopepti-
dases, carboxylpeptidases, and serinendopeptidases. For M. canis, the most important are
fungalisins, which, together with subtilisins, act on the epidermis of the hosts, allowing
the adhesion of the fungus [12]. In particular, M. canis strains secrete, in vivo, at least three
metalloproteinases (MEP1, MEP2 and MEP3) of the M36 family of fungalisins, molecules
of approximately 43.5 kDa, which together with subtilases could reflect, evolutionarily, a
certain degree of specialization in keratinized substrates.

Fungalisins allow the fungus to digest proteins in long-chain peptides due to their
collagenolytic, elastinokeralytic and keratinolytic activity in the host, thus playing an
important role in adhesion, nutrition, tissue invasion, and control of the host immune
response [2,12,18,19,27–30].

3.1.3. Subtilisins (Serine Endopeptidases)

Among the most important keratinolytic enzymes of M. canis are subtilisins [13,30,31].
For this fungus, Sub1 and Sub2 subtilisins have been reported as virulence factors due
to their activity as homologous keratinases and the fact that they anchor to the host sur-
face through the amino terminal end of the protein in conjunction with conformational
changes [31]. Likewise, the Sub3 enzyme, characterized as a 31.5 kDa enzyme, is one of
the most important and well-studied endoproteases among dermatophytes. It is neces-
sary for tissue invasion due to its participation in adhesion, and it is expressed both in
arthrochonidia and in hyphae in vitro, and in vivo, in cats and guinea pigs [31–37]. Ac-
cording to Baghut et al. [33] and Descamsp et al. [37], the three subtilisins are expressed
in all dermatophytes; they are highly preserved and have major percentages of identity
with proteases of Trichophyton rubrum. Specifically in M. canis, these subtilisins seem to
be associated with delayed hypersensitivity reactions which may affect the susceptibility
of the host to the pathogen and its persistence, leading to strains that produce chronic
infections. The production of the enzyme Sub3 during M. canis infection indicates that the
fungus is metabolically active. This enzyme is involved in adhesion and has been detected
by immunohistochemical tests in hair follicles from biopsy samples from domestic cats,
which researchers have assumed would support the creation of antibodies that would aim
to decrease the production of this enzyme [31,38].

3.1.4. Aminopeptidases

The leucin aminopeptidases Lap1 and Lap2 are enzymes homologous to carboxypep-
tidase A in the human pancreas. They are highly preserved among dermatophytes and
produced in major concentrations in alkaline conformations. Its function is key for keratin
degradation and N assimilation [39].

3.1.5. Dipeptidylpeptidases

Vermount et al. [18,19] describe that the dipeptidyl peptidases that have been char-
acterized for M. canis are part of the S9 family and are involved in tissue degradation
and modulation of the immune response, contributing to fungal growth and virulence.
In particular, the dipeptidyl peptidases DppIV and DppV have been reported, and it is
suggested that these act in conjunction with aminopeptidases on the N-terminal end to
obtain small peptides and favor nutrient production [30,39]. It is also suggested that these
enzymes are involved in tissue colonization, participating in the degradation of collagen
and elastin and in adhesion to tissues, thus facilitating this union by promoting the inter-
action between extracellular matrix components and the fungus, as has been observed in
other microorganisms such as bacteria and protozoa [30].
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3.1.6. Aspartyl Proteases

Aspartyl proteases are enzymes commonly characterized in yeasts of the genus Candida
and are associated with the degradation of component proteins of the host’s immune system.
In the case of M. canis, the production of aspartyl proteases was observed both in vitro
assays and ex vivo in cat skin analyses. However, its role in infection by this dermatophyte
has not been explored [2].

3.1.7. Hemolysins

Commonly, hemolysins that have been studied in pathogenic fungi act in the acqui-
sition of iron; however, the role they play as a virulence factor in M. canis is uncertain, as
some studies show low or no production and activity of this enzyme, which may be related
to the little interaction of the fungus with the blood of the host [2,40,41]. On the other hand,
there is some evidence of high hemolytic activity, cytotoxic effects in phagocytes, pore
formation, cell lysis and balance between the host’s immune response and the pathogen’s
tolerance to this response, especially in M. canis strains that come from symptomatic hosts
(with skin lesions), facilitating deep tissue infection and participating in the acquisition of
iron obtained from heme groups [1,7,42].

