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Over the last two decades, the incidence of Invasive Fungal Infections (IFIs) globally has risen, posing a
considerable challenge despite available antifungal therapies. Addressing this, the World Health Organization
(WHO) prioritized research on specific fungi, notably Histoplasma spp. and Paracoccidioides spp. These dimorphic
fungi have a mycelial life cycle in soil and a yeast phase associated with tissues of mammalian hosts. Inhalation of

Hsp60 ‘1. . C s . . . I .
EnElase conidia and mycelial fragments initiates the infection, crucially transforming into the yeast form within the host,
CR3 pathway influenced by factors like temperature, host immunity, and hormonal status. Survival and multiplication within

alveolar macrophages are crucial for disease progression, where innate immune responses play a pivotal role in
overcoming physical barriers. The transition to pathogenic yeast, triggered by increased temperature, involves
yeast phase-specific gene expression, closely linked to infection establishment and pathogenicity. Cell adhesion
mechanisms during host-pathogen interactions are intricately linked to fungal virulence, which is critical for
tissue colonization and disease development. Yeast replication within macrophages leads to their rupture, aiding
pathogen dissemination. Immune cells, especially macrophages, dendritic cells, and neutrophils, are key players
during infection control, with macrophages crucial for defense, tissue integrity, and pathogen elimination.
Recognition of common virulence molecules such as heat- shock protein-60 (Hsp60) and enolase by pattern
recognition receptors (PRRs), mainly via the complement receptor 3 (CR3) and plasmin receptor pathways,
respectively, could be pivotal in host-pathogen interactions for Histoplasma spp. and Paracoccidioides spp.,
influencing adhesion, phagocytosis, and inflammatory regulation. This review provides a comprehensive over-
view of the dynamic of these two IFIs between host and pathogen. Further research into these fungi’s virulence
factors promises insights into pathogenic mechanisms, potentially guiding the development of effective treat-
ment strategies.

Plamin receptor
Innate immune response

attributed to malaria and tuberculosis (Denning and Bromley, 2015).
Moreover, despite the current antifungal treatments available, fungal

1. Introduction

The incidence of Invasive Fungal Infections (IFIs) has witnessed a
substantial surge globally over the past two decades, paralleled by a
growing population at risk of developing these fungal infections (Bon-
gomin et al., 2017; Limper et al., 2017; Peman et al., 2020; Sifuente-
s-Osornio et al., 2012). Denning and Bromley (2015) estimated that
around 1.2 billion individuals annually fall prey to fungal diseases, with
1.5 to 2 million cases succumbing to mortality, surpassing the death toll
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diseases continue to pose a significant public health challenge globally,
resulting in an annual economic burden exceeding USD 11.5 billion in
the United States alone in 2019 (Benedict et al., 2022). In this context,
the dimorphic fungi Histoplasma spp. and Paracoccidioides spp. have
recently been designated as fungi of high and medium priority, respec-
tively, by the World Health Organization (WHO) to guide research ef-
forts and policy interventions to strengthen the global response to fungal
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infections and antifungal resistance (WHO, 2023).

Dimorphic fungi, including genera such as Histoplasma, Para-
coccidioides, Blastomyces, Coccidioides, Sporothrix, Talaromyces, and
Emergomyces (Souza and Taborda, 2021), share the unique capability of
undergoing morphological transformation in response to temperature
changes when transitioning from the environment to the host (Gauthier,
2015). Furthermore, Histoplasma and Paracoccidioides spp. belongs to
the Onygenales order within the Ajellomycetaceae family. This family
includes other pathogenic dimorphic fungi, such as Blastomyces, Emer-
gomyces, and Emmonsia, which share similar characteristics related to
host-pathogen interactions (Munoz et al., 2015).

Histoplasma spp. and Paracoccidioides spp. are facultative intracel-
lular pathogens known to initiate respiratory infections in mammals,
with the potential to progress to systemic and disseminated ones. The
process of fungal acquisition begins when the host inhales aerosolized
conidia and hyphae fragments, which subsequently transform into a
pathogenic yeast form in response to an increase in temperature from
approximately 22 to 37°C (Aristizabal et al., 1998; Edwards et al., 2013;
Newman et al., 1990). The severity of the disease is contingent upon the
host immune system’s capacity to control the pathogen’s spread, with
innate immune responses playing a crucial role (Shen and Rappleye,
2020).

The fungal cell wall represents the initial point of interaction with
the immune system and is one of the principal pathogen-associated
molecular patterns (PAMPs) that can be recognized by their counter-
part pattern recognition receptors (PRRs) on the host cells’ surface.
Notably, the fungal cell wall is crucial in safeguarding the fungus against
exogenous stressors and constitutes one of the most significant virulence
factors (Gow et al., 2017). Other common virulence factors shared by
Histoplasma spp. and P. brasiliensis include a—1,3-glucan and p-1,
3-glucan cell wall components, as well as adhesins that are upregulated
during infection and biofilm formation, such as the heat shock proteins
(Hsp) and the moonlight proteins like 14-3-3, Gapdh, and enolase,
among others (Valdez et al., 2022).

The ability of these fungi to form biofilms raises a health concern, as
infections caused by biofilm-forming microorganisms are difficult to
control, requiring high drug concentrations that can lead to various
adverse effects, potentially worsening the patient’s prognosis (Vertes
et al.,, 2012). Biofilms are sessile communities of microorganisms in
which cells adhere to a biotic or abiotic substrate and are surrounded by
an extracellular matrix (ECM) composed of polymeric substances that
differ from free-living (planktonic) cells in terms of growth, gene tran-
scription, and protein translation (Costerton et al., 1995; Donlan and
Costerton, 2002; Martinez and Casadevall, 2015). They may be associ-
ated with disease recurrence after medication withdrawal, as this ECM
hinders drug diffusion and immune system activity (Ferreira and Borges,
2009), challenging the treatment of biofilm-related infections.

Extracellular polymeric substances also play a pivotal role in cell-cell
cohesion, enabling cellular aggregation within biofilms by creating an
initial adhesion region that promotes cell aggregation and subsequent
colonization. The continuous production of polymeric substances facil-
itates the biofilm’s three-dimensional (3D) expansion, creating a
favorable microenvironment for cluster development into colonies
(Karygianni et al., 2020).

Furthermore, cells derived from biofilms, known as “Persisters,” are
inherently much more resistant to antifungals and have been demon-
strated in fungi such as Saccharomyces cerevisiae and Candida albicans
(Bojsen et al., 2016; LaFleur et al., 2006; Wuyts et al., 2018). In the case
of Paracoccidioides, it has been reported its capacity to form biofilms,
either as a single species or in mixed interactions with other bacterial
agents (Sardi et al., 2015; Medina-Alarcon et al., 2021; Oliveira et al.,
2020). Although biofilms of Histoplasma spp. have not been reported in
clinical practice, we believe they represent a resistance mechanism with
multiple underexplored virulence factors during the pathogen-host
interaction. Since it has been demonstrated that Histoplasma biofilms
formed in vitro require higher doses of antifungals for elimination
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(Brilhante et al., 2023; Vaso et al., 2022).

This review will highlight the common molecules and activating
signaling pathways shared by Histoplasma and Paracoccidioides during
host-pathogen interactions.

2. Histoplasmosis and paracoccidioidomycosis epidemiology

Histoplasmosis accounts for a significant portion of IFIs and ranks as
the fourth most common fungal disease in terms of annual cases,
affecting approximately 600,000 individuals every year (Bongomin
et al., 2017; Goughenour and Rappleye, 2017). Globally, Histoplasma
spp. is the most common species affecting humans among the dimorphic
fungi. This mycosis is caused by the species of the thermal dimorphic
fungus Histoplasma spp., among which are H. capsulatum sensu stricto, H.
mississippiense, H. ohiense, H. suramericanum, and H. africanum (Sepul-
veda et al., 2017). Histoplasmosis has been reported in both endemic
and non-endemic areas and is a significant disease in the Americas, with
notable occurrences in Mexico, Panama, Colombia, Guatemala,
Honduras, Brazil, Argentina, and the United States (Azar et al., 2020;
Bahr et al., 2016; Kasuga et al., 2003; Sifuentes-Osornio et al., 2012; M.
de M. Teixeira et al., 2016). In Brazil, histoplasmosis outbreaks have
been documented in various regions, affecting 19 out of 26 Brazilian
states (Almeida et al., 2019). More recently, Moreira et al. (2022) re-
ported the presence of Histoplasma spp. in Antarctica for the first time
(Moreira et al., 2022).

Paracoccidioidomycosis (PCM) is geographically localized in the
Americas, affecting over 4000 people annually, although these numbers
do not accurately reflect the reality due to the lack of compulsory disease
reporting in most countries (Bongomin et al., 2017). It is considered an
endemic disease in Latin America, with the highest cases reported in
Brazil, Argentina, Venezuela, and Peru. The significant genetic vari-
ability found among strains isolated from each country has led to the
classification of different monophyletic species: P. brasiliensis (isolated
in Argentina, Antarctica, Brazil, Peru, and Venezuela), P. lutzii (Brazil
and Ecuador), P. americana (Brazil and Venezuela), P. restrepiensis
(Colombia), and P. venezuelensis (Venezuela) (Matute et al., 2006; M. M.
Teixeira et al., 2014; Turissini et al., 2017).

Paracoccidioides spp. is considered a primary pathogen due to their
ability to cause disease in immunocompetent individuals, unlike
opportunistic fungal pathogens that require host immune system de-
ficiencies to establish infections, as seen in immunocompromised in-
dividuals (Garfoot and Rappleye, 2016; Teixeira et al., 2014). In the case
of Histoplasma spp., this pathogen could act as a primary or an oppor-
tunistic agent; thus, this fungus affects mainly immunocompromised
hosts, especially HIV-infected patients with CD4 T cells less than 150 per
uL, or could affect individuals who have inhaled a high burden load of
the infectious particles independent of their immune status. Because of
these capabilities, the diseases exhibit various clinical manifestations
depending on the previous host immune system and virulence strain,
varying from asymptomatic to symptomatic clinical manifestations
(Wheat et al., 2016).

3. Histoplasmosis and paracoccidioidomycosis pathogenesis

In their natural habitat, Histoplasma spp. and Paracoccidioides spp.
predominantly exist in their mycelial form, thriving in nitrogen-rich
soils and environments rich in animal excrement, respectively. These
fungi thrive within a temperature range of 25 to 28 °C and are charac-
terized by the presence of macro and microconidia for Histoplasma spp.
and conidia for Paracoccidioides spp., as well as septate hyphae. How-
ever, during infection, these fungi are typically acquired through the
inhalation of conidia or mycelial fragments. Following inhalation, a
crucial transformation occurs as the fungal transition into the yeast
form. This transition is of utmost importance for the survival of the fungi
within the host. It is facilitated by a series of environmental adaptations
that are influenced by factors such as temperature, the host’s immune
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system defenses, and hormonal influences in the case of Paracoccidioides
spp. (Cleare et al., 2017; Hahn et al., 2022; Loose et al., 1983; Shankar
et al., 2011; Wheat et al., 2016).

During their journey from the upper airways to the lungs, the
mycelial forms of these fungi experience a temperature rise, reaching 37
°C, which triggers their transformation into yeast cells. Additionally,
these fungi encounter and must overcome various physical barriers
along their path, including nasal and pharyngeal mucus, mucociliary
clearance, and initial host defense mechanisms. Within the alveoli,
conidia morphotype or transformed yeast cells confront the initial host
defense mechanisms that significantly impact their ability to survive and
establish the infection (Elansari et al., 2016; Filler and Sheppard, 2006;
Rizzi et al., 2006). Moreover, these yeast cells are engulfed and
phagocytosed by resident alveolar macrophages. The progression of the
disease hinges on the yeast cells’ ability to survive and multiply within
these phagocytic cells, making the host-pathogen interaction a highly
intricate phenomenon and a critical determinant of the disease’s course.
In this context, the innate immune response plays a pivotal role in
influencing disease progression (Cleare et al., 2017; Cohen et al., 2022;
Guimaraes, de Cerqueira, et al., 2011; Hahn et al., 2022; Loose et al.,
1983; Mittal et al., 2019; N. de S. Pitangui et al., 2021; Shankar et al.,
2011).

The thermally dimorphism is a process that requires the expression
of yeast phase-specific genes. This process is intricately linked to
establishing infection and developing pathogenicity, as isolates inca-
pable of undergoing morphological transitions exhibit reduced virulence
(Maresca and Kobayashi, 2000; Nemecek et al., 2006).

Furthermore, cell adhesion is another virulence mechanism implied
during host-pathogen interactions in both fungi (Cleare et al., 2017).
Adherence to host cells is the first step in tissue colonization, as repli-
cation of the yeast form within macrophages leads to macrophage
rupture, facilitating pathogen release and dissemination (Antonello
et al., 2011; Cohen et al., 2022; Deepe and Gibbons, 2009; Isaac et al.,
2015; Kroetz and Deepe, 2012).

Macrophages are the primary immune cells involved in the defense
of Histoplasma spp. and Paracoccidioides spp. infection, but the fungi can
also be detected in dendritic cells (DCs) and neutrophils within 1 to 7
days after exposure (Deepe et al., 2008; Giusiano, 2021; Gonzalez and
Hernandez, 2016). The phagocytosis of pathogenic fungi by these im-
mune cells is a critical component of the host’s defense mechanism.
Macrophages, in particular, are noteworthy due to their diverse phe-
notypes and functions. They contribute to tissue integrity by presenting
antigens during the innate immune response, phagocytosing and elim-
inating pathogens and apoptotic neutrophils, and playing a crucial role
in resolving inflammation and tissue healing in pathological processes
(Erwig and Gow, 2016).

