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Editorial on the Research Topic

Pathogenesis of Dimorphic Fungal Infections

PATHOGENESIS OF DIMORPHIC FUNGAL INFECTIONS

Dimorphic fungal infections are responsible for the development of life-threatening diseases,
especially in patients with a compromised immune system that include those infected with the
human immunodeficiency virus (HIV) or those receiving antineoplastic agents,
immunosuppressive agents used in solid organ receptors, immunomodulatory therapies, and
other biological products. Also, the progressive devastation of tropical forests changing the entire
balance of nature is responsible for increase of endemic mycoses. These infections are caused by
dimorphic fungi belonging to species of the genus Histoplasma, Paracoccidioides, Coccidioides,
Blastomyces, Talaromyces, and Emergomyces, which are distributed in defined geographical areas.
The mortality and morbidity caused by these mycoses have increased rapidly during the last
decades, especially in countries where infections, by these fungi, are endemic. In this Research Topic
you will find a number of reports aiming at a better understanding of the pathogenesis of dimorphic
fungal infections and all the factors involved in both the host and the causative agent. Contributions
focus mainly on virulence factors of fungal agents, host-pathogen interactions, risk factors in the
host, immune response, and diagnosis.

The study conducted by Assunç ão et al. describes some aspects of the nutritional immunity and
how the response is of Histoplasma capsulatum under zinc (Zn) deprivation through genomic and
proteomic analysis. These authors report that this fungus harbor eight genes related to Zn
homeostasis, and the expression of ZAP1, ZRT1, and ZRT2 is induced under zinc-limiting
conditions; moreover, during zinc deprivation, proteins related to energy production pathways,
oxidative stress, and cell wall remodeling were regulated, as well, increase in chitin and glycan
content in fungal cell wall was observed.

Among the different virulence factors in H. capsulatum, Fregonezi et al. describe that blocking a
heat shock protein of 60 kilodaltons (Hsp60) with a monoclonal antibody reduces the metabolic
activity and biomass of this pathogen, and in addition, this blockage increases the survival of the
larvae Galleria mellonella after infection, thus indicating that this Hsp60 participates in both the
biofilm formation and pathogenesis. Furthermore, Gonçalves et al. describe that H. capsulatum
produce cellular-attached (C-gly-Hc) and secreted (E-gly) glycans with reactivity to
glucuronoxylomannan (GXM) monoclonal antibodies developed against GXM from Cryptococcus
neoformans; noteworthy, this GXM-like Hc glycans also react with sera of cryptococcosis patients,
gy | www.frontiersin.org November 2021 | Volume 11 | Article 79324516
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and additionally, acapsular C. neoformans (cap59 strain)
covered with this GXM-like Hc glycans were more resistant to
phagocytosis and macrophage killing and increase death rates
of G. mellonella larvae, suggesting that these molecules are
important during host-fungal interactions.

In Paracoccidioides brasiliensis, a study addressed by Zonta
et al. reported that this pathogen releases a DNase-like protein
that degrades neutrophil extracellular traps (NETs) that allows
its fungal escape. On these lines, Longo et al. also demonstrated
that P. brasiliensis produces a unique 1-Cys peroxiredoxin, which
is localized both in the cytoplasm and cell wall, which confer it
the capability to decompose hydrogen peroxide, one of the most
abundant and antioxidant compounds produced by the host in
response to infection. Furthermore, Almeida Donanzam et al.
inform that exoantigens from P. brasiliensis and P. lutzii strains
induce significant proliferation of both human and murine
pulmonary fibroblast and increased levels of the pro-fibrotic
cytokine TGF-b1 and pro-collagen type I, suggesting that these
fungal components participate in the fibrogenesis process
induced by these fungal pathogens.

In Coccidioides, Peláez-Jaramillo et al. conducted an elegant
lipidomic work; in this study, the authors demonstrated that this
fungal pathogen secrets a lipid-rich, membranous cell surface
layer, in vivo and in vitro, composed mainly by phospholipids
[acylglycerols and sphingolipids (sphingosine and ceramide)] and
saturated fatty acids (myristic, palmitic, elaidic, oleic, and stearic
acid), which contribute to the suppression of inflammatory
response and the subsequent dissemination of the fungal infection.

Danchik and Casadevall describe that cell surface
hydrophobicity (CSH) is an important cellular and biophysical
parameter that affects both cell-cell and cell-surface interactions;
and in dimorphic fungal pathogens, this parameter can be
affected by multiple variables including altered cell wall
composition, genetic modification, changes in temperature,
and altered nutrient availability that in turn could affect,
indirectly, several biological process such as biofilm formation,
virulence, and response to antifungal treatments.

Other important aspect that allows dimorphic fungal
pathogens to survive inside macrophages is their intracellular
metabolism; thus, the fungal growth, proliferation, and survival
within macrophages require strategies for acquisition of
sufficient nutrients from the nutrient-depleted phagosomal
environment. On these lines, Shen and Rappleye, after a
rigorous review of transcriptomic and functional genetic
studies in Histoplasma and Paracoccidioides, describe how
these fungal dimorphic pathogens activate their metabolism to
the resources available in the macrophage phagosome.
Noteworthy, Giusiano G. describes an interesting mechanism
called the “Trojan horse model” in which Paracoccidioides
persists, as a facultative intracellular pathogen, within
phagocytes, and allows it to transmigrate and disseminate to
other tissues; thus, this mechanism, also reported for other fungi,
is considered a factor of pathogenicity.

Regarding the immune response developed by the host against
these fungal pathogens, Diep and Hoyer compilate several studies
and resume the innate and adaptive immune response against
Coccidioides infection. Of note, Jannuzzi et al. contribute with an
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 27
interesting review highlighting the role played by intracellular
pattern recognition receptors [(PRRs)—TLR3, TLR7, TLR8, and
TLR9—which recognize mainly genetic material] both in
controlling the infection and in the host’s susceptibility against
important fungal infections, including paracoccidioidomycosis.
Interestingly, de Oliveira et al., using an experimental model of
PCM, observed that b2 integrin appears to play an important role
in fungal survival inside macrophages, which serve as a protective
environment for this fungal pathogen. Additionally, Puerta-Arias
et al., after an exhaustive review of several studies, also describe
that T-cell-mediated immunity, mainly T helper (Th)1 and Th17
responses, is essential for protection against the majority of the
dimorphic fungi; thus, IL-17 production is associated with
neutrophil and macrophage recruitment at the site of infection
accompanied by chemokine and pro-inflammatory cytokines, a
mechanism mediated by some PRRs and adaptor molecules,
which in turn play distinctly different roles for each pathogen,
being beneficial mediating fungal controls or detrimental
promoting disease pathologies.

Kischkel et al. contribute with an important review
concerning the use of nanoparticles to develop new therapeutic
options, including vaccination against systemic mycosis
including those caused by Candida spp., Cryptococcus spp.,
Histoplasma spp., Paracoccidioides spp., Coccidioides spp., and
Aspergillus spp.; these authors provide important information
about the use of different types of nanoparticles, nanocarriers,
and their corresponding mechanism of action.

With respect to the diagnosis of dimorphic fungal infections,
Almeida et al. inform the development of a co-immunoprecipitation
assay using a protein extract from the yeast morphotype of
H. capsulatum and pooled sera from patients with proven
histoplasmosis, followed by a shotgun mass spectrometry
identification of antigenic targets; the authors found three
antigens as potential antigenic targets (M antigen, catalase P, and
YPS-3), and 16 regions from these three proteins were proposed
as putative B-cell epitopes exclusive to H. capsulatum; they
indicate their possible use in new methods for the diagnosis
of histoplasmosis.

Noteworthy, Nacher et al. contribute with two reports; in the first
one, they describe three cases of HIV patients with disseminated
histoplasmosis who had adrenal insufficiency, a presentation that is
not common in these types of immunosuppressed patients. In the
second contribution, Nacher et al. described a series of cases of
patients with advanced HIV and disseminated histoplasmosis with
superficial and deep lymphadenopathies; of interest, the presence of
deep lymphadenopathies was associated with fewer biomarkers of
severity and a lower risk of death.

Finally, Drak Alsibai et al. contribute with a report of 15 years
of experience of a Pathology Center of French Guiana; the
authors made a cytological and histopathological analysis of
samples from patients with disseminated histoplasmosis, the
largest series to date, and described that digestive involvement
was the most frequent, usually with tuberculoid form a greater
load of fungal cells, and concluded that cytology and pathology
are widely available methods that can give life-saving results in a
short time to help orient clinicians facing a potentially fatal
infection requiring prompt treatment.
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The above contributions to this Research Topic highlight
recent advances and increase our knowledge about the complex
host-fungal interactions and how through several virulence
attributes, dimorphic fungal pathogens are able to survive in
different environments, especially into the mammalian host, and
how they overcome the immune response. Understanding these
mechanisms could provide novel targets for implementing new
therapeutic strategies or intervention.
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Paracoccidioides brasiliensis is a temperature-dependent dimorphic fungus that causes

systemic paracoccidioidomycosis, a granulomatous disease. The massive production

of reactive oxygen species (ROS) by the host’s cellular immune response is an essential

strategy to restrain the fungal growth. Among the ROS, the hydroperoxides are very toxic

antimicrobial compounds and fungal peroxidases are part of the pathogen neutralizing

antioxidant arsenal against the host’s defense. Among them, the peroxiredoxins are

highlighted, since some estimates suggest that they are capable of decomposing

most of the hydroperoxides generated in the host’s mitochondria and cytosol. We

presently characterized a unique P. brasiliensis 1-Cys peroxiredoxin (PbPrx1). Our results

reveal that it can decompose hydrogen peroxide and organic hydroperoxides very

efficiently. We showed that dithiolic, but not monothiolic compounds or heterologous

thioredoxin reductant systems, were able to retain the enzyme activity. Structural analysis

revealed that PbPrx1 has an α/β structure that is similar to the 1-Cys secondary

structures described to date and that the quaternary conformation is represented by

a dimer, independently of the redox state. We investigated the PbPrx1 localization using

confocal microscopy, fluorescence-activated cell sorter, and immunoblot, and the results

suggested that it localizes both in the cytoplasm and at the cell wall of the yeast and

mycelial forms of P. brasiliensis, as well as in the yeast mitochondria. Our present results

point to a possible role of this unique P. brasiliensis 1-Cys Prx1 in the fungal antioxidant

defense mechanisms.

Keywords: Paracoccidioides brasiliensis, 1-Cys Prx, hydroperoxides, peroxiredoxin, dimorphic fungi, ROS

INTRODUCTION

Paracoccidioidomycosis (PCM) is a systemic mycosis endemic in Latin America. Lethality rates
range from 3 to 5% and about 80% of the PCM cases are reported in Brazilian patients (Martinez,
2017). The thermal dimorphic fungus Paracoccidioides brasiliensis is one of the PCM etiologic
agents and the infection occurs by inhalation of fungal conidia from the environment mycelial
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form. The active disease, which depends on the transition to
the yeast phase to occur in the lungs alveolar space, is mostly
characterized by damage of the lungs and upper airways, but also
of the oral mucosa and skin (Bocca et al., 2013; Martinez, 2017).

The pathogen survival depends on its mechanisms of escaping
the host’s immune response. An essential host defense strategy
comprises the production of reactive oxygen and nitrogen
species (ROS and RNS) by the immune cells, the so called
respiratory burst (Campos et al., 2005; Halliwell and Gutteridge,
2015). Among the several species generated by the respiratory
burst, hydrogen peroxide (H2O2), and peroxynitrite (NOO−)
are able to generate secondary reactive species, such as organic
hydroperoxides (OHPs), especially lipid hydroperoxides and
other reactive species. These compounds can cause protein
dysfunction and damage of biomolecules, therefore negatively
affecting the pathogen homeostasis (Halliwell and Gutteridge,
2015; El-Benna et al., 2016). Several fungicides are also able to
promote the ROS increase, including OHPs, which are related
to fungi annihilation (Edlich and Lyr, 1992; Belenky et al., 2013;
Shekhova et al., 2017). On the other hand, some fungal pathogens
are able to produce OHPs to protect themselves against invasion
and host tissue destruction by other microorganisms (Deighton
et al., 1999).

The main enzymes involved in the pathogen antioxidant
defense mechanisms against hydroperoxides are the catalase,
glutathione peroxidase, and peroxiredoxins (Nevalainen, 2010).
Among them, the peroxiredoxins (Prx) are noteworthy due to
their high abundance in living organisms and their exceptional
ability to reduce several kinds of hydroperoxides at high
efficiency (104-108 M−1s−1) (Netto et al., 2016). In fact, some
works reveal that Prxs are able to decompose most of the
hydroperoxides generated in the cell (Winterbourn, 2008; Cox
et al., 2009). Despite the high enzymatic efficiency, members of
the Prx family differ in substrate preference between H2O2 and
organic hydroperoxides (Peskin et al., 2007; Parsonage et al.,
2008).

Peroxiredoxins utilize a highly reactive cysteine residue
(peroxidatic cysteine—CP) for hydroperoxide decomposition,
being classified into 1-Cys Prx and 2-Cys Prx according to the
number of cysteines involved in the catalytic cycle (Rhee and
Kil, 2017). The Prx catalytic triad is represented by the CP, a
Thr/Ser, and an Arg. While CP and Thr/Ser are embedded in the
universal Prx motif PXXXT/SXXCP, the Arg residue is distant
in the sequence, but it is brought closer to the Thr/Ser as a
consequence of protein folding (Tairum et al., 2012, 2016).

However, specific motif signatures can be found within
different classes of Prx. In the 1-Cys Prx from some fungal
species, a highly conserved PV/TCPTTE motif is found
(Nevalainen, 2010; Rocha et al., 2018). The most studied
member of the 1-Cys Prx is the mammalian Prdx6, which
is a dual-function enzyme with both peroxidase and acidic
Ca2+-independent phospholipase A2 activities (Nevalainen,
2010; Zhou et al., 2018). This additional function seems
to protect cell membrane phospholipids against oxidative
damage (peroxidation) and hydrolysis. Remarkably, some
1-Cys Prx from pathogens have distinguished features in
comparison with the corresponding host enzymes, placing them

as promising targets for the development of specific drugs
(Wen et al., 2007; Rocha et al., 2018).

Previous work from our group revealed the presence of an
ortholog of a mitochondrial peroxiredoxin (PbPrx1) in the cell
wall proteome from both the yeast and the mycelial forms of
P. brasiliensis (Longo et al., 2014). Importantly, this protein
has also been described in the proteome of extracellular vesicle
(EV) of this and other human fungal pathogens (Vallejo et al.,
2012). More recently, we have observed by quantitative proteome
that PbPrx1 is 2–3-fold more abundant in EVs isolated from P.
brasiliensis cell supernatants after nitrosative and oxidative stress
(Leitão et al., unpublished).

Considering the possible role of peroxiredoxins in the
fungal defense mechanisms against the host immune system,
we presently aimed at characterizing PbPrx1. We initially
found that it corresponds to a unique 1-Cys Prx sequence
in the P. brasiliensis genome. The corresponding protein was
recombinantly expressed, purified, and the enzymatic activity
was characterized. Our results point to a possible role of this
unique P. brasiliensis 1-Cys Prx1 in the fungal antioxidant
defense mechanisms.

MATERIALS AND METHODS

Fungal Strains and Culture Conditions
P. brasiliensis (isolate Pb18) was cultivated as previously
described (Vallejo et al., 2011). Overall, yeast cells were
maintained in modified YPD (0.5% yeast extract, 0.5% casein
peptone, 1.5% glucose, pH 6.5) slants at 4◦C. For the experiments,
yeasts were recovered by seeding into fresh slants for growth for 7
days at 36◦C. Actively growing yeasts were inoculated into liquid
Ham’s F12 medium (Life Technologies, Grand Island, NY, USA)
supplemented with 1.5% glucose (F12/glc) for pre-growth under
shaking for 4 days at 36◦C. The cells were then transferred to
fresh F12/glc and cultivated for 2 extra days. Viability (>95%)
was estimated by trypan blue staining.

RNA Extraction and cDNA Cloning
For RNA extraction, freshly grown cells suspended in TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA) were
mechanically disrupted by vortexing with glass beads for 10min
or submitted to a Precellys 24 high-throughput homogenizer
(Bertin Technologies, Rockville, Washington, DC, USA). Total
RNA was then isolated following chloroform extraction and
isopropanol precipitation. Genomic DNA was removed with
RNase-free DNase I (Promega Corp., Madison, WI, USA), as
previously described (Goldman et al., 2003). The efficiency of
hydrolysis was tested by PCR amplification of the PbGP43 gene
using primers that included (or not) the introns (Cisalpino
et al., 1996). Three micrograms of total RNA were reverse
transcribed using SuperScript III reverse transcriptase (Thermo
Fisher Scientific, Waltham, MA, USA) and oligo(dT)12−18

primers. Using the cDNA as template, a 680-bp fragment was
amplified by PCR using the PbPrx1-F and PbPrx1-R primers
(Table 1) and Taq Platinum High Fidelity enzyme. The PbPRX1
amplified fragment was cloned into pGEM-T easy (Promega
Corp., Madison, WI, USA) at the Bam HI/Hind III sites and
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TABLE 1 | Primers used in PCR and sequencing during this study.

Name Application Sequence

Prx1-F Cloning 5′-AGGATCCAATGGCTGAAGAACATCGT-3′

Prx1-R Cloning 5′-TAAGCTTTTAGTTCTTGATGGTAGTA-3′

Gp43-F DNAse control 5′-GGGACACCTTTATCACT-3′

Gp43-R DNAse control 5′-CCAAGACATACAAGAACGTC-3′

T7pHIS1 Sequencing 5′-TAATACCACTCACTATAGGG-3′

T7 terminator Sequencing 5′-GCTAGTTATTGCTCAGCGG-3′

T7pGEM Sequencing 5′-TAATACGACTCACTATAGGG-3′

SP6 Sequencing 5′-ATTTAGGTGACACTATAGAA-3′

Prx1-F qPCR 5′-ATTTCACTCCTACCTGCAC-3′

Prx1-R qPCR 5′-CGTTGATGTCGTTGATCCAG-3′

TUB-1 qPCR 5′-CGGCTAATGGAAAATACATGGC-3′

TUB-2 qPCR 5′-GTCTTGGCCTTGAGAGATGCAA-3′

BamHI and HindIII restriction sites are highlighted in gray.

a recombinant plasmid was selected in Escherichia coli DH5α
resistant to the ampicillin marker. Correct in-frame ligation
was checked by endonuclease restriction and sequencing. The
insert was excised from pGEM-T easy using Bam HI/Hind
III (New England Biolabs, Ipswich, MA, USA) and subcloned
into the same sites of both the pHIS1 (pHIS1-pbPRX1) or
the pET28PP (pET28PP-pbPRX1) expression vectors (Novagen,
WI, USA). The resulting plasmids were used for expression
of the recombinant protein, respectively in E. coli BL21(DE3)
pLys-S (Novagen, Madison, WI, USA), to be used in antibody
production, or E. coli BL21 Tuner (DE3) (Novagen, Madison,
WI, USA), for biochemical analysis. The recombinant protein
pHIS1-pbPRX1 was not soluble and yielded only 2 mg/ml, but
that was enough to immunize mice for antibody production. The
recombinant protein pET28PP-pbPRX1, on the other hand, was
produced in a later phase of the work specifically to perform
complete biochemical analysis, which demands high amounts of
enzyme. It was soluble and yielded 20 mg/mL.

Protein Expression and Purification for
Biochemical Analysis
Single colonies of E. coli BL21 Tuner (DE3) harboring the
pET28PP-pbPRX1 vector were cultured overnight at 37◦C in
2XYT medium containing ampicillin (100 µg mL−1), diluted
in fresh medium and grown to an OD600 = 0.6–0.8. IPTG
(0.5mM final concentration) was added and the cells were
incubated for 16 h at 30◦C, at 250 rpm. The cells were harvested
by centrifugation and the pellet was washed, suspended in
start buffer (10mM Tris-Cl pH 8.0, 1% Triton), and sonicated
(three cycles of 30 s, 30% amplitude, 60 s in ice). Cell extracts
were treated for 15min with 1% streptomycin sulfate in ice
and the suspensions were centrifuged (12,000 rpm, 60min)
to remove nucleic acid precipitates and insoluble components.
Cell extracts were purified by IMAC using His-Trap columns
(GE Healthcare, Piscataway, USA) eluted with an imidazole
gradient. Imidazole was removed by gel filtration using a PD10
column (GE Healthcare, Piscataway, USA), the His-tag was
excised using HRV3C protease (Novagen, Madison, WI, USA)

and the reaction was performed overnight in 10mM Tris-Cl
(pH 8.0). His-Tag and HRV3C protease were separated from
recombinant rPbPrx1 by IMAC (Supplementary Figure 1A).
The thioredoxin 1 (Trx1), thioredoxin reductase 1 (TrxR1), and
thiol specific antioxidant 1 (Tsa1) from Saccharomyces cerevisiae
were expressed and purified as previously described (Oliveira
et al., 2010). Briefly, E. coli BL21 (DE3) cultures containing the
pET15b/tsa1, the pPROEX/trxr1, and the pET17/trx1 vectors
were stimulated with 1mM IPTG for 3 h. The cells were
lysed and centrifuged to remove the precipitate. The Tsa1 and
TrxR1 recombinant proteins (Supplementary Figures 1B,C)
were purified by imidazole gradient (0–0.5M imidazole) using
a Hi-Trap column (GE Healthcare, Piscataway, USA). Trx1
purification was carried out by size exclusion chromatography
(Supplementary Figure 1D) using a HiLoad 16/600 Superdex
75 column (GE Healthcare, Piscataway, USA). The enzyme
concentration was determined spectrophotometrically by molar
extinction coefficient (rPbPrx1 ε280 = 22,920 M−1 cm−1;
Tsa1ε280= 23,950; Trx1ε280 = 9,970 M−1 cm−1, and TrxR1 ε280
= 24,410 M−1 cm−1). The recombinant protein samples were
stored at−20◦C.

Mice Immunization

Recombinant PbPrx1 (rPbPrx1) expressed from the pHIS1-
pbPRX1 vector was purified in Ni-NTA agarose (Qiagen,
Germantown, MD, USA). Purified rPbPrx1 (100 µg) was
emulsified in incomplete Freund’s adjuvant and inoculated
subcutaneously in Balb/C mice at days 0, 15, and 30, when the
sera were collected, tested, and aliquoted at −20◦C. Control pre
immune serumwas obtained before immunization.Monospecific
affinity-purified pre-immune and immune anti-rPbPrx1 mouse
sera were prepared as previously described (Batista et al.,
2006). Briefly, the purified rPbPrx1 was immobilized onto
nitrocellulose membranes and incubated with pre-immune
and immune anti-rPbPrx1 mouse sera. The affinity-purified
antibodies were eluted and stored at −20◦C until use. The use
of animals in this work was reviewed and approved by the Ethics
Committee for Research (UNIFESP) numbers CEP 0366/07 and
CEP 6379211014.

Confocal Microscopy and Immunoblotting
For confocal microscopy, fungal cells were fixed in 4%
paraformaldehyde for 20min at room temperature, washed
twice in PBS and permeabilized in Triton X-100 0.5% for
15min. Fixed cells were washed three times in PBS and
quenched with 3% bovine serum albumin (Sigma-Aldrich, St.
Louis, MO, USA) in PBS (blocking buffer) for 16 h at 4◦C.
Quenched cells were incubated with primary antibodies at 1:50
(monospecific pre-immune and anti-rPbPrx1 mouse serum) in
blocking buffer for 2 h at 37◦C, washed three times in PBS
and incubated for 1 h at 37◦C in the dark with secondary anti-
mouse-IgG (1:100) labeled with both Alexa (Alexa FluorR 488,
Invitrogen) and 25µM Calcofluor White. Microscopy slides
weremounted with anti-fadingVectashield (Vector Laboratories,
Burlingame, CA, USA) and sealed. Images were analyzed by
confocal microscopy (Carl Zeiss LSM-510 NLO, Oberkochen,
BadenWurttemberg, Germany).
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Western immunoblot reactions were performed with
immune and pre immune anti-rPbPrx1 sera against cell
wall and mitochondrial extracts. Incubation was carried
out overnight at 4◦C under shaking. The membranes were
washed three times in 0.1% Tween 20 diluted in PBS and
incubated for 1 h at 37◦C with goat anti-rabbit conjugated
to peroxidase (Sigma). The reactions were developed using
an enhanced chemiluminescence kit (ECL reagent, Pierce,
Rockford, IL, USA). Cell wall and mitochondrial extracts
were produced as described elsewhere (Batista et al., 2006;
Longo et al., 2014). Briefly, for extraction of cell wall proteins,

P. brasiliensis yeast and mycelial cells were washed three
times in ice-cold 25mM Tris–HCl, pH 8.5, and incubated
with 2mM DTT in the same buffer supplemented with
1mM phenylmethylsulfonyl fluoride (PMSF) and 5mM
ethylenediaminetetraacetic acid (EDTA) to inhibit the action
of proteases. For isolation of mitochondria, nitrogen-frozen
yeast cells were mechanically disrupted in a mortar, thawed
in 0.6M sorbitol, 20mM Hepes, pH 7.4, and sonicated for
5min. Cell debris were pelleted (1,500 × g, 5min) and the
mitochondrial fraction was precipitated from the supernatant
(1,200× g, 10 min).

FIGURE 1 | P. brasiliensis PbPrx1 localizes both in the cytoplasm and at the cell wall. (A) Confocal microscopy of yeast and mycelial cells. In blue, Calcofluor White

staining of the cell wall. In green, reactivity with anti-rPbPrx1 monospecific antibodies (1:50). (B) Western blot reaction of cell wall (CW) and mitochondrial (Mit) extracts

from the yeast (Y) and mycelial (M) fungal phases with anti-rPbPrx1 (I) and preimmune monospecific antibodies (PI, 1:100). The molecular mass is indicated on the left

in kilodaltons (kDa). (C) FACS analysis of P. brasiliensis non-permeabilized yeast cells incubated with either anti-rPbPrx1 (black) or preimmune (gray) antibodies (1:100).
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Flow Cytometry Analysis
For fluorescence-activated cell sorter (FACS) analysis, P.
brasiliensis yeast cells were prepared as previously described
(Soares et al., 1998), with modifications. Fungal cells were fixed
for 1 h at room temperature in 4% (vol/vol) paraformaldehyde
in PBS, pH 7.2. Fixed cells were precipitated by centrifugation
(1min at 5,600 × g), washed three times in PBS and quenched
for 1 h at room temperature in PBS containing 1% BSA
(blocking buffer). The cells were incubated overnight at 4◦C
with monospecific anti-rPbPrx1 or pre-immune control (1:100
in blocking buffer). After five washes in PBS, the cells were
incubated in the dark for 1 h at 37◦C with Alexa-488-anti-
rabbit IgG (Sigma-Aldrich) at 1:300 in blocking buffer. Labeled
cells were rinsed five times, resuspended in PBS, and analyzed
in a FACS Canto II (BD Biosciences, San Jose, CA, USA). A
total of 10,000 cells were analyzed for fluorescence at 492 to
520 nm. Unlabeled control cells were previously analyzed for
autofluorescence, relative cell size, and granularity.

qPCR Analysis
For evaluation of the PbPRX1 expression in P. brasiliensis
undergoing oxidative stress, logarithmic yeast cells growing
in F12/glc were subdivided into aliquots and centrifuged.
Cell pellets were resuspended in 5mL PBS containing or not
(control) 5mM H2O2, cumene hydroperoxide (CHP), or tert-
butyl peroxide (t-BOOH), and incubated for 15, 30, and 60min.
Cell pellets were collected by centrifugation, washed in PBS,
frozen in liquid N2 and kept at −80◦C until RNA extraction.
Quantitative PCR (qPCR) was performed in triplicate using a
SYBR-green-based PCR master mix (Applied Biosystems, Foster
City, CA, USA) with reverse-transcribed RNA template and
0.5M of each primer (Table 1). Cycling was carried out in
triplicate in a Real-Time 7500 thermocycler (StepOnePlusTM

Real-Time PCR System—Applied BiosystemsTM) starting with a
holding stage at 95◦C (10min), followed by 40 cycles at 95◦C
(15 s) and 60◦C (60 s). The dissociation curve was determined
with an additional cycle of 95◦C (15 s), 60◦C (60 s), and 95◦C

(15 s). Changes in the transcript levels were determined using the
threshold cycle (11CT) method (Schmittgen and Livak, 2008)
after normalization of cycle thresholds based on the expression
of the alpha-tubulin gene (XM_010765319.1). The alpha-tubulin
gene is a standard normalizing gene for qPCR in P. brasiliensis,
considering that its expression is stable and does not tend to
fluctuate even under oxidative stress (Grossklaus et al., 2013).
Statistical significance was determined by the Student’s t-test.

Characterization of the rPbPrx1
Thiol-Dependent Peroxidase Activity by the
DTT Oxidation Assay
rPbPrx1 (12.5µM) expressed in pET28PP—pbPRX1 was
incubated for 10min in a solution containing 10mM 1,4-
dithiothreitol (DTT), 5mM H2O2 or t-BOOH, 100µM
diethylenetriaminepentaacetic acid (DTPA), and 1mM sodium
azide in 10mMHepes-NaOH, pH 7.4. The rate of DTT oxidation
was measured spectrophotometrically at 310 nm (ε280 = 110
M−1 cm−1) at 30◦C, as previously described (Tairum et al.,
2012).

rPbPrx1 Peroxidase Inactivation by NEM
Alkylation
To determine whether the peroxidase activity is cysteine-
dependent, rPbPrx1 (2mg mL−1) was treated with DTT for
1 h at room temperature. The excess DTT was removed by
gel filtration using a PD-10 desalting column (GE Healthcare,
Piscataway, USA). The reduced protein was incubated in
1mM N-ethylmaleimide (NEM) (Sigma, München, Germany)
overnight at 4◦C. The excess NEM was removed by gel
filtration using a PD-10 desalting column (GE Healthcare,
Piscataway, USA). N-Ethylmaleimide (NEM) is an alkylating
reagent that reacts with sulfhydryl groups, thus blocking the Prx
activity. The reactions were performed at 30◦C in a solution
containing 50mMHepes-NaOH (pH 7.4), 100µMDTPA, 1mM

FIGURE 2 | The rPbPrx1 peroxidase activity is thiol-dependent. (A) The rPbPrx1 peroxidase activity was monitored by the DTT oxidation assay (λ = 310 nm). The

reactions were performed with 12.5µM rPbPrx1 at 30◦C with either 5mM H2O2 (H) or t-BOOH (�). Control reactions were performed in triplicate, at least three times,

with either t-BOOH (•) or H2O2 (N) in the absence of enzyme. (B) To determine the peroxidase cysteine-dependent activity, rPbPrx1 was reduced by treatment with

DTT for 1 h at room temperature. The reactions were performed as described above for (�). The peroxidase activity was monitored by the DTT oxidation assay (λ =

310 nm) and the results are shown as relative activity in graphic bars. All experiments were performed at least three times and yielded similar results.
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sodium azide, 12.5µM rPbPrx1, 10mM DTT, and 5mM t-
BOOH. The peroxidase activity was monitored by the DTT
oxidation (λ = 310 nm).

Ferrous Oxidation Xylenol Orange (FOX)
Assay
rPbPrx1 hydroperoxide activity was determined using the FOX
assay (Nelson and Parsonage, 2011). Reactions were prepared
to a final volume of 50 µL in 50mM Hepes-NaOH (pH
7.4), 5µM rPbPrx1, 100µM sodium azide, 100µM DTPA,
1mM DTT, and 150µM hydroperoxide [H2O2, t-BOOH, CHP,
and linoleic acid hydroperoxide (L-OOH)] and incubated at
room temperature. To investigate additional electron donors of
rPbPrx1, decomposition of t-BOOH was monitored using 1mM
DTT, 3mM GSH, 3mM β-mercaptoethanol, or 300µM DHLA
as reducing agents.

Thioredoxin-Dependent Peroxidase
Activity Using the S. cerevisiae Trx System
Thioredoxin peroxidase activity was evaluated using the
heterologous cytosolic thioredoxin system from S. cerevisiae by
monitoring the NADPH oxidation. The reaction was carried out

at 30◦C in a final 100 µL volume containing 50mM Hepes-
NaOH, pH 7.4, 150µM NADPH, either 200µM t-BOOH or
H2O2, 1µM rPbPrx1, 1µM S. cerevisiae Trx1, and 0.3µM S.
cerevisiae TrxR1. Positive control was performed using 1µM
Tsa1. The reaction was initiated by the addition of hydroperoxide
and NADPH oxidation was monitored at 340 nm (ε340 =

6220 M−1 cm−1). Negative control was performed without the
addition of peroxidases.

Evaluation of the rPbPrx1 Phospholipase
Activity
The rPbPrx1 phospholipase activity was evaluated using an
adaptation of the method described by Petrovic et al. (2001).
Reactionmixtures (250µL) containing 40µMrPbPrx1 in 10mM
Tris-Cl pH 8.0 were started with 25 µL 4-nitro-3-octanoyloxy
benzoic acid (NOBA) solubilized in acetonitrile 100% to a final
concentration of 3mg mL−1. Reactions were maintained at
25◦C for 60min and absorbance (A425nm) was recorded. The
Rattus norvegicus Prx6 was used as a positive control of the
phospholipase activity.

Determination of Thermal Stability
Thermal shift assays for rPbPrx1 were performed by circular
dichroism (CD). CD spectra of rPbPrx1 were obtained using a

FIGURE 3 | rPbPrx1 and hydroperoxide specificity. The FOX assay was performed at room temperature with 5µM rPbPrx1 (�) or without protein (•, negative control),

using 150µM of H2O2 (A), t-BOOH (B), CHP (C), or L-OOH (D) as substrate. The absorbance was monitored at 560 nm. The graphics were generated using

GraphPad Prism and show the remaining concentration of hydroperoxides during a 60-min reaction time. All experiments were performed in triplicate and repeated at

least three times yielding consistent results.
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0.1-cm path length cuvette containing 5µM of protein sample
in 10mM Tris buffer, pH 8.0. Assays were carried out in a
Jasco J-810 spectropolarimeter (Jasco Inc., Tokyo, Japan) at
temperatures varying from 20 to 80◦C, at an increment of 2◦C
min−1. Melting temperatures (Tm) were calculated by fitting
the sigmoidal melting curve to the Boltzmann equation using
GraphPad Prism version 5.01 (GraphPad Prism Software, San
Diego, USA), with R2 values of >0.98. The spectra are shown
as an average of eight scans recorded from 190 to 260 nm. The
content of secondary structures was estimated using the CDNN
2.1 software (Bohm et al., 1992).

Analysis of the rPbPrx1 Quaternary
Structure by Size-Exclusion
Chromatography
Size-exclusion chromatography experiments were performed
by analytical HPLC equipped with a PU 2880 Plus injector
and a PDA MD 2018 detector (LC-2000 series; Jasco, Tokyo,
Japan). The samples (50µM in 100mM Tris-HCl, pH 7.4)
were separated by a system containing a Phenomenex BioSep-
SEC-S3000 column (7.8 × 300mm, 5µm, resolution range of
1–300 kDa, Phenomenex, Inc., Torrance, California, USA) at
a flow rate of 1.0mL min−1 in 100mM Tris-HCl, pH 7.4,
containing 50mM NaCl. The elution profile was monitored
by absorbance at λ = 280 nm. Bovine thyroglobulin (670
kDa), bovine gamma globulin (158 kDa), ovalbumin (44 kDa),
myoglobin (17 kDa), and vitamin B12 (1.35 kDa) were used as
molecular standards (Bio-Rad Laboratories, Richmond, USA).
Chromatograms were analyzed using Jasco BORWIN, version
1.50, software (Jasco, Tokyo, Japan). The redox treatments for
rPbPrx1 were either 5mM TCEP (reductant) or 1.2 molar
equivalent of hydrogen peroxide (oxidant) for 30min, at 25◦C
prior to the chromatographic runs.