3.1.8. Catalases

Catalases, in general, protect pathogenic fungi from reactive oxygen species that are
produced as part of the host’s immune mechanisms. In the case of dermatophytes in
general, they have been little studied and, in some research, such as that of Ramos et al. [2],
it has been observed that catalase production and its enzymatic activity is low, which
may be due to the fact that M. canis is an extracellular pathogen, so it would present low
exposure to this type of compounds. However, a later study [7] noted that all strains
produce catalases, with increased production and enzymatic activity in those hosts that
show skin lesions, suggesting that these enzymes may be involved in the onset of infection.

3.1.9. Ureases

According to Ramos et al. [2], the studies on ureases in dermatophytes that have been
carried out until now have been qualitative analyses on the production of enzymes and
have been mainly used for taxonomic purposes, since apparently not all strains produce
them and the enzymatic activity also varies. It is suggested that the function of ureases
during M. canis infection is to provide the fungus with a source of N for its growth.

3.1.10. Serine Hydrolases

Zhang et al. [43,44] have acknowledged that among the proteases that may play an
important role as virulence factors, M. canis produces ab-serine hydrolase, which functions
as an esterase, acting through an active site formed by Ser/Hist/As, and that is believed to
participate in various processes of the regulation of metabolism, with colony pigmentation
and the growth and development of macroconidia.

3.1.11. Biofilms and Dermatophytomas

The ability of various species of fungi to form structures that provide resistance against
stressors or toxins in order to mitigate the effects of the host’s immune response is considered
an important virulence factor, as it contributes to the process of colonization and infection
of the host, may be difficult to treat or may even be removed by surgery [45–49]. Among
these are biofilms, through which the fungus produces different types of molecules that
help to establish itself on the tissues of the bone. For example, adhesins facilitate adhesion
to biotic and abiotic surfaces, the overproduction of efflux pumps and extracellular matrix
components, among others. In the particular case of M. canis, the biofilm is made up of
a network of organized and cross-linked hyphae, connected by an extracellular matrix
of polysaccharides. This physical barrier prevents the entry of antifungals, promotes the
development of tolerant cells and decreases the interaction of the fungus with the host’s
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immune system [46,48,50–54]. Furthermore, the formation of subungual dermatophytomas
has been described as thick-walled hyphae masses with conidia that limit the action of
antifungals [49].

3.1.12. Thermotolerance

According to Whang et al. [42], one of the reasons that dermatophytes do not usually
cause deep infections in hosts is due to their optimal growth temperature, estimated to
be around 25 ◦C, which is incompatible with the body temperature of the hosts. The
elevation of temperature generates a decrease or increase in some metabolic processes, so
thermotolerance would allow the strains that present it to infect at deeper levels than in non-
invasive dermatophytes. According to their analyses, these authors report that invasive
strains cultured at 37 ◦C showed the over-regulation of genes related to DNA replication,
the repair of transcription errors, N-glycan biosynthesis and ribosome biosynthesis, while
those that developed at 28 ◦C did not show this behavior.

Among the virulence factors related to thermotolerance, for pathogenic fungi, some
heat shock proteins (HSPs) have been characterized, which are involved in the survival of
fungi in stressful situations [47]. HSPs are highly preserved chaperone proteins, reported
for commensal fungi such as Candida spp., which also chaperone to those that cause
systemic mycoses in mammals and some dermatophytes, mainly T. rubrum, for which it
is suggested they perform functions related to resistance to antifungals, adhesion during
tissue invasion and the maintenance of various cellular processes. Additionally, HSPs direct
the host’s immune response and modulate gene expression through signal transduction,
raising the ability to grow in keratinized tissues and allowing fungi to adapt to stress
conditions, particularly in invasive strains that trigger immunological reactions in the
host, e.g., oxidative stress and the optimization of metabolic activity when the temperature
increases to around 37 ◦C [47,55]. The role of HSPs in the infection caused by invasive
strains of M. canis is currently unknown, but considering that they are highly preserved
molecules, it would be expected that they become a good target for the development of
treatments for those deep infections by this fungus.