If these fungi can overcome the physical barriers, they will be
phagocytosed in the alveoli. The physical barrier is provided by tight
and adherent junctions, desmosomes, and gap junctions among cells in
the airway epithelium, which also express a variety of PRRs during
infection that recognize different PAMPs and damage-associated mo-
lecular patterns (DAMPs). These transmembrane receptors are primarily
categorized into C-type lectin receptors (CLRs), toll-like receptors
(TLRs), Complement Receptors (CRs), NOD-like receptors (NLRs), and
cytoplasmic proteins known as retinoic acid-inducible gene-I-like re-
ceptors (RLRs) (Invernizzi et al., 2020; Medzhitov, 2007).

Once Histoplasma spp. and Paracoccidioides spp. enter the host cell,
and it must withstand an inhospitable intracellular environment. Within
the phagocytic vacuole, they must endure challenges such as ROS, nitric
oxide (NO), phagosomal acidification, and lysosomal fusion, all while
acquiring essential nutrients for its survival (Chaves et al., 2021; Garfoot
and Rappleye, 2016).

In addition, upon macrophage activation by IFN-y, secreted by CD4+
T cells during the adaptive immune response, macrophages can increase
their microbicidal activity, aiding in the fungi elimination by inhibiting
intracellular replication (Brummer et al.,, 1991). As a survival
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mechanism, fungi can use differential gene expression within macro-
phages and exploit them to spread into the bloodstream, reaching other
organs and tissues, including the potential to cross the blood-brain
barrier (De Oliveira et al., 2021; Leopold Wager et al., 2016).

4. Virulence factors of Histoplasma spp

The transition from the mycelial to the yeast phase is a critical step in
Histoplasma spp. infection and disease development, a process that in-
volves changes in glucan composition from p-(1,3)-glucan to a-(1,3)-
glucan. Regarding Histoplasma spp., this process begins with host-
pathogen contact and can take hours (between 24 and 96 h) to com-
plete, during which the fungus expresses various genes, including DRK1
(dimorphism regulating kinase), which is associated with CBP1 (cal-
cium-binding protein) and AGS1 (a-(1,3)-glucan synthase) genes. When
DRK1 is silenced, CBP1 and AGS1 are suppressed, leading to a
compromised transition. It has also been demonstrated that sulfhydryl-
blocking agents can inhibit the transition from mycelial to yeast phase,
preventing infection (Nemecek et al., 2006; Rappleye et al., 2004). In
addition to AGS1, other genes are involved in the synthesis of a-(1,
3)-glucan, such as AMY1, which is responsible for translating the protein
a-(1,4)-amylase, and UGP1, which is responsible for generating
UTP-glucose-1-phosphate uridyltransferase that produces UDP-glucose
monomers. Together, these genes are involved in forming a-(1,4) and
a-(1,6) linked glucans, and their silencing may lead to a reduction in
a-(1,3)-glucan synthesis (Marion et al., 2006).

Besides the thermal dimorphism and changes in glucan synthesis,
several genes are implicated in other virulence mechanisms of Histo-
plasma; these fungal genes include the CBP1, previously described and
which is involved in additional mechanisms different from dimorphism,
and Yeast Phase-Specific (YPS3). The CBP1 gene serves as a virulence
factor that is secreted by fungal cells during the intracellular growth of
the yeast morphotype within macrophages; this protein can bind cal-
cium, an essential micronutrient vital for the survival of Histoplasma spp.
inside the phagosome. Cbpl has been shown to localize within the
macrophage cytosol during Histoplasma spp. infection. On the other
hand, the Yps3 protein is detected both as a component of the fungal cell
wall and as a secreted molecule (Bohse and Woods, 2005; Isaac et al.,
2015).

Recent findings have revealed that Cbp1 forms a complex with Yps-3,
which in turn targets the cytosol to trigger host cell lysis (Azimova et al.,
2022). The cell lysis process is initiated when the Cbp1l/Yps-3 complex
activates the Integrated Stress Response (ISR), culminating in the acti-
vation of the caspase-1 pathway. This activation ultimately leads to the
maturation of IL-1f and IL-18. Within Histoplasma spp. cells, caspase-1
plays a regulatory role in fungal proliferation and triggers the activa-
tion of ISR tolerance genes (Azimova et al., 2022; Bertheloot et al., 2021;
Place et al.,, 2022). Consequently, this process is likely related to
macrophage pyroptosis during the cellular stress response.

The ISR pathway plays a crucial role in regulating cellular homeo-
stasis and promoting cell survival in response to various forms of stress
through apoptosis and pyroptosis processes. It can also trigger cell death
during infections caused by pathogens (Place et al., 2022). This pathway
is activated during macrophage infection by planktonic cells of Histo-
plasma spp., facilitated by Cbpl. It involves an increase in elF2o phos-
phorylation, the induction of the C/EBP Homologous Protein (CHOP)
transcription factor, and the presence of the pseudokinase Tribbles 3
(TRIB3), both were demonstrated as necessary for macrophage death
during in vitro infection (English et al., 2017).

Recently, our research group has been observed that during infection
of human macrophages-like THP-I cell line with Histoplasma spp., a
significant increase in the expression of the Putative Thiol-Specific
Antioxidant Protein (Tsal) (manuscript under preparation); this pro-
tein is among the most encountered thiol-specific proteins in yeast and
serves multiple functions in stress protection, including safeguarding
against oxidative stress (Weids and Grant, 2014).
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Despite the current understanding of Histoplasma’s ability to tolerate
oxidative stress during infection, further research is required to fully
elucidate the mechanisms by which the fungus thrives within the
intracellular environment. So far, it has been established that catalases
(CatB and CatP) and extracellular superoxide dismutase (Sod3) play a
significant role in the antioxidant system of Histoplasma spp. (Holbrook
et al., 2013; Johnson et al., 2002). CatB, also known as Antigen M, is a
glycoprotein with a molecular mass of approximately 90 kDa; this
glycoprotein possesses species-specific protein as well as glycosidic
epitopes, which facilitate species identification and interaction with
human antibodies. Conversely, CatP has a molecular mass of approxi-
mately 57 kDa and is characterized as a monofunctional peroxisomal
catalase, akin to a previously described CatP in P. brasiliensis. Further-
more, the extracellular Sod3 plays a pivotal role in protecting the fungi
against particles generated by immune cells (Holbrook et al., 2013;
Johnson et al., 2002; Mihu and Nosanchuk, 2012; Place et al., 2022;
Weids and Grant, 2014). These antioxidant proteins are considered
virulence factors within Histoplasma’s defense system.

Histoplasma’s ability to form biofilms in vitro, first demonstrated by
(Pitangui et al., 2012), has revolutionized the concepts of virulence and
raised several questions regarding using these structures during infec-
tion. In this regard, glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) is described as a glycolytic pathway protein and is detected on
the fungal cell surface (Barbosa et al., 2006). In a study conducted by our
group, transcriptomic analysis showed that the GAPDH gene had a fold
change of 482.3 for biofilms formed by the EH-315 strain of Histoplasma
spp., indicating a higher expression than in the planktonic form
(manuscript under preparation).Subsequently, Fregonezi and colleagues
demonstrated that Gapdh acts as an adhesin in Histoplasma biofilms.
Notably, blocking Gapdh led to reduced biofilm formation and
decreased its robustness and biomass (Fregonezi et al., 2020). Besides
these described genes in Histoplasma spp., recent publications have
shown that biofilm formation could represent an important virulence
mechanism in Histoplasma spp.(Goncalves et al., 2020; Pitangui et al.,
2016, 2021; Pitangui et al., 2012).

Pioneer studies of our group confirm Histoplasma’s ability to form
biofilms in vitro, and comparative proteomic and transcriptomic analysis
between planktonic and derived-biofilm yeasts has been done. This
research revealed a differential expression in biofilms, with various
upregulated transcripts related to cell wall-associated hydrolase, mem-
brane proteins, histidine decarboxylase, recombinases, transcriptional
regulation family related to Histoplasma spp. morphology, signal pep-
tides, and GAPDH, among others (manuscript under preparation). These
findings raised several questions regarding the differences in the
pathogen-host interaction between yeast and biofilms during human
macrophage infection (THP-1 macrophage-like). The differential
expression of various miRNAs was observed in biofilm infection. Inter-
actome analysis showed that the most affected metabolic pathways in
macrophages were related to the regulation of fungus-host cell adhesion
(receptor-ECM adhesion, focal adhesion), polysaccharide biosynthesis
(glycosaminoglycans and N-glycans), regulation of cell structure and
motility (actin cytoskeleton), protein degradation (ubiquitin-mediated
proteolysis), response to proinflammatory stimuli (MAPK signaling),
regulation of cellular homeostasis (apoptosis and gap junctions), amino
acid metabolism (lysine degradation), and functional cellular effects of
proliferation, differentiation, and cell migration (Pitangui et al., 2021).
The dysregulation of several metabolic pathways in host cells due to
Histoplasma spp. biofilm infection demonstrates that the fungus modu-
lates miRNAs, affecting host cell functions and rendering macrophages
more susceptible to biofilm infection.

In counterpart, the participation of genes associated with the pro-
tection of macrophages against infection has been reported, with their
functions encompassing various cellular processes. These genes include
those associated with the regulator complex, which plays a role in
nutrient stress sensing, glycosylation enzymes, protein degradation
machinery, mitochondrial respiration genes, solute transporters, and the
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endoplasmic reticulum membrane complex, which aids in the folding of
transmembrane proteins with multiple membrane-spanning regions.
The most effective protective group of genes, consisting of Gnb2, Pdcl,
AP-1 subunits, AP-2 subunits, and Arrb2, primarily regulate G-protein
coupled receptor (GPCR) signaling and receptor trafficking upon GPCR
engagement. One of these genes encodes the GPCR C3a receptor 1
(C3ar1/C3aR), which is essential in the eukaryotic endocytosis process
(Cohen et al., 2022; Irannejad and von Zastrow, 2014).

Heat-shock proteins play a pivotal role in conferring tolerance to
high temperatures during the infective process, and they are categorized
as 60 kDa, 70 kDa, 90 kDa (chaperones), and 100 kDa (catalytic activity)
families (Cleare et al., 2017). For Histoplasma spp., the Hsp family was
initially described as exhibiting increased expression during the transi-
tion from mycelial to yeast morphotype (Shearer et al., 1987). Presently,
HSP60 stands as the most extensively studied member within the Hsp
family, showing a correlation with heightened expression during the
infective process. This study renders the protein crucial for pathogenesis
and heat stress tolerance (Guimaraes, Nakayasu, et al., 2011). Recent
investigations have elucidated the role of HSP60 in biofilm formation.
Blocking its activity with a monoclonal antibody (mAb 7B6) reduced
Histoplasma’s biofilm metabolic activity and biomass in vitro. Moreover,
this intervention increased the survival of Galleria mellonella larvae
during infection (Fregonezi et al., 2020). Hsp60 binding to Complement
Receptor 3 (CR3) (Cohen et al., 2022; Habich et al., 2006), an interac-
tion that will be further discussed.

The literature lacks sufficient data on other proteins crucial for His-
toplasma spp. pathogenesis, such as 14-3-3 and enolase. However, it is
known that during histoplasmosis, the marker CD42b/GP1b expressed
on the fungal organism’s surface serves as a 14-3-3 ligand for other
microorganisms. The heightened expression of this marker could
potentially serve as a disease indicator (Ku et al., 2018). For enolase,
proteomic analysis during infection has demonstrated increased
expression in Histoplasma spp. yeast, providing insights into its signifi-
cance during pathogenesis (Holbrook et al., 2011). Further research
demonstrating the importance of 14-3-3 and enolase for Histoplasma
spp. pathogenesis is still necessary.

Recent studies have identified Ryp transcription factors (Rypl, Ryp2,
Ryp3, and Ryp4) as essential for Histoplasma dimorphism. These factors
are crucial for the yeast-phase transition, as mutants lacking any one of
the Ryp family members are unable to transition to the yeast phase at 37
°C. Ryp4, a zinc-associated transcription factor, has been shown to be a
target of the other Ryp factors. This interaction forms a regulatory
network that sustains a positive feedback loop at 37 °C, thereby pro-
moting yeast-phase growth (Nguyen and Sil, 2008; Sil, 2019; Webster
and Sil, 2008).

On the other hand, the APSES protein family, known for its role as
transcription factors involved in gene expression during fungal devel-
opment, has homologs in Ascomycetes, including Mbp1, Stul, Swi6, and
Xbpl. Their significance during Histoplasma infection and other crucial
cellular mechanisms has not been demonstrated, consequently no cor-
relation with virulence has been established. Nonetheless, they repre-
sent a highly conserved protein family within fungal species, warranting
further investigation to elucidate their contributions to Histoplasma
biology (Longo et al., 2018).

Finally, the cAMP signaling pathway is well-documented for its in-
fluence on Histoplasma dimorphism, being crucial for the yeast-phase
transition (Medoff et al., 1981). cAMP is involved in the regulation of
the delta9-desaturase gene, which is expressed during both the mycelial
and yeast phases. Studies have identified a stress-responsive cis element
(STRE) that is responsive to the cAMP and have demonstrated that this
element is active in Histoplasma (Medoff et al., 1981).

5. Virulence factors of Paracoccidioides spp

Regarding Paracoccidioides spp. virulence factors, several genes, and
proteins that play a crucial role in the yeast transition of this fungal
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pathogen have been reported; among these are also temperature toler-
ance genes, which are essential for the dimorphic switch. During the
mycelial phase of Paracoccidioides spp., the cell wall comprises p—1,3-
glucan, p—1,6-glucan, and chitin. The transition to the yeast phase,
characterized by a prevalence of a—1,3-glucan, necessitates changes in
gene expression, triggering morphological alterations (Felipe et al.,
2005). The protein Drk1, which has also been identified in Histoplasma
spp. (Nemecek et al., 2006) and Blastomyces dermatitidis (Lawry et al.,
2017), is indispensable for dimorphism. DRK1 acts by negatively
modulating the synthesis of chitin and p-glucans, thereby contributing to
their masking and promoting the pathogenicity of P. brasiliensis (Nav-
arro et al., 2021).