RESULTS

The P. brasiliensis Genome Bears a Single
1-Cys Prx-like Gene
Database search (https://www.ncbi.nlm.nih.gov) showed that
P. brasiliensis has a single Prx1 ortholog (PbPrx1) that is
222-amino-acid long and has a deduced molecular mass of
24.7 kDa. Amino acid sequence alignments of PbPrx1 with
1-Cys Prx1 from other species shows that PbPrx1 has only
one conserved cysteine (Cys51; Supplementary Figure 2, red
asterisk), which corresponds to the Cys91 from S. cerevisiae
ScPrx1. The signature sequence PVCPTTE, characteristic to the
1-Cys Prx1 group, carries a point substitution of the second
residue (V→T) resulting in the PTCPTTE sequence, which is
also observed in other phylogenetically-related temperature-
dependent dimorphic species such as P. lutzii, H. capsulatum,
and Blastomyces dermatitidis (Supplementary Figure 2).
Overall, the PbPrx1 sequence showed 57% identity and
72% similarity to the 1-Cys Prx1 isoform from ScPrx1. As
expected, we observed higher homology with the isoforms
from H. capsulatum (HcPrx1; 89% identity) and B. dermatitidis
(BdPrx1; 87% identity), while the identity between PbPrx1 and

PlPrx1 is 98%. In Supplementary Figure 2, the green box shows
a Ca2+-independent phospholipase A2 (PLA2) motif GDSWG
(Nevalainen, 2010) that is not conserved in PbPrx1, PlPrx1,
HcPrx1, or BdPrx1. In these sequences, the Ser residue involved
in catalysis is substituted for Lys/His (GDK/HYV). Importantly,
PbPrx1 does not have an N-terminal mitochondrial signal
peptide, which can be seen in the Prx1 isoforms from S. cerevisiae,
Aspergillus nidulans, and Candida albicans, thus suggesting a
cytosolic localization of the protein (Supplementary Figure 2).

PbPrx1 Cellular Location
In order to study the PbPrx1 cell localization, we produced mice
anti-rPbPrx1 immune sera, using a recombinant rPbPrx1
protein as immunogen, and monospecific anti-PbPrx1
antibodies. Confocal microscopy images seen in Figure 1A

show fluorescence label in the cytoplasm, in a punctuated
pattern, in both the yeast and mycelial phases of P. brasiliensis.
Interestingly, PbPrx1 seems to accumulate close to hyphal septa
(white arrows). Cell wall and mitochondrial localization were
further investigated by immunoblot (Figure 1B), which revealed
a 25-kDa protein band reacting with anti-rPbPrx1 antibodies
in the yeast mitochondrial extracts, even though the PbPrx1
sequence lacks an N-terminal mitochondrial signal peptide
(Supplementary Figure 2). Similarly, anti-rPbPrx1 antibodies
specifically reacted with a single protein band of approximately
25 kDa in cell wall extracts from P. brasiliensis yeasts and
mycelia, suggesting that PbPrx1 colocalizes at the P. brasiliensis
yeast cell wall. Although cell wall localization was not clear in
confocal images, PbPrx1 surface labeling has also been suggested
by FACS analysis of non-permeabilized P. brasiliensis yeast cells

FIGURE 4 | Quantitative real time RT-PCR of PbPRX1 from Pb18 yeast cells

after oxidative stress. The cells were incubated for 60min in PBS containing

5mM H2O2, t-BOOH, or CHP (cumene hydroperoxide). Changes in transcript

levels were determined in comparison to incubation with PBS alone. The cycle

thresholds were normalized with the expression of the alpha-tubulin gene.
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labeled with anti-rPbPrx1 antibodies (Figure 1C). Anti-rPbPrx1
immune serum reacted with yeast cells with higher fluorescence
intensity than pre-immune serum (5-fold increase), suggesting
that the reaction was specific. The number of positive cells was
also 50% higher in the reaction with anti-rPbPrx1 immune
serum than with pre-immune serum. Taken together, our results
suggest that PbPrx1 localizes to the cytoplasm and cell wall of
the yeast and mycelial forms of P. brasiliensis, as well as in the
yeast mitochondria.

Biochemical Characterization of rPbPrx1
To determine whether P. brasiliensis PbPrx1 is a thiol-
dependent peroxidase, the activity for both H2O2 and t-
BOOH consumption was monitored by DTT oxidation. As
indicated in Figure 2, both hydroperoxides were reduced,

although the enzyme exhibited higher affinity for t-BOOH
than for H2O2 (v0 = 0.89 and 2.73µM s−1, respectively).
Peroxidatic cysteine-dependent activity was confirmed by
NEM alkylation, corroborating with the evidence that the
PbPrx1 is a peroxiredoxin (Figure 2B). To evaluate the
rPbPrx1 phospholipase activity, we performed a phospholipase
assay using 4-Nitro-3-(octanoyloxy) benzoic acid (NOBA). As
predicted by structural analysis, the PbPrx1 does not have
phospholipase activity (Supplementary Figure 2). Together, our
results show that PbPrx1 is a thiol-dependent peroxidase that
has higher affinity for organic hydroperoxides, but that lacks
phospholipase activity.

In order to confirm that organic substrates are decomposed
more efficiently by PbPrx1, we also performed a FOX
assay with both H2O2 and different organic hydroperoxides

FIGURE 5 | Evaluation of dithiolic and monothiolic compounds as electron donors to rPbPrx1. (A) Trx-linked rPbPrx1 peroxidase activity was evaluated using the S.

cerevisiae heterologous Trx system and rPbPrx1 by monitoring the NADPH oxidation (λ = 340 nm) at 30◦C in the presence of either t-BOOH (•) or H2O2 (�).

Reactions without rPbPrx1 were used as negative controls (N). As positive controls, we used samples containing S. cerevisiae Tsa1 (t-BOOH, H; H2O2, �). (B) FOX

assay evaluation of rPbPrx1 thiol-dependent peroxidase activity using different reductant thiolic compounds. The peroxidase activity was evaluated from the amount

of remaining hydroperoxide (λ = 560 nm). The reactions were performed using different reducing agents: GSH (3mM), β-mercaptoetanol (3mM), and DHLA (300µM).

The bars represent the final concentration of t-BOOH after 15min. All experiments were performed at least three times and yielded similar results.

FIGURE 6 | rPbPrx1 structural analysis by circular dichroism (CD). (A) rPbPrx1 thermal shift assay. rPBPrx1 (5µM) was evaluated at different temperatures (20–80◦C)

in 10mM Tris buffer (pH 8.0) and the results are presented as an average of eight scans recorded from 190 to 260 nm. All spectra were corrected against the buffer.

The table showing the percentage of secondary structures in accordance with the temperature profile is available as Supplementary Table 1. (B) Size-exclusion

chromatography of rPpPrx1 in reduced (red line) and oxidized (blue line) forms was performed in a BioSep-SEC-S2000 column and monitored by absorbance at

280 nm. The elution profile of molecular standards is represented by dotted lines. All experiments were performed at least three times with similar results.
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such as tert-butyl (t-BOOH), cumene (CHP), and linoleic
hydroperoxides (L-OOH). The enzyme catalytic efficiency was
significantly higher for L-OOH (Figure 3D), with initial velocity
(V0) of 12.12 ± 1.2µM min−1, which is ∼2.7-fold higher
than that for CHP (4.52 ± 0.06µM min−1) and ∼8.8-fold
higher than that stimated for t-BOOH (1.37 ± 0.02µM min−1)
(Figures 3B–D). On the other hand, the enzyme did not show
significant decomposition rate for hydrogen peroxide (0.024µM
min−1) (Figure 3A). Thus, our results confirm that rPbPrx1 has
pronounced affinity for organic peroxides, particularly for more
hydrophobic OHPs (CHP and LOOH). That may indicate the
presence of a hydrophobic microenvironment in the active site
of the enzyme, as observed for some Prx (Hall et al., 2009, 2011).

PbPRX1 Gene Expression
To gain insight into the physiological roles of PbPrx1 during
oxidative stress, its expression pattern was characterized when
yeast cells were exposed to both inorganic (H2O2) and
organic (t-BOOH and CHP) peroxides for 15, 30, and 60min
(Figure 4). As a general trend, the PbPRX1 gene was regulated
in a time-dependent manner, with higher expression levels
at 15min, followed by decreased expression in the following
timepoints. PbPRX1 gene expression was induced by the three
hydroperoxides, but a more pronounced upregulation was seen
with organic peroxides. PbPRX1 gene expression increased 8.5-
and 5.4-fold, respectively for t-BOOH and CHP, in comparison
to only 2-fold for H2O2. These results infer that PbPrx1 might
have a more important physiological role during oxidative stress
caused by organic hydroperoxides, which is consistent with the
higher affinity of PbPrx1 for these molecules (Figure 3).

Analysis of rPbPrx1 Reductants
To investigate the possible PbPrx1 reductants, the following
reducing agents were tested: DTT and DHLA (dithiolic), GSH
and β-ME (monothiolic), and the heterologous S. cerevisiae Trx
system, which is responsible for Prx reduction in this organism.
It can be inferred from the results seen in Figure 5B that
rPbPrx1 only receives electrons from dithiolic compounds of low
molecular weight (DTT and DHLA), but not from monothiolic
compounds (GSH and β-ME) or from the heterologous
S. cerevisiae Txr reducing system compounds (Figure 5A),
although they have been described as possible reducing agents
to other 1-Cys Prx (Pedrajas et al., 2000; Monteiro et al., 2007;
Rocha et al., 2018).

Evaluation of the rPbPrx1 Secondary and
Quaternary Structure
Recombinant rPbPrx1 samples were analyzed by CD to assess
the structural content and conformational changes related to
temperature. Our results indicate the presence of an α/β
protein with secondary structure composed of ∼36% α-helices,
∼27% β structures, and ∼37% unstructured regions (Figure 6A,
Supplementary Table 1), similar to what has been observed for
1-Cys Prx from other organisms (Choi et al., 1998; Sarma
et al., 2005). The enzyme has poor thermal stability, maintaining
its native conformation only at temperatures up to 40◦C

(Figure 6A), which, on the other hand, is compatible with its
activity in the human host.

Size exclusion chromatography was performed to analyze
rPbPrx1 quaternary structure. The elution pattern shows single
peaks compatible with molecules of ∼45 kDa, suggesting that
the enzyme is mainly found in a dimeric form. rPbPrx1 analysis
in different redox states indicates that the oxidized structure
elutes more compactly than that observed in the reduced state
(Figure 6B), however maintaining the dimeric structure.

DISCUSSION

In the present work, we characterized a single Prx1 ortholog
found in the genome of the dimorphic fungus P. brasiliensis
(PbPrx1). The PbPrx1 protein analysis showed that the
universal motif PVCPTTE of the 1-Cys Prx sequences contains
a substitution of the second aminoacidic residue (Val), a
hydrophobic residue, to a polar Thr (PTCPTTE). This
substitution is shared by other dimorphic fungi, which may
suggest a characteristic signature for this group of fungal species.
In another related group of fungal species, specifically, A. niger,
A. oryzae, and C. tropicalis, the Val residue is substituted by
Ile (PICPTTE). Since this amino acid is in the vicinity to the
catalytic cysteine (CP), the mentioned substitutions may affect
both the catalytic activity of the Prx and its substrate preference.
On the other hand, the sequence analysis revealed the inexistence
of a phospholipase C-terminal motif, which is in agreement with
our experimental results indicating that PbPrx1 does not show
phospholipase activity. So far, there are only two fungal 1-Cys
Prx1 bearing phospholipase activity, namely the AfPrx1 and
AfPrxC isoforms from A. fumigatus (Bannitz-Fernandes et al.,
2019). Concerning the secondary and quaternary structures, the
PbPrx1 does not differ significantly from that of other organisms
in the secondary structure content (Gretes et al., 2012). As to
the PbPrx1 quaternary structure, we found a dimer, while both
dimers and monomers have been observed in the human Prx6
by SEC (Wu et al., 2006).

We also demonstrated that the thiol peroxidase activity
is dependent on a Cys residue and that the enzyme has
higher affinity for t-BOOH than for H2O2. The fact that
PbPrx1 can decompose organic hydroperoxides more efficiently
than hydrogen peroxide is not an exclusive characteristic of
PbPrx1. Other thiol peroxidases, such as the human PrxV, E.
coli thiol peroxidase (EcTpx), and the organic hydroperoxide
resistance protein (Ohr) from Xylella fastidiosa are 100–1000-
fold more reactive with organic peroxides, as a consequence
of a hydrophobic active site microenvironment, which enables
interactions with hydrophobic oxidizing substrates (Cussiol
et al., 2003; Perkins et al., 2014; Alegria et al., 2017; Piccirillo
et al., 2018). In this context, our data suggest that the active
site microenvironment of PbPrx1 is also highly hydrophobic,
suggesting that PbPrx1 may act as a strong scavenger of
organic peroxides in P. brasiliensis cells. Regarding the reductant
substrates, we showed that PbPrx1 is not able to receive
electrons from a heterologous S. cerevisiae thioredoxin reducing
system or from monothiolic compounds (GSH and β-ME). The
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recombinant PbPrx1 was only reduced by dithiolic compounds
of low molecular weight (DTT and DHLA).

We have previously found the PbPrx1 protein in the cell
wall proteome from both the yeast and mycelial forms of P.
brasiliensis, isolates Pb18 and Pb3, and in the extracellular vesicle
(EV) proteome from P. brasiliensis Pb18 (Longo et al., 2014).
In Pb18, PbPrx1 was 2–3-fold more abundant upon nitrosative
and oxidative stress (Leitão et al., unpublished), suggesting a
role for the enzyme during stress. We have presently shown
predominant cytoplasmic localization of PbPrx1 in P. brasiliensis
by confocal microscopy, but the protein was additionally labeled
in cell wall extracts and in the surface of non-permeabilized
yeast cells by FACS analysis. Surprisingly, the PbPrx1 was also
identified in mitochondrial protein extracts from yeast cells by
Western blot, despite the fact that the predicted sequence lacks
anN-terminal mitochondrial signal peptide. Although we cannot
discard that the mitochondrial extract may be contaminated
with small amounts of cytoplasmic PbPrx1, it is more likely
to assume that PbPrx1 is not directed to the mitochondria
through the classical import pathway guided by amino-terminal
presequences, but instead through internal targeting signals, as
seen for more than 50% of mitochondrial proteins (Bolender
et al., 2008). In the mitochondria, PbPrx1 might play a role in
protecting against ROS that is generated as a result of protein
misfolding and aggregate formation (Weids and Grant, 2014).

To gain insights into the physiological roles of PbPrx1, its
gene expression pattern was characterized when yeast cultures
were exposed to organic and inorganic hydroperoxides. Our data
showed a consistent time-dependent induction in the PbPRX1
gene expression when P. brasiliensis yeasts were exposed to the
organic hydroperoxides t-BOOH and CHP, with peaks by 15min
of exposure of 8.5-fold and 5.45-fold increase, respectively. For
t-BOOH, for instance, this value was 2–4-fold the induction
caused by H2O2 (2-fold), which is in agreement with the fact
that PbPrx1 showed higher affinity for organic hydroperoxides.
Similarly, the C. albicans Prx1 (CaPrx1) peroxidase activity is
able to reduce both t-BOOH and H2O2, but intracellular reactive
oxygen species accumulate only when prx11 is treated with t-
BOOH, indicating that its cellular function is more specific to
organic hydroperoxides (Srinivasa et al., 2012). The increase in
the expression of 1-Cys Prx1 upon oxidative stress was also
described in A. fumigatus. The three 1-Cys Prx genes PRX1,
PRXB, and PRXC, which show high activity against H2O2, were
induced in a time-dependent manner when Paraquat was used as
the oxidant molecule (Rocha et al., 2018).

The importance to study pathogen enzymes with antioxidant
properties comes from the fact that tolerance to oxidative stress
is an important trait of virulence in several microorganisms
(Banin et al., 2003; Piacenza et al., 2013; Kaihami et al., 2014;
Rocha et al., 2018). For that reason, they could also be targets
for antifungal agents. In C. albicans, the Prx1 ortholog (Tsa1)
is found in the cell wall specifically in the pathogenic hyphal
phase, while the protein localizes in the cytosol and nucleus of
yeast cells, pointing to a role in pathogenicity (Urban et al.,
2003). In P. brasiliensis, attenuated yeast cells recovered their
virulence after serial passages in mice and this process positively
modulated the fungal antioxidant repertoire (Castilho et al.,

2018). Additionally, proteins involved in the oxidative stress
response in P. brasiliensis yeast cells were up-regulated during
macrophage infection (Parente-Rocha et al., 2015).

Together, our results reveal that PbPrx1 is a peroxidase
widely distributed inside (cytosol and mitochondria) and outside
(cell wall and extracellular vesicles) P. brasiliensis cells. It
is highly reactive with organic hydroperoxides (OHPs) and
strongly induced by these oxidants, thus suggesting a role of
importance in protecting P. brasiliensis against insults caused by
organic hydroperoxides.
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Supplementary Figure 1 | Recombinant protein purification by IMAC. (A)

rPbPrx1 expression was performed using E. coli Tuner (DE3) containing the

pET28PP-pbPRX1 vector. The protein purification was performed using IMAC:

lanes 2–6 represent imidazol gradient progressive elution fractions; lane 6 shows

the purified protein used in the experiments. The expressed protein in

pHIS1–pbPRX1 was purified in a Ni-NTA column and the profile of the purified

protein was similar to that in lane 6. (B) S. cerevisiae Trx1 was expressed in E. coli

BL 21 (DE3), purified by the boiling method and size exclusion chromatography

using a HiLoad 16/600 Superdex 75 (GE Healthcare, Piscataway, USA). The

elution fractions are shown; fractions 11-14 were pooled for use in the

experiments. (C) S. cerevisiae Tsa1 was expressed in E. coli BL 21 (DE3) e
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purified by IMAC HiPrep IMAC FF Column (GE Healthcare). The elution fractions

are shown; fractions 5-8 were pooled for use in the experiments. (D) Baker yeast

TrxR1 was expressed in E. coli BL 21 (DE3) e purified by IMAC HiPrep IMAC FF

Column (GE Healthcare). The elution fractions are shown; fractions 6–8 were

pooled for use in the experiments. Lane 1 of each gel: unstained Protein MW

Marker (Thermo Fisher Scientific).

Supplementary Figure 2 | Amino acid alignment of 1-Cys Prx1 deduced

sequences from pathogenic fungi and other species reveal conserved structural

elements with P. brasiliensis Prx1. Amino acid sequence alignment was performed

using ClustalΩ and graphic representation was generated using Jalview. Identical

residues are shaded in blue and sequence similarity is indicated by a blue gradient

based on the physicochemical characteristic conservation of the amino acid. The

sequences correspond to the following species: Prx1_Pb = P. brasiliensis (NCBI

accession number: XP_010758730.1); Prx1_Pl = P. lutzii (XP_002794671.1);

Prx1_Hc = Histoplasma capsulatum (EEH07081.1); Prx1_Bd = Blastomyces

dermatitidis (EEQ85711.1); Prx1_An = Aspergillus niger (XP_001401704.2);

Prx1_Ao = A. oryzae (XP_001821217.1); Px1_Af = A. fumigatus (XP_747511.1);

Prx1_Ca = Candida albicans (XP_717002.1); Prx1_Ct = C. tropicalis

(XP_002550813.1); Prx1_Sc = Saccharomyces cerevisiae (NP_009489.1);

Prx1_Pp = Picchia pastoris (XP_002490091); Prdx6_Hs = Homo sapiens

(P30041.3); Prdx6_Rn = Rattus novergicus (O35244.3); Pdrx6_Mm = Mus

musculus (O08709.3). The red line denotes the N-terminal mitochondrial signal

peptide. The green box highlights the phospholipase A2 (PLA2) motif and the

green asterisk the catalytic Ser residue. The red box denotes the conserved

P-V/I-C-T-T/S-E signature (catalytic cysteine marked by a red asterisk) of the

1-Cys Prx1 sequences.

Supplementary Figure 3 | PLA2 activity evaluation using NOBA. The assay was

performed at 25◦C in reaction mixtures containing 20mM Tris, pH 7.8, 0.001mg

rPbPrx1, 150mM NaCl, 10mM CaCl, 0.1 mg/ml 3-(octanoyloxy) benzoic acid

(NOBA). The absorbance was monitored at 425 nm for 60min.

Supplementary Table 1 | PbPrx1 thermal shift analysis by circular dichroism.
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Treatment modalities for systemic mycoses are still limited. Currently, the main antifungal

therapeutics include polyenes, azoles, and echinocandins. However, even in the setting

of appropriate administration of antifungals, mortality rates remain unacceptably high.

Moreover, antifungal therapy is expensive, treatment periods can range from weeks to

years, and toxicity is also a serious concern. In recent years, the increased number

of immunocompromised individuals has contributed to the high global incidence of

systemic fungal infections. Given the high morbidity and mortality rates, the complexity

of treatment strategies, drug toxicity, and the worldwide burden of disease, there is

a need for new and efficient therapeutic means to combat invasive mycoses. One

promising avenue that is actively being pursued is nanotechnology, to develop new

antifungal therapies and efficient vaccines, since it allows for a targeted delivery of

drugs and antigens, which can reduce toxicity and treatment costs. The goal of this

review is to discuss studies using nanoparticles to develop new therapeutic options,

including vaccination methods, to combat systemic mycoses caused by Candida

sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma sp., Coccidioides sp., and

Aspergillus sp., in addition to providing important information on the use of different types

of nanoparticles, nanocarriers and their corresponding mechanisms of action.

Keywords: drug delivery systems, vaccine adjuvant, antifungal therapy, mycosis, Candida albicans, Cryptococcus

sp., Histoplasma capsulatum

INTRODUCTION

Fungal diseases are broadly classified according to the degree of interactions between the pathogen
and the host tissue in superficial, subcutaneous, and systemic infections (Tiew et al., 2020).
Superficial mycoses, which are estimated to occur in 25% of the world population, are the most
common form of fungal infection. Systemic mycosis, however, is most severe since it is associated
to a high mortality rate, significant morbidity, limited chemotherapeutic options, and the diagnosis
is frequently difficult and complex (Kauffman, 2007; Brunet et al., 2018).
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Opportunistic fungal infections usually occur in
immunocompromised individuals as a result of subjacent
infection or the treatment itself. Infections of endogenous
origin caused by pathogens such as Candida albicans can
also occur (Colombo et al., 2017; Rautemaa-Richardson and
Richardson, 2017). Species of Aspergillus, Candida, Cryptococcus,
and Trichosporon are the main agents of opportunistic mycoses.
Endemic fungal infections are usually caused by dimorphic
fungi, found in the soil or in animal feces. Host acquisition
occurs by inhalation of infectious spores/infective propagules
(Rodríguez-Cerdeira et al., 2014). In the case of endemicmycoses,
immunocompetent individuals dwelling in endemic areas may
develop severe disease following inhalation of fungal particles,
associated or not to a competent immune response (Edwards
et al., 2013). The main species that cause endemic mycoses are
Blastomyces dermatitidis, Coccidioides immitis and Coccidioides
posadasii, Histoplasma capsulatum, Paracoccidioides, particularly
P. brasiliensis and P. lutzii, Sporothrix, primarily S. brasiliensis
and S. schenckii, and Talaromyces marneffei (Brown et al., 2012;
Limper et al., 2017).

In the second half of the 20th century, a worldwide,
progressive increase in the number of immunocompromised
individuals took place, paralleling the outcome of HIV epidemics
as well as the expanded use of immunosuppressive drugs in
cancer, autoimmune disease, and transplant patients (Coelho
and Casadevall, 2016; Armstrong-James et al., 2017). As
a consequence, systemic mycoses have been considered an
emergent threat, because immunocompromised individuals
are more susceptible to fungal infection (Lockhart, 2019).
Cryptococcosis is an excellent example of the profound impact
of fungal infections over time, in humans. The number of
infections caused by Cryptococcus has increased from 300
cases in 1,950 to ∼1 million cases in 2008 causing ∼600,000
deaths per year in patients with HIV (Park et al., 2009;
Del Poeta and Casadevall, 2012). Currently this number is
closer to ∼180,000 deaths annually (Rajasingham et al., 2017).
Globally, the estimated number of deaths per year has been
6 million among invasive fungal infections (Stop neglecting
fungi, 2017). In the case of invasive Candida and Aspergillus
infections, the mortality rate could reach 60–80%, respectively
(Perlroth et al., 2007; Moriyama et al., 2014). Bongomin
et al. (2017) estimated the number of mycoses in the Leading
International Fungal Education (LIFE) portal, which covers 80%
of the world’s population (5.7 billion people), and estimated
that there occurred annually ∼3,000,000 cases of pulmonary
aspergillosis, ∼250,000 of invasive aspergillosis, ∼700,000 of
invasive candidiasis, and ∼500,000 of histoplasmosis of which
∼100,000 were disseminated cases. The global estimate of
Paracoccidioides and Coccidioides cases is 4,000 and 25,000,
respectively. It must be emphasized that these are considered
neglected diseases, therefore the number of reported cases can be
an underestimate of the actual burden of the disease. In Brazil,

Abbreviations: AmB, Amphotericin B; ITZ, Itraconazole; NPs, nanoparticles;

PLGA, Poly (lactic-co-glycolic acid); PEG, polyethylene glycol; NLCs,

Nanostructured lipid carriers; SLNs, solid lipid Nanoparticles; PAMAM, poly

(amidoamine); AgNPs, Silver nanoparticles; AuNPs, gold nanoparticles.

paracoccidioidomycosis (PCM) ranks as the 8th death causing
infectious disease in patients without immunosuppression,
surpassing histoplasmosis, or cryptococcosis in this group of
patients. In fact, there is no compulsory notification of fungal
infections in Brazil and the disease frequently occurs in rural
and poor farmer populations. They frequently lack access to
medical care, therefore the presumed incidence of the mycoses
that differ from the real one (Shikanai-Yasuda andMendes, 2007;
Giacomazzi et al., 2016).

Fungal infections are often defined as difficult to treat,
including the toxicity of antifungals and their interaction with
other drugs (Westerberg and Voyack, 2013; Bicanic, 2014; Brunet
et al., 2018). There is broad consensus that currently available
antifungal therapy is limited and far from ideal (LaSenna and
Tosti, 2015; Armstrong-James et al., 2017; Brunet et al., 2018). In
the USA, fungal diseases may cost more than 7.0 billion dollars
a year (Benedict et al., 2019), and the treatment of invasive
fungal infections 70,000 dollars per patient (Ashley et al., 2012).
Particularly in under resourced populations, the long periods and
high costs of treatment contribute to patients abandoning their
chemotherapy, when clinical symptoms may disappear, but are
frequently followed by disease recurrences.

Systemic fungal infections are largely treated with polyenes,
azoles or echinocandins, depending on the fungal pathogen and
the clinical condition of the patient (Polvi et al., 2015; Souza and
Amaral, 2017). The traditional antifungal agent is amphotericin
B (AmB), a polyene with a broad spectrum of action, involving
interaction with fungal ergosterol, destabilization of the cell
membrane and, consequently, the death of the pathogen
(Palacios et al., 2011). The drug interacts also with mammalian
sterols, such as cholesterol, which can lead to treated patient
collateral effects (Carmona and Limper, 2017). Azoles are
widely prescribed against invasive fungal infections, mainly
represented by fluconazole, voriconazole, itraconazole (ITZ),
posaconazole, and isavuconazole (Gintjee et al., 2020). Azoles
act by inhibiting lanosterol 14α-demethylase (Erg11), which
converts lanosterol into ergosterol (Di Mambro et al., 2019). Its
activity is also associated to inhibition of cytochrome P450 with
undesired side effects. Echinocandins, micafungin, caspofungin,
and anidulafungin target, on the other hand, receptors that
do not exist in human cells such as β(1,3)-D-glucan synthase,
an enzyme responsible for the synthesis of β-1,3 glucan, a
structural component of the fungal cell wall (Di Mambro et al.,
2019). Such reactivity makes echinocandins more tolerable,
with limited toxicity and drug interaction. However, a limited
spectrum of action is exhibited toward certain yeasts and molds,
with no activity against important opportunistic yeasts such as
Cryptococcus sp. and dimorphic fungi (Lewis, 2011; Gintjee et al.,
2020).

Azole resistance is well-recognized in Aspergillus fumigatus,
Cryptococcus neoformans, Coccidioides spp., H. capsulatum, and
Candida sp. (Wheat et al., 2001; Kriesel et al., 2008; Snelders
et al., 2011; Vincent et al., 2013; Fontes et al., 2017). The
resistance to azoles is mainly due to mutations in fungal DNA,
which reduce the interactions between the drug and the cell
target (Hagiwara et al., 2016). As examples, in A. fumigatus
azole resistance mechanisms include the insertion of repeated
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sequences in tandem into the cyp51A promoter, amino acid
substitutions in the structure of the target Cyp51A protein, and
overexpression of the ABC transporter Cdr1B (Hagiwara et al.,
2016). Although rare, resistance to AmB can occur intrinsically
or it may be induced. Candida tropicalis resists the action of
AmB by reducing mitochondrial production of reactive oxygen
species (ROS) (Vincent et al., 2013). In Aspergillus terreus the
genes encoding catalase (CAT) and superoxide dismutase (SOD)
are essential for intrinsic resistance, since the inhibition of these
enzymes makes the isolates susceptible to treatment by the drug
(Jukic et al., 2017). Low levels of β-1,3 glucan lead to the lack of
efficacy of echinocandins against certain species, but resistance
can also develop, primarily through hotspot mutations, such as
changes in glucan synthase genes (Huang et al., 2016).

An intact immune system prevents the development of most
invasive fungal infections. Hence, there is significant interest
in stimulating the immune system to get a more effective
response against pathogenic fungi primary or during treatment
of the installed disease. Studies supported that therapeutic
or prophylactic vaccines can stimulate the immune system
in experimental mycosis models, even in immunosuppressed
mice (Silva et al., 2017). The combination of vaccination and
antifungal chemotherapy leads to improved treatment efficacy
and reduction of treatment period, which would also potentially
prevent relapses (Travassos and Taborda, 2017). Currently
there is no licensed vaccine, prophylactic or therapeutic, to
treat human systemic mycoses (Travassos and Taborda, 2017).
Experimental vaccines have been developed for histoplasmosis,
aspergillosis, candidiasis, cryptococcosis, coccidioidomycosis,
and PCM (Brown et al., 2012), but none have progressed
to market. Such delay is linked to a myriad of obstacles,
which include lack of adequate formulation, high development
costs, and lack of market interest (Cassone and Casadevall,
2012). In addition, the fact that some fungal diseases mainly
affect immunocompromised individuals is an obstacle to the
generation of an effective vaccine for this population. Currently,
different research groups have focused on the development
of a vaccine that can be used both in healthy patients
and in immunodeficient ones or otherwise high-risk patients,
providing protection without aggravating the patient’s clinical
condition (Spellberg, 2011; Cassone and Casadevall, 2012;Medici
et al., 2015; Travassos and Taborda, 2017). Additionally, the
identification of appropriate adjuvants has been a major obstacle
for fungal vaccine development.

Nanotechnology is a field that has been widely explored
as an innovative and low-cost strategy for the development
of new antifungals and more efficient vaccines (Souza and
Amaral, 2017). This application of nanotechnology in vaccine
development has attracted the attention of researchers since
nanotherapeutics can utilize low toxicity materials that allow
for the slow and direct delivery of drugs and antigens to
specific targets (Zhao et al., 2014). In relation to antifungal
chemotherapy, nanoparticles (NPs) have been used due to their
intrinsic antifungal activity or as a drug delivery vehicle with
a focus on reducing the concentration of drug required for
treatment (Zhao et al., 2014). In the formulation of vaccines,
NPs can act as a delivery tool capable of improving the stability
of antigens such as peptides and the immunogenicity of the

antigen, as well as possible immunostimulant adjuvants (Zhao
et al., 2014).

In this review, we discuss the use of NPs in the development
of new therapeutic approaches and vaccines against systemic
mycoses, briefly commenting on the types of NPs used for this
purpose and their mechanism of action. Finally, we present the
current state of art of NPs for the development of new antifungal
agents and vaccines aiming at systemic mycoses with a focus on
Candida sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma
sp., Coccidioides sp., and Aspergillus sp..

NPs AND THE DEVELOPMENT OF A NEW
THERAPEUTIC APPROACH AND
VACCINATION ALTERNATIVE

The treatment of systemic fungal infections has limitations
since currently available antifungals exhibit low biodistribution
and treatment effectiveness, with lack of selectivity, and serious
side effects (Voltan et al., 2016). Nanotechnology appears as
an alternative to these problems since NPs can function as a
controlled and specific drug delivery system, which can improve
mycosis treatment without impairing the patient’s quality of life.

NPs can be obtained by physical, chemical, or biological
methods. The synthetic process should consider constraints
of large-scale production, stability, cost, and toxicity.
Methodologies involving physical synthesis can be expensive,
particularly due to the equipment used for electronic excitation
(Haroon Anwar, 2018). Inorganic solvents used in the chemical
reduction are highly toxic, including citrate, borohydride,
thioglycerol, and 2-mercaptoethanol (Zhang X.-F. et al.,
2016). The biological synthesis of NPs can significantly
reduce the risk of producing toxic compounds by employing
plant extracts, or bacterial and fungal metabolites with
antimicrobial potential, acting as reducing agents, and/or
stabilizers of NPs (Ahmed et al., 2018; Lakshmeesha et al.,
2019). In addition to developing NPs appropriate for medical
application, the nanoformulation is also essential since the
efficacy of biological activity and cytotoxicity depends on
the physicochemical properties exhibited by NPs, such as
size, shape, surface area, solubility, aggregation, composition
with coating reactivity of particles in solution, ion release
efficiency, and type of the reducing agent used in the synthetic
process (Carlson et al., 2008; Murdock et al., 2008; Lin et al.,
2014).

NPs exhibit antimicrobial activity through different
mechanisms. Nanometric particles can cross the cell interstitium
and release metal ions from the surface of the NPs inside the
cell, increasing the antimicrobial activity, due to their interaction
with proteins, inhibiting their activity or causing damage to the
cell wall, leading to pathogen death (Oberdörster et al., 2005;
Reddy et al., 2012). Another mechanism of action is through
oxidative stress, which can vary based on the specific chemical
properties of the materials, such as the formation of surface
groups that act as reactive sites. Active sites reacting with O2 lead
to the formation of ROS that increase tissue damage (Nel et al.,
2006). Oxidation of fatty acid double bonds in cell membranes,
may alter membrane permeability and increase the osmotic
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stress resulting in cell death. In addition, ROS can damage
the DNA, RNA, and proteins of the pathogen (Reddy et al.,
2012; Huang et al., 2014; Rónavári et al., 2018; Rodrigues et al.,
2019). Increased toxicity is inversely proportional to NPs size.
Specifically, small NPs have a larger gravimetric specific surface
area, which allows more molecules to be exposed for interaction
and raising damage (Nel et al., 2006).

The antimicrobial activity of NPs against pathogens in vitro
and in vivo has been extensively reported in the literature
(Ambrosio et al., 2019; Lakshmeesha et al., 2019; Xue et al.,
2019). Nanoformulations showing a broad spectrum of action
by inhibiting the growth of different pathogens such as fungi,
bacteria or viruses, such as silver NPs (AgNPs), have been
described (Yah and Simate, 2015). Mohammed Fayaz et al.
(2012) developed a method for coating polyurethane condoms
with Ag and demonstrated that the product was able to
inactivate HIV-1/2 and significantly inhibit the growth of bacteria
(Escherichia coli, Staphylococcus aureus, Micrococcus luteus, and
Klebsiella pneumoniae) and Candida (C. tropicalis, C. krusei, C.
glabrata, and C. albicans). In addition, chitosan-carbon nanotube
(Chitosan-CNT) hydrogels, exploited in medicine for dressing
and drug administration applications, inhibited the growth of S.
aureus, E. coli, and C. tropicalis (Venkatesan et al., 2014).

The ability to form a biofilm is an important virulence
mechanism that microorganisms such as bacteria and fungi are
able to build during infection, which is also associated with
disease persistence as well as relapses (Wojtyczka et al., 2013;
Sav et al., 2018). The antibiofilm activity of NPs has been studied
and the potential of nanoformulations to disrupt these complex
matrices have been reported (Khan et al., 2012; Gondim et al.,
2018; Yang et al., 2019).