Finally, it was found that some strains may be poor secretors of enzymes such as
gelatinases, elastases, DNAses and lipases, which have been mainly linked to infections
in human tissues with the presence of lesions. These act by allowing the invasion of
the host through the hydrolysis of extracellular matrix components, particularly collagen
and elastin, converting them into polypeptides, peptides and amino acids [1,41,56,57].
However, the reported results are inconclusive and scarce, so it is considered that they may
not be determinant enzymes for the establishment of infection. However, more studies are
required in this regard.

3.2. Intracellular Virulence Factors

The overexpression of different genes is associated with the infectious processes of
M. canis, so it is suggested that they may actively participate as virulence factors, as they
improve metabolic activity, nutrient acquisition and reproduction. The genes that have
been considered virulence factors are mentioned in Table 1 [5,35,39,43,44].

Table 1. Genes considered as virulence factors due to their association with survival, nutrition and/or
colonization of keratinized tissues by M. canis.

Gene Protein Function Reference

FSH1 Serine hydrolase
Regulation of metabolism

and production of
macroconidia

[43,44]

PQ-LRP Membrane protein Cysteine synthesis [43]

NADH1 Nicotine Adenine
Dinucleotide Respiratory chain [43]
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Table 1. Cont.

Gene Protein Function Reference

P-GAL4 Protein GAL4 Metabolism of N and
production of conidia [43]

AreA Transcription factor
GATA

N metabolism and regulation
of proteolytic activity [39]

PacC pH signaling
transcription factor

Regulation of proteolytic
activity [39]

SSU1 Sulfite efflux pump Cytotoxic compound removal [5,39]

SUB1 Subtilisin SUB1 Arthroconidia anchorage to
the surface of the host [12,31,36]

SUB2 Subtilisin SUB2 Anchoring or adhesion of the
arthroconidia to the host’s skin [12,31,36]

SUB3 Subtilisin SUB3 Arthrochonidia adhesion [5,18,19,35–37]

CDO1 Cysteindioxygenase 1 Elimination of cytotoxic
compounds [35]

MEP1-MEP5 Metalloproteases 1 to 5
Collagenolytic,

elastinokeralytic activity and
keratinolytic

[12,28]

DPPIV and DPPV Dipeptidylpeptidases IV
and V

Polypeptide hydrolysis and
degradation of collagen and

elastin
[18,19,30,39]

LAP1 and LAP2 Leucinaminopeptidases
1 and 2

Converting long-chain
peptides to amino acids and

short-chain peptides
[39]

4. Discussion

M. canis is a fungus of medical importance to both humans and pets. Due to its
characteristics, M. canis is one of the main etiological agents of tineas and dermatophytoses
worldwide [2,3,7,9,23,28,30,32,36,43–45]. The severity of the infection produced in some
susceptible hosts and the difficulties that arise in establishing treatments or prevention
strategies are the main causes of its dissemination [5,7,11–13]. The key to its success as a
pathogen is mainly due to the expression of the virulence factors mentioned in the present
review, which allow M. canis to nourish itself from keratinized tissues, adapt to different
types of environments and evade the immune response of hosts through the synthesis of
enzymes and the organization of their hyphae depending on the needs that the environment
sets on them [1–3,5,7,11–13].

According to this review, the most studied virulence factors for M. canis are the
different types of proteinases they are capable of producing, which are highly preserved
among dermatophytes such as T. rubrum [4,12,20–22] and even share similarity with those
secreted by other types of fungi, including opportunistic ones such as Aspergilus spp. [39,43].

In M. canis, the most common proteinases that play fundamental roles in host invasion
are keratinases, fungalisins and subtilisins, which have different degrees of activity and
levels of secretion. This will depend on the type of host (species, age, state of the immune
system, etc.), the clinical manifestations (dry or inflammatory ringworms, whether asymp-
tomatic or not, etc.) and the stage of the infection being analyzed (invasion, colonization or
nutrition) [2,3,7,37].