The heat-shock proteins (Hsp) family is essential to dimorphic fungi
(Cleare et al., 2017). Thus, the increase in Hsp70 mRNA level of tran-
scripts and protein in Paracoccidioides spp. was also demonstrated as
correlated to its dimorphism (Cleare et al., 2017; da Silva et al., 1999).
The Hsp90 is notably involved in the dimorphic transformation of
P. brasiliensis; this Hsp90 exhibits a significant overexpression in the
presence of an oxidative environment. Moreover, this chaperone mole-
cule can form a complex with calcineurin, thus contributing to the sta-
bilization of this critical regulatory enzyme. Hsp90 competes with
calmodulin for binding to the calcium/calmodulin docking site, indi-
cating its involvement in calcium-dependent signaling pathways (Imai
and Yahara, 2000; Matos et al., 2013). Nonetheless, these interactions
appear to interfere with Paracoccidioides spp. cell differentiation, and
intriguingly, when estradiol is present, the HSP family proteins show
down-regulation. This observation suggests that hormones, particularly
estradiol, exert a notable influence during the process of conferring
tolerance to high temperatures (Nicola et al., 2008).

Moreover, studies have demonstrated the influence of estradiol on
the dimorphism of P. brasiliensis, specifically in the inhibition of
mycelium-to-yeast transition. However, the transition from yeast to
mycelium is not affected by estradiol (Restrepo et al., 1984). The
dimorphism of Paracoccidioides is influenced by the gene expression of
Hsp90 and Hsp70 pathways in response to estradiol exposure. This
modulation occurs through the downregulation of gene signaling related
to dimorphism (Shankar et al., 2011).

For successful colonization of the host, Paracoccidioides spp. yeast
must possess the ability to adhere to the host cell surface. This adhesive
process involves recognizing various components within the host ECM
proteins, including elastin, laminin, fibronectin, collagens, glycosami-
noglycans, proteoglycans, and others. Numerous research studies have
investigated the fungal interactions with these ECM components,
revealing that the successful disease development and severity of the
pathology varies depending on the specific ECM ligand involved. This
aspect implies that the selection of an ECM ligand can indeed influence
the outcome of the disease and its severity in Paracoccidioides spp. in-
fections. (de Oliveira et al., 2015; Gonzalez et al., 2008; Mendes-Gian-
nini et al., 2006).

In addition, other moonlighting proteins, such as Gapdh, 14-3-3,
and enolase (Karkowska-Kuleta and Kozik, 2014), which participate in
multiple cellular processes, have also been identified as being involved
in the adhesion to host cells. Furthermore, proteins like gp43, the hy-
drolase PbHAD32, 1,6-bisphosphate aldolase (ALD), and malate syn-
thase enzyme (PbMLS) from Paracoccidioides spp. also have been
demonstrated to play a role in host cell adhesion and pathogenesis (de
Oliveira et al., 2015).

The Gapdh protein in Paracoccidioides is notably overexpressed
during the dimorphic transition and has been detected in both the cell
wall and extracellular vesicles. It plays an essential role in cell adhesion
since this protein has the capability to bind to host ECM components
such as collagen, fibronectin, and laminin (Barbosa et al., 2006; Longo
et al., 2014). Furthermore, the enolase protein can interact with plas-
minogen to promote invasion (Ghosh and Jacobs-Lorena, 2011).

Among the moonlighting proteins, our research group has charac-
terized the 14-3-3 protein as a critical virulence factor. Silencing this
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protein has been demonstrated to enhance the survival of pneumocytes
significantly. This finding strongly implies that the improved survival is
a result of reduced interaction between the fungus and the host plasma
membrane (Marcos et al., 2016, 2019); this reduction in interaction
appears to be mediated by the 14-3-3 protein through modulation of the
TLR signaling pathway (Jannuzzi et al., 2019; Marcos et al., 2016).
Specifically, it binds to TLR2, TLR3, TLR4, TLR7/8, and TLR9Y, initiating
the production of proinflammatory cytokines such as IL-6, TNFa, and
IFN-B. Notably, the binding of 14-3-3 to TLR3 has recently been pro-
posed as an evasion mechanism; thus, this binding dampens the proin-
flammatory response, inhibits nitric oxide (NO) production, and
suppresses the activation of IFNy/CD8/T cells and IL-17/CD8/T cells,
along with cytotoxic functions, including the downregulation of gran-
zyme B and perforin (Jannuzzi et al., 2019).

On the other hand, the capacity of Paracoccidioides spp. to form
biofilms, either as a single species (Sardi et al., 2015) or in mixed in-
teractions with other bacterial agents (Medina-Alarcon et al., 2021; L. T.
Oliveira et al., 2020), presents a significant interest in the pathogenic
mechanisms of this fungus (Cattana et al., 2017). The characterization of
P. brasiliensis biofilms was initially documented by Sardi and colleagues
(Sardi et al., 2015). This research also unveiled the overexpression of
genes encoding GP43, enolase, GAPDH, and aspartyl proteinase in bio-
films compared to planktonic cells. These results demonstrated the
enhancement of adhesins as virulence factors in biofilms, constituting a
virulence mechanism.

Further studies involving transcriptomic analysis of Paracoccidioides
are necessary to identify differentially expressed genes in biofilms. This
research can provide valuable insights into the molecular mechanisms
underlying biofilm formation and the specific genes that play a crucial
role in this process.

6. Host - Histoplasma and - Paracoccidioides interaction
mechanisms: the role of C-type lectin receptors (CLRs)

PRRs detect the presence of microorganisms through transmembrane
or intracytoplasmic domains found in various cell types (Shirjang et al.,
2017). Among PRRs, CLRs constitute one of the best families of trans-
membrane PRRs studied so far. This family encompassing Dectin-1,
Dectin-2, MINCLE, DC-SIGN, and Mannose receptor (MR), predomi-
nantly expressed in innate immune cells; these molecules are known as
carbohydrate-binding receptors. Notably, Dectin-1 plays an important
role in the specific recognition of p-glucans inherent to the fungal cell
wall (Osorio and Reis e Sousa, 2011).

Due to its dimorphism, Dectin-1 receptors are not considered
important in Histoplasma spp. and Paracoccidioides spp. recognition,
specifically in their pathogenic morphotypes, the yeast cells (Heinsbroek
et al., 2005). The changes in glucan biosynthesis that the fungi un-
dergoes during the transition to the yeast phase results in a reduction in
the production of $-(1,3)-glucan, which is responsible for leukocyte
recruitment and the regulation of inflammatory mediators like leuko-
trienes and proinflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a). Simultaneously, there is an increase in the syn-
thesis of a-(1,3)-glucan, which is crucial for pulmonary colonization
(Marion et al., 2006).

On the other hand, MR is a transmembrane receptor involved in
different processes, mainly pathogen recognition, cell migration, and
homeostatic clearance (Gazi et al., 2011). Like Dectin-1, MR was shown
to not interfere in Histoplasma spp. recognition, suggesting that this
fungus lack interactions involving mannan-type PAMPs (Bullock and
Wright, 1987; Garfoot and Rappleye, 2016). For Paracoccidioides spp.,
the MR (CD206) in host monocytes binds to the gp43 protein, subse-
quently initiating mitogen protein and nuclear factor kB (NFkB) acti-
vation. This cascade regulates the adaptive immune response by
producing cytokines and chemokines (Nakaira-Takahagi et al., 2011).
This protein also contains a mannose chain as a ligand, activating this
host receptor during fungal adhesion. Notably, gp43 also functions as a
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virulence factor since its binding to MR and TLR receptors triggers the
inactivation of macrophage functions, including the suppression of
reactive oxygen species (ROS) production (Flavia Popi et al., 2002).

7. Host - Histoplasma and -Paracoccidioides interaction
mechanisms: the role of TLRs

TLRs are evolutionarily conserved membrane receptors with char-
acteristics and structures extensively described, constituted as one of the
most important protein families among PRRs, and are responsible for
recognizing PAMPs through their leucine-rich domains (LRRs). This
binding triggers signaling cascades that effectively eliminate microor-
ganisms (Crespo-Lessmann et al., 2010; Mogensen, 2009).

In recent years, several authors have emphasized the significance of
TLRs in recognizing fungal pathogens (Bourgeois and Kuchler, 2012; Le
et al., 2023; Netea et al., 2004; Reddy et al., 2022). Thus, it has been
elucidated the capacity of Histoplasma’s Yps3 protein to interact with
TLR2 receptors, thereby inducing NF-kB activation (Aravalli et al.,
2008). Additionally, recent research utilizing murine hematopoietic
stem cells has revealed the internalization of Histoplasma spp. yeast via
TLR2, TLR4, and Dectin-1 pathways, leading to heightened expression
levels of IL-1p, IL-6, IL-10, IL-17, TNF-a, and TGF-f, as well as immune
mediators such as Arg-1 and iNOS (Rodriguez-Echeverri et al., 2022).

Additional TLR receptors, notably TLR7 and TLR9, have been shown
to play a critical role in the defense mechanism of CD103+ dendritic
cells against Histoplasma spp. yeast. This defense mechanism operates
through the production of type I interferon (IFN-I) and IFNy, which are
essential for the recruitment and activation of CD4+ T cells and defense
against Histoplasma spp. (Van Prooyen et al., 2016).

Concerning Paracoccidioides spp., Loures et al. (2009) described the
TLR2 activation process during P. brasiliensis infection, revealing that
TLR2 interacts with P. brasiliensis, resulting in increased adhesio-
n/ingestion of the fungus and subsequent activation of neutrophils,
considered the first line of defense in the innate immune response.
Similarly, other studies have reported an upregulation of TLR2 and TLR4
expression in macrophages against Paracoccidioides infection; this
interaction is mediated by the adapter molecule MyD88, inducing the
activation of these cells and an increase in the production of proin-
flammatory cytokines such as IL-6, IL-1, and IL-8 (Burger, 2021).

On the other hand, the negative impact of Paracoccidioides interac-
tion through the TLR3 receptor has also been demonstrated. T-CD8
lymphocytes exhibit improved cytotoxic activity in TLR3 knock-out
mice compared to wild-type mice. Similarly, TLR3™/~ macrophages
display a more significant fungicidal effect and increased NO production
than TLR3™/* control mice. Additionally, TLR9 has been shown to
recognize the yeast form of P. brasiliensis and its DNA (Patin et al., 2019).
Experimental immunization models in mice have indicated that TLR9 ™"
mice produce more antibodies, specifically IgG1 and IgG3, than normal
mice; this finding underscores a protective effect mediated by recog-
nizing the fungus through TLR9 (Morais et al., 2016; Patin et al., 2019).

Some studies have demonstrated TLRs’ role in the interaction of
specific adhesins like 14-3-3 in P. brasiliensis. Marcos et al. (2016)
showed that the 14-3-3 protein present in P. brasiliensis plays an
important role in the fungus’s virulence, as it is associated with adher-
ence to host cells and the subsequent establishment of the disease
(Andreotti et al., 2005; Marcos et al., 2016). Additionally, other studies
have demonstrated that the 14-3-3 protein plays a significant role in
activating innate immunity via TLR4 signaling. It enhances the pro-
duction of proinflammatory cytokines such as IL-6 and TNFa while
negatively regulating TLR2-dependent activation and NFxf activity.
Furthermore, it modulates the production of IL-10 and the chemokine
RANTES through signal transduction dependent on the TRIF/TRAM
pathway (Schuster et al., 2011).

Finally, the 14-3-3 protein emerges as a key player in the patho-
genesis of P. brasiliensis, exerting its influence through multiple mech-
anisms. Studies have elucidated its pivotal role in mediating the
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interaction of P. brasiliensis adhesins with host cells, thereby contrib-
uting to the establishment of infection, moreover, its involvement in
innate immunity.

8. Host - Histoplasma and - Paracoccidioides interaction
mechanisms: the role of CR3 and plasmin receptor

The CR3 is a heterodimer of transmembrane glycoproteins a (CD11b)
and p (CD18); while the a chain is unique to CR3, the § subunit is shared
by LFA1l, CR4, and adp2, all belonging to the 2 integrin family of
leukocyte receptors. CR3 is primarily expressed in macrophages,
monocytes, granulocytes, and NK cells, playing a pivotal role in cell-cell
and cell-matrix interactions. It enables leukocyte adhesion to the
endothelium and facilitates the movement of leukocytes through
endothelial intercellular junctions. CR3 is also involved in phagocytosis
and cell death via oxidative burst and regulates inflammation homeo-
stasis by mediating the apoptosis of extravasated neutrophils (Dunkel-
berger and Song, 2010; Sarma and Ward, 2011).

Dynamic regulation of CR3 function allows for rapid switching of
receptor adhesion to some of its ligands. Such modifications in CR3
occur following the activation of other cell surface molecules like
selectins, chemotactic receptors, and cytokine receptors. These re-
ceptors transmit signals into the cell, leading to conformational changes
in CR3, converting it into an active adhesive form. CR3 can bind to
specific ligands in its active form, initiating a cascade of outside-in
signaling events. Recent data suggest that CR3 can also transmit sig-
nals from proteins linked to glycosylphosphatidylinositol (GPI), such as
CD14, FcyRIIIB, and urokinase plasminogen activator receptor (UPAR).
Also, GPI-anchored proteins, lacking a transmembrane domain, may
capture the ligand while floating in the lipid bilayer of the membrane
and transmit inflammatory signals through co-associated CR3 molecules
(Dunkelberger and Song, 2010; Sarma and Ward, 2011).

The CR3 pathway is the main common point of host-pathogen
interaction between Histoplasma spp. and Paracoccidioides spp. (Cohen
et al., 2022; de Oliveira et al., 2021); and is known for low cytokine
production response to infection (Aderem and Underhill, 1999).