Nanotechnology effectively combat both extracellular and
intracellular pathogens. In the case of extracellular pathogens,
biocompatibility and the time spent in the bloodstream in
adequate concentrations is essential for the successful treatment
of systemic infections. Therapy for intracellular pathogens
requires a more nuanced approach that includes the proper
targeting of nanocarriers to infected cells through different
ligands. In general, drugs targeting intracellular pathogens have
to disrupt or transit the cell membrane and release and maintain
the drug at the therapeutic level for the desired time inside the
target cell. Certain nanocarriers enter the cell through endocytic
mechanisms and remain stable within the endolysosomes until
they gain access to the cytosol to release the drug. Otherwise,
the release of the drug into the endolysosome could render it
ineffective (Armstead and Li, 2011). The nanometric scale of
particles allows for drug delivery into specific locations of the
body, entering living cells to deliver drug or antigen payloads
into macrophages and dendritic cells, which is particularly
useful in the treatment of intracellular pathogens such as H.
capsulatum (Couvreur, 2013; Dube et al., 2014). Dendritic
cells are capable of absorbing particles of 20–200 nm, whereas
particles of 0.5–5µm are taken up by macrophages (Xiang
et al., 2006). Receptors on these cells act, thus, to improve
antigen processing and activate pathways that will enhance the
immune response (Zhao et al., 2014). An example is β-1,3-
glucan, a polysaccharide found in the cell wall of most fungi

that interacts directly with the Dectin-1 receptor present on
the surface of macrophages (Brown et al., 2002). Activation of
Dectin-1 enhances phagocytosis and consequently promote a
greater absorption of NPs into macrophages (Goodridge et al.,
2009). Several studies have validated that nanoparticles can
target intracellular pathogens; however, most of these studies
have targeted the bacterium Mycobacterium tuberculosis or the
parasite Leishmania brasiliensis (Dube et al., 2014; Tukulula et al.,
2015, 2018). Poly (lactic-co-glycolic acid) (PLGA) NPs made
functional by β-1,3-glucan and carrying rifampin have shown
promise for the treatment of tuberculosis, and these particles
were not cytotoxic and were quickly recognized by macrophages
(Tukulula et al., 2015, 2018). Chitosan—PLGA core-shell NPs
with β-1,3 glucan and rifampin, increased the intracellular
concentration of rifampin and showed an enhanced ability to
modulate immune responses of human alveolar macrophages
(Dube et al., 2014). In addition to β-glucan, other types of
ligands such as antibodies can be incorporated on the surface
of nanocarriers to target specific compartments of the target
cell to act against intracellular pathogens. The use of pH-
responsive polymers, which specifically release drugs in the
presence of defined pHs, also represents an attractive alternative
that can be explored against fungal pathogens (Armstead and
Li, 2011). Interestingly, Mehta et al. (1997) suggested that the
liposomal AmB synthesized by the authors in the 7:3 ratio of
DMPC: DMPG (similar to Abelcet) is captured and retained
by macrophages. These macrophages demonstrated enhanced
killing of yeast cells, in this case C. albicans. However, this
was not due to differential activation of the macrophages. The
authors proposed that the candidicidal activity of the formulation
occurred due to the macrophages retaining the liposomal AmB
and releasing the drug to kill the yeast (i.e., drug delivery
via macrophages).

Nanotechnology has advanced in recent decades with the
development of innovative nanoscale products for various
applications. Figure 1 illustrates the main advantages of using
NPs in the medical field. Currently, the nanomedicine market
includes new approaches in the diagnosis, prevention, and
therapy of diverse diseases. In 2006, these innovations sustained
a market of US $6.8 billion (Wagner et al., 2006). A recent
study predicted an annual growth of 12.6% such that the
market can reach up to US $261 billion in 2023 (reviewed by
Marques et al., 2019).

TYPES OF NANOCARRIERS

Several types of nanostructures are currently being investigated
for the delivery of antifungal drugs and improve their ability
to serve as adjuvants for vaccine delivery (Ribeiro et al., 2013;
Souza and Amaral, 2017). These nanostructures can be classified
according to their composition into (Soliman, 2017): polymeric
NPs, phospholipid-based vesicles, nanostructured lipid carriers
(NLCs), dendrimers, nano-emulsions (NE), and metallic and
magnetic NPs. Below, we briefly present the types of nanocarriers
that can be used in formulations for systemic administration of
antifungals and antigen delivery.
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FIGURE 1 | Advantages of nanoparticles for therapy and vaccination of infectious diseases.

Polymeric Nanoparticles
The most common materials used for nano-carrier development
are polymers (Bolhassani et al., 2014). Polymeric NPs are formed
by chains of identical chemical structures, called monomers.
Polymers are generated by the union of several monomers (Sahoo
et al., 2007). Polymers and monomers may be extracted from
nature or chemically synthesized. The main polymers used in the
production of NPs for mycosis treatment are alginate, chitosan,
and PLGA (Italia et al., 2011; Yang et al., 2011; Spadari et al., 2017;
Fernandes Costa et al., 2019).

Alginate is a natural polymer found mainly in the cell wall
of algae of the Phylum Phaeophyta, and it is formed by the
junction of two monomers, α-L-guluronic acid (G block), and
β-D-mannuronic acid (M block) (Jain and Bar-Shalom, 2014).
The difference in concentrations between the monomers and the
variations in their arrangement defines how rigid the polymer
structure will be, and consequently the NPs (Jain and Bar-
Shalom, 2014). Alginate NPs can be obtained through different
techniques that work in basically the same way, with alginate
interacting with calcium salts and promoting polymer folding
to form NPs (Jain and Bar-Shalom, 2014; Lopes et al., 2017).
Alginate is a water-soluble polymer, and alginate-based NPs

have biocompatible mucoadhesive characteristics and are non-
cytotoxic (Yehia et al., 2009).

Chitosan is a polymer obtained from the deacetylation of
chitin, which is widely distributed in nature, particularly in the
animal and fungal kingdoms. In the animal kingdom, chitin is
present in insect, arachnid, and crustacean exoskeletons, whereas
fungal chitin is a cell wall component in most fungi (Frank et al.,
2020). Chitosan may be used for the production of nanogels,
nano-emulsions, and NPs. Among the different applications
of chitosan are food supplementation, wound healing, and
immunomodulation (Dai et al., 2011; Ahmed and Aljaeid, 2016).
Due to its hydrophobic character and positive charge, chitosan is
ideal for the production of NPs and delivery of different types of
molecules inmucousmembranes (Frank et al., 2020). DNA/RNA,
peptides, proteins, and drugs (Illum, 2003; Riteau and Sher,
2016) are effectively delivered by chitosan NPs. Since chitosan
is biocompatible, biodegradable, and non-cytotoxic, it is one of
the most promising polymers for the development of vaccines
or parenteral treatment in different types of systemic infections
(Sharma et al., 2015; Frank et al., 2020).

PLGA is a synthetic co-polymer produced from the linkage
of glycolic acid (GA) and lactic acid (LA) monomers, the
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same molecules produced by PLGA biodegradation (Amaral
et al., 2009; Souza et al., 2015). The properties of PLGA are
directly related to the molecular weight and proportions of the
monomers. Therefore, the mechanical resistance, biodegradation
rate, and the hydrolysis of the nanocarrier are influenced by
the degree of crystallinity of the PLGA, which depends on
the molar ratio between GA and LA. The most commonly
used concentration being 50% poly lactic acid (PLA) and
50% poly glycolic acid (PGA) (Danhier et al., 2012). In
addition, alkaline or strongly acidic pHs can accelerate the
biodegradation of the polymer. Due to its biocompatibility,
low cytotoxicity, and biodegradability, PLGA is one of the few
Food and Drug Administration (FDA) approved polymers for
use in complexing drugs or immunogenic molecules (Danhier
et al., 2012). The production of PLGA NPs requires different
techniques depending on the polarity of the molecules to be
complexed (Amaral et al., 2010). PLGA NPs can be used for
delivery of molecules via the enteral and parenteral routes,
both followed by rapid body clearance (Semete et al., 2010).
Pegylation, or the incorporation of polyethylene glycol (PEG)
molecules on the NP surface, can make the NPs “invisible” to
phagocytic cells and extend their half-life (Semete et al., 2010).

Amphiphilic block-copolymers, with hydrophilic shell and
hydrophobic core, are used to form polymeric micelles, and
these micelles can successfully deliver hydrophobic compounds.
Polymeric micelles can improve drug administration and
penetration, promoting drug accumulation in the target tissue.
For these reasons, this type of nanocarrier has been explored
to target drugs to the central nervous system, which is further
discussed below in the topic on Cryptoccocus sp. (Shao et al.,
2012).

Phospholipid-Based Vesicles: Liposomes
Liposomes are lipid particles formed in a bilayer with a
hydrophobic interior layer and a hydrophilic exterior, similar to
the structure of a cellular plasma membrane (Nisini et al., 2018).
Liposomes can be unilamellar (one bilayer) or multilamellar
(several bilayers separated by some hydrophilic fluid), The
feature of hydrophilic, hydrophobic, and hydrophilic spaces
makes liposomes the most versatile particles for transporting
molecules, which can be dispersed inside the lipid bilayer to
interact with hydrophobic molecules or dispersed in the aqueous
nucleus thus interacting with hydrophilic molecules. These
features allow liposomes to carry large amounts of molecules
and permits improved control over the release of these payload
molecules (Lila and Ishida, 2017; Nisini et al., 2018).

Their similarity to plasma membranes provides another
interesting facet of liposomes in that sterols can be added to
modify the stiffness of the bilayer and liposomes can be used to
anchormolecules that can direct and facilitate delivery of charged
payloads. Liposomes can also be functionalized to simulate an
infection; thereby an immune-like response can be stimulated
reducing the need for adjuvants (Rukavina and Vanić, 2016; Kube
et al., 2017; Lila and Ishida, 2017).

Several drugs have been incorporated into liposomes.
Currently, formulations carrying AmB are commercially
available as AmBisome R© and Abelcet R©. Ambisome R© is a

liposomal formulation of unicellular vesicles, formed from
hydrogenated phosphatidylcholine from soy, cholesterol,
distestylphosphatidylglycerol (DMPG) and AmB in the ratio
2:1:0.8:0.4. Abelcet R© is a lipid complex with a multilamellar
structure, formed of diesteroylphosphatidylcholine (DMPC)
and DMPG in a 7:3 ratio, carrying 36 mol% of AmB. These
formulations are adminstered worldwide to treat fungal
infections (Newton et al., 2016; Godet et al., 2017).

Nanostructured Lipid Carriers (NLCs)
NLCs are a mixture of solid lipid and a fraction of liquid
lipid from natural sources, which make them biodegradable and
biocompatible particles (Gartziandia et al., 2015; Khan et al.,
2015). NLCs are second generation carriers that may overcome
the disadvantages of solid lipid NPs (SLNs), which present
low drug loading capacity and drug loss due to reorganization
and formation of highly ordered crystalline arrangements
during storage (Soliman, 2017). Thus, NLCs have improved
characteristics due to the incorporation of a liquid lipid fraction
that offers greater drug retention capacity and long-term stability,
making this type of system more effective in drug delivery
since most drugs are lipophilic in nature (Salvi and Pawar,
2019). ITZ incorporated into NLCs has shown more than 98%
encapsulation efficiency in different studies and remained stable
after 6-month storage (Pardeike et al., 2016; El-Sheridy et al.,
2019). Beloqui et al. (2013) evaluated the tissue distribution of
NLCs after intravenous administration in rats and confirmed
that radiolabeled NLCs remain in circulation up to 24 h
after administration. In addition, nanocarrier biodistribution is
influenced by the particle size and charge. Large particles are
captured by the lung and small particles by the liver and bone
marrow, whereas positive NPs are observed in the kidney and
negative NPs home to the liver. Therefore, NLCs have become
valuable alternatives in drug delivery studies.

Dendrimers
Dendrimers are highly branched polymeric NPs consisting of
a multifunctional central core, branches, and end groups that
allow functionalization (Sherje et al., 2018). Dendrimers can be
constructed convergently (from edges to center) or divergently
(from center to edges), and the form of construction is made in
stages (generations) where each stage promotes uniform growth
in size and shape because binding of branches is mirrored
(Ahmed et al., 2016). Dendrimers are widely studied for the
transport of drugs active against infections, inflammation, and
cancer, or for the transport of genetic material such as DNA,
RNA, or plasmids (Mendes et al., 2017). The main chemical
components used for core construction are poly (amidoamine)
(PAMAM), poly (propylene imine) (DAB or PPI), and poly (ether
hydroxylamine) (PEHAM) (Voltan et al., 2016; Sherje et al.,
2018).

Despite their wide range of applications, dendrimers may
cause relevant cytotoxicity due to their composition, because the
vast majority of dendrimers have a strong cationic characteristic
that can cause membrane destabilization (Ghaffari et al., 2018;
Sherje et al., 2018). However, various additions to these
dendrimers have been introduced, which reduce the cytotoxic

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 September 2020 | Volume 10 | Article 46326

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kischkel et al. Antifungal Nanotherapies for Systemic Mycoses

effects and prolong the body circulation time (Ghaffari et al.,
2018).

Nano-Emulsions (NE)
NE consist of isotropic mixtures of drugs, lipids, hydrophilic
surfactants, and co-solvents, with droplet sizes ranging from
10 to 500 nm (Mundada et al., 2016). In general, they are
kinetically stable and can replace less stable nanocarriers such
as liposomes (Mahtab et al., 2016; Hussain et al., 2017). NE are
of great interest as antifungal drug-delivery vehicles, since the
lipophilic nature of the formulation permits the solubilization
of drugs, which, coupled to the small size of the droplets, make
them easily absorbed through biological membranes such as the
intranasal mucosa (Thakkar et al., 2015; Hussain et al., 2016).
Other authors have discussed intranasally administered NE as an
efficient alternative for brain targeting drugs (Kumar et al., 2016;
Chatterjee et al., 2019; Iqbal et al., 2019), including the analgesic
Tramadol (Lalani et al., 2015) and the anti-depressive Paroxetine
(Pandey et al., 2016). This approach is potentially relevant for
the treatment of meningitis caused by Cryptococcus spp. Due to
the versatility of NE in formulating gels, creams and foams, this
approach has become widely explored in topical mycosis therapy
(Jaiswal et al., 2015; Mahtab et al., 2016).

Metallic and Magnetic Nanoparticles
Metallic NPs are extremely interesting, since, apart from acting
as drug carriers, they represent an alternative to the treatment
of infectious diseases via their intrinsic antimicrobial activity,
which is well described for metals such as zinc, silver (Ag), and
copper (Seil and Webster, 2012). Several studies have validated
the intrinsic potential of metallic NPs in antimicrobial therapy
(Franci et al., 2015; Malekkhaiat Häffner and Malmsten, 2017;
Majid et al., 2018) and demonstrated their biocompatibility
(Zhao et al., 2018). Silver is one of the noble metals most
commonly used to generate NPs due to its unique properties
such as chemical stability, good conductivity, and antimicrobial,
antiviral, and antifungal potential as well as displaying anti-
inflammatory activity (Ahmad et al., 2003). Metallic NPs have
been widely explored in the literature for their synthesis from
biological sources (Dipankar and Murugan, 2012; Thangamani
and Bhuvaneshwari, 2019; Kischkel et al., 2020). The synthesis
of NPs from plants or microorganisms is possible based
on metabolites and proteins present in the extracts. These
metabolites are essential for green synthetic pathways as
they act to reduce metal and stabilize NPs (Khanna et al.,
2019). Flavonoids, phenolic compounds, terpenoids, heterocyclic
compounds, enzymes, and tannic acid are among the most
commonly used compounds (Akhtar et al., 2013). Therefore,
biologically synthesized NPs have the advantage of bringing
together properties of the metal and the molecules used for
synthesis (Dipankar and Murugan, 2012). Magnetic NPs can
be formed from other metals such as iron, gold (Au), nickel,
cobalt, and metal oxides (Huang et al., 2014). An advantage of
using magnetic NPs is the ability to target their accumulation
in the body, as magnetic NPs can be directed through a
magnetic field generated by an external magnet to the specific
site of drug delivery (Hussein-Al-Ali et al., 2014). This approach

theoretically decreases the amount of drug needed for treatment
and reduces drug concentration in non-target organs, which
minimizes the incidence of serious side effects (Chomoucka et al.,
2010; Rózalska et al., 2018; Rodrigues et al., 2019). In particular,
superparamagnetic iron oxide NPs are a promising alternative for
antifungal delivery, since they are highly responsive to external
magnetic fields (Souza and Amaral, 2017).

A schematic representation of the nanocarrier types described
above can be seen in Figure 2.

CURRENT SCENARIO OF
NANOTECHNOLOGY IN THE TREATMENT
AND VACCINATION OF FUNGAL
INFECTIONS

Candidiasis
Species of the genus Candida are part of the human
microbiota. However, under conditions of immunosuppression
or lowering biological barriers, these microorganisms cause
serious infections. Among Candida species, C. albicans is the
species most associated with superficial and systemic infections
(Pfaller and Diekema, 2010). Among the other species, C. auris,
has emerged as a major threat due to its remarkable tendency for
intrinsic multidrug-resistance (Kordalewska and Perlin, 2019).
Treatment of invasive candidiasis is based on three classes
of antifungals: polyenes, azoles and echinocandins. However,
these drugs have variable effectiveness in the setting of biofilms
(Tumbarello et al., 2007; Sawant and Khan, 2017).

Diverse NPs have been studied for their activity against
Candida. For example, gold NPs (AuNPs) have been studied
aiming at their antifungal activity in C. albicans biofilms,
since in conjunction with photosensitizer, AuNPs can increase
the effectiveness of photodynamic therapy (Khan et al., 2012;
Sherwani et al., 2015; Maliszewska et al., 2017). AuNPs can
destabilize the cell membrane of the pathogen through direct
interaction with proteins and lipids. In addition, the association
of photosensitizers with metallic nanoparticles can reduce the
risk of pathogens developing resistance to photodynamic therapy
(Maliszewska et al., 2017).

The effect of AgNPs against Candida spp. have also been
widely studied, both against planktonic cells and biofilms
(Monteiro et al., 2011; Lara et al., 2015). Kischkel et al. (2020)
evaluated the efficacy of AgNPs carried with propolis extract
(PE) against mature biofilms of Candida species and other fungi
and observed that the concentration required for the fungicidal
activity of the formulation was below the cytotoxic concentration.

Curcumin has broad antimicrobial activity and it is nontoxic.
However, due to several factors, such as degradation and rapid
systemic elimination, curcumin has had limited applications as
a therapeutic due to its low bioavailability in the blood (Anand
et al., 2007). AgNPs have been created to enhance curcumin
delivery. The Curcumin—AgNPs significantly inhibit fluconazole
resistant C. albicans and C. glabrata, and the inhibition depended
on the concentration of curcumin used (Paul et al., 2018).

Rózalska et al. (2018) studied biogenic AgNPs against
reference strains of C. albicans, C. glabrata, and C. parapsilosis
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FIGURE 2 | Schematic representation of the different types of nanoparticles used for the development of new therapeutic approaches and vaccination of systemic

fungal infections. Polymeric nanoparticles: Nanocapsules contain an open core with drug space, surrounded by a polymeric membrane. The nanospheres carry the

(Continued)
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FIGURE 2 | drugs evenly distributed over a polymeric matrix. NLC (Nanostructured lipid carriers): Structure composed of a solid lipid and liquid lipid fraction into

which the drug may be incorporated within the structure. Liposomes: Nanoparticle with unilamellar or multilamellar structure with space for drug transport between

layers and/or core. Dendrimers: Complex structure branched and highly organized around the nucleus, the drug can be incorporated between the layers or on the

surface of the structure. Nanoemulsion: Colloidal dispersion composed of an oil and water phase that promotes drug encapsulation. Metallic nanoparticle:

Nanoparticle of metal core and intrinsic antimicrobial activity. Magnetic nanoparticle: Nanoparticle of metal core with magnetic properties.

and found that the particles were effective at a low minimum
inhibitory concentration (MIC) range (1.56–6.25µg/mL), which
did not concomitantly show cytotoxicity. Notably, the biogenic
AgNPs were stable in vitro for long periods. In addition, AgNPs
used in combination with fluconazole were able to decrease the
biological activity of C. albicans biofilms, which was attributed
to the ability of the NPs to enhance the penetration of the
azole disturbing the cell membrane, while Ag destabilized
efflux transporter efficacy. However, despite the advantages of
biomolecule synthesis, AgNPs have a tendency to aggregate and
this effect impairs their antimicrobial activity (Rózalska et al.,
2018).

Vazquez-Muñoz et al. (2014) observed that AgNPs did not
penetrate the intracellular environment and that fungal cell
death may have occurred due to the release of silver ions
from AgNPs accumulated outside the cells, resulting in smaller
NPs located throughout the cytoplasm. In another publication,
ROS production, changes in ergosterol levels, and other effects
acted together to enhance the effect of AgNPs against C.
albicans (Radhakrishnan et al., 2018b). In addition, intracellular
ROS levels could be reversed by ascorbic acid antioxidant
without altering the effectiveness of AgNPs against C. albicans
(Radhakrishnan et al., 2018a).

The antifungal effects of AmB and nystatin coupled to
magnetic NPs (MNP-AmB and MNP- Nystatin) have been
studied against clinical isolates of C. albicans. Niemirowicz et al.
(2016) observed that MNP-AmB and MNP-Nystatin showed
significant fungicidal effect and prevented biofilm formation. The
observed effect could be due to catalase inactivation (Cat1) in
cells exposed to nanosystem treatment, since disturbance of the
redox balance could lead to inhibition of C. albicans growth.
Subsequently, magnetic NPs coated with peptide LL-37 and
ceragenin CSA-13 also showed fungicidal effects against Candida
sp. due to increased ROS production associated to pore formation
in the cell membrane, thus assisting NPs penetration into the
yeast cells (Niemirowicz et al., 2017b).

Using encapsulated AmB in PLGA-PEG NPs (PLGA-PEG-
AmB), the efficacy, toxicity, and oral bioavailability of these
formulations were evaluated, in vivo and in vitro. Compared
to free AmB, the PLGA-PEG-AmB NPs decreased MIC against
C. albicans cells. Using a hemolysis assay, NP formulations had
lower toxicities compared with Fungizone R©. In vivo, blood urea
nitrogen, and plasma creatinine measurements remained normal
after a week of oral administration of PLGA-PEG-AmB NPs
in rats. Finally, bioavailability of the PLGA-PEG-AmB NPs was
further enhanced with the addition of glycyrrhizin acid (GA)
(Radwan et al., 2017).

NPs of PLGA with chitosan containing AmB (PLGA-CHI-
AmB) were synthesized and the derived NPs achieved nanometer
size, low polydispersity, positive surface charge, and good
encapsulation capacity for AmB. Notably, chitosan, in addition to
having mucoadhesive properties, helps maintain the stability of
nanoparticles and increases their biocompatibility. However, the
PLGA-CHI-AmB showed variable MICs against with different
Candida sp.. This result can be explained by the prolonged release
of AmB, resulting in less activity in vitro. Although AmB is
available to act on the target, the release kinetics of the NPs
of PLGA with chitosan needs to be more controlled to achieve
efficacy (Ludwig et al., 2018).

Among the virulence factors of C. albicans, the transition
from yeast to hyphae represents an important factor in its
pathogenicity. Farnesol is a molecule produced by C. albicans
and it is an important quorum-sensing molecule that inhibits
the growth of hyphae (Kruppa, 2009). Chitosan NPs were
formulated to encapsulate farnesol and miconazole, which were
then evaluated in a murine model of vulvovaginal candidiasis.
Interestingly, no in vitro synergism between miconazole and
farnesol was found. Farnesol-containing chitosan NPs, however,
were effective in reducing the pathogenicity in mice, and
farnesol-containing NPs inhibited hyphal growth in C. albicans.
Additionally, the NPs tested showed no toxicity in cultured
fibroblasts (Fernandes Costa et al., 2019).

SLNs and NLCs were created that were easily loaded with
AmB and the NPs displayed lower hemolytic activity compared
with Fungizone R©. The AmB SLNs and NLCs were also more
effective than free AmB or Fungizone R© against C. albicans. The
data suggest that these formulations may increase antifungal
activity, increase AmB solubility, and decrease the toxic effect
of treatment. This effect may be due to by the sustained release
of AmB in the formulations and by its monomeric state, since
AmBwith a low degree of aggregation is more selective and binds
mainly to ergosterol (Jansook et al., 2018).

Antifungal SLNs have been studied with drug resistant
Candida. Fluconazole loaded SLNs (FLZ-SLNs) were more
effective than free fluconazole against the species tested. The FLZ-
SLNs displayed fast drug release in the first 30min followed by
sustained release over 24 h (Moazeni et al., 2016; Kelidari et al.,
2017). One of the main resistance mechanisms in yeasts is the
overexpression of efflux pumps, reducing the levels of azoles
within the cell. The increased susceptibility to antifungals, in this
case, may be related to the protection that NLCs provided to
FLZ, protecting the drug from being discharged from the cell. In
addition, the hydrophobic surface of FLZ-NLCs can increase the
penetration of the drug into yeast (Kelidari et al., 2017).
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Lipid core NPs and fluconazole containing NLCs were
evaluated in fluconazole resistant Candida. Although the NLCs
were not effective, the lipid nucleus NPs were active at reduced
fluconazole concentrations. Additionally, the lipid nucleus-
fluconazole NPs prevented fluconazole recognition by efflux
pumps in fungal cells (Domingues Bianchin et al., 2019).

To reduce the toxicity reported for miltefosine and maintain
its antifungal effect, Spadari et al. (2019) evaluated the
activity of miltefosine-loaded alginate NPs against Candida and
Cryptococcus species. Miltefosine encapsulation in 80% alginate
NPs significantly reduced the toxic effects compared to free
miltefosine in an in vitro system as well as in Galleria mellonella.
Moreover, the treatment ofG.mellonella infected withC. albicans
with miltefosine -alginate NPs significantly extended larval
survival time. The effect obtained may be associated with the
controlled release of the drug, since alginate-based nanocarriers
allow for the constant release of the drug, which can maintain
its bioavailability and reduce potential adverse effects. Another
advantage described is the size of the nanoparticles obtained in
this study (average size of 279.1 ± 56.7 nm), which are favorable
for mucosal and oral administration (Spadari et al., 2019).

The first study involving NPs as a C. albicans vaccine
was published by Han and Cutler (1995), in which they
used phosphatidylcholine and cholesterol liposomes to carry
manganese extracted from C. albicans. Vaccination provided
protection against widespread infection and the antiserum from
infected animals was able to protect BALB/cByJ and SCID mice
against C. albicans and C. tropicalis. Also, in this study, a specific
monoclonal antibody was obtained, MAb B6.1, which protected
against widespread infection. Subsequently, the vaccine potential
of this mAb against vaginal candidiasis was evaluated (Han et al.,
1998). Concurrently, another study evaluated vaccine potential
of C. albicans ribosomes incorporated into liposomes composed
of dimyristoyl phosphatidyl choline (DMPC) and dimyristoyl
phosphatidyl glycerol (DMPG). Immunization of mice with
these liposomes resulted in 60% survival rate of animals with
disseminated candidiasis (Eckstein et al., 1997).

Heat shock protein 90 represents a highly conserved C.
albicans chaperone that is also an immunogenic protein
abundantly present in the fungal cell wall, which has been
studied as a potential vaccine candidate (Matthews et al., 1987).
Mašek et al. (2011), incorporated rHSP90 into the surface
of nickel chelating liposomes associated with norAbuMDP
pyrogen adjuvant, a compound of lipophilic derivatives of
muramyl dipeptide (MDP), for intradermal vaccination of
BALB/c mice and observed comparable Th1 and Th2 response
to Freund’s complete adjuvant vaccine. Later, Knotigová et al.
(2015), evaluated the vaccine efficacy of rHSP90 in nickel-
chelating liposomes associated with two pyrogen-free adjuvants
(norAbuMDP and norAbuGMDPs) in ICRmice and rabbits, and
showed stimulation of innate and adaptive immune response
against the rHSP90-containing nano formulation.

More recently, Carneiro et al. (2015, 2016) employed
dimethyldioctadecylammonium bromide (DODAB) monoolein-
based liposomes for delivery of C. albicans wall proteins. In the
first study, prophylactic vaccination using the NPs in BALB/c
mice stimulated humoral and cellular immune response with

production of IgG antibodies against two specific proteins found
in the cell wall, Cht3p and Xog1p. Additionally, there was no
apparent toxicity of the NPs. In a second study, two formulations
with different lipid concentrations for protein loading, called
ADS1 and ADS2, each containing a total lipid concentration of
1,774 and 266µg/ml, respectively, were evaluated. The results
showed that only the administration of ADS1 was able to confer
protection against infection in mice, with a high production
of specific antibodies that increased fungal phagocytosis. There
was also an increased production of IL-4, IL-17, and IL-
10 cytokines, demonstrating a mixed Th1, Th2, and anti-
inflammatory response.

Studies involving NPs for treatment of candidiasis are shown
in Table 1 and for vaccination in Table 4.

Cryptococcosis
Cryptococcosis is a systemic mycosis caused by C. neoformans/C.
gattii species complexes (Hagen et al., 2015), associated
with high morbidity and mortality rates, especially in
immunocompromised individuals and low-income countries
(reviewed in Mourad and Perfect, 2018). The infection begins
with inhalation of fungal propagules and in healthy individuals
can be eliminated without significant symptoms. Asymptomatic
spread frequently occurs, which can also lead to disease relapse in
immunosuppressed infected individuals. Immunocompromised
hosts can develop the primary infection. In either situation,
the mycosis frequently affects the central nervous system as
a meningoencephalitis (Kwon-Chung et al., 2014). Although
individuals infected with human immunodeficiency virus (HIV)
are the main risk group affected by C. neoformans, patients
receiving immunosuppressive drugs and chemotherapy are also
at risk (Sloan and Parris, 2014). Notably, C. gattii is mostly
associated with immunocompetent individuals, although some
other risk factors may contribute to the development of the
disease (Marr et al., 2012; Chen et al., 2014; Saijo et al., 2014).

The choice treatment of cryptococcosis presented as
cryptococcal meningitis or severe pulmonary cryptococcosis,
is based on the administration of AmB in combination with
5-fluorocytosine, followed by fluconazole as a maintenance drug,
for weeks to lifetime (Perfect et al., 2010). In countries where
5-fluorocytosine is not available fluconazole can be used as a
replacement in conjunction with AmB (Perfect et al., 2010). In
little resourced areas, high doses fluconazole may be used as
primary therapy.

AmB deoxycholate remains an important drug for the
treatment of deep fungal infections. However, its use for the
treatment of cryptococcal meningitis is limited due to the
inability of the drug to cross the blood-brain barrier (Xu
et al., 2011). Searching for a brain drug delivery system, some
nanocarriers have been studied and interesting results against
Cryptococcus sp. have been reported (Ren et al., 2009; Xu
et al., 2011; Pedroso et al., 2018). Early nannocarrier studies
used polysorbate 80, a surfactant and emulsifier that improves
NP uptake by human and bovine primary brain capillary
endothelial cells. Polysorbate 80 coated particles can increase
the concentration of drug in the brain by up to 20 times 1
hour after the injection and are therefore considered an efficient
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TABLE 1 | Nanoformulations studied for the treatment of fungal infections caused by Candida and Cryptococcus yeasts.

Nanoparticle Drug (*) Fungi In vitro/in vivo References

AuNP – C. albicans in vitro and in vivo (mice) Khan et al., 2012; Sherwani et al., 2015;

Maliszewska et al., 2017

AgNP FLZ C. albicans

C. glabrata

C. parapsilosis

C. tropicalis

Candida kefyr

In vitro Monteiro et al., 2011; Vazquez-Muñoz et al.,

2014; Lara et al., 2015; Paul et al., 2018;

Radhakrishnan et al., 2018a,b; Rózalska et al.,

2018

Propolis C. albicans

C. glabrata

C. parapsilosis

C. tropicalis

C. krusei

F. oxysporum

T. interdigitale

T. rubrum

M. canis

In vitro Kischkel et al., 2020.

Magnetic AmB/NYS C. albicans In vitro Niemirowicz et al., 2016, 2017b.

PLGA-PEG

PLGA-CHI

AmB C. albicans

C.glabrata

C. tropicalis

Trichosporon asahii

C. guilhermondii

In vitro and in vivo (rats) Radwan et al., 2017; Ludwig et al., 2018

Chitosan farnesol/miconazole C. albicans In vitro and in vivo (mice) Fernandes Costa et al., 2019

Solid lipid AmB/FLZ C. albicans

C. glabrata

C. parapsilosis

C. neoformans

fumigatus

Penicillium marneffei

In vitro Moazeni et al., 2016; Jansook et al., 2018

Nanostructured lipid carrier AmB/FLZ C. neoformans

C. tropicalis

C. krusei

C. paraposilosis

C. glabrata

C. kefyre

fumigatus

Penicillium marneffei

In vitro Kelidari et al., 2017; Jansook et al., 2018;

Domingues Bianchin et al., 2019

Core-shell architecture of silver

nanostructure (Pd@AgNSs)

AmB Cryptococcus spp. In vitro

Zhang C. et al., 2016

AgNPs and AuNPs – C. neoformans

C. gattii

Candida spp.

Dermatophytes

In vitro Ishida et al., 2014; Rónavári et al., 2018

Chloroaluminum phthalocyanine

nanoemulsion (ClAlP/NE)

– C. neoformans In vitro photodynamic

antimicrobial chemotherapy

(PACT)

Rodrigues et al., 2012

PLA-b-PEG coated with polysorbate

80 (Tween-80)

AmB C. neoformans In vivo Ren et al., 2009

Polybutylcyanoacrylate (PBCA) AmB C. neoformans In vivo (mice) Xu et al., 2011

Angiopep-PEG-PE polymeric micelles AmB C. neoformans In vitro and in vivo (mice) Shao et al., 2012

BSA nanoparticles coated with

polysorbate- 80

AmB C. neoformans In vitro Pedroso et al., 2018

Nanoparticle crystal encapsulated

(encochleated)

AmB/5FC C. neoformans In vivo (mice) Lu et al., 2019

PLGA/PLGA-PEG ITZ/AmB C. neoformans

C. albicans

In vitro and in vivo (mice) Moraes Moreira Carraro et al., 2017; Tang

et al., 2018

SDCS nanomicelles AmB C. neoformans, C. albicans In vitro Usman et al., 2018

PAMAM-sulfonamide dendrimers - C. neoformans

C. glabrata

In vitro Carta et al., 2015

(*) Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin; FLZ, Fluconazole; 5FC, 5 fluorocytosine.
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brain “driver” (Ramge et al., 2000). Xu et al. (2011) developed
AmB-polybutylcyanoacrylate NPs and polysorbate coated (AmB-
PBCA-NPs) for systemic administration in a mouse model.
According to the authors, NPs of ∼69 nm were detected in
the brain 30min after injection and in a higher concentration
than liposomal AmB. Interestingly, AmB deoxycholate was not
detected in the brain; however, survival rates were 80, 60, and 0%
for AmB-PBCA-NPs, Liposomal AmB, and AmB deoxycholate,
respectively. According to Ren et al. (2009), polysorbate 80 also
improves the trapping effectiveness of AmB in the polymeric
system as PLA-b-PEG. In in vitro tests, 100% of the AmB was
released between 35 and 40 h. In NPs containing the polysorbate,
almost 100% of AmB was released between 60 and 70 h.

Lipid based AmB cochleates (CAMB) is a new type of AmB
nanocarrier with potential for oral administration, showing
greater stability and resistance to gastrointestinal degradation
(Santangelo et al., 2000). Lu et al. (2019) recently studied the
administration of CAMB in combination with 5-fluorocytosine
and found it to be highly effective in a murine model of
cryptococcal meningoencephalitis. In vivo data also showed that
CAMB doses up to 90 mg/kg/day appeared to be non-toxic. A
particular benefit of the CAMB formulation is that the release of
the drug is calcium dependent and can thus maintain its stability
until reaching the intracellular environment. This provides a
mechanism for controlling drug release as well as enhancing CNS
drug levels (Lu et al., 2019).

Several studies, therefore, have focused on the development
of safe, effective, and less expensive alternatives for the use of
AmB. Liposomal, colloidal dispersion, and lipid complexes are
examples of nano formulations that have been shown to attenuate
toxic effects in therapy (Reviewed in Spadari et al., 2017).

Formulations with nanomicelles of AmB using sodium
deoxycholate sulfate (SDCS) have been developed for targeted
pulmonary delivery through inhalation of nanoformulation.
According to Usman et al. (2018), the AmB-SDCS is equivalent in
efficacy to Fungizone R©, but the NPs does not cause toxic effects
in respiratory and kidney cell lines. AmB-SDCS formulations
showed activity against C. neoformans, C. albicans, and S.
cerevisiae. A phagocytosis assay using NR8383 cells revealed that
AmB-SDCS accumulated within the host effector cells without
evidence of phagocytic cell damage. As we have already discussed,
macrophages internalize particles of 0.5–5µm. AmB-SDCS have
a diameter of 0.9–1.6µm. In addition to size, the surface
chemistry of NPs can also influence uptake by macrophages
as hydrophobic particles can stick to the cell surface (Xiang
et al., 2006; Usman et al., 2018). This study demonstrated the
effectiveness of an aerosolized lipid formulation in the delivery of
AmB to alveolar macrophages in vitro, one of the main reservoirs
of fungi such as Cryptococcus and Aspergillus. However, further
studies are needed to validate the method in vivo.