Keratin is a protein that provides stability and protection to the epidermis of ver-
tebrates and is one of the main defense strategies against the action of pathogens and
other harmful factors for the individual [58]. These proteins are difficult to degrade, and
therefore, dermatophytes require keratinases as their main proteinase, which are funda-
mental in the process of tissue invasion [1,2,23–25]. On the other hand, the main function of
fungalisins and subtilisins is developed in the colonization process, allowing the adhesion
of arthroconodia [2,12,18,19,26–31]. These are the three types of enzymes best studied in M.
canis and in other dermatophytes, possibly because they are the ones that are secreted in



Int. J. Mol. Sci. 2024, 25, 2533 10 of 13

the highest concentration and have the greatest activity on the components of the skin, hair
and nails [31–38]. Nevertheless, this generates a bias in the information about the biological
characteristics and pathogenesis of the fungus, hindering the development of prevention
and control strategies. As these virulence factors are the most studied, it could be assumed
that they are the only ones involved in pathogenesis.

From a different perspective, there are other factors that have been less studied,
possibly because their synthesis and/or activity in dermatophytosis caused by M. canis is
less common, or since dermatophytosis is not considered a deep mycosis, it does not require
other virulence factors. Examples of these are thermotolerance, dermatophytomas, biofilms,
and enzymes such as dipeptidylpeptidases, which are relevant for invasion and survival as
mechanisms of resistance to the host’s immune system and antifungals [1,12,41,42,45–57].

Based on the above, it is important to take into account that keratinocytes are only
distributed on the surface of the skin (epidermis), while the dermis is mainly made up of
collagen and elastin, both of which are involved in the integrity of the skin, giving it strength,
flexibility and firmness [59,60]. Dipeptidylpeptidases, along with metalloproteases, are
enzymes that hydrolyze collagen and elastin, allowing the fungus to establish on deeper
layers of the host’s skin than previously believed [12,18,19,28,30,39]. Another important
factor to mention that has been little studied is the sulfite efflux pump, which is key to
eliminating the sulfur compounds that are cytotoxic and that are produced by the internal
degradation of the components of the epidermis and dermis (Table 1) [5,35].

Regarding metabolism in M. canis, it has been observed that there are enzymes im-
portant for the breakdown of peptides into amino acids, the assimilation of N, cysteine
synthesis, serine hydrolysis and for the respiratory chain (Table 1) [39,43,44].

Likewise, enzymes such as hemolysins, catalases or ureases, which are also involved in
the mitigation of the immune response and whose functions for M. canis are inferred from
what has been observed in other pathogens (dermatophytes and non-dermatophytes) [1,2,40],
remain unknown in terms of their conditions of production and involvement in the process
of infection. It is important to note that these enzymes depend on the needs of the fungus
related to the environment in which it is developing.

For this reason, it is essential to design more complete studies that allow us to un-
derstand the genetic and molecular characteristics of the pathogen and its mechanisms of
pathogenesis, as well as to identify patterns in the synthesis and secretion of enzymes with
a view to addressing dermatophytosis caused by M. canis as a public health matter and
achieving strategies for the prevention, treatment and control of the disease.

5. Conclusions

Because M. canis is a pathogenic fungus that affects a vulnerable sector of both human
and domestic animal populations, it is relevant for public health reasons. The establishment
of more complete studies to elucidate the function of virulence factors such as dipep-
tidylpeptidases, hemolysins, catalases, aminopeptidases or serine hydrolases, which have
been little studied and have been shown to be important in pathogenesis, may strengthen
our knowledge of the mechanisms of invasion, colonization and nutrition of this fungus
from keratinized tissues, with the aim of achieving effective treatments, as well as the
prevention and control of infection.

6. Limitations and Perspectives

The main limitation of both this work and the way in which the study of M. canis has
been approached is the lack of information generated about proteins, genes and mechanisms
considered as virulence factors in more prevalent dermatophytes. This, together with the
fact that it is a superficial pathogen, means that little attention has been paid to those factors
that could be of importance in the pathogenesis and dissemination of the fungus.