The phagocytosis of Histoplasma spp. is not reliant on the recognition
of B-glucans by Dectin-1. As a result, fungal recognition and phagocy-
tosis primarily occur through p2-integrin receptors, with CR3 (CD11/
CD18) being the most extensively studied. Additionally, LFA-1 (CD11a/
CD18) and CR4 (CD11¢/CD18) play significant roles during macrophage
infection and invasion (Edwards et al., 2013).

For Histoplasma spp., the binding to the CR3 receptor occurs through
Hsp present in the fungus cell wall, which acts as adhesins. The acti-
vation and production of 60 kDa (Hsp60) occur due to the increase in
temperature. These surface molecules mediate the recognition of the
microorganism by the host’s immune system, directly affecting the
macrophage phagocytosis mechanism, as they act as ligands for the CR3
receptor (CD11/CD18). Moreover, Hsp60 is an essential protein in the
cellular adhesion process. The Hsp60/CR3 interaction leads to rapid
phagocytosis/invasion without significant phagocyte activation, result-
ing in an ineffective immune response (Mihu and Nosanchuk, 2012).
Blocking CR3 receptors does not directly impact Histoplasma spp.
phagocytosis (Cohen et al., 2022; Long et al., 2003), suggesting that
other interaction pathways may be involved in fungal phagocytosis.

Indeed, recent research has shed light on the significance of the Itgb2
(CD18) gene from macrophages as a crucial recognition mechanism for
Histoplasma spp. This gene encodes the p-subunit of CR3, whereas the
Fermt3 gene facilitates integrin activation (Cohen et al., 2022). Integ-
rins, a family of heterodimeric transmembrane cell adhesion molecules,
also serve as signaling receptors. They play pivotal roles in numerous
biological processes, such as metazoan development, immunity, hemo-
stasis, wound healing, and the regulation of cell survival, proliferation,
and differentiation (Tan, 2012).

In Paracoccidioides spp., Jimenez and colleagues first highlighted the
importance of activating the CR3 signaling pathway (Jiménez et al.,
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2006). Currently, the complete understanding of the activation route in
Paracoccidioides spp. remains incomplete. However, recent studies have
shown that when P. brasiliensis is phagocytosed by macrophages with
low levels of CD18, the fungus survives at a lower rate after 48 h of
infection. This reduced survival is associated with lower levels of nitrate
and the production of high levels of IgG1, resulting in an ineffective
immune response. As a result, it has been suggested that p2 integrins
play a significant role in the survival of Paracoccidioides spp. inside
macrophages. Once phagocytosed, the macrophage may serve as a
protective environment for P. brasiliensis, allowing the fungus to evade
immune defenses and persist within the host (de Oliveira et al., 2021).

Conversely, the Plasmin Receptor is a ligand for plasminogen and is
pivotal in the fibrinolytic system. However, it contributes to pathogenic
processes during inflammation, cancer, and thrombosis (Godier and
Hunt, 2013). In the context of fungal infections, proteomics analysis has
revealed the overexpression of Histoplasma’s enolase during macro-
phage infection. This observation led the authors to hypothesize about
the binding of enolase to the Plasmin Receptor, analogous to what has
been observed in infections caused by Pneumocystis and Leishmania
(Holbrook et al., 2011). However, further investigations are still
necessary to confirm this hypothesis.

Nogueira et al. (2010) demonstrated the binding of enolase to the
Plasmin Receptor by utilizing a mutant strain of P. brasiliensis expressing
recombinant enolase. This binding facilitated the conversion of plas-
minogen into plasmin, consequently enhancing adherence to epithelial
cells and increasing tissue invasion rates in mice. Similar results were
observed in Plasmodium, where enolase binding to the Plasmin receptor
increased pathogen invasion (Ghosh and Jacobs-Lorena, 2011).

While the recognition of Hsp60 in Paracoccidioides spp. by the CR3
receptor remains undetermined, it has been evidenced that the Hsp60 in
H. capsulatum is indeed recognized by this receptor (Long et al., 2003).
Given the considerable identity shared between both proteins, it could
be hypothesized that a common receptor might recognize this shared
ligand, thereby activating analogous pathways within host cells, as
represented in Fig. 1. Similarly, enolase binding to the Plasmin Receptor
in P. brasiliensis and Cryptococcus spp. has been documented (Nogueira
et al.,, 2010b; Stie et al., 2009), albeit unconfirmed for H. capsulatum.
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Nevertheless, given the high similarities between the enolase proteins of
H. capsulatum and P. brasiliensis, it is hypothesized that both fungi share
mechanisms involving CR3 and Plasmin Receptor interactions as viru-
lence factors and evasion strategies .

The binding of fungal Hsp60 to the CR3 receptor triggers activation
of the actin cytoskeleton, fostering phagocytosis. Subsequently, within
the phagolysosome, the macrophage induces the expression of IL-1p and
IL-18 genes, stimulating autocrine activity, thereby amplifying macro-
phage activation to increase NO production. This response, mediated by
CR3 activation, produces a dampened immune response. The height-
ened NO production within the phagolysosome inhibits lymphocyte
activation, regarded as an evasion mechanism employed by these
pathogens. Through a similar mechanism, enolase binding to the
Plasmin Receptor facilitates rapid adhesion to the host cell, enabling
fungal invasion (Fig. 1). This process prompts alterations in gene
expression, the specific consequences of which remain unknown.

9. Conclusions and future directions

Identifying common pathways among dimorphic fungi during
infection is crucial in developing new drug targets for treating these
diseases. This study elucidated shared host-pathogen interaction
mechanisms between H. capsulatum and Paracoccidioides spp., identi-
fying enolase and Hsp60 as highly homologous proteins. These proteins
bind to CR3 and Plasmin receptors, resulting in a dampened immune
response, potentially serving as an evasion strategy employed by these
fungi.

Future investigations are imperative to challenge this hypothesis and
provide further evidence of common host-pathogen interaction mecha-
nisms shared by dimorphic fungi. Such research endeavors will
contribute to a deeper understanding of fungal pathogenesis and aid in
developing novel therapeutic strategies targeting these shared
mechanisms.

Funding

This research was funded by Fundagao de Amparo a Pesquisa do

@Hsp60
VEnolase

0
)
0
Seg .' COO0000000CCod 5
0060500000 00080L

g

Fig. 1. Common host-pathogen interaction mechanisms of Histoplasma spp. and P. brasiliensis: Complement Receptor 3 (CR3) and Plasmin Receptor activation appear
to share the same activation pathway. 1 to 6 represents the binding of Hsp60 to CR3, while 1’ to 5' represents the binding of enolase to Plasmin Receptor. 1. Hsp60
binding to CR3 of the host cell; 2. Activation of the cytoskeleton and phagocytosis; 3. Fungi internalization into the phagolysosome; 4. Activation of transcription
factor; 5. Production of pro-inflammatory cytokines IL-1p and IL-18 generation an autocrine response in the macrophage; 6. Increase of Nitric Oxid (NO) inside the
phagolysosome triggering a dumped adaptative immune response. 1'. Enolase binding to Plasmin Receptor of the host cell; 2. Activation of the cytoskeleton and
phagocytosis; 3'. Fungi internalization into the phagolysosome; 4'. Activation of transcription factor; 5. Unknow consequences.

Source: Own source. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).


https://creativecommons.org/licenses/by/3.0/

S. de Matos Silva et al.

Estado de Sao Paulo (FAPESP) [grant 2022/15826-0 REGULAR]; and
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
[finance code 001, 88887.600612/2021-00 (SMS), 88887.839588/
2023-00 (SMS), 88887.839360,/2023-00 (CRE)].

Disclosure

The authors declare no conflicts of interest.

Authors’ contributions and potential conflicts of interest

Samanta de Matos Silva, Carolina Rodriguez Echeverri, and Angel
Gonzalez conceived the idea and wrote the first draft of the manuscript;
Maria José Soares Mendes-Giannini, Ana Marisa Fusco-Almeida pro-
vided critical revision of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Samanta de Matos Silva reports financial support was provided by Sao
Paulo State University. Carolina Rodriguez Echeverri reports financial
support was provided by Sao Paulo State University. Ana Marisa Fusco
Almeida reports financial support was provided by State of Sao Paulo
Research Foundation. If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

We are grateful to Julio Cesar Jaramillo Alzate and Julian Camilo
Arango Rincon from the Universidad de Antioquia (UdeA) for their
invaluable assistance with insights into immunology.

References

Aderem, A., Underhill, D.M., 1999. Mechanisms of phagocytosis in macrophages. Annu.
Rev. Immunol. 17 (1), 593-623. https://doi.org/10.1146/annurev.
immunol.17.1.593.

Almeida, M., de, A., Almeida-Silva, F., Guimaraes, A.J., Almeida-Paes, R., Zancopé-
Oliveira, R.M., 2019. The occurrence of histoplasmosis in Brazil: a systematic
review. Int. J. Infect. Dis. 86, 147-156. https://doi.org/10.1016/j.ijid.2019.07.009.

Andreotti, P.F., Monteiro da Silva, J.L., Bailao, A.M., Soares, C.M., de, A., Benard, G.,
Soares, C.P., Mendes-Giannini, M.J.S., 2005. Isolation and partial characterization of
a 30 kDa adhesin from Paracoccidioides brasiliensis. Microbes. Infect. 7 (5-6),
875-881. https://doi.org/10.1016/j.micinf.2005.02.005.

Antonello, V.S., Zaltron, V.F., Vial, M., de Oliveira, F.M., Severo, L.C., 2011.
Oropharyngeal histoplasmosis: report of eleven cases and review of the literature.
Rev. Soc. Bras. Med. Trop. 44 (1), 26-29. https://doi.org/10.1590/50037-
86822011000100007.

Aravalli, R.N., Hu, S., Woods, J.P., Lokensgard, J.R., 2008. Histoplasma capsulatum yeast
phase-specific protein Yps3p induces Toll-like receptor 2 signaling.

J. Neuroinflammation. 5 (1), 30. https://doi.org/10.1186/1742-2094-5-30.

Aristizabal, B.H., Clemons, K.V., Stevens, D.A., Restrepo, A., 1998. Morphological
Transition of Paracoccidioides brasiliensis Conidia to Yeast Cells: in Vivo Inhibition in
Females. Infect. Immun. 66 (11), 5587-5591. https://doi.org/10.1128/
TAL.66.11.5587-5591.1998.

Azar, M.M., Loyd, J.L., Relich, R.F., Wheat, L.J., Hage, C.A., 2020. Current concepts in
the epidemiology, diagnosis, and management of histoplasmosis syndromes. Semin.
Respir. Crit. Care Med. 41 (01), 013-030. https://doi.org/10.1055/s-0039-1698429.

Azimova, D., Herrera, N., Duvenage, L., Voorhies, M., Rodriguez, R.A., English, B.C.,
Hoving, J.C., Rosenberg, O., Sil, A., 2022. Cbpl, a fungal virulence factor under
positive selection, forms an effector complex that drives macrophage lysis. PLoS
Pathog. 18 (6), €1010417 https://doi.org/10.1371/journal.ppat.1010417.

Bahr, N.C,, Sarosi, G.A., Meya, D.B., Bohjanen, P.R., Richer, S.M., Swartzentruber, S.,
Halupnick, R., Jarrett, D., Wheat, L.J., Boulware, D.R., 2016. Seroprevalence of

Current Research in Microbial Sciences 7 (2024) 100246

histoplasmosis in Kampala, Uganda. Med. Mycol. 54 (3), 295. https://doi.org/
10.1093/MMY/MYVO081.

Barbosa, M.S., Bdo, S.N., Andreotti, P.F., de Faria, F.P., Felipe, M.S.S., dos Santos
Feitosa, L., Mendes-Giannini, M.J.S., de Almeida Soares, C.M, 2006. Glyceraldehyde-
3-phosphate dehydrogenase of Paracoccidioides brasiliensis is a cell surface protein
involved in fungal adhesion to extracellular matrix proteins and interaction with
cells. Infect. Immun. 74 (1), 382-389. https://doi.org/10.1128/1A1.74.1.382-
389.2006.

Benedict, K., Whitham, H.K., Jackson, B.R., 2022. Economic burden of fungal diseases in
the United States. Open. Forum. Infect. Dis. 9 (4) https://doi.org/10.1093/ofid/
ofac097.

Bertheloot, D., Latz, E., Franklin, B.S., 2021. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cell. Mol. Immunol. 18 (5), 1106-1121. https://doi.
org/10.1038/s541423-020-00630-3.

Bohse, M.L., Woods, J.P., 2005. Surface Localization of the Yps3p Protein of Histoplasma
capsulatum. Eukaryot. Cell 4 (4), 685-693. https://doi.org/10.1128/EC.4.4.685-
693.2005.

Bojsen, R., Regenberg, B., Gresham, D., Folkesson, A., 2016. A common mechanism
involving the TORC1 pathway can lead to amphotericin B-persistence in biofilm and
planktonic Saccharomyces cerevisiae populations. Sci. Rep. 6 https://doi.org/
10.1038/SREP21874.

Bongomin, F., Gago, S., Oladele, R.O., Denning, D.W., 2017. Global and multi-national
prevalence of fungal diseases-estimate precision. J. Fungi. (Basel) 3 (4). https://doi.
org/10.3390/JOF3040057.

Bourgeois, C., Kuchler, K., 2012. Fungal pathogens—A sweet and sour treat for toll-like
receptors. Front. Cell Infect. Microbiol. 2 https://doi.org/10.3389/
fcimb.2012.00142.

Brilhante, R.S.N., Costa, A.da C., Mesquita, J.R.L.de, dos Santos Aratjo, G., Freire, R.S.,
Nunes, J.V.S., Nobre, A.F.D., Fernandes, M.R., Rocha, M.F.G., Pereira Neto, W.,
de, A., Crouzier, T., Schimpf, U., Viera, R.S., 2023. Antifungal activity of chitosan
against Histoplasma capsulatum in planktonic and biofilm forms: a therapeutic
strategy in the future? J. Fung. 9 (12), 1201. https://doi.org/10.3390/jof9121201.