Nanotechnology can overcome certain limitations of current
antifungal drugs (Niemirowicz et al., 2017a). Similar to AmB, the
hydrophobic character of ITZ causes the drug to have poor tissue
penetration. Nanocarriers used for controlled drug release could
help increase ITZ levels. Curić et al. (2017) incorporated ITZ
into poly (butyl cyanoacrylate) nanocapsules, helping the drug
stability and targeting. Aiming at oral administration, a system

using PLGA and chitosan NPs was developed and analyzed for
efficacy against C. neoformans pulmonary infection. A chitosan-
binding peptide, screened by phage display, was conjugated
to PLGA NPs (CP-NPs) with or without free chitosan (C-
CP-NPs) and ITZ was incorporated in the NP. Notably, free
chitosan (C-CP-NPs/ITZ) did not influence the efficiency of drug
incorporation and it did not impact drug release. Both CP-
NPs/ITZ and C-CP-NPs/ITZ prolonged the survival of mice with
pulmonary cryptococcosis, although C-CP-NPs/ITZ was more
effective (Tang et al., 2018).

Antimicrobial activity of some nanomaterials, such as Ag and
Au, is commonly reported, inhibiting or killing both eukaryotic
and prokaryotic pathogens (Musarrat et al., 2010; Yu et al.,
2016). Although safety uncertainty of AgNPs causes conflicting
information, the therapeutic effect against some pathogens is
unquestionable (Vazquez-Muñoz et al., 2017).

Zhang C. et al. (2016) conducted a study using core-shell
architecture of Ag nanostructure (Pd@AgNSs), to evaluate the
antifungal activity against invasive fungi. This nanostructured Ag
was obtained through deposition techniques based on palladium
seeds that generated NPs with a high degree of biocompatibility
due to the uniform size and shape. Pd@AgNSs displayed
broad activity against ascomycetes and basidiomycetes, including
strains considered resistant to fluconazole. The antifungal
effect of the Pd@AgNSs was independent on the size of the
nanoparticles. The authors speculate that the hexagonal shape
of the NPs had a greater influence on antifungal properties
and that this potent activity masked the expected size effects.
Pd@AgNSs were cidal to fungi through mechanisms that
included alterations in protein synthesis and energy metabolism.
In addition, Pd@AgNSs induced increased numbers of vacuoles,
which may be associated with survival strategies of the fungus
itself to improve protein transport, since cell stress can increase
energy demand and therefore result in increased numbers of
mitochondria. Pd@AgNSs also acted synergistically with AmB,
reducing the effective AmB concentration to 0.125 µg/mL.

NPs synthesized by biological routes have been explored for
efficacy against cryptococcosis. In this type of synthesis, we
emphasize that it is necessary to take into account the source
of obtaining secondary metabolites. The source must offer a
toxin-free extract that is rich in substances such as flavonoids,
terpenoids, among others, which are mainly responsible for
the synthesis and stabilization of metal ions that influence the
final cytoxicity of the nanoformulation (Ahmed et al., 2018;
Lakshmeesha et al., 2019).

Ag and Au NPs were synthesized using cell-free extract of
Phaffia rhodozyma, the red yeast containing astaxanthin, a type
of natural antioxidant that aids in the formation of metallic NPs.
These biologically synthesized AgNPs and AuNPs showed no
toxicity to human HaCat keratinocytes. Although the AgNPs
were broadly effective against basidiomyces and ascomyces, the
AuNPs were also able to inhibit C. neoformans (Rónavári et al.,
2018). Ishida et al. (2014) created Ag nanostructures using an
aqueous extract of Fusarium oxysporum that was effective against
Candida and Cryptococcus species, particularly C. gatti. The
AgNPs induced changes in the cytoplasmic membrane and wall
of Cryptococcus spp. strains, but not of Candida spp..
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Photodynamic antimicrobial chemotherapy is a method that
can be combined with nanocarriers (Rodrigues et al., 2012). In
this case, the nanocarrier is called a photosensitizer and can
be applied to the skin lesion caused by the fungus where it
can bind fungal cells and accumulate at the infection site. The
photosensitizer is then exposed to visible light at appropriate
wavelengths to induce the production of ROS resulting in
the death of the fungus (Donnelly et al., 2008). Therefore,
the photosensitizer must be an agent that is directed at the
fungal cell while the light focuses on the lesion. Photodynamic
antimicrobial therapy was evaluated in melanized C. neoformans
cells using chloroaluminum phthalocyanine incorporated into
NE (ClAlP/NE). ClAlP/NE effected the viability of C. neoformans
cells in a dose depenent manner according to both the amount of
the particle and the intensity of the light applied. The use of this
alternative was helpful in the treatment of skin lesions caused by
C. neoformans and other fungi (Rodrigues et al., 2012).

The studies involving NPs for cryptococcosis treatment are
summarized in Table 1.

Aspergillosis
The members of the genus Aspergillus are described as
opportunistic pathogens capable of inducing allergic reactions
to systemic infections in humans. A. fumigatus is the most
predominant species, responsible for 90% of invasive infections
(Paulussen et al., 2017). It is a globally ubiquitous organism
and dominant in different habitats due to various morphological
and physiological factors (Cray et al., 2013). Importantly, azole
resistance is an emerging problem in A. fumigatus, which has
resulted in treatment failures (Seyedmousavi et al., 2014).

Different types of polymeric NPs have been explored as
carriers of AmB for the treatment of experimental aspergillosis
(Shirkhani et al., 2015; Salama et al., 2016; Yang et al., 2018).
Among them, Italia et al. (2011) reported the efficacy of PLGA
NPs for oral administration of AmB, The oral administration
of PLGA NPs was superior to parenteral Ambisome R© and
Fungizone R© in neutropenic murine models of disseminated and
invasive aspergillosis. Notably, conventional AmB (Fungizone R©)
is ineffective in this model. The AmB PLGA NPs promoted
greater oral absorption of AmB compared to AmB alone. The
NPs were able to protect the drug from degradation by pH
and gastrointestinal enzymes, thereby overcoming incoming
metabolism and allowing more NPs to be captured by lymph
nodes (Italia et al., 2011). Therefore, oral administration of
AmB may represent a promising strategy for the treatment
of disseminated fungal infections, or at least azole refractory
oral thrush. Similarly, Van de Ven et al. (2012) found that a
PLGA and nanosuspension NPs containing AmB administered
by intraperitoneal route in mice were two and four times more
effective in reducing fungal load, respectively, than Ambisome R©

and Fungizone R© in disseminated aspergillosis models. In this
case, the authors hypothesized that the state of aggregation
of AmB in the delivery system may influence the interaction
of NPs with ergosterol present in fungal membranes. These
differences in the aggregation states of the particles in solution
were confirmed by analyzing the UV/VIS spectra of the evaluated
formulations. In addition, the authors speculated that PLGA and

nanosuspension NPs may have transported the drug directly
to the tissue compartment, since the nanoformulation has an
ideal size for blood circulation (≤100 nm) and may promote
rapid uptake by the reticuloendothelial system, as is the case of
formulations like Abelcet R© and Amphocil R© (Van de Ven et al.,
2012).

Some nanoformulations, besides being effective in the
treatment of aspergillosis in vitro and in vivo, may have
reduced side effects in relation to some commercially available
formulations. mPEG-b-P(Glu-co-Phe) carrying AmB is stable
in plasma and has lower nephrotoxicity than free AmB (Yang
et al., 2018). A PEG-Lipid NPS carrying AmB showed low
cytotoxicity against human kidney cells than Fungizone R© and
AmBisome R©, in addition to lower hematotoxicity compared
to Fungizone R© (Jung et al., 2009). PEG/PLA with ITZ caused
moderate hemolysis, although it showed superior in vitro
antifungal activity compared to free ITZ (Essa et al., 2013).
The increased toxicity of Fungizone R© or free ITZ can be
explained by the faster release of the drug compared to studied
NP and/or Ambisome R© formulations. The strong interactions
between AmB and the lipids, phospholipids or polymers present
in the these formulations can delay the release of the drug, and,
consequently, reduce the cytotoxic effects. On the other hand, a
lower toxicity of PEG-LNPs compared to AmBisome R© suggests
that nanoformulation may be more efficient (Jung et al., 2009).

Some studies have considered evaluating the efficacy of
inhaled formulations in the prophylaxis of aspergillosis, since
infection by Aspergillus sp. starts from inhalation of infectious
spores (Rodríguez-Cerdeira et al., 2014). A lipid complex of AmB
(Abelcet R©) was administered as an aerosol for prophylaxis for
pulmonary aspergillosis model in rats. Through this technique
it was possible to observe higher and prolonged levels of the
compound in the lungs, and higher survival rates after 2 and
10 days of infection compared to aero-AmB (Fungizone R©)
(Cicogna et al., 1997). In 12 human lung transplant recipients,
the nebulized Abelcet R© was well distributed in the lungs, but
the deposition rate was below expectations (Corcoran et al.,
2006). Shirkhani et al. (2015) explored the efficacy of PMA,
delivered via nebulizer to prevent Aspergillus infection in a
mouse transplant immunosuppression model, in which 3 days
of prophylactic treatment were sufficient to deposit the AmB
NPs in the lung and prevent fungal growth. In this case, a
polymethacrylic acid was used to transform the insoluble AmB
into a 78–9 nm particle of water-soluble AmB-PMA and with a
UV/VIS spectrum identical to the liposomal AmB. PMA does
not have immunomodulatory properties, so the administration
of AmB-PMA by nebulization would constitute a pre-transplant
prophylactic therapy approach capable of effectively delivering
the drug to the lung and protecting against the development of
fungal infections that initially come into contact with the lung.

Different AmB formulations have been tested to treat eye
complications caused by A. fumigatus (Zhao et al., 2015; Khames
et al., 2019). The development of nanostructured systems for
delivering medication to the cornea consists of advantages such
as improving the penetration of the drug into the cornea,
improving mucoadhesive properties and prolonged residence
time. SLNs represent an efficient delivery system for this purpose

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13 September 2020 | Volume 10 | Article 46333

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kischkel et al. Antifungal Nanotherapies for Systemic Mycoses

due to the lipophilic nature and the small size that allows
the penetration of physiological barriers and the sustained
release of drugs without impairing vision. In order to improve
the penetration of natamycin (NAT) into the cornea, Khames
et al. (2019) incorporated the drug into SLNs. The NAT-SLNs
effectively released NAT for 10-h and improved the corneal
permeation compared to a free drug. The NAT-SLNs were more
potent than free NAT in vitro. Furthermore, the NAT-SLNs
showed no cytotoxic effect in corneal tissues obtained from goats.

On the other hand, Zhao et al. (2015) compared voriconazole
and liposomal AmB in guinea pig endophthalmitis model. Both
drugs were able to treat endophthalmitis. However, voriconazole
was more effective than liposomal AmB using a similar dose
(20 µg) in the initial treatment period, since the group treated
with voriconazole after induction of endophthalmitis, showed
lower inflammation in the early and middle stages. The retinal
histopathology was normal after administration of both drugs.
A lower performance of liposomal AmB in the initial stage of
treatment can be explained due to the presence of cholesterol,
acting as a stabilizer in NPs, as well as the controlled release of
the drug that occurs when the fungus comes into contact with
liposomal AmB and the drug is released liposome. Thus, resulting
in a delayed efficacy compared to free voriconazole.

Nanoformulations for AmB delivery are the most studied,
considering that it is a first line antifungal in the treatment of
fungal infections. Side effects of AmB deoxycholate have been
reduced with the development of several liposomal formulations.
However, these formulations are not produced under the
same conditions and/or in the same concentration of lipids
and drugs, for example, as mentioned in topic 2.2 on the
composition of Abelcet R© and Ambisome R©. On the other hand,
two formulations with similar chemical composition can result
in particles of different sizes, such as AmBisome R© (77.8 nm)
and Lambin R© (122.2 nm). These differences can influence the
physical-chemical properties as well as the biological activity
of these formulations (Olson et al., 2015). AmBisome R©,
for example, is one of the most commonly reported AmB
formulations referenced in articles to compare the efficiency
of other nanoformulations (Clemons et al., 2005; Jung et al.,
2009; Sheikh et al., 2010; Italia et al., 2011). Below, we cite
some articles that show some differences in the biological
activity of these commercial liposomal formulations that can be
explained by differences in the synthesis and composition of the
final formulation.

A study compared the toxicity and efficacy of two AmB
lipid formulations, AmBisome R© and Lambin R©, in mice. The
application of a single dose of 50 mg/kg of the drugs led to 80%
mortality with Lambin R© and 0% with AmBisome R©. After daily
intravenous administration of 5 mg/kg of the drugs, tubular renal
changes were observed inmice that received Lambin R©. Although
both drugs significantly decreased fungal burden in the lungs of
mice treated after A. fumigatus infection, survival rates were 30%
with Lambin R© and 60% with AmBisome R©. The histopathology
showed that treated animals with AmBisome R© presented fewer
fungal elements and less tissue damage (Olson et al., 2015).

Olson et al. (2006) established the ideal concentration
for treatment of pulmonary aspergillosis taking into

consideration the toxicity and efficacy of AmBisome R© and
Abelcet R© formulations in a murine model. Both formulations
showed prolonged survival at 12 mg/kg. Due to the reduced
nephrotoxicity of AmBisome R©, increased doses of 15 or
20 mg/kg can be used safely. Seyedmousavi et al. (2013)
demonstrated that AmBisome R© is able to prolong the survival
of the mouse regardless of the mechanism of azole resistance
displayed in isolates used for infection.

Lewis et al. (2007) compared the accumulation kinetics of
AmBisome R© and Abelcet in the lungs of immunosuppressed
mice and with invasive pulmonary aspergillosis. In conclusion,
Abelcet R© at 5 mg/kg/day conveys active AmB in the lung
faster than AmBisome R©, leading to a more rapid reduction in
fungal burden. At concentrations higher than 10mg/kg/day there
was no pharmacodynamic difference between the formulations.
Regarding neutropenia, Siopi et al. (2019), demonstrated in
mice that the appropriate doses of AmBisome R© range 1–
3 mg/kg for non-neutropenic patients and 7.5–10 mg/kg for
neutropenic patients with isolates of A. fumigatuswithMIC from
0.5 to 1 mg/L.

Patients were evaluated for responsiveness to AmBisome R© in
chronic pulmonary aspergillosis therapy. Seventy-one patients
were included in the study, in which all responded to long-term
therapy; however, 25% patients developed acute kidney injury,
indicating that these drugs should be used with caution (Newton
et al., 2016).

Combination therapy for the treatment of invasive fungal
infections can be explored in an attempt to lessen the side
effects of more potent drugs like AmB by combining it with
other less toxic antifungals. Thus, promoting the reduction of
the concentration of AmB used in a monotherapy. In addition,
some studies based on the combination of antifungals aim to
assess whether there is synergistic or additive potential between
specific antifungals (Olson et al., 2010). In murine models of
disseminated aspergillosis, combined therapy of AmBisome R©

prior to echinocandin or both drugs administered together
were as effective as AmBisome R© alone. Both classes of drugs
target the cell membrane, as we mentioned earlier. The authors
support the use of AmBisome R© before echinocandins due to
the greater reduction in fungal burden observed in the study
(Olson et al., 2010). The combination of AmBisome R© with
voriconazole was effective for treatment of CNS aspergillosis,
while the combination of AmBisome R© with micafungin or
caspofungin did not showmuch benefit in CNS disease treatment
(Clemons et al., 2005).

The oligosaccharide OligoG, an alginate derived from
seaweed, inhibited the growth of Candida and Aspergillus strains
in vitro, in a dose dependent manner. In addition, it inhibited
hyphal growth depending on the strain and disrupted biofilm
formation. OligoG was also associated with other antifungals
such as nystatin, AmB, fluconazole, miconazole, voriconazole
and terbinafine, which potentiated their inhibitory effects in vitro.
The combination of drugs led to a decrease of up to 4 times
in MIC, with nystatin being the best association, promoting a
reduction of up to 16 times in MIC (Tøndervik et al., 2014).

Salama et al. (2016) evaluated the activity of cross-linked
chitosan biguanidine (CChG) loaded with AgNPs. The thermal
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TABLE 2 | Nanoformulations studied for the treatment of fungal infections caused by the Aspergillus sp..

Nanoparticle Drug (*) Fungi In vitro/in vivo References

PLGAvv AmB A. fumigatus In vivo (mice) Italia et al., 2011; Van de Ven et al., 2012

VOR In vivo (rabbits) Yang et al., 2011

Chitosan biguanidine Silver A. fumigatus

G. candidum

S. recemosum

In vitro Salama et al., 2016

PMA AmB A. fumigatus In vitro/in vivo (mice) Shirkhani et al., 2015

PEG/PLA ITZ A. fumigatus

C. albicans

In vitro Essa et al., 2013

PEG-LNPs AmB In vitro/in vivo (rats and mice) Jung et al., 2009

Alginate oligosaccharides

(OligoG)

– C. albicans

C. parapsilosis C. Krusei

C. lusitaniae

C. tropicalis

C. glabrata

niger

A. fumigatus

A. flavus

In vitro Tøndervik et al., 2014

mPEG-b-P-(Glu-co-Phe)) AmB A. fumigatus in vivo (mice) Yang et al., 2018

Nanossuspension AmB C. albicans

A. fumigatus

T. rubrum

In vitro/in vivo (mice) Van de Ven et al., 2012

ITZ A. fumigatus In vivo (quails) Wlaz et al., 2015

Liposomal (AmBisome® ) AmB A. fumigatus In vivo (mice) Clemons et al., 2005; Olson et al., 2006, 2010,

2015; Lewis et al., 2007; Jung et al., 2009;

Italia et al., 2011; Seyedmousavi et al., 2013;

Siopi et al., 2019

In vivo (rabbits and mice) Sheikh et al., 2010.

In vivo (human) Newton et al., 2016; Godet et al., 2017

Lipossomal AmB A. fumigatus In vitro/in vivo (guinea pig) Zhao et al., 2015

Liposomal—Lambin® (Lbn) AmB A. fumigatus In vivo (mice) Olson et al., 2015

Lipossomal (Abelcet® ) AmB A. fumigatus In vivo (mice) Olson et al., 2006; Lewis et al., 2007

In vivo (rats) Cicogna et al., 1997

SLNs NAT A. fumigatus and C.

albicans

In vitro/ex vivo (goat corneas) Khames et al., 2019

(*) Drugs: AmB, Amphotericin B; VOR, voriconazole; ITZ, Itraconazole; NYS, Nystatin.

stability of the polymer was improved due to silver incorporation,
resulting in NPs with lower cytotoxicity for MCF-7 cells (human
breast adenocarcinoma cell line) and improved antimicrobial
activity against bacteria and fungi compared to chitosan or
CChG. In this case, the association of polymers with AgNPs
is mainly aimed at improving antimicrobial activity due to the
intrinsic properties of Ag in association with sustained delivery
through polymers. The degradation of the nanocomposite at
higher temperatures after the association of CChG and AgNPs,
is due to the interaction of these compounds that promoted an
enhanced stabilization of the structure.

The studies involving NPs in aspergillosis treatment are
summarized in Table 2.

PCM
PCM is a systemic mycosis caused by thermo-dimorphic fungi of
the genus Paracoccidioides (Taborda et al., 2015). PCM has two
clinical forms, acute/subacute form (juvenile) and chronic form

(adult) (Shikanai-Yasuda and Mendes, 2007). PCM treatment is
based on chemotherapy, the chief ones being azole agents such
as fluconazole, polyenes such as AmB and sulfonamides such
as Bactrim R© (Shikanai-Yasuda and Mendes, 2007; Amaral et al.,
2009; Souza and Amaral, 2017).

The targeting of NPs commonly can be achieved by adding
antibodies to the surface of the particle. However, additional
molecules also have this potential to target NPs to specific
tissues. Just as polysorbate 80 assists in targeting drugs to the
brain, the incorporation of dimercaptosuccinic acid (DMSA) in
nanocarrier systems directs NPs mainly to the lung. However,
the mechanisms by which this tropism occurs has not been well-
established (Amaral et al., 2009). PLGA and DMSA NPs carrying
AmB (Nano-D-AMB) were evaluated for treatment efficacy of
chronic PCM caused by P. brasiliensis. After 30 days of infection,
BALB/c mice were treated with 6 mg/kg Nano-D-AMB at 72 h
intervals. Treated mice had reduced body weight loss, absence
of stress (piloerection and hypotrichosis) and renal or hepatic
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TABLE 3 | Nanoformulations studied for the treatment of fungal infections caused by dimorphic fungi Coccidiodes sp., Paracoccidiodes sp. and Histoplasma spp..

Nanoparticle Drug (*) Fungi In vitro/in vivo References

Lipid complex; colloidal

dispersion and liposomal

AmB and NYS C. immitis In vitro González et al., 2002

Liposomal (AmBisome) AmB C. immitis In vivo (human) Antony et al., 2003; Rangel et al., 2010;

Nakhla, 2018; Sidhu et al., 2018

In vivo (rabbits) Clemons et al., 2002

C. posadasii In vivo (rabbits) Clemons et al., 2009

Coccidiodes spp. In vivo (human) Stewart et al., 2018

H. capsulatum In vivo (human) Johnson et al., 2002

Lipid complex (Abelcet) AmB C. immitis In vivo (human) Koehler et al., 1998; Sidhu et al., 2018

C. posadasii In vivo (rabbits) Capilla et al., 2007; Clemons et al., 2009

PLGA-DMSA AmB P. brasiliensis In vivo (mice) Amaral et al., 2009; Souza et al., 2015

ITZ In vitro Cunha-Azevedo et al., 2011

Nanostructured lipid system

(NLS)

Dodecyl gallate (DOD) P. brasiliensis and P.

lutzii

In vitro/in vivo Singulani et al., 2018

(*) Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin.

abnormalities compared to the AmB deoxycholate treated group.
In addition, the formulation raised no genotoxic and cytotoxic
effects (Amaral et al., 2009). A subsequent study showed that the
nano-D-AMB is highly captured in the lungs, liver, and spleen
of mice (Souza et al., 2015). DMSA-PLGA NPs loaded with ITZ
have also been studied against P. brasiliensis and the PLGA-ITZ
had lower MICs compared to ITZ alone with less cytotoxicity
compared to the free drug (Cunha-Azevedo et al., 2011).

Gallic acid is a secondary metabolite derived from plants
such as Paeonia rockii, Astronium sp., and Syzygium cumini,
among others. Interestingly, reversed gallic acid, or dodecyl
gallate (DOD) has antifungal activity (Singulani et al., 2018). A
recent study evaluated the antifungal efficacy of DOD associated
with NLS (DOD + NLS) in vitro and in vivo. The results showed
that the formulation exhibited good in vitro activity against P.
brasiliensis and P. lutzii (0.24 and 0.49 mg/L, respectively), low
toxicity in pulmonary fibroblasts (>250 mg/L) and zebrafish
embryos (>125 mg/L). In addition, DOD + NLS reduced the
fungal load in mouse lungs at a concentration of 10 mg/kg
(Singulani et al., 2018).

Although promising, vaccines that have been studied against
PCM have shown a rapid degradation of the immunogen
(Travassos and Taborda, 2012). The most efficient way to protect
the immunogenic molecule, reduce its concentration and reduce
the number of doses was achieved by complexing it into NPs, as
shown by Amaral et al. (2010), Jannuzzi et al. (2018), and Ribeiro
et al. (2013). For example, the immunomodulatory peptide P10
trapped in PLGA NPs was effective in treating chronic murine
PCM after 90 days of treatment with 5 or 10 50 µL−1, and
the P10-PLGA NPs induced a robust, protective Th1 immune
response (Amaral et al., 2010).

Variable single-chain fragments (scFv) obtained from the
monoclonal antibody (mAb) 7.B12 that mimics gp43, the main
P. brasiliensis antigen was incorporated into PLGA. After scFv-
PLGA treatment of infected mice, a reduction in fungal load and

increased production of IFN-γ and IL-12 cytokines was observed,
as well as an abundance of macrophages and dendritic cells was
seen in the lung tissue (Jannuzzi et al., 2018).

Ribeiro et al. (2013) used liposomes and PLGA to deliver
plasmids containing the genetic information necessary for
the expression of Mycobacterium leprae heat shock proteins
(DNAhsp65). Both formulations were able to promote immune
response modulation and fungal load reduction with the
advantage of nasal administration of the liposomal formulation
that could be more easily accepted by patients.

The studies involving NPs for PCM treatment are summarized
in Table 3 and for vaccination in Table 4.

Histoplasmosis
Histoplasmosis is an invasive endemic mycosis caused by
the thermo dimorphic fungus H. capsulatum (Kauffman,
2007). Histoplasmosis is considered the most common
respiratory fungal infection with a worldwide distribution
of an asymptomatic infection to deep pulmonary mycosis and/or
systemic disease, depending on the infectious inoculum and
the immunologic condition of the host (Sepúlveda et al., 2017).
The yeast form of H. capsulatum has mechanisms to prevent
intracellular death by phagocytes. In addition, the intracellular
localization of the fungus makes it difficult to treat the infection,
as macrophages can act as a barrier, preventing the antifungal
drug from interacting with its target in the cell (Edwards et al.,
2013).

Currently, only AmBisome R© has been evaluated in the
treatment of histoplasmosis. A study compared the efficacy of
AmB deoxycholate and AmBisome R© in the treatment of 81
patients with moderate and severe histoplasmosis associated with
AIDS. The AmB deoxycholate achieved clinical success in 14 of
22 patients (64%), with death of 3. Side effects developed in 63%,
with nephrotoxicity in 37%. AmBisome R© was effective in 45 of 51
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TABLE 4 | Studies reporting the use of nanoformulations as an antigen delivery vehicle for Candida albicans and Paracoccidioides brasiliensis vaccine.

Fungi Nanoformulation + adjuvant Antigen Animal model Route of

administration

References

Candida albicans

and C. tropicalis

PC/Chol liposomes Fraction of C. albicans

mannan

BALB/cByJ mice Intravenous Han and Cutler, 1995

Candida albicans DMPC/DMPGLiposomes + LA Ribosomes of C.

albicans

ICR mice Subcutaneous Eckstein et al., 1997

Metallochelating liposomes +

MDP

rHSP90 BALB/c mice Intradermal Mašek et al., 2011

Metallochelating liposomes +

MDP and GMDP

rHSP90 ICR mice Intradermal Knotigová et al., 2015

MO liposomes + DODAB C. albicans wall

proteins

BALB/c mice Subcutaneous Carneiro et al., 2015, 2016

Paracoccidiodes

brasiliensis

PLGA P10 peptide BALB/c mice – Amaral et al., 2010

Single-chain Variable

fragments (scFv)

BALB/c mice Intramuscular Jannuzzi et al., 2018

PLGA e Liposomes DNAhsp65 BALB/c mice Intramuscular or

intranasally

Ribeiro et al., 2013

patients (88%), although one patient died, 25% experienced drug-
related side effects with 9% developing nephrotoxicity (Johnson
et al., 2002) (Table 3).

Although the design of nanoparticles for delivery to specific
cells is critical (as mentioned in topic 1), we believe that it is only
a matter of time before these strategies are more deeply explored
and improved upon in relation to fungal infections caused by
pathogens such as H. capsulatum. These strategies can enhance
the efficacy of treatment and, potentially, reduce occurrences of
the disease.

There is no NP-based strategy for vaccination against H.
capsulatum, although there are studies based on glucan particles
extracted from S. cerevisiae (Wüthrich et al., 2015; Deepe et al.,
2018).

Coccidioidomycosis
Coccidioidomycosis is caused by inhalation of infectious
propagules of the dimorphic fungus C. immitis or C. posadasii.
It is an endemic mycosis in the southwestern USA, Mexico,
and some regions of South America (Stockamp and Thompson,
2016). Studies indicated that 17–29% cases of pneumonia
acquired in highly endemic areas were caused by Coccidioides
spp. (Thompson, 2011). Patients may have varying complications
of the disease, from pulmonary to widespread infections reaching
bones, joints, meninges, and skin (Thompson, 2011; McConnell
et al., 2017).

Prior to nanoformulations, it was believed that the use of AmB
to treat meningitis was not possible due to the low concentration
of drugs reaching the brain. However, AmBisome R©, was effective
in animal models (Clemons et al., 2002). The increased ability of
liposomal AmB to reach the disease site is due to the transport
by infiltrating monocytic cells (Clemons et al., 2009). The
authors compared the efficacy of liposomal AmB formulation
of Abelcet R© and AmBisome R© in the treatment of meningitis
caused by C. posadasii in New Zealand white rabbits. The treated
animals showed a reduction in fungal burden on the brain and

spinal cord, 100–10,000 times lower than the untreated group.
Statistically, both formulations were considered equally efficient.
However, as we described, a formulation with higher liposomal
effects has been described for drug delivery to the brain for the
treatment of cryptococcoccal meningitis (Xu et al., 2011).

To evaluate the efficacy and toxicity of Abelcet R© and
AmBisome R© in the treatment of severe coccidioidomycosis in
human patients, a retrospective review was conducted in patients
between 2005 and 2014. Both formulations were equally effective
in the treatment without significant difference, however, due to
acute kidney injury, the treatment had to be discontinued in 10
patients treated with Abelcet R© and in only one with AmBisome R©

(Sidhu et al., 2018). The toxicity of the Abelcet R© has previously
been discussed (Koehler et al., 1998).

AmBisome R© is effective in treating coccidioidomycosis
in human patients (Stewart et al., 2018). During treatment
of coccidioidal meningitis for a period of 9 months,
AmBisome R© did not present clinical or laboratory data
suggestive of toxicity (Rangel et al., 2010). In addition,
AmBisome R© has been successful in treating disseminated
coccidioidomycosis in patients undergoing steroid therapy
(Antony et al., 2003). It was employed in case of rare
dissemination to the spine that required surgical intervention,
being associated with continuous therapy with other azoles
(Nakhla, 2018).

The studies involving NPs in the treatment of
coccidioidomycosis are summarized in Table 3.

Blastomyces sp. and Pneumocystis sp. are important
pathogens that cause systemic infections. The effectiveness
of nanoformulations against these genera has not yet been
discussed in the literature.

CONCLUDING REMARKS

The search for new and more effective therapeutic options for
the treatment of fungal infections has advanced continuously
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with the use of new technologies such as the development of
NPs. Different types of nanoformulations have been studied
and greater efficacy and less toxicity have been achieved in the
administration of conventional antifungal drugs, such as AmB,
compared to the free drug available in today’s market. In this
way, nanotechnology allows for the development of formulations
that can improve not only the effectiveness of the treatment, but
also the quality of life of the patient by reducing side effects,
especially during prolonged therapies. In addition, we emphasize
here the importance of developing new drugs that can overcome
resistance and that can be combinedwithNPs in the development
of improved therapies. Nanotechnology is still an expanding field
in vaccinology and pharmacology. The application of NPs for
antigen delivery is at an early stage of development, but the first
studies already show the advantages of this system, as described
in this review. In addition, NPs can be obtained by different
synthetic methods that allow for the adaptation of production
according to the needs of the manufacturer. Obstacles, however,

such as the standardization of NPs still need to make progress in
this field.
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Histoplasma and Paracoccidioides are related thermally dimorphic fungal pathogens that

cause deadly mycoses (i.e., histoplasmosis and paracoccidioidomycosis, respectively)

primarily in North, Central, and South America. Mammalian infection results from

inhalation of conidia and their subsequent conversion into pathogenic yeasts.

Macrophages in the lung are the first line of defense, but are generally unable

to clear these fungi. Instead, Histoplasma and Paracoccidioides yeasts survive and

proliferate within the phagosomal compartment of host macrophages. Growth within

macrophages requires strategies for acquisition of sufficient nutrients (e.g., carbon,

nitrogen, and essential trace elements and co-factors) from the nutrient-depleted

phagosomal environment. We review the transcriptomic and recent functional genetic

studies that are defining how these intracellular fungal pathogens tune their metabolism

to the resources available in the macrophage phagosome. In addition, recent studies

have shown that the nutritional state of the macrophage phagosome is not static, but

changes upon activation of adaptive immune responses. Understanding the metabolic

requirements of these dimorphic pathogens as they thrive within host cells can provide

novel targets for therapeutic intervention.

Keywords: Histoplasma, Paracoccidioides, macrophage, phagosome, metabolism, fungal pathogen,

gluconeogenesis, nutritional immunity

INTRODUCTION

Histoplasma and Paracoccidioides species cause respiratory and systemic disease in mammals
(histoplasmosis and paracoccidioidomycosis, respectively). Disease results from inhalation of
aerosolized fungal conidia from the environmental mold form. Severity of disease ranges from
subclinical to acute, and is largely a function of the dose inhaled and the immunological
defenses of the host (Kauffman, 2009; Queiroz-Telles and Escuissato, 2011; Salzer et al., 2018).
In immunocompromised individuals (e.g., HIV patients), infection can result in life-threatening
disseminated disease. Recent phylogenetic analyses based on genome sequencing efforts have split
the original Histoplasma capsulatum and Paracoccidiodies brasiliensis designations into additional
species (Van Dyke et al., 2019). Although some physical and biochemical differences exist among
these species groups, in this review we will refer to studies in each fungus by the respective genus
name unless necessary to specifically highlight findings unique to a species.

The Histoplasma and Paracoccidiodies genera comprise closely related fungi which are
characterized by thermal dimorphism. Conidia, produced by the environmental mycelial forms,
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convert into pathogenic yeast forms in response to the elevated
temperature following inhalation by a mammalian host. The
yeasts are budding yeasts, with Paracoccidioides yeasts typically
characterized by multiple budding daughter cells around a
central yeast body. A hallmark of these dimorphic fungal
pathogens is the link between pathogenesis and conversion
into yeasts (Medoff et al., 1987; Maresca and Kobayashi, 1989;
Aristizabal et al., 1998; Borges-Walmsley et al., 2002).

During infection, Histoplasma and Paracoccidioides yeast
cells are phagocytosed by cells of the innate immune system.
Studies with cultured phagocytes (i.e., macrophages) show
roughly 10%-30% of Paracoccidioides yeasts are taken up by
macrophages (Soares et al., 2010; da Silva et al., 2016) while up
to 60% of Histoplasma yeasts are phagocytosed (Newman et al.,
1990; Garfoot et al., 2016) within 60–90min in tissue culture
conditions. Studies of respiratory infection in mice show that
nearly allHistoplasma yeasts are found within CD45+ phagocytes
(Deepe et al., 2008). Thus, Histoplasma yeasts reside almost
exclusively within phagocytes during infection in vivo, and
many, but not all Paracoccidioides yeasts are intracellular. Non-
activated host phagocytes are relatively ineffective in killing and
controlling Histoplasma and Paracoccidioides yeasts. Activation
of phagocytes during adaptive immunity by T helper cell type
1 (Th1) is typically required for host control of these fungi
(Allendoerfer and Deepe, 1997, 1998; Souto et al., 2000; Calich
et al., 2008; de Castro et al., 2013) thereby distinguishing
Histoplasma and Paracoccidioides from opportunistic fungal
pathogens, which are readily controlled without T-cell activation.
Recently, IL-17 signaling was shown to also contribute to the
control of Paracoccidioides (Tristão et al., 2017).

To effectively use phagocytes as host cells, Histoplasma
and Paracoccidioides yeasts express mechanisms that facilitate
binding to host phagocytes and survival of macrophage
defenses. Although the fungal cell wall contains β-glucans
which can alert the immune system to the presence of a
fungal invader, Histoplasma yeasts effectively hide this β-glucan
signature by overlaying the immunostimulatory β-glucans
with α-glucan polysaccharides (Rappleye et al., 2004, 2007).
In addition, Histoplasma yeasts secrete an endoglucanase
(Eng1) that trims away remaining exposed β-glucans (Garfoot
et al., 2016). Although a similar mechanism has not been
shown for Paracoccidioides, the cell wall of Paracoccidioides
yeasts also has a high content of α-glucan (Kanetsuna et al.,
1972) and decreased α-glucan is associated with decreased
virulence (San-Blas et al., 1977). Histoplasma expresses two
extracellular antioxidant enzymes, Sod3 and CatB, which
together effectively eliminate phagocyte-derived reactive oxygen
(Youseff et al., 2012; Holbrook et al., 2013) and facilitate
Histoplasma survival during uptake by macrophages. Consistent
with the pathogenesis-enabling role of these mechanisms,
α-glucan production and secretion of Eng1, Sod3, and
CatB characterize the virulent yeasts, but not the avirulent
mycelial cells.

Pathogenic yeast not only survive the encounter with
phagocytes, but also use the phagocyte as a permissive niche
during infection. As long-term intracellular residents of the
macrophage,Histoplasma and Paracoccidioides yeasts must adapt

their metabolism to nutrients available in the phagosome. The
phagosome environment is generally assumed to be nutrient
poor, yet these fungi are able to scavenge sufficient carbon,
nitrogen, sulfur, and micronutrients from the host cell to support
fungal growth and replication. Many studies have used gene
expression profiling to infer which metabolic pathways are
active during residence within the phagosome. Interpretation of
differentially expressed genes, however, is complicated by the in
vitro growth condition used as the comparison. Furthermore,
a large number of genes that characterize the pathogenic
yeast phase of the dimorphic fungi are controlled by phase-
differentiation factors such as the Ryp proteins (Shen and
Rappleye, 2017; Beyhan and Sil, 2019) suggesting that some
metabolic genes may not be regulated by the nutritional
environment, but instead their expression is set by the
differentiation state (i.e., yeasts vs. mycelia). Genetic studies,
and the functional tests it facilitates, are a means to more
conclusively determine the metabolism used by intracellular
yeasts to parasitize the macrophage. Recent studies highlighted
below integrate key findings that define the metabolic pathways
required for intracellular yeast proliferation, and by extension,
the host substrates that are consumed by these fungal pathogens
during infection.