Since this work is a systematic review, only those virulence factors that have been
widely studied for this fungus are included, such as metalloproteases or keratinases,
among others. The study of other proteins or mechanisms that are known to be part of the
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mechanisms of pathogenesis of other dermatophytes is proposed as a line of research that
can be addressed in the future.
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12. Kaplan, E.; Gonca, S.; Kandemir, H.; Döğen, A.; Polat, S.H.; İlkit, M.; Tanaka, R.; Yaguchi, T.; Uhrlaβ, S.; Nenoff, P. Genes
encoding proteolytic enzymes fungalysin and subtilisin in dermatophytes of human and animal origin: A comparative study.
Mycopathologia 2019, 185, 137–144. [CrossRef]

13. Khanipour Machiani, M.; Jamshidi, S.; Nikaein, D.; Khosravi, A.; Balal, A. The inhibitory effects of zinc oxide nanoparticles on
clinical isolates of Microsporum canis in dogs and cats. Vet. Med. Sci. 2023, 9, e1316. [CrossRef] [PubMed]

14. Metin, B.; Heitman, J. Sexual reproduction in dermatophytes. Mycopathologia 2016, 182, 45–55. [CrossRef] [PubMed]
15. Metin, B.; Heitman, J. She loves me, she loves me not: On the dualistic Asexual/Sexual nature of dermatophyte fungi. Myco-

pathologia 2019, 185, 87–101. [CrossRef] [PubMed]
16. Sharma, R.; de Hoog, S.; Presber, W.; Gräser, Y. A virulent genotype of Microsporum canis is responsible for the majority of human

infections. J. Med. Microbiol. 2007, 56, 1377–1385. [CrossRef]
17. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.; Akl, E.A.; Brennan, S.;

et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ 2021, 372, n71. [CrossRef]
18. Vermout, S.; Baldo, A.; Tabart, J.; Losson, B.; Mignon, B. Secreted dipeptidyl peptidases as potential virulence factors for

Microsporum canis. FEMS Immunol. Med. Microbiol. 2008, 54, 299–308. [CrossRef]
19. Vermout, S.; Tabart, J.; Baldo, A.; Monod, M.; Losson, B.; Mignon, B. RNA silencing in the dermatophyte Microsporum canis. FEMS

Microbiol. Lett. 2007, 275, 38–45. [CrossRef]

https://doi.org/10.1111/jam.13921
https://doi.org/10.1007/s11046-020-00470-9
https://doi.org/10.1590/abd1806-4841.20197491
https://www.ncbi.nlm.nih.gov/pubmed/31365657
https://doi.org/10.23812/j.biol.regul.homeost.agents.20233705.231
https://doi.org/10.3390/pathogens11090957
https://www.ncbi.nlm.nih.gov/pubmed/36145389
https://doi.org/10.1007/s11046-016-0073-9
https://www.ncbi.nlm.nih.gov/pubmed/27783317
https://doi.org/10.3390/antibiotics10030296
https://doi.org/10.1111/myc.12163
https://doi.org/10.1007/s42770-020-00340-y
https://www.ncbi.nlm.nih.gov/pubmed/32696419
https://doi.org/10.1016/j.bjid.2013.08.005
https://doi.org/10.5578/mb.9901
https://doi.org/10.1007/s11046-019-00367-2
https://doi.org/10.1002/vms3.1316
https://www.ncbi.nlm.nih.gov/pubmed/37904671
https://doi.org/10.1007/s11046-016-0072-x
https://www.ncbi.nlm.nih.gov/pubmed/27696123
https://doi.org/10.1007/s11046-019-00390-3
https://www.ncbi.nlm.nih.gov/pubmed/31578669
https://doi.org/10.1099/jmm.0.47136-0
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1111/j.1574-695X.2008.00479.x
https://doi.org/10.1111/j.1574-6968.2007.00870.x


Int. J. Mol. Sci. 2024, 25, 2533 12 of 13

20. Lee, K.H.; Park, K.K.; Park, S.H.; Lee, J.B. Isolation, purification and characterization of keratinolytic proteinase from Microsporum
canis. Yonsei Med. J. 1987, 28, 131–138. [CrossRef]

21. Lee, K.H.; Lee, J.B.; Lee, M.G.; Song, D. Detection of circulating antibodies to purified keratinolytic proteinase in sera from Guinea
pigs infected with Microsporum canis by enzyme-linked immunosorbent assay. Arch. Dermatol. Res. 1988, 280, 45–49. [CrossRef]