Brummer, E., Hansom, L.H., Stevens, D.A., 1991. Kinetics and requirements for
activation of macrophages for fungicidal activity: effect of protein synthesis
inhibitors and immunosuppressants on activation and fungicidal mechanism. Cell.
Immunol. 132 (1), 236-245. https://doi.org/10.1016/0008-8749(91)90022-4.

Bullock, W.E., Wright, S.D., 1987. Role of the adherence-promoting receptors, CR3, LFA-
1, and p150,95, in binding of Histoplasma capsulatum by human macrophages. J. Exp.
Med. 165 (1), 195-210. https://doi.org/10.1084/jem.165.1.195.

Burger, E., 2021. Paracoccidioidomycosis Protective Immunity. J. Fung. 7 (2), 137.
https://doi.org/10.3390/j0f7020137.

Cattana, M.E., Tracogna, M.F., Marques, 1., Rojas, F., Fernandez, M., de los Angeles
Sosa, M., Mussin, J., Giusiano, G, 2017. Vivo Paracoccidioides sp. biofilm on vascular
prosthesis. Mycopathologia 182 (7-8), 747-749. https://doi.org/10.1007/s11046-
017-0126-8.

Chaves, A.F.A., Navarro, M.V., de Barros, Y.N., Silva, R.S., Xander, P., Batista, W.L.,
2021. Updates in Paracoccidioides biology and genetic advances in fungus
manipulation. J. Fung. 7 (2), 116. https://doi.org/10.3390/jof7020116.

Cleare, L.G., Zamith-Miranda, D., Nosanchuk, J.D., 2017. Heat shock proteins in
Histoplasma and Paracoccidioides. Clin. Vacc. Immunol. 24 (11) https://doi.org/
10.1128/CVI.00221-17.

Cohen, A., Jeng, E.E., Voorhies, M., Symington, J., Ali, N., Rodriguez, R.A., Bassik, M.C.,
Sil, A., 2022. Genome-scale CRISPR screening reveals that C3aR signaling is critical
for rapid capture of fungi by macrophages. PLoS Pathog. 18 (9) https://doi.org/
10.1371/JOURNAL.PPAT.1010237.

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., Lappin-Scott, H.M, 1995.
Microbial biofilms. Annu. Rev. Microbiol. 49, 711-745. https://doi.org/10.1146/
ANNUREV.MI.49.100195.003431.

Crespo-Lessmann, A., Judrez-Rubio, C., Plaza-Moral, V., 2010. Papel de los receptores
toll-like en las enfermedades respiratorias. Archivos de Bronconeumologia 46 (3),
135-142. https://doi.org/10.1016/j.arbres.2009.07.011.

da Silva, S.P., Borges-Walmsley, M.I., Pereira, 1.S., Soares, C.M., de, A., Walmsley, A.R.,
Felipe, M.S.S., 1999. Differential expression of an hsp70 gene during transition from
the mycelial to the infective yeast form of the human pathogenic fungus
Paracoccidioides brasiliensis. Mol. Microbiol. 31 (4), 1039-1050. https://doi.org/
10.1046/j.1365-2958.1999.01236.x.

de Oliveira, H.C., da Silva, J., de, F., Scorzoni, L., Marcos, C.M., Rossi, S.A., de Paula e
Silva, A.C.A., Assato, P.A., da Silva, R.A.M., Fusco-Almeida, A.M., Mendes-
Giannini, M.J.S., 2015. Importance of adhesins in virulence of Paracoccidioides spp.
Front. Microbiol. 6 https://doi.org/10.3389/fmicb.2015.00303.

de Oliveira, S.A.M., Reis, J.N., Catao, E., Amaral, A.C., Souza, A.C.O., Ribeiro, A.M.,
Faccioli, L.H., Carneiro, F.P., Marina, C.L.F., Biirgel, P.H., Fernandes, L., Tavares, A.
H., Bocca, A.L., 2021. B2 Integrin-Mediated Susceptibility to Paracoccidioides
brasiliensis Experimental Infection in Mice. Front. Cell Infect. Microbiol. 11 https://
doi.org/10.3389/fcimb.2021.622899.

Deepe, G.S., Gibbons, R.S., 2009. Interleukins 17 and 23 Influence the Host Response to
Histoplasma capsulatum. J. Infect. Dis. 200 (1), 142. https://doi.org/10.1086/
599333.

Deepe, G.S., Gibbons, R.S., Smulian, A.G., 2008. Histoplasma capsulatum manifests
preferential invasion of phagocytic subpopulations in murine lungs. J. Leukoc. Biol.
84 (3), 669-678. https://doi.org/10.1189/JLB.0308154.

Denning, D.W., Bromley, M.J., 2015. Infectious Disease. How to bolster the antifungal
pipeline. Science (1979) 347 (6229), 1414-1416. https://doi.org/10.1126/
SCIENCE.AAA6097.


https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1016/j.ijid.2019.07.009
https://doi.org/10.1016/j.micinf.2005.02.005
https://doi.org/10.1590/S0037-86822011000100007
https://doi.org/10.1590/S0037-86822011000100007
https://doi.org/10.1186/1742-2094-5-30
https://doi.org/10.1128/IAI.66.11.5587-5591.1998
https://doi.org/10.1128/IAI.66.11.5587-5591.1998
https://doi.org/10.1055/s-0039-1698429
https://doi.org/10.1371/journal.ppat.1010417
https://doi.org/10.1093/MMY/MYV081
https://doi.org/10.1093/MMY/MYV081
https://doi.org/10.1128/IAI.74.1.382-389.2006
https://doi.org/10.1128/IAI.74.1.382-389.2006
https://doi.org/10.1093/ofid/ofac097
https://doi.org/10.1093/ofid/ofac097
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1128/EC.4.4.685-693.2005
https://doi.org/10.1128/EC.4.4.685-693.2005
https://doi.org/10.1038/SREP21874
https://doi.org/10.1038/SREP21874
https://doi.org/10.3390/JOF3040057
https://doi.org/10.3390/JOF3040057
https://doi.org/10.3389/fcimb.2012.00142
https://doi.org/10.3389/fcimb.2012.00142
https://doi.org/10.3390/jof9121201
https://doi.org/10.1016/0008-8749(91)90022-4
https://doi.org/10.1084/jem.165.1.195
https://doi.org/10.3390/jof7020137
https://doi.org/10.1007/s11046-017-0126-8
https://doi.org/10.1007/s11046-017-0126-8
https://doi.org/10.3390/jof7020116
https://doi.org/10.1128/CVI.00221-17
https://doi.org/10.1128/CVI.00221-17
https://doi.org/10.1371/JOURNAL.PPAT.1010237
https://doi.org/10.1371/JOURNAL.PPAT.1010237
https://doi.org/10.1146/ANNUREV.MI.49.100195.003431
https://doi.org/10.1146/ANNUREV.MI.49.100195.003431
https://doi.org/10.1016/j.arbres.2009.07.011
https://doi.org/10.1046/j.1365-2958.1999.01236.x
https://doi.org/10.1046/j.1365-2958.1999.01236.x
https://doi.org/10.3389/fmicb.2015.00303
https://doi.org/10.3389/fcimb.2021.622899
https://doi.org/10.3389/fcimb.2021.622899
https://doi.org/10.1086/599333
https://doi.org/10.1086/599333
https://doi.org/10.1189/JLB.0308154
https://doi.org/10.1126/SCIENCE.AAA6097
https://doi.org/10.1126/SCIENCE.AAA6097

S. de Matos Silva et al.

Donlan, R.M., Costerton, J.W., 2002. Biofilms: survival mechanisms of clinically relevant
microorganisms. Clin. Microbiol. Rev. 15 (2), 167-193. https://doi.org/10.1128/
CMR.15.2.167-193.2002.

Dunkelberger, J.R., Song, W.-C., 2010. Complement and its role in innate and adaptive
immune responses. Cell Res. 20 (1), 34-50. https://doi.org/10.1038/cr.2009.139.

Edwards, J.A., Chen, C., Kemski, M.M., Hu, J., Mitchell, T.K., Rappleye, C.A., 2013.
Histoplasma yeast and mycelial transcriptomes reveal pathogenic-phase and lineage-
specific gene expression profiles. BMC. Genom. 14 (1), 695. https://doi.org/
10.1186/1471-2164-14-695.

Elansari, R., Abada, R., Rouadi, S., Roubal, M., Mahtar, M., 2016. Histoplasma capsulatum
sinusitis: possible way of revelation to the disseminated form of histoplasmosis in
HIV patients. Int. J. Surg. Case Rep. 24, 97-100. https://doi.org/10.1016/j.
ijscr.2016.03.010.

English, B.C., Van Prooyen, N., Ord, T., Ord, T., Sil, A., 2017. The transcription factor
CHOP, an effector of the integrated stress response, is required for host sensitivity to
the fungal intracellular pathogen Histoplasma capsulatum. PLoS Pathog. 13 (9),
1006589 https://doi.org/10.1371/journal.ppat.1006589.

Erwig, L.P., Gow, N.A.R., 2016. Interactions of fungal pathogens with phagocytes. Nat.
Rev. Microbiol. 14 (3), 163-176. https://doi.org/10.1038/nrmicro.2015.21.

Felipe, M.S.S., Andrade, R.V., Arraes, F.B.M., Nicola, A.M., Maranhao, A.Q., Torres, F.A.
G., Silva-Pereira, 1., Pocas-Fonseca, M.J., Campos, E.G., Moraes, L.M.P., Andrade, P.
A., Tavares, A.H.F.P,, Silva, S.S., Kyaw, C.M., Souza, D.P., Network, P., Pereira, M.,
Jesuino, R.S.A., Andrade, E.V., Brigido, M.M., 2005. Transcriptional profiles of the
human pathogenic fungus Paracoccidioides brasiliensis in mycelium and yeast cells.
J. Biolog. Chem. 280 (26), 24706-24714. https://doi.org/10.1074/jbc.
M500625200.

Ferreira, M.S., Borges, A.S., 2009. Histoplasmose. Rev. Soc. Bras. Med. Trop. 42 (2),
192-198. https://doi.org/10.1590/50037-86822009000200020.

Filler, S.G., Sheppard, D.C., 2006. Fungal invasion of normally non-phagocytic host cells.
PLoS Pathog. 2 (12), e129. https://doi.org/10.1371/journal.ppat.0020129.

Flavia Popi, A., Daniel Lopes, J., Mariano, M, 2002. GP43 from Paracoccidioides
brasiliensis inhibits macrophage functions. An evasion mechanism of the fungus. Cell.
Immunol. 218 (1-2), 87-94. https://doi.org/10.1016/50008-8749(02)00576-2.

Fregonezi, N.F., Oliveira, L.T., Singulani, J.de L., Marcos, C.M., dos Santos, C.T.,
Taylor, M.L., Mendes-Giannini, M.J.S., de Oliveira, H.C., Fusco-Almeida, A.M, 2020.
Heat shock protein 60, insights to its importance in Histoplasma capsulatum: from
biofilm formation to host-interaction. Front. Cell Infect. Microbiol. 10, 1. https://doi.
org/10.3389/FCIMB.2020.591950.

Garfoot, A.L., Rappleye, C.A., 2016. Histoplasma capsulatum surmounts obstacles to
intracellular pathogenesis. FEBS J. 283 (4), 619-633. https://doi.org/10.1111/
FEBS.13389.

Gauthier, G.M., 2015. Dimorphism in fungal pathogens of mammals, plants, and insects.
PLoS Pathog. 11 (2), 1004608 https://doi.org/10.1371/journal.ppat.1004608.

Gazi, U., Rosas, M., Singh, S., Heinsbroek, S., Hagq, 1., Johnson, S., Brown, G.D.,
Williams, D.L., Taylor, P.R., Martinez-Pomares, L., 2011. Fungal recognition
enhances mannose receptor shedding through dectin-1 engagement. J. Biolog.
Chem. 286 (10), 7822-7829. https://doi.org/10.1074/jbc.M110.185025.

Ghosh, A.K., Jacobs-Lorena, M., 2011. Surface-expressed enolases of Plasmodium and
other pathogens. Memorias do Instituto Oswaldo Cruz 106 (suppl 1), 85-90. https://
doi.org/10.1590/50074-02762011000900011.

Giusiano, G., 2021. The trojan horse model in Paracoccidioides: a fantastic pathway to
survive infecting human cells. Front. Cell Infect. Microbiol. 10 https://doi.org/
10.3389/fcimb.2020.605679.

Godier, A., HUNT, B.J., 2013. Plasminogen receptors and their role in the pathogenesis of
inflammatory, autoimmune and malignant disease. J. Thromb.Haemost. 11 (1),
26-34. https://doi.org/10.1111/jth.12064.

Gongalves, L.N.C., Costa-Orlandi, C.B., Bila, N.M., Vaso, C.O., Da Silva, R.A.M., Mendes-
Giannini, M.J.S., Taylor, M.L., Fusco-Almeida, A.M., 2020. Biofilm formation by
Histoplasma capsulatum in different culture media and oxygen atmospheres. Front.
Microbiol. 11 https://doi.org/10.3389/FMICB.2020.01455.

Gonzélez, A., Gémez, B.L., Mufoz, C., Aristizabal, B.H., Restrepo, A., Hamilton, A.J.,
Cano, L.E., 2008. Involvement of extracellular matrix proteins in the course of
experimental paracoccidioidomycosis. FEMS Immunol. Med. Microbiol. 53 (1),
114-125. https://doi.org/10.1111/j.1574-695X.2008.00411.x.

Gonzalez, A., Hernandez, O., 2016. New insights into a complex fungal pathogen: the
case of Paracoccidioides spp. Yeast 33 (4), 113-128. https://doi.org/10.1002/
yea.3147.

Goughenour, K.D., Rappleye, C.A., 2017. Antifungal therapeutics for dimorphic fungal
pathogens. Virulence 8 (2), 211-221. https://doi.org/10.1080/
21505594.2016.1235653.