INTRAPHAGOSOMAL CARBON
METABOLISM

Glycolysis
Most in vitro fungal growth media is based on glucose as
the primary carbon source since glucose affords rapid fungal
growth. Although this rich carbon source may reflect some
host environments (e.g., the bloodstream), other host niches,
including the macrophage phagosome are characterized by
alternative carbon sources. Gene expression studies in which
specific metabolic pathways are up-regulated in specific host
environments can reveal the presence of different carbon sources.
Bailão et al. (2006) conducted the first study with Paracoccidioides
yeasts to determine which genes are up-regulated during
infection. Comparing the gene expression profile of yeasts grown
in human blood to yeasts grown in vitro, Bailão et al. (2006) found
that glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
up-regulated in blood. Since GAPDH is involved in both
glycolysis and gluconeogenesis, it remains unclear if glucose
catabolism contributes to Paracoccidioides infection of host cells.
While some Paracoccidioides cells may be taken up by phagocytes
in blood (e.g., neutrophils), significant numbers may remain
extracellular. Thus, the results might reflect the transcriptional
responses of a mixed population consisting of both extracellular
yeasts and intracellular yeasts from different types of phagocytes.
Thus, the high concentration of extracellular glucose in the
blood, not the intracellular phagosome environment, may be the
primary driver of GAPDH up-regulation.

Profiling of yeasts resident within macrophages offers
a more direct assessment of the transcriptional profiles
supporting intraphagosomal growth. Tavares et al. (2007)
conducted a differential expression study comparing the
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gene expression profile of Paracoccidioides yeasts grown in
murine peritoneal macrophages and those grown in vitro in
rich media. Using a transcriptional microarray, the authors
found that the gene encoding the glycolysis specific enzyme
phosphofructokinase (PFK1) was down-regulated in intracellular
Paracoccidioides yeasts. A separate transcriptional study that
profiled Paracoccidioides yeasts from the lung identified a sugar
transporter that was down-regulated relative to yeasts grown in
vitro in a glucose-rich medium [2% glucose (Lacerda Pigosso
et al., 2017)]. This suggests that glucose catabolism is not a
primary metabolic pathway for Paracoccidioides intracellular
growth. However, in the Tavares study (Tavares et al., 2007),
RT-PCR data was unable to confirm the microarray results.
Proteomic analysis of Paracoccidioides intracellular yeasts found
that hexokinase (Hxk1) was down-regulated compared to yeast
grown in a glucose-rich medium in vitro consistent with
decreased metabolism of sugars (Parente-Rocha et al., 2015). The
transcriptional signature of intracellular Histoplasma yeasts also
shows down-regulation of a glycolytic response when growing
within macrophages (Shen et al., 2020). As with Paracoccidioides,
PFK1was down-regulated inHistoplasma yeasts. Genes encoding
other glucose-catabolism factors including pyruvate kinase
(PYK1) and the hexose/glucose kinases (HXK1 and GLK1) were
also down-regulated. The finding that multiple components
of glycolysis showed decreased expression provides stronger
support for the metabolism of alternative carbon sources
during intracellular proliferation. As an independent indicator
of the lack of hexose catabolism by intracellular Histoplasma
yeasts, metabolic assays (i.e., Seahorse assays) of Histoplasma
yeasts isolated from macrophages showed the yeasts were
glycolytically inactive (Shen et al., 2020) consistent with the
transcriptional profiles. Definitive evidence of the lack of hexose
catabolism by intracellular yeasts came from the analysis of
glycolysis-deficient Histoplasma yeasts. Simultaneous depletion
of Histoplasma’s only hexose/glucose kinases (Hxk1 and Glk1)
impaired the ability of Histoplasma yeast to grow on glucose
as the carbon source in vitro, but Hxk1 and Glk1 loss did not
prevent Histoplasma yeast growth within macrophages (Shen
et al., 2020). Most revealing, the depletion of Hxk1 and Glk1
and no effect on Histoplasma respiratory infection in vivo
(Shen et al., 2020). These data demonstrate that Histoplasma
yeasts, and likely also Paracoccidioides yeasts, do not catabolize
hexoses to grow within macrophages. As both Histoplasma and
Paracoccidioides efficiently use glucose in vitro, this suggests
that it is unlikely that hexoses are available to yeasts within the
macrophage phagosome.

Gluconeogenesis
The lack of hexose utilization suggests that gluconeogenic
substrates are likely metabolized by intracellular yeasts to
provide energy and essential biomolecules including glucans for
the polysaccharide-rich cell wall. A combined transcriptomic
and proteomics study compared Paracoccidioides yeasts isolated
from mouse lungs after 6 h of infection to yeasts grown in
a glucose- and peptide-rich medium in vitro [Brain Heart
Infusion medium (Lacerda Pigosso et al., 2017)]. The PCK1 gene,
encoding phosphoenolpyruvate carboxykinase which catalyzes

the first committed step of gluconeogenesis, was transcriptionally
up-regulated in vivo, suggesting the yeasts resided in a glucose-
depleted environment. However, the proteomics analysis failed
to detect Pck1 at the protein level in yeasts isolated from the
lung. As only a portion of Paracoccidioides yeasts get internalized
by phagocytes, it is unclear whether the up-regulation of PCK1
reflects the intracellular or extracellular nutritional environment
during in vivo infection and whether 6 h of infection is sufficient
for transcriptional or proteomic adaptive responses. One of
the limitations of this study was the recovery of low numbers
of yeasts which could impact the sensitivity of their analyses.
Many normally-abundant proteins were not detected in the
proteomic data and key enzymes involved in the central carbon
metabolism (i.e., pyruvate kinase, citrate synthase, and isocitrate
dehydrogenase) that should be abundant in yeast cells, regardless
of growth condition, were not recovered from the proteome
data. No conclusions can be made from the absence of data,
but an independent study of intramacrophage Paracoccidioides
yeasts also showed up-regulation of the PCK1 gene after 9 h
of infection (Derengowski et al., 2008). In addition, Parente-
Rocha et al. (2015) found that gluconeogenesis-specific enzyme
fructose-1,6-bisphosphatase was modestly increased (1.5-fold) in
Paracoccidioides yeasts recovered from macrophages, providing
further support of gluconeogenesis-based metabolism in
intracellular yeasts.

Studies of Histoplasma yeasts isolated from macrophages
24 h after infection shows PCK1 expression is up-regulated
in intracellular yeasts (Shen et al., 2020). Elimination of
Pck1 activity prevents growth of Histoplasma yeasts within
macrophages but not in vitro growth in glucose-containing
medium confirming that the phagosome environment lacks
hexose substrates (Shen et al., 2020). Histoplasma yeasts lacking
Pck1 function are severely attenuated in a murine model of
respiratory infection as early as 2 days post-infection and
this growth defect in vivo persisted throughout the entire
8-day infection period, indicating that the Histoplasma-
containing phagosome remains depleted of hexose substrates.
The gluconeogenesis-specific fructose-1,6-bisphosphatase
(Fbp1) is also required for Histoplasma yeast virulence in
macrophages and in mice (Shen et al., 2020). These findings
are consistent with the results that glycolytic enzymes are not
required forHistoplasma full virulence in vivo. Collectively, these
findings indicate that Histoplasma yeasts rely on metabolizing
gluconeogenic carbon sources to proliferate within macrophages
(Figure 1) and this metabolism likely characterizes intracellular
Paracoccidioides yeasts.

Fatty Acids Utilization
What are the gluconeogenic substrates derived from the host that
support yeast proliferation within phagosomes? One potential
source is host fatty acids. These long-chain carbon molecules can
be metabolized to acetyl-CoA (β-oxidation) which subsequently
enters the TCA cycle to generate energy or can be assimilated into
carbon biomass through the glyoxylate shunt. The up-regulation
of the glyoxylate shunt can indicate utilization of fatty acids as
the carbon source. In one study (Derengowski et al., 2008), the
expression of key genes involved in glyoxylate shunt [isocitrate
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FIGURE 1 | Intramacrophage carbon metabolism of Histoplasma and Paracoccidioides. Schematic map depicts the central metabolic pathways for the metabolism

of different carbon-containing molecules with key carbon intermediates shown. Enzymes catalyzing critical steps of glycolysis (Hxk1/Glk1, Pfk1, and Pyk1),

gluconeogenesis (Pck1 and Fbp1), and fatty acid utilization (Fox1 for β-oxidation of fatty acids, and Icl1 and Mls1 for the glyoxylate cycle for incorporation of

acetyl-CoA into biomolecules) are indicated. Names of enzymes are colored based on the down-regulation (magenta text) or up-regulation (blue text) in fungal cells

within macrophages. in situations where expression data is conflicting, text is colored orange. For expression data that is discrepant between Paracoccidioides and

Histoplasma, the respective genes are provided by a species prefix (Pb and Hc, respectively). Arrows indicate the flow of carbon through metabolic pathways.

Enzymatic reactions that are not required for intracellular growth are indicated with magenta arrows. Reactions necessary for proliferation in the phagosome and for

infection in vivo are indicated with blue arrows. Points of entry for amino acids as potential carbon substrates are indicated in yellow. Enzyme abbreviations: Hxk1,

hexokinase; Glk1, glucokinase; Pfk1, phosphofructokinase; Pyk1, pyruvate kinase; Pck1, phosphoenolpyruvate carboxykinase; Fbp1, fructose 1,6-bisphosphatase;

Fox1, fatty acyl-CoA oxidase; Icl1, isocitrate lyase. Metabolite abbreviations: G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F1, 6BP, fructose

1,6-bisphosphate; GAP, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; CIT, citrate; α-KG, α-ketoglutarate; SUC, succinate; OXA, oxaloacetate.

lyase (ICL1) and malate synthase (MLS1)] in Paracoccidioides
yeasts was measured during infection of J774 macrophages
using semi-quantitative RT-PCR. Expression of ICL1 increased
∼3-fold in macrophages compared to growth in Fava-Neto
medium (a rich medium containing high glucose, peptides,
and amino acids). However, expression of MLS1 showed only
a minor increase in expression. Isocitrate lyase protein (Icl1)
increased 1.6-fold in Paracoccidioides yeasts recovered from J774
macrophages (Parente-Rocha et al., 2015). The up-regulation
of ICL1 is consistent with results profiling Candida albicans
and Cryptococcus neoformans yeasts when interacting with
macrophages (Lorenz et al., 2004; Fan et al., 2005). However,
Tavares et al. (2007) reported conflicting results that ICL1 was
not up-regulated in Paracoccidioides yeasts within peritoneal
macrophages, possibly due to in vitro growth conditions used
for comparison. Expression profiling of Paracoccidioides yeasts
6 h after infection of mice also found an indication of the up-
regulation of the glyoxylate shunt, but only the MLS1 gene, not
ICL1 (Lacerda Pigosso et al., 2017). Growth of Paracoccidioides
yeasts on acetate in vitro increases both ICL1 and MSL1
expression by a similar magnitude (Derengowski et al., 2008),
suggesting the one-sided increases in ICL1 orMLS1 expression by

Paracoccidioides yeasts in macrophages or in vivo do not indicate
simple induction of the glyoxylate cycle. These inconsistencies
complicate inferences about the role of the glyoxylate cycle in
intracellular Paracoccidioides yeasts.

As with the glyoxylate cycle, indications of fatty acid
catabolism by Paracoccidioides yeasts are also variable. Enzymes
catalyzing the breakdown of fatty acids via β-oxidation have
been examined for Paracoccidioides yeasts both in macrophages
and in vivo. While enoyl-CoA hydratase (which catalyzes the
second step in fatty acid metabolism) was up-regulated in
Paracoccidioides yeasts from J774 macrophages, 3-keyoacyl-CoA
thiolase (which catalyzes the last step liberating acetyl-CoA)
was down-regulated in these same intracellular yeasts (Parente-
Rocha et al., 2015). Transcriptional profiling of Paracoccidioides
yeast showed three different genes annotated as encoding acyl-
CoA dehydrogenases, which catalyze the first step in fatty acid
breakdown, were increased during respiratory infection of mice
(Lacerda Pigosso et al., 2017). One of these was increased 13-
fold over yeast grown in vitro. However, Parente-Rocha et al.
(2015) did not detect any increased acyl-CoA dehydrogenases
in Paracoccidioides yeasts resident within cultured macrophages.
These inconsistencies as well as the potential profiling of a mixed
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population of intra- and extracellular Paracoccidioides yeasts
following infection of mice leave the role of fatty acid metabolism
unclear for Paracoccidioides.

In contrast, Histoplasma yeasts within macrophages do not
present hallmarks of fatty acid utilization. The transcription of
genes encoding enzymes of the glyoxylate cycle (ICL1 andMLS1)
as well as the first step in fatty acid β-oxidation [fatty acyl-
CoA oxidase (FOX1)] were all down-regulated in intracellular
Histoplasma yeasts (Shen et al., 2020). Histoplasma yeasts are
unable to metabolize exogenous fatty acids as the carbon source
in vitro. Thus, changes in β-oxidation enzymes may reflect
modulation of endogenous fatty acids unrelated to host carbon
substrates. The most conclusive evidence of the lack of host
fatty acid consumption by Histoplasma yeasts was obtained by
functional studies with yeast strains depleted of key enzymes in
fatty acid utilization. Histoplasma yeasts lacking Icl1 or lacking
Fox1 are fully virulent in cultured macrophage infection as well
as in respiratory infection of mice (Shen et al., 2020). The lack
of any requirement for fatty acid utilization by intracellular
Histoplasma yeasts differs from that of other fungal pathogens
[e.g., C. albicans (Lorenz and Fink, 2001) and C. neoformans
(Kretschmer et al., 2012)], which occupy diverse extracellular
niches or are only transiently found within phagocytes. As
Histoplasma yeasts are nearly all within phagocytes during
infection, this suggests that Histoplasma yeasts have adapted
to a more prolonged residence within the phagosome and
do not utilize host fatty acids as a major carbon source,
either because exogenous fatty acids are unavailable within
the phagosome or because other carbon sources are more
consistently obtained in this intracellular compartment.Whether
intracellular Paracoccidioides yeast metabolism mirrors that of
intracellular Histoplasma yeasts or if it follows the paradigm of
transient occupants of the phagocyte remains to be determined.

Amino Acid Catabolism
The above studies indicate that both Paracoccidioides and
Histoplasma yeasts exploit gluconeogenic substrates for
intracellular proliferation. What are these alternative host
carbon substrates obtained from the host macrophage, and
specifically which are found within the phagosome? Carbon
source utilization tests in vitro showed that the spectrum of
carbon sources which can be metabolized by yeasts differs
from those that are metabolized by Histoplasma mycelia,
suggesting that the pathogenic yeasts are more metabolically
streamlined (Shen et al., 2020). For example, Histoplasma yeasts
can metabolize hexoses and hexosamines but not pentoses or
disaccharides, some of which are metabolized by mycelia. In
addition, Histoplasma yeasts can use a mix of amino acids as a
non-carbohydrate carbon source. Given hexose-catabolism and
fatty acids catabolism pathways are not required for Histoplasma
intracellular proliferation, this focuses attention on amino acids
as potential sources of carbon for pathogenic-phase yeasts
within the phagosome. Indeed, the phagosome/phagolysosome
is a degradative organelle harboring numerous proteases that
could generate amino acids and short peptides through host
protein degradation.

Expression of genes involved in amino acid biosynthesis hints
to the absence of certain amino acids within the phagosome.
Bailão et al. (2006) showed that the gene catalyzing the last
step of glutamine synthesis (i.e., GLN1) in Paracoccidioides is
up-regulated in fresh human blood, suggesting that glutamine
in the human blood environment is not sufficient to support
Paracoccidioides growth. However, the intracellular residence
of Paracoccidioides is unknown in this study. In peritoneal
macrophages, Paracoccidioides yeasts up-regulated the gene
involved in methionine synthesis (METG) suggesting that
methionine is not available within macrophages (Tavares et al.,
2007). Differential gene expression of Paracoccidioides from
respiratory infection showed genes encoding enzymes involved
in the metabolism of glycine, serine, threonine, methionine, and
lysine are down-regulated (Lacerda Pigosso et al., 2017). Also,
down-regulated were genes encoding 4-hydroxyphenylpyruvate
dioxygenase (HPD1) and homogentisate dioxygenase (HGD1),
which are involved in phenylalanine and tyrosine degradation
suggesting these aromatic amino acids are not consumed
from the host. On the other hand, Parente-Rocha’s study of
Paracoccidioides yeasts from macrophages showed increased
abundance of Hpd1 (Parente-Rocha et al., 2015) contradicting
the in vivo gene expression study. Expression studies thus
do not provide definitive answers, especially considering the
interconversion of many amino acids. Functional evidence comes
from a study that used the chemical compound CP1, which
is known to inhibit chorismate synthase, the key enzyme in
biosynthesis of aromatic amino acids (i.e., tyrosine, tryptophan,
and phenylalanine). Treatment of Paracoccidioides-infected mice
with CP1 reduced fungal burdens ∼10-fold compared to
untreated mice (Rodrigues-Vendramini et al., 2019) suggesting
that Paracoccidioides yeasts must synthesize at least one of the
three to make up for the deficiency in the environment in which
Paracoccidioides is found during lung infection.

Histoplasma yeasts can catabolize amino acids as the sole
carbon source demonstrating the potential to use host amino
acids within the phagosome. On the other hand, Histoplasma
yeasts cannot utilize model host protein substrates for carbon
(e.g., bovine serum albumin, gelatin, and hemoglobin). Prior
digestion of these proteins with proteinases, including the
phagosomal proteinase Cathepsin D, renders the proteins to a
state that can support the growth of Histoplasma yeasts (Shen
et al., 2020). Thus, it appears that Histoplasma yeasts can take
up amino acids and select peptides to use as carbon but does
not metabolize intact proteins. This would be consistent with
residence within the phagosome where host proteinases may
supply the degradative capacity to liberate amino acids for
consumption by intraphagosomal Histoplasma yeasts. Indeed,
the expression of many metabolic genes of Histoplasma yeasts
within the macrophage is highly similar to the profile of
Histoplasma yeasts growing on amino acids in vitro (Shen
et al., 2020). The expression of various peptidases are increased
in Paracoccidioides yeast within J774 macrophages (Parente-
Rocha et al., 2015) and Paracoccidioides yeast secrete a serine
proteinase during infection (Lacerda Pigosso et al., 2017),
suggesting that proteins and peptides are hydrolyzed to amino
acids before consumption. Nonetheless, not all amino acids are
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sufficiently present in the phagosome to support fungal growth.
A Histoplasma alanine auxotroph showed impaired virulence in
both macrophages and in vivo, indicating alanine is deficient
in the phagosomal environment (Shen et al., 2020). Combined
with the lack of hexose and fatty acid catabolism described
for Histoplasma yeasts above, it is likely that Histoplasma
yeasts within the phagosome catabolize amino acids derived
from the host which are then processed through gluconeogenic
pathways to supply carbohydrates for biomass (Figure 1).
Further investigations will be needed to define which amino acids
are available within the phagosome and which are catabolized by
the intracellular yeasts.

INTRAPHAGOSOMAL NITROGEN AND
SULFUR

One of the advantages of amino acid catabolism within the
phagosome is that amino acids provide yeasts not only carbon,
but also a source of nitrogen and potentially sulfur. Consistent
with amino acids providing nitrogen to intracellular yeasts,
Paracoccidioides yeasts recovered from macrophages have
increased abundance of various aminotransferases (Parente-
Rocha et al., 2015). However, in Paracoccidioides yeasts from
lung infections, a branched-chain amino acid aminotransferase
is down-regulated again showing inconsistencies between
the lung and the macrophage models. The transcriptome of
yeasts from lungs showed increased expression of amino acid
permeases and peptide transporters (Lacerda Pigosso et al.,
2017) consistent with yeasts importing host amino acids and
peptides during infection. Differential gene expression analysis
of Histoplasma yeasts compared to mycelia also show three
genes encoding aminotransferases are up-regulated in yeasts
(Edwards et al., 2013). Interestingly, studies of Paracoccidioides
yeasts consistently highlight formamidase as one of the most
up-regulated genes or proteins increased in expression during
infection of mice or cultured macrophages (Parente-Rocha et al.,
2015; Lacerda Pigosso et al., 2017). This suggests formamidase
is a central step in nitrogen acquisition and metabolism
for Paracoccidioides yeast during infection. Alternatively,
formamidase may be particularly repressed in the conditions
used for in vitro growth used as comparison. While the in vivo
substrate(s) for formamidase is/are unknown (e.g., formamide),
arylformamidases are involved in tryptophan degradation which
may signal utilization of tryptophan during infection.

Cysteine and methionine represent sulfur-containing amino
acids that can provide organic sulfur to fungal pathogens.
Changes in cysteine metabolism during transitions between
Histoplasma yeast and mycelial phases are well-known (Stetler
and Boguslawski, 1979; Maresca et al., 1981). Despite a pathway
for inorganic sulfur assimilation (e.g., sulfate) that is operative
in Histoplasma mycelia, Histoplasma yeasts require an organic
sulfur source which can be supplied by cysteine (Salvin, 1949).
Comparison of Histoplasma yeast and mycelial transcriptomes
showed increased expression of a permease for methionine and
cysteine (Hwang et al., 2003), suggesting the pathogenic yeast
state is primed to uptake exogenous sulfur-containing amino

acids. Despite the auxotrophy of Histoplasma yeasts for organic
sulfur, Histoplasma is fully virulent indicating that organic sulfur
is available to Histoplasma yeasts within the phagosome. While
the ultimate source of organic sulfur for intracellular fungal
growth remains unknown, cysteine is a logical candidate, which
may be derived from protein degradation or even hydrolysis of
abundant glutathione in the macrophage.

ACQUISITION OF MICRONUTRIENTS

Essential Vitamins
While required in smaller quantities than carbon or nitrogen,
vitamins are essential micronutrients for growth. This nutritional
requirement can be met either by vitamin acquisition from the
host or through de novo synthesis by fungal cells. Biosynthesis
of vitamins by Paracoccidioides and Histoplasma appears to be
the primary source for these essential co-factors. Paracoccidioides
yeasts infecting the murine lung up-regulate the gene involved
in thiamine biosynthesis (THI13), suggesting that thiamine from
the host is not available to yeasts during infection (Lacerda
Pigosso et al., 2017). Parente-Rocha et al. (2015) similarly
found that Paracoccidioides yeasts within macrophages have
increased expression of enzymes involved in the synthesis
of thiamine as well as pyridoxine and riboflavin. Although
increased expression of these enzymes suggests yeasts synthesize
vitamins from simpler metabolic intermediates during infection,
expression was measured relative to yeast growth in vitro in
a vitamin-rich medium. More direct evidence for the lack of
vitamins within the macrophage host comes from functional
studies in Histoplasma. A forward genetics screen for mutants
unable to proliferate within macrophages isolated a mutant with
a disruption of the RIB2 gene, which encodes a deaminase
catalyzing the third step of riboflavin biosynthesis (Garfoot et al.,
2014). While Histoplasma yeast lacking Rib2 function could
infect macrophages, they were severely attenuated for growth
in macrophages as well as attenuated in lung infection. This
indicates that Histoplasma cannot acquire sufficient exogenous
riboflavin from the phagosomal environment to support its
intracellular growth. In addition, depletion of the pantothenate
biosynthesis enzyme, Pan6, impaired Histoplasma virulence
in mice indicating that pantothenate is also scarce in the
phagosomal environment (Garfoot et al., 2014). On the other
hand, depletion of biotin biosynthesis did not affect Histoplasma
virulence. Although this may suggest that host biotin can be
scavenged within the phagosome, it is also possible that the
Histoplasma yeast had stored sufficient biotin from the pre-
growth. In support of this, depletion of biotin synthase (Bio2)
did not impair growth in vitro until yeasts were passaged
multiple times in biotin-deficient media. Thus, the macrophage
phagosome compartment in general lacks essential vitamins
thereby forcing intracellular yeasts to rely on de novo synthesis
to meet this nutritional requirement.

Trace Metals
In addition to vitamin co-factors, trace metals are essential for
yeast growth and are variably available within the phagosome
depending on the activation state of macrophages. Iron
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acquisition is essential for Histoplasma and Paracoccidioides
virulence. Attenuation of Paracoccidioides and Histoplasma
yeast growth in macrophages by chloroquine, which impairs
phagosome acidification and availability of iron, is reversed
by supplementation with exogenous iron (Newman et al.,
1994; Dias-Melicio et al., 2006). In addition, supplementation
of exogenous iron exacerbated Paracoccidioides infection in
mice (Parente et al., 2011). Iron restriction of Paracoccidioides
yeasts in vitro induces genes encoding enzymes involved in
siderophore biosynthesis and transport (Parente et al., 2011;
Silva-Bailão et al., 2014). However, induction of siderophore
biosynthesis and transport was not observed in Paracoccidioides
yeasts isolated from murine macrophages or in vivo. Among
different iron acquisitionmechanisms,Histoplasma yeasts secrete
siderophores for scavenging rare iron (Hwang et al., 2008; Hilty
et al., 2011). Genes encoding siderophore synthesis enzymes
are located in a genetic cluster which is activated under low
iron conditions through the action of Sre1, a GATA-family
transcription factor (Hwang et al., 2008). Loss of siderophore
biosynthesis impairs intracellular Histoplasma growth indicating
the phagosome is a low iron compartment. However, studies
of Histoplasma infection of mice indicate that siderophores
are not required for proliferation of Histoplasma pathogenesis
until 2-weeks post-infection which coincides with the adaptive
immunity stage (Hwang et al., 2008). These results indicate
that during early infection, sufficient iron is found within the
macrophage phagosome, but after activation of host cells, iron
becomes limiting for fungal growth.

Similar to iron, zinc levels in the phagosome can change
depending on the activation state of macrophages. Initially,
zinc is available for intracellular Histoplasma yeast growth, but
becomes limiting as macrophages are activated by the GM-
CSF cytokine to produce zinc-sequestering metallothioneines
(Subramanian Vignesh et al., 2013). Histoplasma yeasts produce
the Zrt2 zinc transporter to acquire zinc from the environment
and this transporter is required for Histoplasma virulence in
mice, but only after 3 days of infection (Dade et al., 2016). These
data indicate that host macrophages can use restriction of trace
metals from the phagosome to combat intracellular proliferation
of yeasts, particularly after macrophage activation.

Host macrophages can use both abundance and restriction of
available copper to curtail intracellular pathogen growth. Tavares
et al. (2007) found that Paracoccidioides yeasts down-regulate
a high-affinity copper transporter by 17-fold within cultured
macrophages after 6 h, suggesting that the Paracoccidioides-
containing phagosome has sufficient copper to support
Paracoccidioides growth. This same down-regulation of the
copper transporter was also observed during lung infection
of mice at 6 h (Lacerda Pigosso et al., 2017) suggesting the
lung environment has ample copper during early infection.
The Histoplasma genome encodes a homologous copper
transporter (Ctr3) whose transcription is induced at low
copper concentrations (< 150 nM) (Shen et al., 2018). Through
use of a transcriptional fusion of the copper-repressible
CTR3 promoter with a fluorescent protein, available copper
levels within the Histoplasma-containing phagosome could
be estimated. In resting macrophages, including alveolar

FIGURE 2 | Restriction of available copper within the phagosome following

macrophage activation. During initial infection, Histoplasma infects resting

macrophages (blue), and resides within a phagosomal compartment with

sufficiently available copper (green Cu) for fungal proliferation without requiring

the high affinity copper transporter Ctr3. Upon activation of macrophages by

IFN-γ during adaptive immunity (magenta), copper in the phagosome

becomes restricted forcing Histoplasma yeast to rely on Ctr3 to import copper.

macrophages which Histoplasma cells initially encounter during
infection, phagosomal copper levels are roughly 300 nM. At
this concentration, Histoplasma yeasts can acquire sufficient
copper without needing the Ctr3 transporter. Upon activation of
macrophages with IFN-γ, the available copper in the phagosome
significantly decreases resulting in up-regulation of the Ctr3
transporter (Shen et al., 2018). Consistent with the phagosomal
copper levels inferred from transcription studies, the Ctr3
transporter is not required for Histoplasma proliferation within
resting macrophages (i.e., higher phagosomal copper levels)
but becomes necessary following macrophage activation as
phagosomal copper becomes restricted (Figure 2; Shen et al.,
2018). These results indicate that copper availability in the
macrophage phagosome, as well as that of iron and zinc, is
dynamic and that activation of macrophages imposes a metal
restriction strategy to impair the intracellular proliferation
of yeasts.

CONCLUSION

Initial studies on fungal pathogens often focused on virulence
mechanisms for host cell infection and survival. The studies
highlighted above indicate that mechanisms of fungal
metabolism are an integral component of intracellular fungal
pathogenesis. While in vitro culture of fungi has typically
used glucose- and peptone-rich media, the study of long-term
phagosomal residents like Histoplasma and Paracoccidioides
yeasts is revealing that alternate substrates, not hexoses, are
available within the phagosome compartment. Furthermore,
these dimorphic fungi have tuned their metabolism to exploit
these resources during yeast infection of host cells. Consequently,
media used for in vitro propagation of the yeasts should be re-
evaluated for their physiological relevance to the nutritional
conditions actually experienced by the yeast cells. The more-
specialized metabolism used by yeasts within the phagosome
creates opportunities for anti-fungal interventions. The finding
that some micronutrient levels in the phagosome can change
following macrophage activation and subsequent control
of intracellular fungal proliferation further underscores the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 October 2020 | Volume 10 | Article 59225952

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Shen and Rappleye Histoplasma and Paracoddicioides Intracellular Metabolism

potential of targeting metabolic pathways for therapeutic control
of these primary pathogens.
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The immune response against fungal infections is complex and exhibits several

factors involving innate elements that participate in the interaction with the fungus.

The innate immune system developed pattern recognition receptors that recognize

different pathogen-associated molecular patterns present both on the surface of the

fungi cell wall and on their genetic material. These receptors have the function of

activating the innate immune response and regulating a subsequent adaptive immune

response. Among pattern recognition receptors, the family of Toll-like receptors and

C-type lectin receptors are the best described and characterized, they act directly

in the recognition of pathogen-associated molecular patterns expressed on the wall

of the fungus and consequently in directing the immune response. In recent years,

the role of intracellular pattern recognition receptors (TLR3, TLR7, TLR8, and TLR9)

has become increasingly important in the pathophysiology of some mycoses, as

paracoccidioidomycosis, cryptococcosis, aspergillosis, and candidiasis. The recognition

of nucleic acids performed by these receptors can be essential for the control of some

fungal infections, as they can be harmful to others. Therefore, this review focuses

on highlighting the role played by intracellular pattern recognition receptors both in

controlling the infection and in the host’s susceptibility against the main fungi of

medical relevance.

Keywords: fungal infection, intracellular receptors, PRRs, innate immune response, nucleic acids

INTRODUCTION

Fungi are eukaryotic cells with composition predominantly of carbohydrate polymers interspersed
with glycoproteins and complex morphogenesis. Some fungal species have the capacity to present
different forms depending on the temperature in which they are, in other words, they exhibit
thermal dimorphism, which can facilitate the evasion of the immune response and dissemination
in the host.

Depending on the morphotype, conidia or yeast, growth stage and of the species, the fungus can
express different molecular patterns associated with pathogens (PAMPs) on the surface, which will
be recognized by the cells of the immune system (Bowman and Free, 2006; Levitz, 2010; Romani,
2011; Gow and Hube, 2012; Gow et al., 2012).

The major fungi of medical relevance exhibit a wall composed mainly of β-glucans, chitins
and mannans. β-glucans are glucose polymers, where in the β-(1,3)-glucan form is considered
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to be its major fungal cell wall structure and has varying numbers
of β-(1,6)-glucans, chitin is an N-acetylglucosamine polymer,
and mannans is composed of chains with hundreds of mannose
molecules that are added in the fungi proteins viaN orO-linkages
(Bowman and Free, 2006; Wheeler and Fink, 2006; Romani,
2011).

In addition to the fungal cell wall components, nucleic
acids (NAs) are also considered to be true PAMPs capable of
inducing strong stimuli to initiate a potent immune response
(Bacci et al., 2002; Yordanov et al., 2005; Ramirez-Ortiz et al.,
2008; Eberle et al., 2009; Freund et al., 2019). Pathogen derived
NAs are recognized differently from self NAs, leading into
account some types of parameters, such as location, sequence,
structure, and molecular modifications. On the other hand,
self NAs such as extranuclear DNA or extracellular RNA can
be recognized as DAMPs because they are reliable indicators
of cell damage (Pichlmair and Reis e Sousa, 2007; Chen
and Nunez, 2010; Takeuchi and Akira, 2010; Barbalat et al.,
2011).

The innate immune response uses its mechanisms quickly and
conserved in response to a wide variety of fungal pathogens.
Thus, the innate immune system developed receptors called
pattern recognition receptors (PRRs), which are responsible for
recognizing both PAMPs located on the surface of pathogens, and
NAs that are located intracellularly.

The most well-characterized PRRs involved in sensing and
recognition of fungal comprise 5 families, toll-like receptors
(TLRs), C-type lectin-like receptors (CLRs), NOD-like receptors
(NLR), galectins family proteins (Galectin-3), and scavenger
receptors (such as CD5 and CD36) (Yoneyama et al., 2004;
van de Veerdonk et al., 2008; Jouault et al., 2009; Bourgeois
et al., 2010; Romani, 2011; Plato et al., 2015). Each of
these receptors recognizes different PAMPs present on the
fungal cell wall surface as well as its genetic material
(Table 1).

The PRRs differ in signal transduction after the recognition
of the fungal antigen and in its subcellular location. After the
recognition of their respectives ligands, these receptors initiate
the activation of the innate and adaptive immune response
in order to induce a protective response against the fungus
(Perruccio et al., 2005; Plato et al., 2015), but this is not
always possible.

Among the PRRs, intracellular TLRs play an important
role in the recognition of NAs from fungi and has been
showing a potential activator of the immune response, which can
mediate a protective response for the host or favor the escape
of the fungus, with consequent dissemination and worsening
of the disease (Carvalho et al., 2012; Menino et al., 2013;
Jannuzzi et al., 2019). In addition to the pathophysiological
context, the activation of intracellular TLR has been used
as a promising technique for the treatment of some fungal
infections (de Sousa et al., 2014; Morais et al., 2016; Freund
et al., 2019). Thus, in this review, we will discuss the role
of receptors involved in the recognition of fungal NAs,
their location, signaling and the role played in the host’s
immune response.

ENDOSOMAL TLRs INVOLVED IN THE
RECOGNITION OF FUNGAL NAs

The presence of TLRs in host defense has been described for
several fungal pathogens such as Candida albicans (C. albicans)
(Netea et al., 2002, 2006), Aspergillus fumigatus (A. fumigatus)
(Meier et al., 2003; Dubourdeau et al., 2006), Cryptococcus
neoformans (C. neoformans) (Yauch et al., 2004; Biondo et al.,
2005), Fonsecaea pedrosoi (F. pedrosoi) (Sousa et al., 2011) and
Paracoccidioides brasiliensis (P. brasiliensis) (Ferreira et al., 2007;
Loures et al., 2015; Jannuzzi et al., 2019). These receptors act as
a molecular button to trigger the activation of innate immunity
and regulate a subsequent adaptive immune response, essential
in the control of infections (Kawai and Akira, 2011).

TLRs are a family of receptors that comprise up to now
12 functional proteins identified in mice and 10 in humans,
TLR1-9/TLR11-13, and TLR1-10, respectively (Akira et al., 2006;
Medzhitov, 2007), of which TLR3, TLR7, TLR8, and TLR9
are found intracellularly, and recognize NAs derived from
pathogens uptake by endocytosis or derivatives of autophagy
and transferred to the endolysosomal compartment (Blasius and
Beutler, 2010; Barbalat et al., 2011; Lee et al., 2012; Schuberth-
Wagner et al., 2015).