22. Lee, K.H.; Park, H.W.; Lee, J.B. Detection of keratinolytic proteinase in skin tissues from Guinea pigs infected with Microsporum
canis by an immunoperoxidase technique. J. Dermatol. Sci. 1990, 1, 447–453. [CrossRef] [PubMed]

23. Viani, F.C.; Viani, P.R.C.; Rivera, I.N.G.; da Silva, É.G.; Paula, C.R.; Gambale, W. Extracellular proteolytic activity and molecular
analysis of Microsporum canis strains isolated of symptomatic and asymptomatic cats. Rev. Iberoam. Micol. 2007, 24, 19–23.
[CrossRef] [PubMed]

24. Sharma, A.; Chandra, S.; Sharma, M. Difference in keratinase activity of dermatophytes at different environmental conditions is
an attribute of adaptation to parasitism. Mycoses 2011, 55, 410–415. [CrossRef]

25. Hamaguchi, T.; Morishita, N.; Usui, R.; Takiuchi, I. Characterization of an extracellular keratinase from Microsporum canis. Nihon
Ishinkin Gakkai Zasshi 2000, 41, 257–262. [CrossRef] [PubMed]

26. Monod, M.; Méhul, B. Recent Findings in onychomycosis and their application for appropriate treatment. J. Fungi 2019, 5, 20.
[CrossRef] [PubMed]

27. Baldo, A.; Monod, M.; Mathy, A.; Cambier, L.; Bagut, E.T.; Defaweux, V.; Symoens, F.; Antoine, N.; Mignon, B. Mechanisms of
skin adherence and invasion by dermatophytes. Mycoses 2011, 55, 218–223. [CrossRef] [PubMed]

28. Brouta, F.; Descamps, F.; Monod, M.; Vermout, S.; Losson, B.; Mignon, B. Secreted metalloprotease gene family of Microsporum
canis. Infect. Immun. 2002, 70, 5676–5683. [CrossRef] [PubMed]

29. Brouta, F.; Descamps, F.; Vermout, S.; Monod, M.; Losson, B.; Mignon, B. Humoral and cellular immune response to a Microsporum
canis recombinant keratinolytic metalloprotease (R-MEP3) in experimentally infected Guinea pigs. Med. Mycol. 2003, 41, 495–501.
[CrossRef]

30. Mathy, A.; Baldo, A.; Schoofs, L.; Cambier, L.; Defaweux, V.; Tabart, J.; Maréchal, F.; Symoens, F.; Mignon, B. Fungalysin and
dipeptidyl-peptidase gene transcription in Microsporum canis strains isolated from symptomatic and asymptomatic cats. Vet.
Microbiol. 2010, 146, 179–182. [CrossRef]

31. Baldo, A.; Tabart, J.; Vermout, S.; Mathy, A.; Collard, A.; Losson, B.; Mignon, B. Secreted subtilisins of Microsporum canis are
involved in adherence of arthroconidia to feline corneocytes. J. Med. Microbiol. 2008, 57, 1152–1156. [CrossRef]

32. Baldo, A.; Mathy, A.; Tabart, J.; Camponova, P.; Vermout, S.; Massart, L.; Maréchal, F.; Galleni, M.; Mignon, B. Secreted subtilisin
Sub3 from Microsporum canis is required for adherence to but not for invasion of the epidermis. Br. J. Dermatol. 2010, 162, 990–997.
[CrossRef]

33. Bagut, E.T.; Baldo, A.; Mathy, A.; Cambier, L.; Antoine, N.; Cozma, V.; Mignon, B. Subtilisin Sub3 is involved in adherence of
Microsporum canis to human and animal epidermis. J. Vet. Microbiol. 2012, 160, 413–419. [CrossRef]

34. Baldo, A.; Chevigné, A.; Dumez, M.; Mathy, A.; Power, P.; Tabart, J.; Cambier, L.; Galleni, M.; Mignon, B. Inhibition of the
keratinolytic subtilisin protease SUB3 from Microsporum canis by its propeptide (ProSuB3) and evaluation of the capacity of
ProSuB3 to inhibit fungal adherence to feline epidermis. Vet. Microbiol. 2012, 159, 479–484. [CrossRef]
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