Gow, N.A.R., Latge, J.-P., Munro, C.A., 2017. The fungal cell wall: structure,
biosynthesis, and function. Microbiol. Spectr. 5 (3) https://doi.org/10.1128/
microbiolspec. FUNK-0035-2016.

Guimaraes, A.J., de Cerqueira, M.D., Nosanchuk, J.D., 2011a. Surface architecture of
Histoplasma Capsulatum. Front. Microbiol. 2 (NOV) https://doi.org/10.3389/
FMICB.2011.00225.

Guimaraes, A.J., Nakayasu, E.S., Sobreira, T.J.P., Cordero, R.J.B., Nimrichter, L.,
Almeida, I.C., Nosanchuk, J.D., 2011b. Histoplasma capsulatum heat-shock 60
orchestrates the adaptation of the fungus to temperature stress. PLoS One 6 (2),
e14660. https://doi.org/10.1371/journal.pone.0014660.

Habich, C., Kempe, K., Gomez, F.J., Lillicrap, M., Gaston, H., van der Zee, R., Kolb, H.,
Burkart, V., 2006. Heat shock protein 60: identification of specific epitopes for
binding to primary macrophages. FEBS Lett. 580 (1), 115-120. https://doi.org/
10.1016/j.febslet.2005.11.060.

Hahn, R.C., Hagen, F., Mendes, R.P., Burger, E., Nery, A.F., Siqueira, N.P., Guevara, A.,
Rodrigues, A.M., de Camargo, Z.P., 2022. Paracoccidioidomycosis: current Status

Current Research in Microbial Sciences 7 (2024) 100246

and future trends. Clin. Microbiol. Rev. 35 (4) https://doi.org/10.1128/cmr.00233-
21.

Heinsbroek, S.E.M., Brown, G.D., Gordon, S., 2005. Dectin-1 escape by fungal
dimorphism. Trend. Immunol. 26 (7), 352-354. https://doi.org/10.1016/j.
it.2005.05.005.

Holbrook, E.D., Edwards, J.A., Youseff, B.H., Rappleye, C.A., 2011. Definition of the
extracellular proteome of pathogenic-phase Histoplasma capsulatum. J. Proteome Res.
10 (4), 1929-1943. https://doi.org/10.1021/pr1011697.

Holbrook, E.D., Smolnycki, K.A., Youseff, B.H., Rappleye, C.A., 2013. Redundant
catalases detoxify phagocyte reactive oxygen and facilitate Histoplasma capsulatum
pathogenesis. Infect. Inmun. 81 (7), 2334-2346. https://doi.org/10.1128/
IAI.00173-13.

Imai, J., Yahara, 1., 2000. Role of HSP90 in salt stress tolerance via stabilization and
regulation of calcineurin. Mol. Cell. Biol. 20 (24), 9262-9270. https://doi.org/
10.1128/MCB.20.24.9262-9270.2000.

Invernizzi, R., Lloyd, C.M., Molyneaux, P.L., 2020. Respiratory microbiome and
epithelial interactions shape immunity in the lungs. Em Immunology 160 (Ntmero 2),
171-182. https://doi.org/10.1111/imm.13195. Blackwell Publishing Ltd.

Irannejad, R., von Zastrow, M., 2014. GPCR signaling along the endocytic pathway. Curr.
Opin. Cell Biol. 27, 109-116. https://doi.org/10.1016/j.ceb.2013.10.003.

Isaac, D.T., Berkes, C.A., English, B.C., Hocking Murray, D., Lee, Y.N., Coady, A., Sil, A,
2015. Macrophage cell death and transcriptional response are actively triggered by
the fungal virulence factor Cbp1l during H. capsulatum infection. Mol. Microbiol. 98
(5), 910-929. https://doi.org/10.1111/MMI.13168.

Jannuzzi, G.P., de Almeida, J.R.F., Amarante-Mendes, G.P., Romera, L.M.D., Kaihami, G.
H., Vasconcelos, J.R., Ferreira, C.P., de Almeida, S.R., Ferreira, K.S., 2019. TLR3 is a
negative regulator of immune responses against Paracoccidioides brasiliensis. Front.
Cell Infect. Microbiol. 8 https://doi.org/10.3389/fcimb.2018.00426.

JimA©nez, M.del P., Restrepo, A., Radzioch, D., Cano, L.E., GarcAa, L.F, 2006.
Importance of complement 3 and mannose receptors in phagocytosis of
Paracoccidioides brasiliensis conidia by Nramp1 congenic macrophages lines. FEMS
Immunol. Med. Microbiol. 47 (1), 56-66. https://doi.org/10.1111/j.1574-
695X.2006.00059.x.

Johnson, C.H., Klotz, M.G., York, J.L., Kruft, V., McEwen, J.E., 2002. Redundancy,
phylogeny and differential expression of Histoplasma capsulatum catalases The
GenBank accession numbers for the cDNA sequences reported in this paper are
AF139985 (CATB), AF189368 (CATA) and AF189369 (CATP). Microbiol. (N. Y.) 148
(4), 1129-1142. https://doi.org/10.1099/00221287-148-4-1129.

Karkowska-Kuleta, J., Kozik, A., 2014. Moonlighting proteins as virulence factors of
pathogenic fungi, parasitic protozoa and multicellular parasites. Mol. Oral
Microbiol. 29 (6), 270-283. https://doi.org/10.1111/0mi.12078.

Karygianni, L., Ren, Z., Koo, H., Thurnheer, T., 2020. Biofilm matrixome: extracellular
components in structured microbial communities. Trend. Microbiol. 28 (8),
668-681. https://doi.org/10.1016/J.TIM.2020.03.016.

Kasuga, T., White, T.J., Koenig, G., Mcewen, J., Restrepo, A., Castaneda, E., Da Silva
Lacaz, C.D.A., Heins-Vaccari, E.M., De Freitas, R.S., Zancopé-Oliveira, R.M., Qin, Z.,
Negroni, R., Carter, D.A., Mikami, Y., Tamura, M., Taylor, M.L., Miller, G.F.,
Poonwan, N., Taylor, J.W., 2003. Phylogeography of the fungal pathogen
Histoplasma capsulatum. Mol. Ecol. 12 (12), 3383-3401. https://doi.org/10.1046/
J.1365-294X.2003.01995.X.

Kroetz, D.N., Deepe, G.S., 2012. The role of cytokines and chemokines in Histoplasma
capsulatum infection. Cytokine 58 (1), 112. https://doi.org/10.1016/J.
CYTO.2011.07.430.

Ku, N.K., Pullarkat, S.T., Kim, Y.S., Cheng, L., O’Malley, D, 2018. Use of CD42b
immunohistochemical stain for the detection of Histoplasma. Ann. Diagn. Pathol. 32,
47-50. https://doi.org/10.1016/j.anndiagpath.2017.10.002.

LaFleur, M.D., Kumamoto, C.A., Lewis, K., 2006. Candida albicans biofilms produce
antifungal-tolerant persister cells. Antimicrob. Agent. Chemother. 50 (11), 3839.
https://doi.org/10.1128/AAC.00684-06.

Lawry, S.M., Tebbets, B., Kean, 1., Stewart, D., Hetelle, J., Klein, B.S., 2017. Fludioxonil
induces Drk1, a fungal group III hybrid histidine kinase, to dephosphorylate its
downstream target, Ypd1l. Antimicrob. Agents Chemother. (2), 61. https://doi.org/
10.1128/AAC.01414-16.

Le, J., Kulatheepan, Y., Jeyaseelan, S., 2023. Role of toll-like receptors and nod-like
receptors in acute lung infection. Front. Immunol. 14 https://doi.org/10.3389/
fimmu.2023.1249098.

Leopold Wager, C.M., Hole, C.R., Wozniak, K.L., Wormley, F.L, 2016. Cryptococcus and
phagocytes: complex interactions that influence disease outcome. Front. Microbiol. 7
(FEB) https://doi.org/10.3389/FMICB.2016.00105.

Limper, A.H., Adenis, A., Le, T., Harrison, T.S., 2017. Fungal infections in HIV/AIDS. The
Lancet. Infect. Dis. 17 (11), e334-e343. https://doi.org/10.1016/51473-3099(17)
30303-1.

Long, K.H., Gomez, F.J., Morris, R.E., Newman, S.L., 2003. Identification of heat shock
protein 60 as the ligand on Histoplasma capsulatum that mediates binding to CD18
receptors on human macrophages. J. Immunol. (Baltimore, Md. : 1950) 170 (1),
487-494. https://doi.org/10.4049/jimmunol.170.1.487.

Longo, L.V.G., da Cunha, J.P.C., Sobreira, T.J.P., Puccia, R., 2014. Proteome of cell wall-
extracts from pathogenic Paracoccidioides brasiliensis: comparison among
morphological phases, isolates, and reported fungal extracellular vesicle proteins.
EuPa Open. Proteom. 3, 216-228. https://doi.org/10.1016/j.euprot.2014.03.003.

Longo, L.V.G., Ray, S.C., Puccia, R., Rappleye, C.A., 2018. Characterization of the APSES-
family transcriptional regulators of Histoplasma capsulatum. FEMS Yeast Res. (8), 18.
https://doi.org/10.1093/femsyr/foy087.

Loose, D.S., Stover, E.P., Restrepo, A., Stevens, D.A., Feldman, D., 1983. Estradiol binds
to a receptor-like cytosol binding protein and initiates a biological response in


https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1186/1471-2164-14-695
https://doi.org/10.1186/1471-2164-14-695
https://doi.org/10.1016/j.ijscr.2016.03.010
https://doi.org/10.1016/j.ijscr.2016.03.010
https://doi.org/10.1371/journal.ppat.1006589
https://doi.org/10.1038/nrmicro.2015.21
https://doi.org/10.1074/jbc.M500625200
https://doi.org/10.1074/jbc.M500625200
https://doi.org/10.1590/S0037-86822009000200020
https://doi.org/10.1371/journal.ppat.0020129
https://doi.org/10.1016/S0008-8749(02)00576-2
https://doi.org/10.3389/FCIMB.2020.591950
https://doi.org/10.3389/FCIMB.2020.591950
https://doi.org/10.1111/FEBS.13389
https://doi.org/10.1111/FEBS.13389
https://doi.org/10.1371/journal.ppat.1004608
https://doi.org/10.1074/jbc.M110.185025
https://doi.org/10.1590/S0074-02762011000900011
https://doi.org/10.1590/S0074-02762011000900011
https://doi.org/10.3389/fcimb.2020.605679
https://doi.org/10.3389/fcimb.2020.605679
https://doi.org/10.1111/jth.12064
https://doi.org/10.3389/FMICB.2020.01455
https://doi.org/10.1111/j.1574-695X.2008.00411.x
https://doi.org/10.1002/yea.3147
https://doi.org/10.1002/yea.3147
https://doi.org/10.1080/21505594.2016.1235653
https://doi.org/10.1080/21505594.2016.1235653
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.3389/FMICB.2011.00225
https://doi.org/10.3389/FMICB.2011.00225
https://doi.org/10.1371/journal.pone.0014660
https://doi.org/10.1016/j.febslet.2005.11.060
https://doi.org/10.1016/j.febslet.2005.11.060
https://doi.org/10.1128/cmr.00233-21
https://doi.org/10.1128/cmr.00233-21
https://doi.org/10.1016/j.it.2005.05.005
https://doi.org/10.1016/j.it.2005.05.005
https://doi.org/10.1021/pr1011697
https://doi.org/10.1128/IAI.00173-13
https://doi.org/10.1128/IAI.00173-13
https://doi.org/10.1128/MCB.20.24.9262-9270.2000
https://doi.org/10.1128/MCB.20.24.9262-9270.2000
https://doi.org/10.1111/imm.13195
https://doi.org/10.1016/j.ceb.2013.10.003
https://doi.org/10.1111/MMI.13168
https://doi.org/10.3389/fcimb.2018.00426
https://doi.org/10.1111/j.1574-695X.2006.00059.x
https://doi.org/10.1111/j.1574-695X.2006.00059.x
https://doi.org/10.1099/00221287-148-4-1129
https://doi.org/10.1111/omi.12078
https://doi.org/10.1016/J.TIM.2020.03.016
https://doi.org/10.1046/J.1365-294X.2003.01995.X
https://doi.org/10.1046/J.1365-294X.2003.01995.X
https://doi.org/10.1016/J.CYTO.2011.07.430
https://doi.org/10.1016/J.CYTO.2011.07.430
https://doi.org/10.1016/j.anndiagpath.2017.10.002
https://doi.org/10.1128/AAC.00684-06
https://doi.org/10.1128/AAC.01414-16
https://doi.org/10.1128/AAC.01414-16
https://doi.org/10.3389/fimmu.2023.1249098
https://doi.org/10.3389/fimmu.2023.1249098
https://doi.org/10.3389/FMICB.2016.00105
https://doi.org/10.1016/S1473-3099(17)30303-1
https://doi.org/10.1016/S1473-3099(17)30303-1
https://doi.org/10.4049/jimmunol.170.1.487
https://doi.org/10.1016/j.euprot.2014.03.003
https://doi.org/10.1093/femsyr/foy087

S. de Matos Silva et al.

Paracoccidioides brasiliensis. Proceed. Natl. Acad. Sci. 80 (24), 7659-7663. https://
doi.org/10.1073/pnas.80.24.7659.

Loures, F.V., Pina, A., Felonato, M., Calich, V.L.G., 2009. TLR2 Is a negative regulator of
Th17 cells and tissue pathology in a pulmonary model of fungal infection.

J. Immunol. 183 (2), 1279-1290. https://doi.org/10.4049/jimmunol.0801599.

Marcos, C.M., da Silva, J., de, F., de Oliveira, H.C., Assato, P.A., Singulani, J.de L.,
Lopez, A.M., Tamayo, D.P., Hernandez-Ruiz, O., McEwen, J.G., Mendes-Giannini, M.
J.S., Fusco-Almeida, A.M., 2016. Decreased expression of 14-3-3 in Paracoccidioides
brasiliensis confirms its involvement in fungal pathogenesis. Virulence 7 (2), 72-84.
https://doi.org/10.1080/21505594.2015.1122166.