Endosomal TLRs are synthesized in the endoplasmic
reticulum and subsequently transported to Endosome or
Lysosome with the help of the uncoordinated 93 homolog B1
(UNC93B1), which in addition to performing the transport
it also cooperates with the expression and stabilization of the
endosomal TLRs (Lee and Barton, 2014; Pelka et al., 2018). TLRs
can be located in both endosomes and lysosomes, performing
monitoring of endolysosomal contents or detecting NAs in
the cytoplasm (Kawai and Akira, 2006; Barbalat et al., 2011)
(Figure 1).

Intracellular TLRs recognize the different types of NAs
liberated from fungi within the phagosome can stimulate
or modulate the host response during infection. TLR3
recognizes double-stranded RNA (dsRNA) without requiring
specific sequences, however, a minimum length of 40 base
pairs is required for binding and hence induction of TLR3
responsiveness. TLR3 is activated by dsRNA from A.
fumigatus conidia, yeast C. albicans, yeast P. brasiliensis,
among others which will be discussed later (Bourgeois et al.,
2011; Beisswenger et al., 2012; Carvalho et al., 2012; Jannuzzi
et al., 2019). This receptor also recognizes polyinosine-
polycytidylic acid [poly (I: C)] synthetic synthetic RNA
(Alexopoulou et al., 2001; Liu et al., 2008).

Both TLR7 and TLR8 recognize single-stranded RNA
(ssRNA), however this recognition exhibits distinction sequences
motifs in ssRNA. While TLR7 recognizes GU-rich sequences
(e.g., UUGU, GUUC), TLR8 requires AU-rich sequences (e.g.,
AUUU, UAUC) (Vollmer et al., 2005; Forsbach et al., 2008). TLR7
is involved in the recognition of ssRNA from Candida spp and F.
pedrosoi (Bourgeois et al., 2011; Sousa et al., 2011).

TLR9 recognizes nomethylated cytosine-guanosine (CpG)
motifs in DNA (Hemmi et al., 2000). CpG motifs were first
described in bacterial DNA, evidencing their immunostimulatory
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TABLE 1 | List of PRRs, their ligands, and respective fungi.

Receptor Ligand Most fungal species

TLR1/2 Triacylated lipoprotein A. fumigatus, C. albicans

GXM C. neoformans

TLR2 Phospholipomannan C. albicans

β-1,2-oligomannoside C. albicans, S. schenkii, S. brasiliensis, P. brasiliensis

TLR2/6 Diacylated lipoprotein A. fumigatus, C. albicans

GXM C. neoformans

TLR3 dsRNA A. fumigatus, P. brasiliensis, C. neoformans

TLR4 O-linked mannosyl, mannan C. albicans, S. serevisiae, S. brasiliensis, P. brasiliensis

GXM C. neoformans

TLR7 ssRNA C. albicans

TLR8 ssRNA C. albicans

TLR9 DNA A. fumigatus, C. neoformans, Candida, P. brasiliensis, M. furfur

Dectin-1 β-1,3-glucans A. fumigatus, C. albicans, P. carinii, S. schenckii, F. pedrosoi, C. neoformans, P.

brasiliensis, H. capsulatum, Malassezia spp, S. cerevisiae, C. posadasii, T.

mentagrophytes, F. solani, C. cladosporioides

Dectin-2 High-mannose structures α-mannans C. albicans, C. glabrata C. neoformans, T. rubrum, Malassezia spp, H.

capsulatum, F. pedrosoi, A. fumigatus and M. audouini

Dectin-3 GXM C. neoformans serotype AD (C.n-AD) and C. gattii serotype B

α-mannans C. albicans

Mannose receptor α-glucans P. brasiliensis, C. yeast, C. neoformans Histoplama capsulatum, Blastomyces

dermatitidis

Chitin Candida yeast, C. neoformans

Mananas A. fumigatus, S. cerevisiae, P. carinii, C. neoformans, P. brasiliensis, C. albicans,

C. parapsilosis, and S. schenckii

DC-SIGN N-linked mannans Dermatophytes, A. fumigatus, S. cerevisiae, C. neoformans, C. albicans, and

C. topicum

Galactomannans A. fumigatus

MINCLE a-mannose, glyceroglycolipid A. fumigatus, Malassezia spp., F. pedrosoi, P. carinii, and C. albicans

mannosyl fatty acids Malassezia spp P. carinii

MSG/gpA P. carinii

Langerin β-1,3-glucans M. furfur, S. cerevisia, C. albicans, C. glabrata, C. krusei, C. parapsilosis, and

C. tropicalis

Galectin-3 a-mannosides C. albicans

GXM, Glucuronoxylomannan; dsRNA, Double-stranded RNA; ssRNA, Single-stranded RNA; MSG/gpA, glycoprotein of P. carinii.

capacity, however, it is now known that the recognition of these
motifs is also related to many viruses and fungi (Hemmi et al.,
2000; Souza et al., 2001; Barton, 2007). Among the studied
fungal infections, TLR9 activation was related to DNA from A.
fumigattus, C. albicans, P. brasiliensis, S. cerevise, M. furfur, and
C. neoformans (Nakamura et al., 2008; Ramirez-Ortiz et al., 2008;
Kasperkovitz et al., 2010, 2011; Menino et al., 2013).

ENDOSOMAL TLR-MEDIATED SIGNALING

After the recognition of NAs, a signaling cascade begins
that will produce pro-inflammatory cytokines that are
important for the recruitment and activation of immune
cells (Kawai and Akira, 2010).

The recognition of endosomal TLRs by their ligands will
induce the recruitment of different adapter proteins at the
beginning of signaling. TLR7, 8, and 9 will recruit the adapter
protein Myeloid differentiation primary response 88 (MYD88),

which will activate the TNF receptor associated factor 6 (TRAF6)
protein. TRAF6 can activate 3 distinct pathways, in which
activating kappa-B kinase subunit alpha (IKKα) will induce the

activation of interferon regulatory factor 7 (IRF7), which will
be translocated to the nucleus inducing the production of Type

I Interferons (type I IFN). If TRAF6 activates the IKKs it will
generate the activation of the nuclear factor κB (NF-kB), which
will be transcribed in the nucleus and induce the production
of pro-inflammatory cytokines and chemokines. However, if
TRAF6 activates mitogen-activated protein kinases (MAPKs),
transcription of activator protein 1 (AP1) will occur, which will
also result in the production of pro-inflammatory cytokines
and chemokines. TLR3, on the other hand, recruits the adapter
protein TIR-domain-containing adapter-inducing interferon-β
(TRIF), which will activate the TRAF3 protein that can activate
2 different pathways, one that will have IKKε/IRAK activation
and subsequent activation of IRF7, which will be transcribed in
the nucleus and culminate in the production of type I IFN. The
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FIGURE 1 | Signaling mediated by the activation of TLR3, 7 and 9. TLRs 3, 7, and 9 are recruited from the endoplasmic reticulum through the UNC93b1 protein to

the endosome. In the endosome these receptors will recognize their specific ligands, in which TLR3 recognizes dsRNA, while TLR7 ssRNA, and TLR9 DNA. Then

each of these receivers, now activated, will start different signaling pathways. TLR3 recruits TRIF with subsequent activation of TRAF3. TRAF3 can activate two ways,

the first IKKε will be activated and induce the activation of IRF3, while the second will occur activation of IKKε/IRAK1 which will result in the activation of IRF7. TLR7

and TLR9 recruit MYD88 which will result in the activation of TRAF6. TRAF6 may induce 3 different signals, the first will occur the activation of IRF7 through Ikka, the

second will occur the activation of the IKKs complex that will induce the activation of NF-κB and the last will occur the activation of MAPKs that will mediate the

activation of AP−1. IRF3 and IF7 will be transcribed in the nucleus inducing the production of type I IFN, whereas NF- κB and AP-1 will be transcribed and will

mediate the production of inflammatory cytokines and chemokines.

other pathway will have IKKε/TBK1 activation which will induce
the activation of IRF3, which will be transcribed in the nucleus
and will also result in the production of type I IFN (Figure 1)
(Fitzgerald et al., 2003; Meylan et al., 2004; Conze et al., 2008;
Kawai and Akira, 2010; Lee et al., 2012; Yamashita et al., 2012;
Gay et al., 2014).

EXPRESSION OF INTRACELLULAR TLRs
IN CELLS OF THE IMMUNE SYSTEM

Intracellular TLRs are expressedmainly in phagocytes cells, TLR3
is expressed in myeloid dendritic cells, macrophages, epithelial
cells, endothelial cells, and fibroblasts. Among the DC subtypes,
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TLR3 is highly expressed in conventional DCs (CD8α+) from
mice and human DCs (CD141+), while plasmacytoid DCs
express TLR7 and TLR9, but not TLR3 (Matsumoto and Seya,
2008; Beisswenger et al., 2012; Carvalho et al., 2012; Jannuzzi
et al., 2019). Both TLR7 and TLR9 are expressed in monocytes,
macrophages, DCs, and B lymphocytes (Ramirez-Ortiz et al.,
2008; Mancuso et al., 2009; Biondo et al., 2011, 2012; Bourgeois
et al., 2011; Kasperkovitz et al., 2011). TLR9 is also activated in
neutrophils (Bellocchio et al., 2004), while TLR8 is expressed in
all myeloid cells (Bellocchio et al., 2004; Ganguly et al., 2009).

PARTICIPATION OF INTRACELLULAR
TLRs IN FUNGAL INFECTIONS

In this section, we will discuss the role of TLR3, TLR7, and TLR9
in the main fungal infections, such as candidiasis, aspergillosis,
paracoccidioidomycosis, cryptococcosis, and histoplasmosis.

TLR3

TLR3 detects endogenous dsRNA released by cells in the death
process from necrosis (Cavassani et al., 2008). Thus, it is possible
that TLR3 is activated when observing damage in the host caused
by an infectious process, and after its activation, it plays a
role in regulating inflammatory, adaptive memory and tolerance
response (Carvalho et al., 2012).

In aspergillosis, the TLR3 role in DCs is of great relevance,
being critical both for its maturation and the production of type
I IFN. TLR3 in both murine and human DCs by recognizing
the fungus RNA effectively induces the CD8T cell primer for
an MHC-I restricted protective memory response against the
fungus. The absence of TLR3 directly impacts the migration of
murine DCs from the lung to the lymph nodes, due to the failure
in the expression of CCR7, which leads to a deficient activation
of T cells. In mice, the susceptibility to aspergillosis is increased
in conditions of TLR3 absence, leading to an increase in the
inflammatory process in murine aspergillosis, accompanied by
a decrease in the production of IFN-γ, IL-10. In humans, the
single nucleotide polymorphism (SNP) of TLR3 provides more
invasive aspergillosis. Patients carrying a TLR3 +95C/A exhibit
a phenotype of loss of function of DCs, which is correlated
with a severe infection by A. fumigatus and deficiency in the
activation of CD8T cells (Carvalho et al., 2012). The therapeutic
efficacy with micafungin in aspergillosis is strictly induced by
the activation of the TLR2/dectin-1 and TLR3/TRIF signaling
pathways, which regulate the inflammatory/anti-inflammatory
balance during infection, mainly by increasing the production of
IL-10 and decreased TNF-α (Moretti et al., 2014).

Human endothelial cells (ECs) express several genes after their
interaction with C. albicans yeasts, such as genes involved in
cell migration, proliferation, among others. TLR3 is involved as
a mediator in the expression of the CXCL8/18 gene by ECs,
such gene acts in the protective pro-inflammatory endothelial
response in the candidiasis (Müller et al., 2007). Patients with
the L412F genetic variant of TLR3 are more susceptible to
chronic mucocutaneous candidiasis (CMCC). Human peripheral

blood mononuclear cells (PBMCs) that carry L412F after
interaction with C. albicans have a reduction in the production
of TNF-α, type I IFN and IFN-γ (Nahum et al., 2012), these
cytokines are extremely important for maintaining the innate
and adaptive response against candidiasis (Gozalbo and Gil,
2009), this low production can strengthen the susceptibility of
part of the patients with CMCC to infection with C. albicans
(Nahum et al., 2012).

Contrary to other fungal infections, in
paracoccidioidomycosis (PCM) TLR3 is used as an escape
mechanism by P. brasiliensis, generating greater susceptibility
to the disease. Although TLR3 does not play a role in the
phagocytosis of P brasiliensis by murine BMDMs (Jannuzzi et al.,
2019), as observed in the phagocytosis of C. neoformans by
microglia cells (Redlich et al., 2013), in the absence of TLR3
BMDMs have greater microbicidal activity with increased NO
and decreased fungal burden. In murine PCM, the absence of
TLR3 generated greater resistance to infection, with decreased
pulmonary fungal burden and an increased protective response
mediated by IFN-γ and IL-17-producing CD8T cells (Jannuzzi
et al., 2019). CD8T lymphocytes, as well as IFN-γ, and IL-17
cytokines, are involved with the protective response of PCM
(Loures et al., 2009, 2010, 2014; Jannuzzi et al., 2015). The role of
TLR3 in each infection discussed in that session is summarized
in Table 2.

TLR7

The involvement of TLR7 in ssRNA recognition and its role in
the host’s defenses against viruses and bacteria (Diebold et al.,
2004; Mancuso et al., 2009) is well-known, it has recently been
demonstrated that this receptor also plays an important role in
the recognition and targeting of the immune response against
some pathogens fungal (Biondo et al., 2012).

The recognition of Candida spp RNA by TLR7 proved
to be crucial in inducing the type I IFN response in bone
marrow-derived dendritic cells (BMDCs) (Bourgeois et al., 2011).
The activation of the type I IFN response is essential for the
maturation of DCs and participates in the polarization of the
adaptive immune response, inducing the differentiation of Th
cells (Stetson and Medzhitov, 2006). The release of high levels
of IFN-β by BMDCs challenged with Candida spp depends on
TLR7/MYD88/IRF1 and Src/Syk-mediated signaling. However,
in a disseminated candidiasis model, type I IFN signaling
promotes the persistence of C. glabrata in the host, being
detrimental to the fungus clearance (Bourgeois et al., 2011). In
a model of C. albicans infection, resistance to infection it was
also correlated with the activation of TLR7 and the transcription
factor IRF1 (Bacci et al., 2002; Biondo et al., 2012).

In studies with Histoplasma capsulatum (H. capsulatum) it
has already been shown that macrophages and dendritic cells
play different roles in control and infection evolution. While the
fungus survives and replicates within the macrophages, in DCs
its growth is restricted (Gildea et al., 2001). This fact may be
related to the capacity of these cells to produce type I IFN since
it was observed that macrophages stimulated withH. capsulatum
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TABLE 2 | Response induced by TLR3 activation.

Disease Effect Outcome

Aspergillosis Expression CCR7 in BMDC

CD8T cell primer for an MHC-I restricted protective

memory response

Protective response

TLR3 + 95C/A SNP Invasive Aspergillosis Improved phenotype and functions in Human DC

CD8T cell primer

Protective response

Candidiasis Expression CXCL8/18 gene in Human EC Protective response

L412F–TLR3 SNP Chronic mucocutaneous candidiase Increase production of TNF-α, type I IFN and IFN-γ

by Human PBMCs

Protective response

Cryptococcosis No effect in Microglia –

Paracoccidioidomycosis Decrease both microbicidal activity, NO production

and increase fungal burden by BMDM

Decrease IFN-γ and IL-17-producing CD8T cells

Susceptibility

BMDC, bone marrow-derived dendritic cells; DC, dendritic cells; EC, endothelial cells; PBMCs, peripheral blood mononuclear cells; BMDM, bone marrow-derived macrophage.

do not produce this type of cytokine while DCs do it. The type I
IFN mediated response is necessary for DCs to be able to restrict
the growth of intracellular fungi and survive the fungal infection.
Type I IFN production by BMDCs is directed by both TLR7 and
TLR9. TLR7-deficient BMDCs exhibit a significant decrease of
type I IFN when stimulated with yeast from H. capsulatum, the
same could be observed with TLR9-deficient BMDCs, however,
BMDCs deficient in both TLR7/TLR9 the levels of type I IFN
are significantly reduced when compared to the deficient ones
separately, this decrease is accompanied by increased fungal
growth in the cell and cell lysis. In addition, these TLR7/TLR9
deficient BMDCs failed to induce activation of CD4+ T cells.
In the histoplasmosis model, TLR7/TLR9-deficient animals show
a more aggressive infection, exhibiting increased neutrophil
recruitment, increased lung damage, colonization in the brain,
and consequently increased death (Van Prooyen et al., 2016).

The mechanisms present in the susceptibility of
chromoblastommycosis are involved with a defect in the
recognition of the pathogen by the innate immune response. The
F. pedrosoi is recognized by CLRs, but there is a failure in the
co-stimulation of TLRs leading to chronic infection. Thus, in an
attempt to reverse this profile, in 2011, our group showed that
animals infected with F. pedrosoi after being treated with topical
administration of imiquimod, a TLR7 agonist, had a reduction
in the fungal load on the skin, suggesting that the activation of
TLR7 would be important in protecting the disease. In 2014,
the administration of imiquimod was used in four patients with
chromoblastomycosis who had a decrease in the diameter of the
lesions and a clearing of the pathogen, confirming our previous
hypothesis (de Sousa et al., 2014). The role of TLR7 in each
infection discussed in that session is summarized in Table 3.

TLR9

The ability to induce phagosomal recruitment of TLR9
is conserved in distinct fungal taxonomic groups after
phagocytosis, such as A. fumigattus, C. albicans, S. cerevise,
M. furfur, and C. neoformans (Kasperkovitz et al., 2010,

2011). It has recently been shown that TLR9 recruitment and
accumulation in the A. fumigattus and C. albicans phagosome
is dependent on the recognition of β1,3-glucan by dectin-1/syk
pathway. This pathway mediates phagosome acidification and
allows recruitment and retention of TLR9 in this compartment.
Knowing that TLR9 needs cysteine, L cathepsin and S cathepsin
lysosomal proteases for their phagosome cleavage, it has
been seen that blocking Dectin-1/syk-dependent phagosomal
acidification therefore blocks the activation of lysosomal
cathepsins, which will inhibit TLR9 cleavage. Thus, TLR9 can
be recruited for the β1,3-glucan-containing phagosome, but
if there is impairment in phagosome acidification there will
be no cleavage it will not be activated. Thus, TLR9 modulates
gene expression in a Dectin-1 dependent form in response to
β1,3-glucan (Khan et al., 2016).

The DNA of C. albicans, when internalized, is located inside
the endosomal and lysosomal compartments together with the
CpG oligodeoxynucleotides (CpG-ODN). This DNA is capable
of activating BMDCs through TLR9/MyD88-mediated signaling,
but using a mechanism independent of the unmethylated
CpG motif. The activation of BMDCs, by the DNA of
C. albicans, induces immunostimulatory effects, such as IL-
12p40 production, CD40 expression and NF-κB activation
(Kasperkovitz et al., 2011). The same effects are also seen with the
DNA of C. neoformans and A. fumigatus in BMDCs (Nakamura
et al., 2008; Ramirez-Ortiz et al., 2008). In bone marrow-
derived macrophages (BMDM), TLR9-mediated signaling with
C. albicans DNA does not have an effect on their antifungal
effector functions. However, the absence of TLR9 improves
the effective antifungal response of both BMDM and PBMC,
inducing an increased production of TNF-α, IL-6, and nitric
oxide and decreasing the production of IL- 10, in addition to
improving the microbicidal activity of BMDMs. Interestingly, the
systemic infection by C. albicans in TLR9−/− mice did not show
any difference in the fungi load of the analyzed organs or in their
survival, when compared to the control group (van de Veerdonk
et al., 2008; Miyazato et al., 2009). In contrast, TLR9 deficiency
significantly increased resistance to mucosal candidiasis and
reduced the growth of the fungal load on the analyzed organs
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TABLE 3 | Response induced by TLR7 activation.

Disease Effect Outcome

Candidiasis (C. albicans) Type I IFN production BMDCs Protective response

Histoplasmosis Improved Type I IFN production BMDCs Protective response

Chromoblastommycosis Reduction in the fungal load on the skin

Decrease in the diameter of the lesions

Protective response

BMDC, bone marrow-derived dendritic cells.

(Bellocchio et al., 2004). The involvement of TLR9 during
systemic infection by C. albicans yeasts may not impact the host’s
defense mechanism, being only related to the regulation of the
immune response. The recognition of C. albicans suggests that
multiple interactions between PAMPs and PRRs are integrated,
acting synergistically and antagonistically, thus allowing the
immune system to respond to this pathogen in a more specific
way (Trinchieri and Sher, 2007; Netea et al., 2008; Miyazato et al.,
2009).

The synthetic oligodeoxynucleotides (ODNs) containing
CpG-rich motifs found in A. fumigatus DNA are capable of
stimulating TLR9 influencing the host response to the fungal
challenge. It was demonstrated that DNA obtained from A.
fumigatus stimulates potently TLR9-dependent responses in
BMDCs and human plasmacytoid dendritic cells, showing high
production of proinflammatory cytokines like TNF-α and IL-12.
The absence of TLR9 in BMDCs it abolished the production of
these cytokines when stimulated with DNA from A. fumigatus,
proving the role of TLR9 in the effector functions mediated by
these cells (Ramirez-Ortiz et al., 2008). However, the activation
of TLR9 in PMN does not play a role in the response against
the fungus. Stimulation with CpG-ODN of A. fumigatus does not
alter the antifungal effector functions in PMNs, the intracellular
production of reactive oxygen intermediates (ROI), and the
degranulation of these cells remaining unchanged. However, the
absence of TLR9 in PMNs shows an increase in both conidiocidal
activity and in hyphal damage activity, with increased azurophil
granules degranulation (Bellocchio et al., 2004). In addition,
TLR9−/− mice exhibit less pulmonary fungal load, accompanied
by a milder pulmonary inflammatory process, in addition to
having better survival compared to control animals. Suggesting
that, although TLR9 activation plays a different role, depending
on the cell analyzed, its absence generates a protective response
against aspergillosis (Bellocchio et al., 2004; Ramirez-Ortiz et al.,
2008). In humans, susceptibility to allergic bronchopulmonary
aspergillosis has been associated with a SNP in the C allele at T-
1237C, located within the putative promoter of the TLR9 gene
(Carvalho et al., 2008).

The purified DNA of P. brasiliensis activates TLR9 in
macrophages, leading to the expression of cytokines and
promoting their phagocytic capacity, while stimulation of
macrophages with P. brasiliensis yeasts exhibits low TLR9
activation. The absence of TLR9 in macrophages leads to a
decrease in the phagocytic capacity of yeasts. This suggests
under physiological conditions, TLR9 can recognize the DNA
of P. brasiliensis released from the dead fungus in the

extracellular environment or after the live cells of the fungus
are phagocyted by the immune cells. This entire process would
result in the activation of TLR9 and could contribute to
targeting the host’s defense response against P. brasiliensis.
In the context of infection by P. brasiliensis, the absence of
TLR9 increases the susceptibility of mice at the beginning of
the infection (48 h), generating an exacerbated inflammatory
response with the increased neutrophil influx and high levels
of TNF-α at the site of infection (Menino et al., 2013).
This condition is harmful to the host due to the excessive
release of oxidants, proteases and the intense increase in
neutrophils, which can be responsible for organ damage
and fungal sepsis (Bellocchio et al., 2004; Zelante et al.,
2007).

The use of CPG as an adjuvant in vaccines is a strategy
widely used against some models of infection, as it has great
potential to induce and increase Th1 type immune response
through TLR9 activation (Klinman et al., 2004; Latz et al., 2004;
Krieg, 2006). In paracoccidioidomycosis, the combination of
CPG and rPb27, a recombinant protein from P. brasiliensis,
has shown promise in protection in the early stages of the
disease (30 DPI), with a 98% reduction in fungal burden.
The activation of TLR9 with the adjuvant CPG directed an
intense Th1 immune response, with increased recruitment of
lymphocytes, and the production of pro-inflammatory cytokines.
Regarding macrophages, CPG increased the phagocytic response
and microbicidal activity, as well as induced the production of
IL-1β, TNF-α, IL-6 and IL-12, however in vivo the adjuvant
decreased its recruitment, possibly due to increased efficiency
of these stimulated cells (Morais et al., 2016). The role of
TLR9 in each infection discussed in that session is summarized
in Table 4.

CONCLUSIONS

For years, the role of intracellular TLRs has been extensively
studied in viral and bacterial infections (Diebold et al., 2004;
Mancuso et al., 2009). However, these receptors have also been
suggested for recognition and induction of immune responses
against clinically relevant fungal pathogens (Bourgeois et al.,
2010; Carvalho et al., 2012; Menino et al., 2013; Jannuzzi et al.,
2019).

Intracellular TLRs are expressed mainly in phagocytic cells,
such as macrophages and dendritic cells. These receptors are not
necessary for the primary stage of detection and uptake of fungal
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TABLE 4 | Response induced by TLR9 activation.

Disease Effect Outcome

Systemic candidiasis IL-12p40 production, CD40 expression and NF- κB

activation by BMDCs

No effect in BMDM on their antifungal

effector functions

No effect

Aspergillosis Increase of TNF-α and IL-12 cytokine production by

both BMDCs and human plasmacytoid dendritic

cells

No effect in PMN

Susceptibility

Paracoccidioidomycosis Expression of cytokines and promoting phagocytic

capacity in BMDM

The combination of CPG and rPb27 induces 98%

reduction in fungal burden

Protective response

BMDC, bone marrow-derived dendritic cells; PMN, polymorphonuclear; BMDM, bone marrow-derived macrophage; CPG, nomethylated cytosine-guanosine; rPb27, recombinant

protein from P. brasiliensis.

pathogens (Bellocchio et al., 2004; Ramirez-Ortiz et al., 2008;
Carvalho et al., 2012). However, after the recognition process
on the surface of the phagocytic cells, the intracellular TLRs are
recruited into phagosomes, and there perform the recognition
of the NAs. The recognition of NAs, DNAs and RNAs, plays
an important role in directing the murine immune response,
both in innate and adaptive immunity. The type of induced
response is particular for each fungus species and, depending
on the recognized NAs, there will be the activation of a specific
intracellular PRR that could culminate in a protective response or
serve as an evasion mechanism of the immune system or, even,
simply not influencing in the course of the disease (Bourgeois
et al., 2010; Carvalho et al., 2012; Menino et al., 2013; Jannuzzi
et al., 2019). Interestingly in humans, some SNRs in intracellular
TLR are associated with greater susceptibility to fungal diseases
in some types of immunocompromised patients (Carvalho et al.,
2008, 2012). In addition the involvement in the immune response
against fungal infections, the activation of these receptors is
the target of therapeutic strategies, showing efficiency in the
polarization of the protective response and resolution of signs
and symptoms (de Sousa et al., 2014; Morais et al., 2016).

Based on the studies discussed in this review, we understand
that although the signaling mediated by intracellular PRRs
in fungal infections is not yet fully understood, the studies
developed to date point to an important role in the activation

of these TLRs. Thus, we suggest it is necessary to carry out
further studies involving this type of signaling, which can help
to better clarify the pathophysiology of fungal infections, in
addition to contributing to the development of new therapeutic
and prophylactic strategies.
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Oswaldo Cruz Foundation (Fiocruz),
Brazil

Beatriz L. Gómez,
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Kinan Drak Alsibai1,2*, Pierre Couppié 3,4, Denis Blanchet5, Antoine Adenis6,
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B, Centre Hospitalier de Cayenne Andrée Rosemon, Cayenne, French Guiana, 9 UMR Tropical Biome and Immunopathology,
Université de Guyane, Cayenne, French Guiana

Background: Disseminated histoplasmosis remains a major killer of immunocompromised
patients in Latin America. Cytological and histological methods are usually present in most
hospitals and may represent a precious diagnostic method. We report 15 years of
experience of the department of pathology of the Centre Hospitalier de Cayenne Andrée
Rosemon in French Guiana.

Methods: Specimens from live patients from January 2005 to June 2020 with the
presence of H. capsulatum on cytological and/or histological analysis were analyzed. All
specimens were examined by an experienced pathologist. The analysis was descriptive.

Results: Two hundred two cytological and histological samples were diagnosed with
histoplasmosis between January 2005 and June 2020. The 202 samples included 153
(75.7%) histopathological formalin-fixed and paraffin-embedded tissues (biopsy or
surgical specimens) and 49 (24.3%) cytological analysis from all organs. One hundred
thir ty- four pat ients (82.7%) were HIV-posit ive, 15 pat ients (9.3%) had
immunosuppressant treatment, and 13 patients (8%) were immunocompetent.
Seventy-eight of 202 (38.5%) were samples from the digestive tract, mostly the colon
(53/78 cases, 70%) and small intestine (14/78 cases, 18%). Microorganisms were more
numerous in digestive samples (notably the colon) than in other organs. Lymphocyte and
histiocyte inflammation of moderate to marked intensity were observed in all positive
specimens. Tuberculoid epithelioid granuloma were present in 16/78 (20,5%) specimens
including 14 colon and 2 small intestine specimens. There were 11/202 cases of liver
histoplasmosis, 26/202 (12,8%) cases of pulmonary histoplasmosis. Bone marrow
involvement was diagnosed in 14 (2%) specimens (8 aspiration and 6 biopsies). Lymph
gy | www.frontiersin.org October 2020 | Volume 10 | Article 591974166
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nodes were positive in 42 specimens (31 histology and 11 cytology). Histopathological
analysis of the 31 lymph nodes showed a variable histological appearance. Tuberculoid
forms were most frequent (24/31, 77,4%).

Conclusions: From the pathologist perspective, this is the largest series to date showing
that digestive involvement was the most frequent, usually with a tuberculoid form and a
greater load of Histoplasma. With awareness and expertise, cytology and pathology are
widely available methods that can give life-saving results in a short time to help orient
clinicians facing a potentially fatal infection requiring prompt treatment.
Keywords: histoplasmosis, pathology, HIV, French Guiana, tuberculoid granuloma, diagnosis
INTRODUCTION

H. capsulatum is a dimorphic saprophytic fungus which exists in
its mycelial form in soil at moderate temperature, ideally in a
moist environment. As a soil fungus, it is well adapted to be
pathogenic to humans because it does not need to interact with a
mammalian host as part of its life cycle. In tissues and after
inhalation of airborne conidia, H. capsulatum remains in the
blastospore state and does not produce filaments, and is usually
intracellular (Woods et al., 2001). Morphologically, H.
capsulatum is a small spherical or ovoid yeasts measuring 2 to
6 mm (Silverman et al., 1955). It is characterized by its ability to
make a dimorphic transition from must-leaven to yeast, to enter
host macrophages (also called histiocytes in tissues), and to
survive intracellularly. It is also able to proliferate during active
infection, and to persist during clinically inapparent infection,
and has the ability to reactivate (Woods et al., 2001).

Histoplasmosis was first described by Samuel Taylor Darling
by examining the autopsies of two Caribbean and one Asian
persons living and working in Panama who developed
disseminated histoplasmosis (Darling, 1906). Since then,
histoplasmosis has been attributed to H. capsulatum. Until
recently, following different clinical and epidemiological
profiles, the classification entailed Histoplasma capsulatum var.
capsulatum (H. capsulatum) , which causes c lass ic
histoplasmosis, Histoplasma capsulatum var. duboisii (H.
duboisii) which causes African histoplasmosis, and
H. capsulatum var. farciminosum, which causes lymphangitis
in horses in the Old World. Insights from phylogenetic studies
have now replaced this classical denomination and shown that
the causal pathogens of histoplasmosis include different
regionally specific cryptic species, a classification that gradually
gains in detail as the sampling of isolates from different parts of
the world grows (Teixeira et al., 2016; Sepúlveda et al., 2017;
Damasceno et al., 2019). African histoplasmosis, is located
primarily in cutaneous and subcutaneous tissue (Cockshott
and Lucas, 1964). Its evolution is slow and the prognosis is
benign, and the spread to the viscera remains exceptional (Zida
et al., 2015).

For American Histoplasmosis, different genotypes may be
associated with differences in clinical phenotype, with South
American genetic lineages being more dermotropic, and leading
to acute pulmonary diseases whereas North American strains
gy | www.frontiersin.org 267
would be linked to more chronic pulmonary disease. These
differences however, may be confounded by differences in
access to care and further studies are still needed to
disentangle what is attributable to differences in Histoplasma
genetics and patient health care trajectories (Couppie et al., 2006;
Morote et al., 2020; Rodrigues et al., 2020).

The severity of disease after inhalation of H. capsulatum
varies, with the intensity of exposure and the host’s immunity.
This may lead to asymptomatic infections or mild pulmonary
disease for low-intensity exposures in immunocompetent
individuals, whereas heavy exposures may lead to severe
pulmonary infections. Among patients with underlying lung
disease, a chronic lung infection may develop with gradual loss
of pulmonary function, and if untreated, frequent death. Among
immunocompromised patients the infection progressively
disseminates to other organs leading to non-specific
syndromes. Various organs such as the lungs, gastrointestinal
tract, liver or lymph nodes may thus be involved in the same
patient. Immunocompromised patients infected with
Histoplasma are 10 to 15 times more likely to develop a
disseminated form of the disease, which is invariably fatal if
left untreated. Hence, HIV-infected patients with disseminated
histoplasmosis usually have CD4 counts under 200 per mm3 and
mostly under 50 per mm3. In the past four decades, the acquired
immune deficiency syndrome (AIDS) pandemic and the rise in
the number of pharmacologically immunosuppressed patients
have led to an increase of the population of patients susceptible
to progressive disseminated histoplasmosis, and a high number
of resulting fatalities in a context where diagnosis is difficult and
antifungal treatment is often absent or late (Pan American
Health Organization, 2020).

Histoplasmosis has thus become a major opportunistic
infection in patients with advanced HIV infection in endemic
areas, where it has often been ranked as the most common AIDS-
defining infection and cause of death for patients with CD4 cell
counts <200 cells/mm3 (Nacher et al., 2011; Nacher et al., 2020).

French Guiana combines a favorable environment for the
growth of fungi with a high prevalence of HIV infection (Nacher
et al., 2018a). Epidemiological statistics suggest that the
incidence of disseminated histoplasmosis in HIV patients is as
high as 1.5 per 100 persons-years overall, and greater than 10 per
100 persons-years in patients with CD4 counts under 50/mm3

(Nacher et al., 2011; Nacher et al., 2014). In South America,
October 2020 | Volume 10 | Article 591974
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histoplasmosis is a common diagnosis, frequently considered by
physicians confronted with HIV patients with symptoms of an
infectious disease, and pulmonary or digestive symptoms
(Couppié et al., 2019).

Before the advent of the AIDS epidemic, histoplasmosis data
were obtained from animal samples (Emmons and Ashburn,
1948) or by including autopsy specimens sometimes several
decades after the initial diagnosis (Queiroz and Siqueira, 1975).

Various techniques have been used to detect Histoplasma
infection. The reference methods are cytological and histological
examination and fungal culture with a sensitivity of 65 and 80%
respectively in immunocompromised patients (Wheat, 2003;
Wheat, 2006; Nacher et al., 2018b). Other common procedures
include DNA detection by polymerase chain reaction (PCR), and
serological detection in plasma. However, the sensitivity of
histoplasmosis detection methods reported in the literature are
highly variable, and may differ geographically and according to
the experience and the laboratory method used in each center
(Wheat, 2003; Tobon et al., 2005; Huber et al., 2008; Mata-
Essayag et al., 2008). In addition, the relevance of different tests
may vary according to the organs retrieved or the immune status
of the patient (Tobon et al., 2005; Weydert et al., 2007).
Interestingly, the detection of the H. capsulatum antigen in
serum or urine has shown a higher sensitivity, estimated at
90% on American strains. However, access to this method is
limited and is only available in certain North American
laboratories. Because of the diagnostic gap in most countries,
most studies highlighting pathological findings of histoplasmosis
are usually presented in the form of case reports. Some cohorts
with larger numbers of patients have been assembled in the
United States in successive epidemics of the east-central regions
concerning mainly immunocompetent patients (Cano and
Hajjeh, 2001). At the same time, the incidence has been
steadily increasing in parts of South America, where access to
medical care may be more difficult. Whereas fungal culture,
antigen detection, or PCR are often not available, cytological and
histological methods are usually present in most hospitals in
endemic countries and may represent a precious diagnostic
alternative. In this review, we report the experience of the
department of pathology of the Centre Hospitalier de Cayenne
Andrée Rosemon in French Guiana in terms of microscopic
diagnosis of H. capsulatum histoplasmosis for more than 15
years (2005 and 2020) carried out on cytological and
histological samples.
METHODS

We analyzed specimens from live patients diagnosed with
histoplasmosis from January 2005 to June 2020 at the Centre
Hospitalier de Cayenne Andrée Rosemon in the department of
pathology (Cayenne, French Guiana). The inclusion criteria were
the confirmed presence of H. capsulatum histoplasmosis on
cytological and/or histological analysis. All specimens were
examined by an experienced pathologist to confirm the initial
diagnosis by looking for H. capsulatum organisms, such as the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 368
typical round intracellular yeast 2–6 mm with buds. All solid
tissue samples were fixed in 10% buffered formalin, embedded in
paraffin, sectioned at 4 µm and stained with routine
Hematoxylin-Eosin-Safran (HES) stain as well as with Silver
Methenamine Gomori-Grocott (Gomori-Grocott) and/or
Periodic-Acid-Schiff (PAS) stain. The yeasts of H. capsulatum
are usually colored red-violet and surrounded by a light halo by
PAS stain, and colored brown-black by the Gomori-
Grocott stain.

The histopathological lesions correspond to the host reactions
against H. capsulatum and its immune status, and are classified
into 4 categories: (i) the tuberculoid form, (ii) the anergic form,
(iii) the mixed form, and (iv) the sequelae form.

The tuberculoid form usually corresponds to a low
inoculation and effective tissue response of the host. The tissue
shows an inflammatory infiltrate rich in activated macrophages
and lymphocytes mostly of T-helper CD4+ phenotype
progressively recruited in vivo. Granulomas with epithelioid
cells with/without giant cells can also be observed. The
evolution of this form, by analogy with tuberculosis, is caseous
necrosis. Here, the histoplasmas are usually few in number and
are located in the cytoplasm of histiocytes (intracellular).

The anergic form is observed in HIV patients and shows little
or no tissue response. Local macrophages remain inactive. The
typical appearance is that of an abundance of intracellular and
extracellular yeast.

The mixed form represents an intermediate form between the
tuberculoid form and the anergic form. Finally, in the sequelae
form, the scarring fibrosis are predominates and the
inflammation is mild. In this form, rare yeasts can be found
that can correspond to a relapse case or eventual reactivation.

Ethical and Regulatory Aspects
HIV-infected patients were enrolled in the French Hospital
Database for HIV (FHDH). The database includes most
patients followed in French Guiana and nearly all AIDS cases.
Patients in the FHDH gave informed consent for using their
anonymized data and for publishing anonymized results. This
data collection was approved by the Commission Nationale
Informatique et Libertés (CNIL) since 1992 and this cohort has
led to multiple international publications. For HIV-negative
patients, posters and leaflets in a range of language were
posted in laboratories and wards to inform patients that their
anonymized results may be used in ancillary studies and that
they have a right to refuse without any impact on access and
quality of care.
RESULTS

Two hundred two cytological and histological samples (from 162
patients) of H. capsulatum histoplasmosis were diagnosed in our
department between January 2005 and June 2020. The 202
samples included 153 (75.7%) histopathological formalin-fixed
and paraffin-embedded tissues (biopsy or surgical specimens)
and 49 (24.3%) cytological analysis from all organs. One hundred
October 2020 | Volume 10 | Article 591974
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thirty-four patients (82.7%) were HIV-positive, 15 patients
(9.3%) had immunosuppressant treatment (long-term steroids,
anti-TNF and chemotherapy), and 13 patients (8%) were
immunocompetent with no known immunodeficiency status at
the time of diagnosis. In HIV cases, the CD4+ cell count at the
time of cytological or histopathological diagnosis ranged from 0
to 668 mm3. Table 1 summarizes histopathological data of 153
H. capsulatum positive tissues and Table 2 summarizes the 49
cytological techniques used for detection of H. capsulatum.

Pulmonary Histoplasmosis
We diagnosed pulmonary histoplasmosis in 26/202 (12,8%)
specimens consisting of 24 BAL and 2 bronchial biopsies. The
two bronchial biopsies involved two HIV patients with CD4 at
124 and 30 mm3. Both samples revealed a tuberculoid form
associated with intra-cellular H. capsulatum (PAS+ and/or
Gomori-Grocott +).

The 24 BAL fluid concerned 23 immunocompromised
patients and one immunocompetent patient. Among the 23
immunocompromised patients with a BAL, there were 22 HIV
patients and one post-renal transplant patient treated with
immunosuppressant drugs who had a BAL because he was
suffering from fever and diffuse pulmonary micronodules.

The cellular formula of all the 24 pathologic BAL consisted
essentially of macrophages with a percentage ranging from 55 to
85% of cellularity (normal >80%). Neutrophils were in second
place with 2 to 30% of cellularity (normal <5%), followed by
lymphocytes with 8 to 18% of cellularity (normal <10%). The
presence of plasmocytes and eosinophils was occasional. Figure
1 shows a case of pulmonary histoplasmosis diagnosed on BAL.

We routinely performed Ziehl-Neelsen staining and
immunochemistry study with the anti-Pneumocystis
jiroveci antibody on BAL and bronchial biopsies of HIV
patients to look for a co-infection with tuberculosis and
pneumocystosis respectively. Histoplasmosis was associated
with the presence of Mycobacterium tuberculosis on the same
cytology specimen in two cases, Pneumocystis jiroveci in one case
and candidiasis in two cases.

Bone Marrow Histoplasmosis
Bone marrow involvement by histoplasmosis was diagnosed in
14 (2%) specimens (8 aspiration and 6 biopsies). It was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 469
frequently associated with cytopenia (anemia, neutropenia, and
thrombocytopenia) and sometimes with pancytopenia. The
tuberculoid form without necrosis was present in 4 of 6 bone
marrow biopsies. The two remaining biopsies revealed an anergic
form in one case, and intermediate form in the second. Figure 1
shows a case of disseminated histoplasmosis diagnosed from a
blood smear.

Lymph Node Histoplasmosis
Microscopic analysis confirmed lymph node involvement by H.
capsulatum in 42 specimens (31 histology and 11 cytology). The
11 histological samples consisted of 2 biopsies and 9 surgical
specimens of lymph nodes. Histopathological analysis of the 31
lymph nodes showed a variable histological appearance. The
tuberculoid form was the most frequent (24/31, 77,4%).
Interestingly, a histological variant perfectly mimicking
tuberculosis with epithelioid granulomas, multinucleated giant
cells, and caseous necrosis was found in 10 of the 24 tuberculoid
forms, followed by a less typical granulomatous variant where
giant cells and necrosis were absent in 8 cases, and then a non-
granulomatous histiocytic inflammation form in 6 cases (Figure
2). The remaining 7 lymph nodes showed non-specific follicular
or sinusal histiocytic hyperplastic lymphadenitis.

In lymph node involvement (cytological and histological
specimens), H. capsulatum were found with Gomori-Grocott
and PAS+ special staining, which were routinely performed in
HIV patients.

The Ziehl-Neelsen stain allowed the diagnosis of a
histoplasmosis-tuberculosis coinfection in 3 cases. One case of
TABLE 1 | This table summarizes histopathological data of 153 H. capsulatum positive tissues.

Organ/histological type N° Tuberculoid type Anergic type Intermediate type Sequelae type

Gastro-intestinal tract 78 16/78 (20,5%) 17/78 (21.8%) 40/78 (51.2%) 5/78 (6.5%)
Liver 11 9/11 (82%) 2/11 (18%) 0/11 (0%) 0/11 (0%)
Lung 2 2/2 (100%) 0/2 (0%) 0/2 (0%) 0/2 (0%)
Bone marrow 6 4/6 (66,6%) 1/6 (16.7%) 1/6 (16.7%) 0/6 (0%)
Lymph node 31 24/31 (77,4) 4/31 (12.9%) 3/31 (9.7%) 0/31 (0%)
Skin 16 9/16 (56,3) 2/16 (12.5%) 4/16 (25%) 1/16 (6.2%)
ENT 7 4/7 (57,1%) 1/7 (14.3%) 2/7 (28.6%) 0/7 (0%)
Joints 2 1/2 (50%) 0/2 (0%) 1/2 (50%) 0/2 (0%)
TOTAL 153 69/153 27/153 51/135 6/153
October 2020 | Volume 10
The histopathological lesions correspond to the host reactions against H. capsulatum and its immune status, and are classified into 4 categories: (a) the tuberculoid type, (b) the anergic
type, (c) the intermediate type, and (d) the sequelae type.
TABLE 2 | This table summarizes the 49 cytological techniques used for
detection of H. capsulatum in our series.

Organ N° Cytological technique

Lung 24 (49%) Bronchoalveolar lavage (BAL)
Bone marrow 8 (16.3) Bone marrow aspiration
Lymph node 11 (22.5%) Fine needle aspiration (FNA) of lymph node
CNS 1 (2%) Cerebro-spinal fluid/cytology
Peritoneum 3 (6.2%) Peritoneal fluid/cytology
Prostate 1 (2%) Fine needle aspiration (FNA) of inflammatory

prostatic lesion
Blood 1 (2%) Peripheral blood smear
TOTAL 49
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lymph node histoplasmosis was associated with T-cell lymphoma
in a patient with HTLV-1 infection.
Digestive Histoplasmosis
In our experience the digestive tract was the most affected organ
by histoplasmosis. Seventy-eight of 202 positives samples
(38.5%) belonged to the digestive tract (73 biopsies and 5
surgical specimens). Multiple ulcers of the digestive mucosa
were the most common endoscopic findings (56/78 cases,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 570
71.7%). Three of the five surgical specimens involved a parietal
perforation and two cases involved a pseudotumoral fibro-
inflammatory intestinal occlusion.

The colon was the organ most affected by histoplasmosis (53/
78 cases, 70%) followed by the small intestine (14/78 cases, 18%).
The other sites were less frequently involved: esophagus (3/78
cases, 3.8%), stomach (4/78 cases, 5.2%), rectum (2/78 cases,
2.5%), and anal region (2/78 cases, 2.5%). Concomitant colic and
intestinal involvement were observed in 6 cases, and both colic
and esophageal involvement in only 1 case.
FIGURE 1 | H. capsulatum is a small spherical or ovoi yeasts measuring 2 to 6 mm characterized by its ability to make a dimorphic transition to enter host
macrophages and to survive intracellularly and proliferate during active infection. (A) Pulmonary histoplasmosis: BAL cytology shows macrophages with numerous
intracellular H. capsulatum (Gomori-Grocott stain x400). (B) Disseminated histoplasmosis: Extracellular H. capsulatum from blood smear (Gomori-Grocott stain
x1500).
FIGURE 2 | The tuberculoid type of histoplasmosis. (A) Lymph node tuberculoid granuloma perfectly mimicking tuberculosis with epithelioid cells, multinucleated
giant cells, and caseous necrosis (HES stain x200). (B) Few intracellular H. capsulatum (black arrow) in the peripheral layers of tuberculoid granuloma of the lymph
node (Gomori-Grocott stain x 400) with focus spot (red arrow x1000). (C) Branchial biopsy shows less typical granuloma with macrophages, some epithelioid cells,
and few multinucleated giant cells and calcifications without necrosis (HES stain x400). (D) Moderate number of intracellular H. capsulatum (two black arrows) from
the same branchial biopsy (Gomori-Grocott stain x 600) with focus spot (two red arrows x1000).
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The numbers of microorganisms were higher in digestive
histoplasmosis than in other organs, with a maximum for colonic
biopsies (number of H. capsulatum per light microscope field at
magnification ×400). In addition, in these samples, histoplasma
were observed in the cytoplasm of histiocytes or free in the
stroma. Lymphocyte and histiocyte inflammation of moderate to
marked intensity were observed in all positive specimens.
Nevertheless, the tuberculoid epithelioid granulomatous form
was present in 16/78 (20,5%) specimens including 14 colon and 2
small intestine specimens. The presence of multinucleated giant
cells was observed in only 3 of the 16 cases. H. capsulatum yeasts
were present mainly in the peripheral layers near the granuloma.
No granulomas were found in the upper gastrointestinal tract. In
addition, mixed inflammatory infiltrate contained plasma cells,
neutrophils, and eosinophils were observed. Figure 3 shows an
anergic form of histoplasmosis in the colon.

Liver Histoplasmosis
Eleven cases of liver histoplasmosis were diagnosed in our
department in the last 15 years. All eleven patients were HIV-
positive and had fever, cholestasis and an altered general
condition. On histological examination, the hepatic tissue was
the site of moderate to marked lymphohistiocytic inflammatory
infiltrates and/or epithelioid granulomas without necrosis
(tuberculoid form) in 9 out of 11 cases. The two remaining
cases corresponded to a rather anergic form. Sinusoidal
hyperplasia of Kupffer cells was also observed in 5 cases. H.
capsulatum were intra-cellular and occasionally observed in the
sinusoid lumen in both cases of the anergic form.

Mucocutaneous Histoplasmosis
Histological analysis revealed the presence of H. capsulatum
microorganisms in 16 mucocutaneous biopsies (12 skin biopsies,
3 oral mucosa biopsies, and 1 genital mucosa biopsy). Interestingly,
the tuberculoid form associating epithelioid granulomas and
multinucleated giant cells was the most frequent form (9/15,
60%). Necrosis was consistently absent. The intermediate form
was observed in 6 cases (40%). Figure 4 shows intermediate and
sequelae cases of cutaneous histoplasmosis.

Diverse localizations of histoplasmosis were diagnosed by the
Pathology Department in the last 15 years including cerebrospinal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 671
fluid which correspond to central nervous system involvement (1
case), peritoneal fluid (3 cases), cytology from a prostatic lesion (1
case), and peripheral blood smear in a patient with disseminated
histoplasmosis. Seven biopsy specimens of ENT histoplasmosis were
observed in our series (3 larynx, 1 cavum, 1 nasal fossa, 1 tonsil, and
1 tongue). We also diagnosed two synovial histoplasmoses, one of
them was the subject of a recent case report (Gaume et al., 2017).
DISCUSSION

In the pathology department of the Centre Hospitalier de Cayenne
Andrée Rosemon in French Guiana, consecutive patients diagnosed
with histoplasmosis were almost exclusively immunocompromised,
mainly from advanced HIV-infection. The appearance of
histoplasmosis in patients suffering from cancer or treated with
immunosuppressive drugs also emphasizes that this infection
should be systematically suspected in endemic areas, a suspicion
that should lead to specific explorations to identify it.

In this review of over 15 years of activity in the main hospital in
French Guiana, we have reported the cytopathological and
histopathological aspects of histoplasmosis diagnosed by light
microscopy. To our knowledge, this is the largest series of
pathological specimens diagnosed with histoplasmosis. The
frequency of different types of samples may have reflected local
organizational specificities. Hence, first clinicians must be proactive
to obtain tissue samples for fungal culture or pathology. When the
sample is taken it should be divided and immersed in formalin for
pathology whereas it should not for fungal culture. These aspects
are not trivial, they require awareness and a specific organization
that allows patients and physicians to benefit from at least two
complementary diagnostic methods. In French Guiana early on,
physicians, and notably gastroenterologists have always been
prompt to perform endoscopies to explore diarrheal diseases
of HIV thereby identifying a significant number of cases of
histoplasmosis, which presumably explains the large number of
cases in the digestive tract.

We described the pathological findings in an immunodeficient
population whose immune condition may have specificities.

We revealed that Histoplasma can be found in and beneath the
gastrointestinal mucosa in patients who present multiple
FIGURE 3 | The anergic type of histoplasmosis. (A) Colon biopsy shows interstitial moderate and polymorph inflammatory infiltrate including lymphocytes,
plasmocytes, and some macrophages (HES stain x200). (B) Numerous intracellular and extracellular H. capsulatum from the same biopsy (Gomori-Grocott stain
x600, with focus spot x1500).
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endoscopic ulcers. The ulcers were associated with a large number
of H. capsulatum yeasts and fever. In ulcers, yeast was often present
outside the macrophages or even linked in small chains, a likely sign
of intense fungal replication and/or tissue necrosis.

The tuberculoid form was the most common histological
form found across all organs. This granulomatous form is found
in both immunocompetent and immunocompromised patients.
Nevertheless, the typical tuberculoid appearance associating both
well-formed epithelioid granulomas and multinucleated giant
cells with or without caseous necrosis was not so frequent, a finding
that has already been highlighted by previous studies performed only
on digestive and hepatic histoplasmosis (Lamps et al., 2000).
Granulomas are strongly associated with a high fungal load, which
easily leads to diagnosis. However, low fungal loads with <1 H.
capsulatum yeast per microscopic field ×400, without any real
inflammatory infiltrate, are not uncommon and should be
diagnosed using the Gomori-Grocott stain, an oil lens with a
higher magnification (×1,000) to avoid confusion with other
fungal yeasts.

In this series, we reported two cases of histoplasmosis diagnosed
following colon and small intestine occlusion by chronic fibro-
inflammatory masses of pseudotumoral appearance. Given the
diversity of the fungal load and inflammation on the slides,
pathologists must be experienced in the identification of this
yeast. Overall, the rarity of fibrosis and predominance of
tuberculoid forms suggests that the evolution of infections may
usually be subacute (1 to 3 months) because fibrotic lesions are
usually associated with chronic infections (6 months). The rarity of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 772
fibrosis is presumably also a consequence of immune suppression
which reduces inflammation. This is consistent with the observation
of seasonality which suggested that a significant proportion of
histoplasmosis cases were de novo infections (Hanf et al., 2010).

The diagnosis of histoplasmosis is not always simple. Most
data have been provided from epidemics in predominantly
immunocompetent North American populations with lung
involvement. Patients in South America and in our series in
French Guiana were mostly immunocompromised. While culture
provides the strongest evidence of infection, it can be slow, despite
recent improvements in culture media, and it requires BSL 3
laboratories. In addition, the antibodies currently in use are based
on H. capsulatum strains from the United States, which may not
be accurate enough for Amazonian strains. Studies have shown a
remarkable polymorphism ofH. capsulatum strains in Brazil, with
genetic differences with the American strains leading to possible
differences in clinical and laboratory results (Karimi et al., 2002;
Zancopé-Oliveira et al., 2005).

A US study of 16 immunocompromised patients suggested that
histology was the most useful diagnostic procedure (Kaufman,
1992). Since most of our patients present with severe systemic
symptoms that require immediate care, a combination of several
laboratory techniques such as direct MGG-stained examination,
culture on Sabouraud dextrose agar, examination of pathological
specimens (cytology and histology) stained by PAS or Gomori-
Grocott, PCR, Histoplasma antigen (galactomannan antigen), or
serology seems necessary. Information on the efficacy of
histopathological examinations in the diagnosis of histoplasmosis
FIGURE 4 | The cutaneous histoplasmosis (intermediate and sequalae types). (A) Ulcerative skin biopsy shows marked polymorph dermatitis including neutrophils,
lymphocytes, plasmocytes, eosinophils, and few macrophages (HES stain x200). (B) Presence of moderate number of intracellular and extracellular H. capsulatum in
the dermis from the same biopsy (Gomori-Grocott stain x600, with focus spot x1000). (C) Skin biopsy shows a particularly fibrous dermis without significant
inflammatory infiltration in an HIV patient (HES stain x100). Gomori-Grocott staining shows very rare H. capsulatum (black arrow) in the dermis (Gomori-Grocott stain
x600, with focus spot and red arrow x1000).
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is scarce. Figures found in the literature refer mainly to results
obtained mainly from lung samples during the Indiana epidemics
and acknowledge a sensitivity of about 60% in immunocompromised
patients (Wheat, 2006). On the contrary, the results obtained in the
endemic population of South America show a remarkable initial
sensitivity in 158 patients including 27 immunocompromised
patients (Mata-Essayag et al., 2008). This result highlights the need
for pathologists experienced in the diagnosis of infectious agents.

Previous studies based on autopsy results confirm that
gastrointestinal involvement was common in disseminated
histoplasmosis (Silverman et al., 1955; Queiroz and Siqueira, 1975;
Goodwin et al., 1980). However, it caused symptoms in only a few
patients (3–12%) in older studies involvingmainly immunocompetent
patients (Suh et al., 2001), which probably explains why
gastrointestinal specimens are rarely considered for the diagnosis of
histoplasmosis in daily practice in non-endemic areas.

The gastrointestinal tract was commonly involved in the
histoplasma infection. In case of suspicion of histoplasmosis in
patients reporting diarrhea or other digestive symptoms, upper
tract endoscopy and ileocolonoscopy were often performed in
our institute. While upper gastrointestinal specimens taken at the
same time of diagnosis often yielded negative results, the ileum
and colon were a common site of infection. Histopathology
provided valuable information and proved to be very sensitive,
probably due to the high number of yeasts found there.
Histological examination for digestive histoplasmosis can
provide a rapid diagnosis and avoid false negativity due to
possible contaminating fungal organisms such as Candida
yeast, which grow faster than histoplasmosis in the culture broth.

Similarly, cytological and histopathological examinations
showed a high sensitivity in pulmonary histoplasmosis. In our
experience, cytological examination of BAL fluid allows the
diagnosis of pulmonary histoplasmosis and reveals H. capsulatum
microorganisms within macrophages by PAS and/or Gomori-
Grocott staining.

In our series the tuberculoid form was the most common
histopathologic findings in liver histoplasmosis biopsies (9/11
specimens, 81,8%). These data are interesting because, unlike most
previously published cases, this series involved hepatic tissue samples
involved living hospitalized patients and not autopsy specimens.

Bone marrow aspiration was very effective in diagnosing H.
capsulatum, and was easily able to detect the Gomori-Grocott
positive yeast.

Finally, when looking for H. capsulatum, the search for other
pathogens especially in immunocompromised patients should
not be neglected. In our series histoplasmosis was associated with
other infectious diseases including toxoplasmosis, cytomegalovirus,
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Epstein-Barr virus, Pneumocystis, genital herpes, leishmaniasis,
syphilis, Chagas disease, local or systemic candidiasis, hookworm
disease, dengue fever, leprosy, and cryptococcosis. The discovery of
systemic bacterial infection like Salmonella, Pseudomonas, and
Klebsiella was also common during hospitalization.

Overall, our results show the good performance of pathological
analyses in a population which had a predominance of
immunocompromised patients, by the high number of positive
cytological and histological samples, and the experience acquired
by the pathology team in the daily search for Histoplasma
microorganisms. Cytological and/or histopathological analysis
with an average of 3 days between sample collection and results
is a relatively rapid and reliable diagnostic tool for histoplasmosis.
In combination with other laboratory analyses the pathological
analysis using special routine stains (PAS and Gomori-Grocott) is
particularly useful and accurate in gastrointestinal histoplasmosis
of the lower digestive tract and in the lungs, but also in other
locations of histoplasmosis such as liver, bone marrow, lymph
nodes, and skin. Given the diversity of fungal load and the
cytological and histological findings on the analyzed specimens,
the pathologist must have sufficient experience to identify H.
capsulatum and think systematically about histoplasmosis as a
differential diagnosis in HIV patients. Clinicians must also be
aware of the possibility of histoplasmosis and should strive to
obtain tissue samples adequately processed so that both fungal
culture and cyto-pathology can be performed. Hence, guided by
the clinical presentation, digestive endoscopies, bone marrow and
lymph node aspiration, and biopsies were contributive standard
explorations. Although great hopes have emerged for the scale-up
of new rapid diagnostic methods clinicians should make full use of
classical methods that are available and that can help save lives.
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Histoplasmosis is one of the most frequent systemic mycosis in HIV patients. In these
patients, histoplasmosis has high rates of morbidity/mortality if diagnosis and treatment
are delayed. Despite its relevance, there is a paucity of information concerning the
interaction between Histoplasma capsulatum and the human host, especially regarding
the B-cell response, which has a direct impact on the diagnosis. Culture-based “gold-
standard” methods have limitations, making immunodiagnostic tests an attractive option
for clinical decisions. Despite the continuous development of those tests, improving
serological parameters is necessary to make these methods efficient tools for definitive
diagnosis of histoplasmosis. This includes the determination of more specific and
immunogenic antigens to improve specificity and sensitivity of assays. In this study, we
performed a co-immunoprecipitation assay between a protein extract from the yeast form
of H. capsulatum and pooled sera from patients with proven histoplasmosis, followed by
shotgun mass spectrometry identification of antigenic targets. Sera from patients with
other pulmonary infections or from healthy individuals living in endemic areas of
histoplasmosis were also assayed to determine potentially cross-reactive proteins. The
primary structures of H. capsulatum immunoprecipitated proteins were evaluated using
the DNAStar Protean 7.0 software. In parallel, the online epitope prediction server,
BCPREDS, was used to complement the B-epitope prediction analysis. Our approach
detected 132 reactive proteins to antibodies present in histoplasmosis patients’ sera.
Among these antigens, 127 were recognized also by antibodies in heterologous patients’
and/or normal healthy donors’ sera. Therefore, the only three antigens specifically
recognized by antibodies of histoplasmosis patients were mapped as potential
gy | www.frontiersin.org October 2020 | Volume 10 | Article 591121175
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antigenic targets: the M antigen, previously demonstrated in the diagnosis of
histoplasmosis, and the catalase P and YPS-3 proteins, characterized as virulence
factors of H. capsulatum, with antigenic properties still unclear. The other two proteins
were fragments of the YPS-3 and M antigen. Overlapping results obtained from the two
aforementioned bioinformatic tools, 16 regions from these three proteins are proposed as
putative B-cell epitopes exclusive to H. capsulatum. These data reveal a new role for these
proteins on H. capsulatum interactions with the immune system and indicate their
possible use in new methods for the diagnosis of histoplasmosis.
Keywords: Histoplasma capsulatum, Homo sapiens, immunoproteome, mass spectrometry, epitopes, M antigen,
YPS-3, catalase P
INTRODUCTION

Histoplasmosis is a life-threatening systemic mycosis with
worldwide distribution, with predominance areas in the
Americas (Wheat et al., 2016), caused by the dimorphic fungus
Histoplasma capsulatum (Teixeira et al., 2016). The mycelial
form of H. capsulatum is found in the environment and the yeast
form is observed during parasitism. Under laboratory conditions,
the mycelium form can be cultivated from 25 to 30°C; a
temperature switch—up to between 35 and 37°C—in enriched
media can reversibly induce the yeast morphotype in this fungus
(Sahaza et al., 2020).

In general, infection starts upon inhalation of airborne
infectious propagules of H. capsulatum that are highly resistant
to adverse environmental factors (Frıás-De-León et al., 2017).
Microconidia are the most frequent infectious elements because
of their small size, which facilitates penetration into the
pulmonary alveoli. This event is followed by the conversion of
the fungus into yeasts, which has been considered a critical factor
for the pathogenicity of H. capsulatum (Knox and Hage, 2010).

The infection by H. capsulatum depends on a complex
interaction between the fungus and the mammalian host, with
disease prognosis determined by factors such as immune status
of the host, strain virulence, and inhaled fungal burden
(Sepúlveda et al., 2014). Although histoplasmosis affects either
immunologically intact or deficient hosts, individuals with
compromised cellular immune response presents more severe
manifestations of this disease (Mittal et al., 2019). The yeast cells
of H. capsulatum are highly adapted to the host since they can
survive and reproduce within phagocytic cells (Garfoot and
Rappleye, 2016). Histoplasma capsulatum strategies against
macrophages include evasion from the immune response on
entry, inactivation of nitrogen and oxygen reactive species,
prevention of phagolysosomal fusion, hindrance of lysosomal
pH reduction, siderophore production, and induction of
apoptosis for escape and dissemination into the host (Long
et al., 2003; Missall et al., 2004; Guimarães et al., 2011; Hilty
et al., 2011; Mittal et al., 2019).

Although the cellular immune response is long recognized as
relevant in the control of H. capsulatum infection, roles for
antibodies in the pathogenesis of histoplasmosis have been
proposed. In fact, a monoclonal antibody reactive against a cell
gy | www.frontiersin.org 276
surface histone-like protein has proved to be protective in a murine
histoplasmosis model (Nosanchuk et al., 2003). Also, monoclonal
antibodies against heat shock protein 60 (HSP60) can alter the fate
of the fungus within phagocytic cells and change host cytokine
production profiles (Guimarães et al., 2009), as well as modify
qualitatively and quantitatively the gene expression and contents of
extracellular vesicles secreted by yeast cells of the fungus, impacting
on the effector functions of bone-marrow derived macrophages
(Baltazar et al., 2018; Burnet et al., 2020). Moreover, antibodies
against the M and H antigens, a catalase B and beta-glucosidase,
respectively, are consistently produced by patients with different
clinical forms of histoplasmosis and, therefore, are largely applied in
serodiagnostic tests (Pizzini et al., 1999; Guimarães et al., 2004;
Almeida et al., 2016; Almeida et al., 2019).

Routine serodiagnosis of histoplasmosis is usually performed
with the crude supernatant of H. capsulatum mycelial cultures
known as histoplasmin. This is composed predominantly by C,
H, and M antigens. The C antigen is a galactomannan
responsible for the cross-reactions observed with other fungal
species. The H antigen is a b-glucosidase and the M antigen is a
catalase. These last two proteins are widely used as targets for
antibody detection in the diagnosis of histoplasmosis (Guimarães
et al., 2006).

The use of proteomic methodologies can assist in the
identification of proteins involved in the parasite-host interaction
process (Pastorelli et al., 2006). Besides clarifying the pathogenesis of
mycotic diseases, the recognition of immunologically reactive
molecules can aid in the development of more efficient serological
tests for diagnosis of infections and differentiation of close-related
species (Moreira et al., 2020). Immunoproteomic approach has been
successfully applied to identify specific antigens in infectious
diseases, as demonstrated for several fungal pathogens such as
Aspergillus fumigatus (Virginio et al., 2014), Candida albicans
(Pitarch et al., 2016), Coccidioides posadasii (Tarcha et al., 2006),
Cryptococcus gattii (Martins et al., 2013), Cryptococcus neoformans
(Neuville et al., 2000), Paracoccidioides spp. (Moreira et al., 2020),
and Sporothrix schenckii (Rodrigues et al., 2015).

In this work, an immunoproteomic approach was employed
to characterize H. capsulatum proteins specifically recognized by
antibodies exclusively present in histoplasmosis patient’s serum
samples and, therefore with a role in the host-pathogen
interaction. Moreover, these specific antigens were identified
October 2020 | Volume 10 | Article 591121
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and their B-epitopes characterized. Consequently, their
applications could improve the serodiagnosis of histoplasmosis.
MATERIALS AND METHODS

Microorganism and Culture Conditions
Histoplasma capsulatum G-217B (ATCC 26032) was used in this
study. This is a reference strain used by different research groups
worldwide. It has been genotyped and classified in the NAm2
phylogenetic group, which has been proposed to be renamed as
the cryptic species Histoplasma ohiense (Sepúlveda et al., 2017).
The fungus was grown in Ham’s F-12 medium supplemented
with glucose (18.2 g/L), glutamic acid (1 g/L), 4- (2-hydroxyethyl)
-1-piperazinoethanesulfonic acid [HEPES (6 g/L)], and cysteine
(8.4 mg/L), pH 7.5. Yeast cells were grown at 36°C for 72 h under
constant agitation (150 rpm).

Human Sera
The serum samples used were obtained from patients recruited at
the Evandro Chagas National Institute of Infectious Diseases, a
reference center for Infectious Diseases in Rio de Janeiro, Brazil.
The study included samples from three groups: (i) 10
independent patients with histoplasmosis—confirmed by the
isolation of H. capsulatum in culture—presenting different
clinical manifestations [pulmonary (n = 3), mediastinal (n =
2), and disseminated (n = 5)], (ii) 10 independent patients with
culture-proven diseases other than histoplasmosis [aspergillosis
(n = 2), coccidioidomycosis (n = 2), cryptococcosis (n = 2), and
paracoccidioidomycosis (n = 2)], as well as tuberculosis (n = 2),
and (iii) Group NHS—10 samples from different healthy
individuals were also included in this study. One serum sample
was collected from each participant of the study. These serum
samples were stored at −20°C until use. Three pools of sera were
built with the samples included in this study and named as
follows: (i) histoplasmosis (HPM), (ii) heterologous (HET), and
(iii) normal healthy sera (NHS). The use of these samples was
approved by the Research Ethics Committee of the Evandro
Chagas National Institute of Infectious Diseases–Fiocruz,
accession number CAAE 0029.0.009.000-11.

Preparation of Protein Extract
Yeast cells were collected by centrifugation (10.000 g, 10 min, 4°C)
and washed three times with phosphate buffered saline (PBS; 1.4
mM KH2PO4, 8 mM Na2HPO4, 140 mM NaCl, 2.7 mM KCl; pH
7.2). The protein extracts were obtained by mechanical maceration
in the presence of liquid nitrogen until complete cell disruption,
monitored by light microscopy. Next, extraction buffer (20mMTris-
HCl pH 8.8, 2mM CaCl2) supplemented with protease inhibitors
(Complete Mini®, Roche Diagnostics, Manheim, Germany) and
zirconia beads (0.5 mm) were added. The material was subjected to
vigorous agitation in a Mini-Beadbeater (Biospec products,
Bartlesville, OK, USA) for five 30 s cycles, intercalated with 1 min
ice bath incubation. The lysate was then subjected to centrifugation
at 10.000 g for 15 min at 4°C and the protein concentration
(supernatant) was determined by the Bradford method, using
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 377
bovine serum albumin as standard (Bradford, 1976). Samples
were submitted to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (1D SDS-PAGE) according to Laemmli (1970)
and two-dimensional gel electrophoresis (2DE). Regarding 2DE,
isoelectric focusing was carried out on 11-cm immobilized 3–10 pH
gradient gel strips (Immobiline DryStrip gels, GE Healthcare
Biosciences). Each protein extract (200 µg) was solubilized in 200
µl of rehydration solution [8 M urea, 2% (w/v) 3-[(3-
cholamidopropyl)-dimethyl-ammonio]-1-propane sulfonate
(CHAPS), 1% (w/v) ampholytes (IPG Buffer 3–10 linear), 0.1 M
dithiotreitol (DTT), and 0.002% (w/v) bromophenol blue (BFB)].
The active rehydration and isoelectric focusing steps were
performed in an Ettan IPGphor system (GE Healthcare
Biosciences) under the following conditions: 30 V for 12 h, 200 V
for 1 h, 500 V for 1 h, 1,000 V for 1 h, 3,500 V for 30 min, and 6,000
V for 6 h. For the second dimension, proteins were reduced with
0.1% (w/v) DTT followed by alkylation with 0.4% (w/v)
iodoacetamide; both steps in equilibrium buffer [1.5 M Tris-HCl
pH 8.8; 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, and 0.002% (w/
v) BFB] at constant agitation for 15 min each step. After this
preparation, the strips were placed on the top of 12%
polyacrylamide gels with SDS (Laemmli, 1970) and the system
sealed with 0.5% (w/v) agarose in Tris-glycine buffer. The
electrophoretic run was carried out at 15°C on a Protean II
system (Bio-Rad) under the following conditions: 3 mA for
30 min and 25 mA until the end of the run. The proteins were
colloidal Coomassie blue- or silver-stained.

Serological Tests
All sera included in this study were individually tested through
the Outcherlony double immunodiffusion test using
histoplasmin as an antigen (Guimarães et al., 2006). In
addition, a Western blot assay (Pizzini et al., 1999) was
performed to check the individual reactivity of the 30 included
serum samples, as well as the three pool of sera described
previously, against the protein extract prepared from the yeast
cells of G217B H. capsulatum strain. Moreover, to check whether
inespecific reactions could occur between the secondary antibody
(alkaline phosphatase-conjugated AffiniPure goat anti-human
IgG, Fc fragment specific, Jackson ImmunoResearch, West
Grove, PA, USA) and the protein extract, a conjugate control
was performed, where only the secondary antibody was added to
the nitrocellulose strip with the antigen.