Marcos, C.M., de Oliveira, H.C., Assato, P.A., de Andrade, C.R., Fusco-Almeida, A.M.,
Mendes-Giannini, M.J.S., 2019. Paracoccidioides brasiliensis 14-3-3 protein is
important for virulence in a murine model. Med. Mycol. 57 (7), 900-904. https://
doi.org/10.1093/mmy/myy112.

Maresca, B., Kobayashi, G.S., 2000. Dimorphism in Histoplasma capsulatum and
Blastomyces dermatitidis. Dimorphism in Human Pathogenic and Apathogenic Yeasts.
KARGER, pp. 201-216. https://doi.org/10.1159/000060346.

Marion, C.L., Rappleye, C.A., Engle, J.T., Goldman, W.E., 2006. An a-(1,4)-amylase is
essential for a-(1,3)-glucan production and virulence in Histoplasma capsulatum. Mol.
Microbiol. 62 (4), 970-983. https://doi.org/10.1111/j.1365-2958.2006.05436.x.

Martinez, L.R., Casadevall, A., 2015. Biofilm Formation by Cryptococcus neoformans.
Microbiol. Spectr. (3), 3. https://doi.org/10.1128/MICROBIOLSPEC.MB-0006-2014.

Matos, T.G.F., Morais, F.V., Campos, C.B.L., 2013. Hsp90 regulates Paracoccidioides
brasiliensis proliferation and ROS levels under thermal stress and cooperates with
calcineurin to control yeast to mycelium dimorphism. Med. Mycol. 51 (4), 413-421.
https://doi.org/10.3109/13693786.2012.725481.

Matute, D.R., McEwen, J.G., Puccia, R., Montes, B.A., San-Blas, G., Bagagli, E.,
Rauscher, J.T., Restrepo, A., Morais, F., Nino-Vega, G., Taylor, J.W., 2006. Cryptic
Speciation And Recombination In The Fungus Paracoccidioides brasiliensis as revealed
by gene genealogies. Mol. Biol. Evol. 23 (1), 65-73. https://doi.org/10.1093/
molbev/msj008.

Medina-Alarcén, K.P., Tobias da Silva, .P., Ferin, G.G., Pereira-da-Silva, M.A., Marcos, C.
M., dos Santos, M.B., Regasini, L.O., Chorilli, M., Mendes-Giannini, M.J.S., Pavan, F.
R., Fusco-Almeida, A.M., 2021. Mycobacterium tuberculosis and Paracoccidioides
brasiliensis formation and treatment of mixed biofilm in vitro. Front. Cell Infect.
Microbiol. 11 https://doi.org/10.3389/fcimb.2021.681131.

Medoff, J., Jacobson, E., Medoff, G., 1981. Regulation of dimorphism in Histoplasma
capsulatum by cyclic adenosine 3’,5’-monophosphate. J. Bacteriol. 145 (3),
1452-1455. https://doi.org/10.1128/jb.145.3.1452-1455.1981.

Medzhitov, R., 2007. Recognition of microorganisms and activation of the immune
response. Nature 449 (7164), 819-826. https://doi.org/10.1038/nature06246.
Mendes-Giannini, M.J.S., Andreotti, P.F., Vincenzi, L.R., Monteiro da Silva, J.L., Lenzi, H.
L., Benard, G., Zancopé-Oliveira, R., de Matos Guedes, H.L., Soares, C.P., 2006.
Binding of extracellular matrix proteins to Paracoccidioides brasiliensis. Microbes.

Infect. 8 (6), 1550-1559. https://doi.org/10.1016/j.micinf.2006.01.012.

Mihu, M.R., Nosanchuk, J.D., 2012. Histoplasma Virulence and Host Responses. Int. J.
Microbiol. 2012 https://doi.org/10.1155/2012/268123.

Mittal, J., Ponce, M.G., Gendlina, 1., Nosanchuk, J.D., 2019. Histoplasma capsulatum:
mechanisms for Pathogenesis. Curr. Top. Microbiol. Immunol. 422, 157. https://doi.
org/10.1007/82_2018_114.

Mogensen, T.H., 2009. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin. Microbiol. Rev. 22 (2), 240-273. https://doi.org/10.1128/
CMR.00046-08.

Morais, E.A., Chame, D.F., Melo, E.M., de Carvalho Oliveira, J.A., de Paula, A.C.C.,
Peixoto, A.C., da Silva Santos, L., Gomes, D.A., Russo, R.C., de Goes, A.M., 2016. TLR
9 involvement in early protection induced by immunization with rPb27 against
Paracoccidioidomycosis. Microb. Infect. 18 (2), 137-147. https://doi.org/10.1016/j.
micinf.2015.10.005.

Moreira, L.M., Meyer, W., Chame, M., Brandao, M.L., Vivoni, A.M., Portugal, J.,
Wanke, B., Trilles, L., 2022. Molecular Detection of Histoplasma capsulatum in
Antarctica. Emerg. Infect. Dis. 28 (10), 2100. https://doi.org/10.3201/
EID2810.220046.

Munoz, J.F., Gauthier, G.M., Desjardins, C.A., Gallo, J.E., Holder, J., Sullivan, T.D.,
Marty, A.J., Carmen, J.C., Chen, Z., Ding, L., Gujja, S., Magrini, V., Misas, E.,
Mitreva, M., Priest, M., Saif, S., Whiston, E.A., Young, S., Zeng, Q., Cuomo, C.A,,
2015. The dynamic genome and transcriptome of the human fungal pathogen
Blastomyces and close relative Emmonsia. PLoS Genet. 11 (10), e1005493 https://doi.
org/10.1371/journal.pgen.1005493.

Nakaira-Takahagi, E., Golim, M.A., Bannwart, C.F., Puccia, R., Peracoli, M.T.S., 2011.
Interactions between TLR2, TLR4, and mannose receptors with gp43 from
Paracoccidioides brasiliensis induce cytokine production by human monocytes. Med.
Mycol. 1-10. https://doi.org/10.3109/13693786.2011.565485.

Navarro, M.V., de Barros, Y.N., Segura, W.D., Chaves, A.F.A., Jannuzzi, G.P., Ferreira, K.
S., Xander, P., Batista, W.L., 2021. The role of dimorphism regulating histidine
kinase (Drk1) in the pathogenic fungus Paracoccidioides brasiliensis cell wall. J. Fung.
7 (12), 1014. https://doi.org/10.3390/jof7121014.

Nemecek, J.C., Wiithrich, M., Klein, B.S., 2006. Global control of dimorphism and
virulence in fungi. Science (1979) 312 (5773), 583-588. https://doi.org/10.1126/
science.1124105.

Netea, M.G., Graaf, C., Meer, JJW.M., Kullberg, B.J., 2004. Recognition of fungal
pathogens by Toll-like receptors. Eur. J. Clin. Microbiol. Infect. Dis. 23 (9) https://
doi.org/10.1007/5s10096-004-1192-7.

Newman, S.L., Bucher, C., Rhodes, J., Bullock, W.E., 1990. Phagocytosis of Histoplasma
capsulatum yeasts and microconidia by human cultured macrophages and alveolar
macrophages. Cellular cytoskeleton requirement for attachment and ingestion.

J. Clin. Investig. 85 (1), 223-230. https://doi.org/10.1172/JCI114416.

10

Current Research in Microbial Sciences 7 (2024) 100246

Nguyen, V.Q., Sil, A., 2008. Temperature-induced switch to the pathogenic yeast form of
Histoplasma capsulatum requires Rypl, a conserved transcriptional regulator.
Proceed. Natl. Acad. Sci. 105 (12), 4880-4885. https://doi.org/10.1073/
pnas.0710448105.

Nicola, A.M., Andrade, R.V., Dantas, A.S., Andrade, P.A., Arraes, F.B., Fernandes, L.,
Silva-Pereira, ., Felipe, M.S.S., 2008. The stress responsive and morphologically
regulated hsp90 gene from Paracoccidioides brasiliensis is essential to cell viability.
BMC Microbiol. 8 (1), 158. https://doi.org/10.1186/1471-2180-8-158.

Nogueira, S.V., Fonseca, F.L., Rodrigues, M.L., Mundodi, V., Abi-Chacra, E.A.,

Winters, M.S., Alderete, J.F., Soares, C.M., de, A., 2010a. Paracoccidioides brasiliensis
enolase is a surface protein that binds plasminogen and mediates interaction of yeast
forms with host cells. Infect. Immun. 78 (9), 4040-4050. https://doi.org/10.1128/
IAI.00221-10.

Nogueira, S.V., Fonseca, F.L., Rodrigues, M.L., Mundodi, V., Abi-Chacra, E.A.,

Winters, M.S., Alderete, J.F., Soares, C.M., de, A., 2010b. Paracoccidioides brasiliensis
enolase is a surface protein that binds plasminogen and mediates interaction of yeast
forms with host cells. Infect. Immun. 78 (9), 4040-4050. https://doi.org/10.1128/
TAI.00221-10.

Oliveira, L.T., Medina-Alarcén, K.P., Singulani, J.de L., Fregonezi, N.F., Pires, R.H.,
Arthur, R.A., Fusco-Almeida, A.M., Mendes Giannini, M.J.S., 2020. Dynamics of
mono- and dual-species biofilm formation and interactions between
paracoccidioides brasiliensis and Candida albicans. Front. Microbiol. 11 https://doi.
org/10.3389/fmicb.2020.551256.

Osorio, F., Reis e Sousa, C., 2011. Myeloid C-type lectin receptors in pathogen
recognition and host defense. Immunity 34 (5), 651-664. https://doi.org/10.1016/j.
immuni.2011.05.001.

Patin, E.C., Thompson, A., Orr, S.J., 2019. Pattern recognition receptors in fungal
immunity. Semin. Cell Dev. Biol. 89, 24-33. https://doi.org/10.1016/j.
semcdb.2018.03.003.

Peman, J., Ruiz-Gaitan, A., Garcia-Vidal, C., Salavert, M., Ramirez, P., Puchades, F.,
Garcia-Hita, M., Alastruey-Izquierdo, A., Quindds, G., 2020. Fungal co-infection in
COVID-19 patients: should we be concerned? Rev. Iberoam. Micol. 37 (2), 41-46.
https://doi.org/10.1016/J.RIAM.2020.07.001.

Pitangui, N., de, S., Sardi, J., de, C.O., Voltan, A.R., dos Santos, C.T., da Silva, J., de, F.,
da Silva, R.A.M., Souza, F.O., Soares, C.P., Rodriguez-Arellanes, G., Taylor, M.L.,
Mendes-Giannini, M.J.S., Fusco-Almeida, A.M., 2016. An intracellular arrangement
of Histoplasma capsulatum yeast-aggregates generates nuclear damage to the cultured
murine alveolar macrophages. Front. Microbiol. 6 (JAN), 167413 https://doi.org/
10.3389/FMICB.2015.01526/BIBTEX.

Pitangui, N.de S., Singulani, J.de L., Sardi, J.de C.O., de Souza, P.C., Rodriguez-
Arellanes, G., Garcia-Pérez, B.E., Enguita, F.J., Pavan, F.R., Taylor, M.L., Mendes-
Giannini, M.J.S., Fusco-Almeida, A.M, 2021. Differential miRNA expression in
human macrophage-like cells infected with Histoplasma capsulatum yeasts cultured in
planktonic and biofilm forms. J. Fung. (Basel) 7 (1), 1-23. https://doi.org/10.3390/
JOF7010060.

Pitangui, N.S., Sardi, J.C.O., Silva, J.F., Benaducci, T., Moraes da Silva, R.A., Rodriguez-
Arellanes, G., Taylor, M.L., Mendes-Giannini, M.J.S., Fusco-Almeida, A.M., 2012.
Adhesion of Histoplasma capsulatum to pneumocytes and biofilm formation on an
abiotic surface. Biofouling. 28 (7), 711-718. https://doi.org/10.1080/
08927014.2012.703659.

Place, D.E., Samir, P., Malireddi, R.S., Kanneganti, T.-D., 2022. Integrated stress response
restricts macrophage necroptosis. Life Sci. Allianc. 5 (1), €202101260 https://doi.
0rg/10.26508/1sa.202101260.

Rappleye, C.A., Engle, J.T., Goldman, W.E., 2004. RNA interference in Histoplasma
capsulatum demonstrates a role for «-(1,3)-glucan in virulence. Mol. Microbiol. 53
(1), 153-165. https://doi.org/10.1111/j.1365-2958.2004.04131.x.

Reddy, G.K.K., Padmavathi, A.R., Nancharaiah, Y.V., 2022. Fungal infections:
pathogenesis, antifungals and alternate treatment approaches. Curr. Res. Microb.
Sci. 3, 100137 https://doi.org/10.1016/j.crmicr.2022.100137.

Restrepo, A., Salazar, M.E., Cano, L.E., Stover, E.P., Feldman, D., Stevens, D.A., 1984.
Estrogens inhibit mycelium-to-yeast transformation in the fungus Paracoccidioides
brasiliensis: implications for resistance of females to paracoccidioidomycosis. Infect.
Immun. 46 (2), 346-353. https://doi.org/10.1128/1ai.46.2.346-353.1984.

Rizzi, M.D., Batra, P.S., Prayson, R., Citardi, M.J., 2006. Nasal histoplasmosis.
Otolaryngol.-Head Neck Surg. 135 (5), 803-804. https://doi.org/10.1016/j.
otohns.2005.02.017.

Rodriguez-Echeverri, C., Gomez, B.L., Gonzélez, A., 2022. Histoplasma capsulatum
activates hematopoietic stem cells and their progenitors through a mechanism
dependent on TLR2, TLR4, and Dectin-1. J. Fung. 8 (10), 1108. https://doi.org/
10.3390/jof8101108.

Sardi, J.de C.O., Pitangui, N.de S., Voltan, A.R., Braz, J.D., Machado, M.P., Fusco
Almeida, A.M., Mendes Giannini, M.J.S., 2015. In vitro Paracoccidioides brasiliensis
biofilm and gene expression of adhesins and hydrolytic enzymes. Virulence 6 (6),
642-651. https://doi.org/10.1080/21505594.2015.1031437.

Sarma, J.V., Ward, P.A., 2011. The complement system. Cell Tissue Res. 343 (1),
227-235. https://doi.org/10.1007/s00441-010-1034-0.

Schuster, T.B., Costina, V., Findeisen, P., Neumaier, M., Ahmad-Nejad, P., 2011.
Identification and functional characterization of 14-3-3 in TLR2 signaling.

J. Proteome Res. 10 (10), 4661-4670. https://doi.org/10.1021/pr200461p.

Sepilveda, V.E., Marquez, R., Turissini, D.A., Goldman, W.E., Matute, D.R., 2017.
Genome sequences reveal cryptic speciation in the human pathogen Histoplasma
capsulatum. MBio 8 (6), 10-1128. https://doi.org/10.1128/mBi0.01339-17.

Shankar, J., Wu, T.D., Clemons, K.V., Monteiro, J.P., Mirels, L.F., Stevens, D.A., 2011.
Influence of 17p-estradiol on gene expression of Paracoccidioides during mycelia-to-
yeast transition. PLoS One 6 (12), e28402. https://doi.org/10.1371/journal.
pone.0028402.


https://doi.org/10.1073/pnas.80.24.7659
https://doi.org/10.1073/pnas.80.24.7659
https://doi.org/10.4049/jimmunol.0801599
https://doi.org/10.1080/21505594.2015.1122166
https://doi.org/10.1093/mmy/myy112
https://doi.org/10.1093/mmy/myy112
https://doi.org/10.1159/000060346
https://doi.org/10.1111/j.1365-2958.2006.05436.x
https://doi.org/10.1128/MICROBIOLSPEC.MB-0006-2014
https://doi.org/10.3109/13693786.2012.725481
https://doi.org/10.1093/molbev/msj008
https://doi.org/10.1093/molbev/msj008
https://doi.org/10.3389/fcimb.2021.681131
https://doi.org/10.1128/jb.145.3.1452-1455.1981
https://doi.org/10.1038/nature06246
https://doi.org/10.1016/j.micinf.2006.01.012
https://doi.org/10.1155/2012/268123
https://doi.org/10.1007/82_2018_114
https://doi.org/10.1007/82_2018_114
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1016/j.micinf.2015.10.005
https://doi.org/10.1016/j.micinf.2015.10.005
https://doi.org/10.3201/EID2810.220046
https://doi.org/10.3201/EID2810.220046
https://doi.org/10.1371/journal.pgen.1005493
https://doi.org/10.1371/journal.pgen.1005493
https://doi.org/10.3109/13693786.2011.565485
https://doi.org/10.3390/jof7121014
https://doi.org/10.1126/science.1124105
https://doi.org/10.1126/science.1124105
https://doi.org/10.1007/s10096-004-1192-7
https://doi.org/10.1007/s10096-004-1192-7
https://doi.org/10.1172/JCI114416
https://doi.org/10.1073/pnas.0710448105
https://doi.org/10.1073/pnas.0710448105
https://doi.org/10.1186/1471-2180-8-158
https://doi.org/10.1128/IAI.00221-10
https://doi.org/10.1128/IAI.00221-10
https://doi.org/10.1128/IAI.00221-10
https://doi.org/10.1128/IAI.00221-10
https://doi.org/10.3389/fmicb.2020.551256
https://doi.org/10.3389/fmicb.2020.551256
https://doi.org/10.1016/j.immuni.2011.05.001
https://doi.org/10.1016/j.immuni.2011.05.001
https://doi.org/10.1016/j.semcdb.2018.03.003
https://doi.org/10.1016/j.semcdb.2018.03.003
https://doi.org/10.1016/J.RIAM.2020.07.001
https://doi.org/10.3389/FMICB.2015.01526/BIBTEX
https://doi.org/10.3389/FMICB.2015.01526/BIBTEX
https://doi.org/10.3390/JOF7010060
https://doi.org/10.3390/JOF7010060
https://doi.org/10.1080/08927014.2012.703659
https://doi.org/10.1080/08927014.2012.703659
https://doi.org/10.26508/lsa.202101260
https://doi.org/10.26508/lsa.202101260
https://doi.org/10.1111/j.1365-2958.2004.04131.x
https://doi.org/10.1016/j.crmicr.2022.100137
https://doi.org/10.1128/iai.46.2.346-353.1984
https://doi.org/10.1016/j.otohns.2005.02.017
https://doi.org/10.1016/j.otohns.2005.02.017
https://doi.org/10.3390/jof8101108
https://doi.org/10.3390/jof8101108
https://doi.org/10.1080/21505594.2015.1031437
https://doi.org/10.1007/s00441-010-1034-0
https://doi.org/10.1021/pr200461p
https://doi.org/10.1128/mBio.01339-17
https://doi.org/10.1371/journal.pone.0028402
https://doi.org/10.1371/journal.pone.0028402

S. de Matos Silva et al.

Shearer, G., Birge, C.H., Yuckenberg, P.D., Kobayashi, G.S., Medoff, G., 1987. Heat-shock
Proteins Induced During the Mycelial-to-yeast Transitions of Strains of Histoplasma
capsulatum. Microbiology (N. Y) 133 (12), 3375-3382. https://doi.org/10.1099/
00221287-133-12-3375.

Shen, Q., Rappleye, C.A., 2020. Living within the macrophage: dimorphic fungal
pathogen intracellular metabolism. Front. Cell Infect. Microbiol. 10 https://doi.org/
10.3389/fcimb.2020.592259.

Shirjang, S., Mansoori, B., Solali, S., Hagh, M.F., Shamsasenjan, K., 2017. Toll-like
receptors as a key regulator of mesenchymal stem cell function: an up-to-date
review. Cell. Immunol. 315, 1-10. https://doi.org/10.1016/j.cellimm.2016.12.005.

Sifuentes-Osornio, J., Corzo-Ledn, D.E., Ponce-de-Leén, L.A., 2012. Epidemiology of
invasive fungal infections in Latin America. Curr. Fungal. Infect. Rep. 6 (1), 23-34.
https://doi.org/10.1007/512281-011-0081-7.

Sil, A., 2019. Molecular regulation of Histoplasma dimorphism. Curr. Opin. Microbiol. 52,
151-157. https://doi.org/10.1016/j.mib.2019.10.011.

Souza, A.C.O., Taborda, C.P., 2021. Epidemiology of dimorphic fungi. Em Encycloped.
Mycol. 613-623. https://doi.org/10.1016/B978-0-12-809633-8.12056-4. Elsevier.

Stie, J., Bruni, G., Fox, D., 2009. Surface-associated plasminogen binding of Cryptococcus
neoformans promotes extracellular matrix invasion. PLoS One 4 (6), e5780. https://
doi.org/10.1371/journal.pone.0005780.

Tan, S.-M., 2012. The leucocyte 2 (CD18) integrins: the structure, functional regulation
and signalling properties. Biosci. Rep. 32 (3), 241-269. https://doi.org/10.1042/
BSR20110101.

Teixeira, M., de, M., Patané, J.S.L., Taylor, M.L., Gomez, B.L., Theodoro, R.C., de
Hoog, S., Engelthaler, D.M., Zancopé-Oliveira, R.M., Felipe, M.S.S., Barker, B.M.,
2016. Worldwide phylogenetic distributions and population dynamics of the genus
Histoplasma. PLoS Negl. Trop. Dis. (6), 10. https://doi.org/10.1371/JOURNAL.
PNTD.0004732.

Teixeira, M.M., Theodoro, R.C., Nino-Vega, G., Bagagli, E., Felipe, M.S.S., 2014.
Paracoccidioides species complex: ecology, phylogeny, sexual reproduction, and
virulence. PLoS Pathog. 10 (10), e1004397 https://doi.org/10.1371/journal.
ppat.1004397.

Turissini, D.A., Gomez, O.M., Teixeira, M.M., McEwen, J.G., Matute, D.R., 2017. Species
boundaries in the human pathogen Paracoccidioides. Fung. Genet. Biol. 106, 9-25.
https://doi.org/10.1016/j.fgh.2017.05.007.

11

Current Research in Microbial Sciences 7 (2024) 100246

Valdez, A.F., Zamith Miranda, D., Guimaraes, A.J., Nimrichter, L., Nosanchuk, J.D, 2022.
Pathogenicity & virulence of Histoplasma capsulatum - a multifaceted organism
adapted to intracellular environments. Virulence 13. https://doi.org/10.1080/
21505594.2022.2137987.

Van Prooyen, N., Henderson, C.A., Hocking Murray, D., Sil, A, 2016. CD103+
conventional dendritic cells are critical for TLR7/9-dependent host defense against
Histoplasma capsulatum, an endemic fungal pathogen of humans. PLoS Pathog. 12
(7), €1005749 https://doi.org/10.1371/journal.ppat.1005749.

Vaso, C.0., Bila, N.M., Pandolfi, F., De Vita, D., Bortolami, M., Bonatti, J.L.C., de Moraes
Silva, R.A., Gongalves, L.N.C., Tudino, V., Costi, R., Di Santo, R., Mendes-
Giannini, M.J.S., Costa-Orlandi, C.B., Scipione, L., Fusco-Almeida, A.M., 2022.
Evaluation of the anti-Histoplasma capsulatum activity of indole and nitrofuran
derivatives and their pharmacological safety in three-dimensional cell cultures.
Pharmaceutics 2022 14 (5), 1043. https://doi.org/10.3390/
PHARMACEUTICS14051043. Page141043.

Vertes, A., Hitchins, V., Phillips, K.S., 2012. Analytical challenges of microbial biofilms
on medical devices. Anal. Chem. 84 (9), 3858-3866. https://doi.org/10.1021/
ac2029997.

Webster, R.H., Sil, A., 2008. Conserved factors Ryp2 and Ryp3 control cell morphology
and infectious spore formation in the fungal pathogen Histoplasma capsulatum.
Proceed Natl. Acad. Sci. 105 (38), 14573-14578. https://doi.org/10.1073/
pnas.0806221105.

Weids, A.J., Grant, C.M., 2014. The yeast Tsal peroxiredoxin protects against protein
aggregate-induced oxidative stress. J. Cell. Sci. https://doi.org/10.1242/jcs.144022.

Wheat, L.J., Azar, M.M., Bahr, N.C., Spec, A., Relich, R.F., Hage, C., 2016.
Histoplasmosis. Infect. Dis. Clin. North Am. 30 (1), 207-227. https://doi.org/
10.1016/J.IDC.2015.10.009.

WHO fungal priority pathogens list to guide research, development and public health action.
([s.d.]). Recuperado 31 de julho de 2023, de https://www.who.int/publications/i
/item/9789240060241.

Wuyts, J., Van Dijck, P., Holtappels, M., 2018. Fungal persister cells: the basis for
recalcitrant infections? PLoS Pathog. 14 (10) https://doi.org/10.1371/JOURNAL.
PPAT.1007301.


https://doi.org/10.1099/00221287-133-12-3375
https://doi.org/10.1099/00221287-133-12-3375
https://doi.org/10.3389/fcimb.2020.592259
https://doi.org/10.3389/fcimb.2020.592259
https://doi.org/10.1016/j.cellimm.2016.12.005
https://doi.org/10.1007/s12281-011-0081-7
https://doi.org/10.1016/j.mib.2019.10.011
https://doi.org/10.1016/B978-0-12-809633-8.12056-4
https://doi.org/10.1371/journal.pone.0005780
https://doi.org/10.1371/journal.pone.0005780
https://doi.org/10.1042/BSR20110101
https://doi.org/10.1042/BSR20110101
https://doi.org/10.1371/JOURNAL.PNTD.0004732
https://doi.org/10.1371/JOURNAL.PNTD.0004732
https://doi.org/10.1371/journal.ppat.1004397
https://doi.org/10.1371/journal.ppat.1004397
https://doi.org/10.1016/j.fgb.2017.05.007
https://doi.org/10.1080/21505594.2022.2137987
https://doi.org/10.1080/21505594.2022.2137987
https://doi.org/10.1371/journal.ppat.1005749
https://doi.org/10.3390/PHARMACEUTICS14051043
https://doi.org/10.3390/PHARMACEUTICS14051043
https://doi.org/10.1021/ac2029997
https://doi.org/10.1021/ac2029997
https://doi.org/10.1073/pnas.0806221105
https://doi.org/10.1073/pnas.0806221105
https://doi.org/10.1242/jcs.144022
https://doi.org/10.1016/J.IDC.2015.10.009
https://doi.org/10.1016/J.IDC.2015.10.009
https://www.who.int/publications/i/item/9789240060241
https://www.who.int/publications/i/item/9789240060241
https://doi.org/10.1371/JOURNAL.PPAT.1007301
https://doi.org/10.1371/JOURNAL.PPAT.1007301

	Common virulence factors between Histoplasma and Paracoccidioides: Recognition of Hsp60 and Enolase by CR3 and plasmin rece ...
	1 Introduction
	2 Histoplasmosis and paracoccidioidomycosis epidemiology
	3 Histoplasmosis and paracoccidioidomycosis pathogenesis
	4 Virulence factors of Histoplasma spp
	5 Virulence factors of Paracoccidioides spp
	6 Host - Histoplasma and - Paracoccidioides interaction mechanisms: the role of C-type lectin receptors (CLRs)
	7 Host - Histoplasma and -Paracoccidioides interaction mechanisms: the role of TLRs
	8 Host - Histoplasma and - Paracoccidioides interaction mechanisms: the role of CR3 and plasmin receptor
	9 Conclusions and future directions
	Funding
	Disclosure
	Authors’ contributions and potential conflicts of interest
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