Co-Immunoprecipitation Assay
For the co-immunoprecipitation step, magnetic microspheres—
Dynabeads® Protein G (Invitrogen, California, USA)—were used,
following a previously described protocol (Moura et al., 2011). In
the antibody-binding step, 50 ml of the solution containing the
microspheres were resuspended and separated on a magnetic
platform for 5 min and the supernatant was removed. The
microspheres were washed three times (5 min each) in 200 µl of
PBS with 0.1% Tween 20 (PBS-T). Ten micrograms of protein from
each serum pool (HPM, HET, and NHS) were individually
analyzed. As an additional control, the microspheres were
incubated with PBS only (CON). Experimental triplicates were
performed for each condition. Each serum pool was diluted to 50
October 2020 | Volume 10 | Article 591121
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µg/ml of total proteins in PBS and 200 µl of the dilution was applied
to the beads and incubated for 2 h at room temperature under
rotation. Again, the microspheres were separated, and washed three
times in PBS-T after supernatant disposal. For the crosslinking step,
200 µl of a 13 mg/ml DMP (dimethyl pimelimidate) solution in PBS
(pH 9.0) were added and incubated for 15 min under rotation at
room temperature. The microspheres were subjected to three
washes in PBS-T, as described above. At the immunoprecipitation
stage, 25 µg of H. capsulatum protein extract, prepared as described
above, diluted in 200 µl of PBS-T were incubated with the magnetic
microspheres and submitted to rotation at room temperature for
2 h. Again, microsphere separation and washing steps were carried
out. For the elution step, the microspheres were resuspended in
100 µl of PBS-T and transferred to a new tube. The polypeptides
were eluted in 50 µl of a solution containing 0.1 M glycine (pH 2.8)
incubated for 5 min at room temperature under rotation. The
microspheres were separated for 5 min, the supernatant removed,
and the pH adjusted to 7.0. Subsequently, the samples were dried
on a centrifugal vacuum concentrator (Speed-Vac, Thermo) and
stored at −20°C until further processing.
Shotgun Mass Spectrometry (MS)
Protein Identification
For each dried sample resulting from the coimmunoprecipitation
assays (above), 100 µg of protein were submitted to trypsin
digestion. Samples were initially resuspended in 20 µl of a
solution containing 0.4 M ammonium bicarbonate, 8 M urea,
followed by addition of 5 µl of 0.1 M dithiotreitol and incubation
at 37°C for 30 min. Then, 5 µl of 0.4 M iodoacetamide were
added and incubated for 15 min at room temperature in the dark.
Samples were diluted by addition of 130 µl of Milli-Q water
followed by trypsin (Promega, Wisconsin, USA) addition at 1/50
(m/m) of enzyme to substrate; first incubation for 16 h at 37°C
and second incubation at 56°C for 45 min; reaction was stopped
with 20 µl of 10% (v/v) formic acid. Samples were then desalted
with in-lab-generated columns packed with Poros R2 resin (Life
Technologies). Columns were initially activated with 100%
acetonitrile (CH3CN), followed by equilibration with 1% (v/v)
trifluoroacetic acid (TFA). Samples were applied to the columns
and subjected to five washes with 0.1% TFA solution. The
elutions were carried out with four washes of 0.1% TFA in
70% CH3CN. Samples were dried on a centrifugal vacuum
concentrator (SpeedVac, Thermo) and stored at −20°C until
use. Prior to MS, each sample was resuspended in 20 µl of 1%
formic acid. MS analysis was conducted in technical triplicate (4
µl injection per replicate) for samples HPM, HET, and NHS and
technical duplicate for sample CON. Briefly, peptides were
submitted to reversed-phase nanochromatography (EASY-nLC
II, Thermo) coupled to a high-resolution nano-electrospray
ionization mass spectrometer (LTQ Orbitrap XL, Thermo),
using the data-dependent analysis mode with MS1 spectra
being acquired in the orbitrap analyzer and MS2 spectra in the
linear trap. Detailed experimental settings were the same as
previously described (Brunoro et al., 2015), to the exception of
column length, gradient duration, and number of most intense
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 478
ions submitted to CID for each spectra, which were 20 cm,
168 min, and 7 ions/spectra, respectively, in the present work.

Data Analysis
All MS/MS spectra were analyzed using PEAKS Studio 8.5
(Bioinformatics Solutions, Canada). After data refinement with
the precursor (mass only) correction option, PEAKS DE NOVO
analysis was run assuming trypsin digestion, with a fragment ion
mass tolerance of 0.60 Da and a parent ion tolerance of 10 ppm.
Cysteine carbamidomethylation (+57.02 Da) was set as fixed
modification and methionine oxidation (+15.99 Da) as variable
modification; a maximum of three variable modifications per
peptide was allowed. PEAKS DB analysis was performed using
these same parameters plus the possibility of up to two missed
enzyme cleavages and non-specific cleavage at one side of the
peptides. Searches were made against an NCBInr database subset
for “H. capsulatum” (37,754 entries). False discovery rates (FDR)
were estimated through the PEAKS decoy fusion approach, and
only peptide/protein identifications with FDR values ≤1% were
accepted. Identified proteins were subjected to in silico analysis
using UniProt database (www.uniprot.org) and WoLF PSORT
server (https://wolfpsort.hgc.jp/). UniProt database was used to
categorize the proteins according to their function and WoLF
PSORT server to predict subcellular localization of the proteins.
Presence of the proteins within H. capsulatum extracellular
vesicles (EVs) was performed comparing our proteomic data
with data previously described on proteomics of EVs
(Albuquerque et al., 2008; Baltazar et al., 2018). After that
Venn diagrams were created using the Venny 2.1 tool (http://
bioinfogp.cnb.csic.es/tools/venny/) to determine which proteins
were recognized by the serum pool of patients with
histoplasmosis (HPM) detected in the three experimental
replicates. From this intercession, new Venn diagrams were
constructed with all proteins recognized by the serum pool of
patients with other infections (HET), serum pool of normal
healthy sera (NHS), and with all proteins recognized in the
control experiment. In the HET, NHS, and control conditions,
proteins identified in at least one of the replicates were
considered in the exclusion analysis, in order to determine
which proteins were specifically recognized by antibodies
present in serum samples from patients with histoplasmosis.
Proteome data could be found on: 10.17605/OSF.IO/FVMGE.
In Silico Protein Similarity and
Antigenicity Analysis
The polypeptide sequences of proteins identified from
coimmunoprecipitation, and which reacted specifically with the
HPM serum pool, were submitted to the basic local alignment
search tool for proteins (BLASTp) to search for sequence
similarity. For antigenicity analysis, the amino acid sequences
were evaluated using the software DNAStar Protean 7.0
(DNASTAR Inc.), by the Jameson-Wolf algorithm, associated
with the hydrophobicity index (Kyte-Doolittle) and the surface
accessibility probability of the protein (Emini). In parallel, in
order to complement the B epitope prediction, the amino acid
October 2020 | Volume 10 | Article 591121
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sequences were analyzed by the epitope prediction online server,
BCPREDS (http://ailab.ist.psu.edu/bcpred/index.html). The
primary sequences of the proteins were given as input and the
prediction of B cell epitopes was restricted to epitopes of fixed
length of 20 amino acids. The standard specificity of 75% was
used, and for the output of the results, the option of presenting
only non-overlapping epitopes. The sequences of antigenic
proteins and its possible epitopes demonstrated by analysis in
bioinformatics tools had their homology analyzed against
proteins from other pathogenic organisms that could have a
confounding factor with histoplasmosis, using BLASTp.
RESULTS

Profile of Proteic Extract
Histoplasma capsulatum yeast protein extract was analyzed by
SDS-PAGE and 2DE. Even though no quantitative evaluation was
made, the extract displayed a heterogeneous proteic migration
profile (as expected), with a broad distribution of molecular
masses (Figure 1A, lane 2 and Figure 1B, vertical axis) and
most proteins focusing in the ca. 5 to 8 pI range, although several
proteins displayed high pI (>8) migration; this was not the case for
the acidic region (pI < 5) (Figure 1B, horizontal axis).

Immunoreactivity of Individual
Serum Samples
All but one serum sample (HPM6) from patients with
histoplasmosis were reactive in the double immunodiffusion test
against histoplasmin, while all heterologous and normal human
sera were negative in this regular serodiagnostic test. When the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 579
reactivity of these sera was tested against the protein extract
produced in this study a diverse profile of antigenic recognition
was observed among the individual sera, with patients with
histoplasmosis presenting more recognized antigens than healthy
individuals, as expected. Patients with paracoccidioidomycosis and
aspergilosis also presented reactivity against a large number of
antigenic proteins, while the reactivity was lower in sera from
patients with cryptococcosis, coccidioidomycosis, and tuberculosis
(Supplementary Figure 1).

Immunoproteomics
Proteomic analysis of potential antigen recognition by antibodies
present in the pooled sera of patients with different clinical forms
of histoplasmosis (HPM) identified a total 247 proteins (Table
S1). However, only 132 antigenic proteins were commonly
detected among the three biological replicates analyzed, were
selected for further studies (Figure 2A and Table S5). Assays
with heterologous pooled sera of patients with other mycoses or
tuberculosis (HET), pooled normal healthy donors sera (NHS),
and mock PBS control (CON) identified 355 (Table S2), 165
(Table S3), and 38 (Table S4) proteins, respectively.

The 132 proteins recognized in all HPM immunoproteomics
data (Table S5) were classified according to the functional
categories and subcellular localization, based on the UniProt
database and WoLF PSORT server, respectively (Figure 3 and
Table S6). Figure 3A shows that most proteins were related to
protein synthesis (47; 35.60%), followed by transcription (30;
22.70%), energy (20; 15.20%), metabolism (7; 5.30%), cell cycle
and DNA processing (7; 5.30%), protein fate (4; 3.00%), cell
rescue, defense, and virulence (3; 2.30%), and cellular transport
(1; 0.80%). Thirteen proteins with unknown function totalized
A B

FIGURE 1 | Protein profile of Histoplasma capsulatum yeast cell extract. (A) Silver stained SDS-PAGE under reducing conditions. 1, Molecular mass standard; 2,
Yeast cell extract of H. capsulatum. Numbers on the left correspond to the molecular mass (kDa) of the standards. (B) Colloidal Coomassie blue stained 2DE. The
linear pH gradient range is indicated above the gel and the molecular mass standards (kDa) are on the left.
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9.80%. The prediction of subcellular localization of proteins
revealed that most of them were classified as mitochondrial
(91; 68.94%), followed by nuclear (24; 18.18%), cytoplasmic (9;
6.82%), extracellular (4; 3.02%), peroxisomal (2; 1.52%), plasma
membrane (1; 0.76%), and cytoskeleton (1; 0.76%), as shown in
Figure 3B.

Among the 132 antigenic proteins recognized by antibodies
present in sera from patients with histoplasmosis, five protein
entries were specifically recognized by these antibodies, without
cross-reaction with antibodies present in sera from other
conditions (Figure 2B and Table S5), namely: catalase
(C0NVF6), catalase B (Q9Y7C2), M antigen (O13373), Yeast
phase specific protein (Q8J1T0), and YPS-3 protein (Q00950). A
BLASTp analysis of the identified catalase (C0NVF6) revealed
100% identity and query cover with the catalase isozyme P of H.
capsulatum (accession number EEH04495), and therefore we
refer to this protein as catalase P from now on. When the
sequences from these five protein entries were compared, using
the BLASTp, results showed that two of these entries consisted of
fragments from larger proteins, which were also identified as
specific through the strategy herein employed. Thus, after the
removal of duplications, there were only three proteins
supposedly with antigenic activity and specifically recognized
by antibodies in sera of histoplasmosis patients, with high
applicability on the diagnosis of histoplasmosis: catalase P, M
antigen, and YPS-3.

B-Cell Epitope Prediction of Specific
Antigens of Histoplasma capsulatum
The three specific candidate proteins as antigenic targets were then
analyzed by the DNAStar software, combining the determination of
antigenicity indexes (Jameson-Wolf algorithm), the hydrophobicity
index (Kyte-Doolitle algorithm), and the probability of accessibility
to the surface of the protein (Emini algorithm). As an additional
analysis, an epitope prediction software (BCPREDS) was used, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 680
13 regions were proposed as possible B epitopes within the M
antigen, 12 regions in the catalase P, and only 3 regions in the YPS-3
protein (Table S7). For identification of possible specific H.
capsulatum B cell epitopes, the results obtained in the two
bioinformatics tools (DNAStar and BCPREDS) were overlapped.
Taking into account regions with high antigenic indices, combined
with the hydrophobicity index and the probability of localization on
the surface of the molecule, and considering only B cell epitopes
having a BCPREDS score >0.8, sixteen regions have been proposed
as the most immunogenic. Seven regions in M antigen, seven in
catalase P, and two in YPS-3 protein, as shown in Figure 4. Finally,
for further evaluation of the specificity of these epitopes, we
performed an in silico analysis of their homology with proteins
from other pathogens causing fungal diseases or infectious diseases
that can be misdiagnosed as histoplasmosis. These data are
presented in Table S8. In brief, it was observed a degree of
similarity among epitopes previously showed in Blastomyces
dermatitidis and Tallaromyces marneffei. However, four epitopes,
two from catalase P (epitopes 1 and 12), one from the M antigen
(epitope 1), and one fromYPS-3 (epitope 1) presented low sequence
identity with the organisms tested and could be considered specific
for H. capsulatum (Table S8).
DISCUSSION

Histoplasmosis is a systemic mycosis much more widespread
than the literature and epidemiological reports demonstrate
(Antinori , 2014). Although a high endemicity was
demonstrated in the Americas, the current knowledge of its
distribution is incomplete (Bahr et al., 2015). Despite the
relevance of this disease, there is a paucity of information
regarding the interaction between H. capsulatum and the
human host, especially regarding the B-cell response, which
has a direct impact on the diagnosis of the infection.
A B

FIGURE 2 | Venn diagrams depicting Histoplasma capsulatum proteins (potential antigens) recognized by the different pooled sera groups. (A) Number of proteins
recognized by the pooled sera of patients with histoplasmosis (HPM) for the three biological replicates analyzed (HPM 1, HPM 2, and HPM 3); (B) The 132 proteins
in common to all conditions in panel A were compared to the total list of proteins detected in at least one of the biological replicates for the other conditions: HET,
pooled sera of patients with other fungal infections or tuberculosis; NHS, pooled sera of normal healthy donors; CON, mock control: phosphate buffered saline.
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The gold standard diagnosis of histoplasmosis occurs by
demonstration of the yeast-like H. capsulatum cells on
microscopic examination and isolation of the fungus in culture
of clinical specimens. However, these methods may require
invasive medical procedures, the culture test is time-
consuming, and conversion to the yeast form is essential,
requiring up to 8 weeks to reveal fungal growth. Thus, in
many situations, the diagnosis of histoplasmosis is based on
serological tests to detect antibodies and/or antigens (Almeida
et al., 2019). On the other hand, much remains to be done to
improve the laboratory diagnosis. The serological tests available
still have limitations (Azar and Hage, 2017), and the discovery of
new antigenic targets would be essential to improve the diagnosis
of histoplasmosis and possible development of vaccines, since
there is still no vaccine available against H. capsulatum (Roth
et al., 2019).

The use of proteomic tools for the identification of proteins
involved in the parasite-host interaction, and presumed to be
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 781
antigenic targets, has been applied to pathogenic fungi studies
(Crockett et al., 2012; Ball et al., 2019; Moreira et al., 2020). Thus,
our work used co-immunoprecipitation followed by mass
spectrometry to identify proteins involved the interplay
between host and pathogen, specifically those recognized by B-
cell receptor and their B-cell antibodies products, as with the
identification of presumed antigenic targets with possible
application in diagnostic tests.

A total of 132 antigenic proteins were recognized by
antibodies from patients with histoplasmosis. Most of these
molecules were ribosomal proteins related to protein synthesis
and transcription. However, proteins with relevant roles in the
parasite-host interaction have also been identified within this
pooled. The list included proteins that contribute to the survival
of H. capsulatum after oxidative stress produced by the innate
immune system, such as the alternative oxidase and catalases B
and P, may be important for virulence of this fungus (Johnson
et al., 2003; Holbrook et al., 2013). Also, a cell surface antigen of
A

B

FIGURE 3 | Functional classification and subcellular localization of immunoreactive proteins identified in Histoplasma capsulatum. (A) Functional classification of
proteins based on UniProt database; (B) Subcellular localization of proteins based on the WoLF PSORT server.
October 2020 | Volume 10 | Article 591121

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Almeida et al. Immunoproteomics of Histoplasma capsulatum
H. capsulatum, histone 2B, related with binding to host cells and
that has the ability to modulate the intracellular fate of the fungus
(Nosanchuk et al., 2012), was identified. Another find was YPS-3
protein, localized in the cell wall and culture supernatants of H.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 882
capsulatum, which may influence the dimorphic transition. The
yps-3 gene expression is not fundamental for the transformation
to the yeast phase, but it may facilitate adaptive processes that
allow mycelium-to-yeast transition and survival at elevated host
A

B

C

FIGURE 4 | In silico evaluation of putative B epitopes on candidate proteins for antigenic targets for the diagnosis of histoplasmosis. Results obtained from
overlapping data from two bioinformatics tools: the software DNAStar Protean 7.0 and BCPREDS server. (A) M antigen; (B) Catalase P; (C) YPS-3. The flagged
numbers refer to the peptides described in Table S7.
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temperatures. Moreover, YPS-3 has already been associated with
increased fungal burden in phagocyte-rich tissues (Keath et al.,
1989; Weaver et al., 1996; Bohse and Woods, 2007).

Other proteins identified in this study with reactivity to the sera
of patients with histoplasmosis have already had their functions
described in other models. The nascent polypeptide-associated
complex (a, b1 and b3 subunits) was found in Saccharomyces
cerevisiae, in which the deletion of one subunit causes
downregulation of the remaining subunits at physiological growth
temperature. Cells lacking both b -subunits are have not been able
to grow at 37°C (Reimann et al., 1999). Mills and colleagues (2016)
proposed that increased mitochondrial oxidation of succinate via
succinate dehydrogenase and an elevation of mitochondrial
membrane potential combine to drive mitochondrial reactive
oxygen species production. Thus, the same could happen in H.
capsulatum, since succinate dehydrogenase was reactive to sera
from patients with histoplasmosis in this study. However, H.
capsulatum produces catalases that break down H2O2 into H2O
and O2, working as a protection against oxidative mechanisms of
the host (Maresca and Kobayashi, 2000).

The dihydrolipoamide succinyltransferase protein has already
been described as immunogenic and potentially protective in some
bacteria (Nguyen et al., 1999; Zygmunt et al., 2001; Gilmore et al.,
2003). In our study dihydrolipoamide succinyltransferase also
showed antigenicity, even though not specific to H. capsulatum.
This protein was also recognized by heterologous pooled sera and
the normal healthy pooled sera.

It was surprising that most immunoreactive H. capsulatum
proteins were predicted with intracellular localization. In fact, in
silico analysis regarding the cellular location of these proteins
revealed that most of them were present in mitochondria.
However, we found literature data (Albuquerque et al., 2008;
Baltazar et al., 2018) supporting that approximately 57% of the
proteins found in our study have already been identified by
proteomic tools when analyzing macromolecules secreted within
extracellular vesicles of H. capsulatum (Tables S6). These
proteins could, through EVs transport, be accessed by the
immune system and activate B-cells.

Since the contents of the H. capsulatum EVs produced during
parasitism are not fully characterized and such contents change,
depending on the microenvironment (Baltazar et al., 2018; Cleare
et al., 2020), it is possible that the intracellular proteins detected as
immunogenic in our proteomic approach become available to the
immune system through EVs produced in the mammalian host.
Future studies should be performed to test such hypothesis.

Surprisingly, beta-glucosidase, also known as H antigen, was
not identified in our proteomic approach. This molecule is
reported as a secreted protein of mycelium and yeast cells of
H. capsulatum, and high levels of the H antigen were detected in
supernatants of G217B yeast cell cultures. However, antibodies
anti-H are found in less than 20% of patients with histoplasmosis
(Azar and Hage, 2017). This fact could explain the absence of this
protein in our immunoproteomic assay.

Although a high number of H. capsulatum proteins are
recognized by antibodies present in pooled sera from patients
with histoplasmosis, most of them are also recognized by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 983
antibodies from patients with other infectious diseases or
healthy individuals, indicating a certain degree of similarity on
the immunopathogenesis of these diseases. Three proteins are
proposed as specific antigenic targets: M antigen, catalase P, and
YPS-3.

In previous studies, the M antigen had its biological nature
identified, was structurally characterized and its expression was
detected on the yeast cell surface; in addition, it was characterized
as a useful exoantigen in the diagnosis of histoplasmosis
(Zancopé-Oliveira et al., 1999; Guimarães et al., 2008).
However, catalase P and YPS-3 protein have been studied and
characterized as virulence factors in H. capsulatum (Johnson
et al., 2002; Bohse and Woods, 2007), but not yet described as
antigenic targets.

In H. capsulatum, catalase P has already been described as a
virulence factor and is involved in the response to oxidative
stress. It is referred to as a protein with similarity to the well-
known peroxisomal catalases of animals and yeasts of the order
Saccharomycotina (Johnson et al., 2002). The transcriptional
expression of the H. capsulatum CATB (M antigen) and CATP
(catalase P) genes was assessed by Northern blot and the results
at the transcript levels are shown for three conditions: cell
morphology, carbon source, and response to oxidative stress.
These results demonstrated regulation of CATB and CATP only
by the availability of different carbon sources (Johnson
et al., 2002).

Histoplasma capsulatum was grown in different concentrations
of H2O2 to evaluate the role of catalases in oxidative stress in vitro,
presenting progressive reduction in growth with increased
concentrations of hydrogen peroxide from 1.0 mM up to 1.6
mM. However, no growth occurred by 120 h in concentrations
higher than 1.6 mM (Guimarães et al., 2008).

The YPS-3 protein, present in the cell wall and also released in
culture medium, is produced only by the yeast phase of H.
capsulatum (Bohse and Woods, 2005). Its location suggests that
YPS3 is a protein capable of being recognized by antibodies and
the results of the present study show for the first time the
antigenic potential of this protein. A previous study proposed
YPS3 to be virulence factor involved in the progression of the
disseminated disease, since, when its production was blocked by
interference RNA in animal infection, the mutants showed a
significant decrease in fungal dissemination (Bohse and
Woods, 2007).

Our data suggest that the three proteins identified as antigenic
targets could be used in the development of alternative methods of
histoplasmosis diagnosis. However, when assessing homology with
other infectious agents, some B cell epitopes of M antigen and
catalase P showed high rates of sequence identity with regions of
Blastomyces dermatitidis and Talaromyces marneffei, reaching up to
100% identity (such as epitope 2 of catalase P, and epitopes 5, 8 and
10 of M antigen). This could be a problem in regions where there is
an overlap of endemic areas of these diseases. However, we could
not demonstrate this situation since serum samples from patients
with blastomycosis, frequent in the Mississippi and Ohio River
valleys (US) and Midwestern states and Canadian provinces that
border the Great Lakes, and areas adjacent to the Saint Lawrence
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Seaway (Castillo et al., 2016), and talaromycosis endemic to
Southeast Asia (Chan et al., 2016) are not available in our
country. Consequently, they were not included in the
heterologous pooled sera being a limitation of this study. In order
to circumvent this limitation, avoiding possible cross reactions,
more specific B cell epitopes could be used as targets in possible
immunoassays, such as epitopes 1 and 12 of catalase P, and epitope
1 of M antigen, which showed low identity (values between 42 and
78% of identity) with regions of B. dermatitidis and T. marneffei.
Future studies regarding the application of YPS-3 and the
aforementioned epitopes of M antigen and catalase P are
necessary to improve the immunodiagnosis of histoplasmosis.

Another relevant limitation of the study is that only one H.
capsulatum strain was evaluated. This strain is the holotype of
the proposed H. ohiense cryptic species and one of the most
studied Histoplasma strains around the world. It is possible that
different proteins are involved in the host-pathogen interaction
of other phylogenetic clades. Future studies with different clades
and cryptic species are necessary to a deeper knowledge of the
immunopathogenesis of histoplasmosis.

The major aim in this study was to detect specific antigenic
proteins that could be used to develop future assays to be
employed in endemic areas of histoplasmosis. Therefore, the
use of a control group from an endemic area would improve the
detection of such proteins. It is expected that individuals living in
non-endemic areas of histoplasmosis have less cross-reacting
antibodies against H. capsulatum, and therefore, the three
proteins identified as specific in this study (M antigen, catalase
P, and YSP-3) should be also suitable as diagnostic markers in
non-endemic areas of this mycosis.
CONCLUSION

The diagnosis and management of histoplasmosis remains a
major public health problem in several countries. The knowledge
the interplay between host and pathogen during infection and
the ability to definitively diagnose histoplasmosis has become
even more important due to the increasing number of patients
susceptible to this disease. Proteomic tools could elucidate the
mechanisms of fungal pathogenesis, the relationship between
host and pathogen during infection, and also identify of
antigenic targets.

This is the first study to use immunoproteomic approaches to
identify proteins with a high antigenic index and map specific
epitopes for the diagnosis of histoplasmosis. Besides that,
bioinformatic tools made it possible to carry out other analyzes,
such as functional classification and subcellular localization.

Three antigenic proteins of H. capsulatum are described in
this study as putative candidates for the immunodiagnostic of
histoplasmosis: catalase P, M antigen, and YPS-3. Also, 16
epitopes proposed as exclusive of H. capsulatum were mapped
using bioinformatics. Among these, four epitopes are proposed
as the most promising candidate once it shows lowest homology
with proteins of other pathogens that could be misdiagnosed
with histoplasmosis.
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In conclusion, the three immunogenic proteins described in this
work may be applied to histoplasmosis immunodiagnosis, as well as
patient follow-ups, treatment, and putative vaccine candidate.
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coccidoiodomycosis (HET7 and HET8), and tuberculosis (HET9 and HET10), as
well as serum samples from healthy individuals (NHS1 to NHS10) were tested
through a Western blot assay against the protein extract used in this study. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1185
reactivity of the three pool of sera used in the coimmunoprecipitation assay (HPM*,
HET*, and NHS*) was also tested. MM, molecular mass standard (BioRad
Laboratories Inc, Hercules, CA, USA); CC, conjugate control.
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Paracoccidioidomycosis (PCM) is a systemic granulomatous fungal infection caused by
thermally dimorphic fungi of the genus Paracoccidioides. Endemic in Latin America, PCM
presents with high incidence in Brazil, Colombia, and Venezuela, especially among rural
workers. The main clinical types are acute/subacute (AF) form and chronic form (CF). Even
after effective antifungal treatment, patients with CF usually present sequelae, such as
pulmonary fibrosis. In general, pulmonary fibrosis is associated with dysregulation wound
healing and abnormal fibroblast activation. Although fibrogenesis is recognized as an early
process in PCM, its mechanisms remain unknown. In the current study, we addressed the
role of Paracoccidioides spp. exoantigens in pulmonary fibroblast proliferation and
responsiveness. Human pulmonary fibroblasts (MRC-5) and pulmonary fibroblasts
isolated from BALB/c mice were cultivated with 2.5, 5, 10, 100, and 250 µg/ml of
exoantigens produced from P. brasiliensis (Pb18 and Pb326) and P. lutzii (Pb01, Pb8334,
and Pb66) isolates. Purified gp43, the immunodominant protein of P. brasiliensis
exoantigens, was also evaluated at concentrations of 5 and 10 µg/ml. After 24 h,
proliferation and production of cytokines and growth factors by pulmonary fibroblasts
were evaluated. Each exoantigen concentration promoted a different level of interference
of the pulmonary fibroblasts. In general, exoantigens induced significant proliferation of
both murine and human pulmonary fibroblasts (p < 0.05). All concentrations of
exoantigens promoted decreased levels of IL-6 (p < 0.05) and VEGF (p < 0.05) in
murine fibroblasts. Interestingly, decreased levels of bFGF (p < 0.05) and increased levels
of TGF-b1 (p < 0.05) and pro-collagen I (p < 0.05) were observed in human fibroblasts.
The gp43 protein induced increased TGF-b1 production by human cells (p = 0.02). In
conclusion, our findings showed for the first time that components of P. brasiliensis and P.
lutzii interfered in fibrogenesis by directly acting on the biology of pulmonary fibroblasts.
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INTRODUCTION

Paracoccidioidomycosis (PCM) is a systemic granulomatous
fungal infection caused by thermally dimorphic fungi of the
genus Paracoccidioides (Teixeira et al., 2009). The infection
occurs after inhalation of conidia or mycelia fragments that
reach the lungs and morphologically switch to yeast forms
(Restrepo et al., 2012). Clinically, PCM is mainly of two types,
acute/subacute form (AF) and chronic form (CF) (Mendes et al.,
2017). CF is the most common with clinical manifestations
predominantly in the lungs and upper aerodigestive tract
(Shikanai-Yasuda et al., 2017). Most CF-PCM patients exhibit
pulmonary fibrosis (PF) as a sequela of chronic inflammation
(Tobón et al., 2003). PF is observed in patients with PCM even
before treatment as necroscopic findings reveal the presence of
fibrosis characterized by extensive areas of collagen deposition
near the hilar region and involving other structures, such as
lymph nodes, bronchi, and arteries. Furthermore, collagen fibers
are found on the periphery of granulomas and extend to nearby
bronchi and blood vessels (Tuder et al., 1985). Fibrotic sequelae
alter respiratory function and may incapacitate patients (Mendes
et al., 2017). Usually, fibrotic sequelae is observed disproportionately
in patients with ventilation/perfusion and alveolar-capillary
blockade causing dyspnea (Campos and Cataneo, 1986). The
most common abnormalities are architectural distortion and
interlobular septal thickening and reticulate (Costa et al., 2013)
with residual lesions occurring in up to 53% of treated patients
(Tobón et al., 2003). Furthermore, emphysema, possibly due to
smoking, may also be present in these patients. As a result of all
these changes, an obstructive pattern is observed in lung function
tests (Lemle et al., 1983).

The development of PF is generally related to a dysregulation
of wound healing (Witte and Barbul, 1997). During homeostatic
wound healing, fibroblasts proliferate and produce factors related
to tissue repair, such as transforming growth factor beta 1 (TGF-
b1), which act in paracrine and autocrine fashions to induce the
differentiation of fibroblasts to myofibroblasts (Thannickal et al.,
2003; Midwood et al., 2004). Myofibroblasts are cells involved in
the production of extracellular matrix, fibronectin, and collagen
and are characterized by the expression of alpha smooth actin
(a-SMA), a protein that integrates actin filaments and
proportionate the contractile phenotype of these cells (Hinz
et al., 2001; Peyton et al., 2008). Although beneficial in the
beginning, tissue repair can become pathogenic if it occurs
rampantly, resulting in extracellular matrix remodeling and
permanent scarring.

Evaluation of PF in PCM has been limited. A well-established
granuloma surrounded by intense deposition of collagen type I
and III in the lung parenchyma is typically observed in P.
brasiliensis-infected mice after 4–8 weeks of fungal inoculation
(Cock et al., 2000). Finato et al. (2020) also observed high
concentrations of profibrotic mediators, such as IL-6, IL-1b,
CCL3, IL-10, TGF-b1, VEGF, and interferon (IFN)-g in the lungs
of P. brasiliensis-infected mice on the eighth week of infection.
High production of TGF-b1 and bFGF by P. brasiliensis
exoantigens-stimulated monocytes from monocytes of
untreated CF PCM patients has been described (Venturini
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 288
et al., 2014). Araujo et al. (2011) verified PF in patients that do
not received treatment. Furthermore, Tuder et al. (1985) verified
the proliferation of reticular fibers in remote areas of
granulomatous reactions, leading to the hypothesis that fungal
components may promote collagen production. Despite this
evidence, the interaction between Paracoccidioides spp. and
pulmonary fibroblasts has not yet fully elucidated.

On the other hand, the interaction of P. brasiliensis and host
cells has been investigated regarding the mechanisms involved in
adherence and escape (Vicentini et al., 1994; Mendes-Giannini
et al., 2008; Ywazaki et al., 2011). Vicentini et al. (1994)
demonstrated that extracellular matrix protein laminin binds
specifically to yeast forms of P. brasiliensis and enhances
adhesion of the fungus to the surface of epithelial cells.
Ywazaki et al. (2011) showed the adhesion of P. brasiliensis to
GM1 and GM3 gangliosides of human pulmonary fibroblasts,
which may be the path of bound/infection by the fungus. In
another study, Mendes-Giannini et al. (2008) reported
interactions between P. brasiliensis and epithelial Vero and
A549 cells and suggested that the adhesion and invasion of
these cells could represent an escape mechanism and contribute
to the spread of infection.

Considering the possible influences of Paracoccidioides spp. on
the activity of pulmonary fibroblasts and development of fibrosis
in lungs, we investigated the influence of Paracoccidioides spp.
exoantigens on the proliferation and responsiveness of human and
murine pulmonary fibroblasts.
MATERIALS AND METHODS

Paracoccidioides spp. Isolates
The Paracoccidioides spp. isolates were obtained from mycology
collection of Laboratório de Pesquisa em Moléstias Infecciosas
(UNESP, Botucatu, SP, Brazil). Were used in the study P.
brasiliensis isolates Pb18 and Pb326, isolated from a patient
from Botucatu, SP, Brazil, and P. lutzii isolates Pb01, Pb66, and
Pb8334. The isolates were maintained by frequent subculture at
36°C in semi-solid GPY media containing 2% glucose, 1%
peptone, 0.5% yeast extract, and 2% agar.

Exoantigen Production
Total exoantigen was produced according to Camargo et al.
(2003) with minor modifications. Briefly, yeast forms of
Paracoccidioides spp. were subcultured in Sabouraud broth
containing 2% dextrose (Sigma-Aldrich, St. Louis, MO, USA)
and supplemented with 0.01% thiamine (Sigma-Aldrich) and
0.14% L-asparagine (Sigma-Aldrich) and maintained at 37°C for
3 days. The fungi were cultivated in supplemented Sabouraud
broth for 3 days shaking at 50 rpm at 37°C. Next, more
supplemented Sabouraud broth was added and the cultures
cultivated for 7 more days at 37°C with shaking at 50 rpm.
The fungi were killed by the addition of sodium merthiolate (0.2
g/L) for 24 h at 4°C and filtered usingWhatman™ filter paper #1.
The filtrate was dialyzed against several changes of distilled water
for 24 h at 4°C. The dialysate was then filtered and concentrated
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by centrifugation at 4,000 rpm for 30 min at 4°C using an
Amicon® Ultra 15 Filter (Millipore, Billerica, MA, USA). Protein
concentrations were determined using a Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The
gp43 protein was obtained by of P. brasiliensis B-339 according
Saraiva et al. (1996) and kindly provided by Dr. Zoilo Pires de
Camargo (Federal University of São Paulo, UNIFESP, Brazil).

Human Lung Fibroblasts
The human lung fibroblast cell line MRC5 (ATCC CCL-171) was
purchased from Banco de Células do Rio de Janeiro, RJ, Brazil.
Fibroblasts were incubated at 37°C in a humidified 5% CO2/95%
air atmosphere in complete Dulbecco’s Modified Eagle Medium
(DMEM; Sigma-Aldrich) containing 10% fetal bovine serum
(FBS; Sigma-Aldrich), 100 U/ml penicillin, and 100 µg/m;
streptomycin (Sigma-Aldrich). When the cell cultures reached
80% confluence, the cells were dispersed using trypsin-EDTA
(Sigma-Aldrich) for 5 min and then transferred to new culture
flasks (Greiner BioOne, Frickenhausen, BW, GER).

Isolation of Murine Pulmonary Fibroblasts
Pulmonary fibroblasts were isolated from mice using their
differential adherent properties as described previously
(Trentin et al., 2015; Verma et al., 2016) with modifications.
Male BALB/c mice, 4 weeks old, were obtained from Instituto
Lauro de Souza Lima, Bauru, SP, Brazil. All mice received a
sterile balanced diet and water ad libitum and were kept in a
ventilated shelf ALERKS-56 housing system (Alesco®, Monte
Mor, SP, Brazil). The experimental protocol was performed in
accordance with the ethical principles for animal research
adopted by the National Council for the Control of Animal
Experimentation (CONCEA). Briefly, naïve young mice (4-
week-old) were euthanized by intraperitoneal administration of
ketamine and xylazine. After thoracotomy under aseptic
conditions, the lungs were perfused with sterile phosphate-
buffered saline. The perfused lungs were then removed and cut
into small pieces and underwent two rounds of enzymatic
digestion using collagenase type II (Gibco, Life Technologies,
Paisley, UK) and trypsin (0.25%; Gibco, Life Technologies). Cell
viability was determined using 0.1% trypan blue staining. The
cells were then aliquoted into 25 cm2 cell culture flasks (Corning
Costar, New York, NY, USA) at a proportion of 1 lung/flask in
1 ml. Then, 4.0 ml of DMEM supplemented with 20% fetal calve
serum was added and the cells incubated at 37°C with 5% CO2 in
a humidified chamber. After 24 h, the medium was changed to
remove non-adherent cells. Once the cell culture reached 70%
confluence, they were dispersed using trypsin-EDTA (Sigma-
Aldrich) for 5 min and then resuspended in supplemented
DMEM. Fibroblast isolation was confirmed using by
immunofluorescence staining based on CD90 expression
(Supplementary Figure 1). Fibroblasts were used after two to
three passages.

Fibroblast Cell Cultures
Human and murine fibroblasts were incubated with exoantigens
of P. brasiliensis and P. lutzii at concentrations of 2.5, 5, 10, 100,
and 250 µg/ml and gp43 at concentrations of 5 and 10 µg/ml. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 389
protein gp43 is the immunodominant antigen of P. brasiliensis.
(Puccia et al., 1986). After 24 h, the cells were analyzed using
proliferation assays and cell-free supernatants were evaluated
for cytokines.

Proliferation Assays/Viability Assay
Cell viability and proliferation were measured using MTT assays
according to Mosmann (1983). Briefly, fibroblasts were seeded
into 96-well culture plates in octuplicate at 2 × 104 murine
pulmonary fibroblast/well and 1 × 104 human pulmonary
fibroblasts/well. After 24 h of incubation, the cells were
stimulated with Paracoccidioides spp. exoantigens. At 24-h
post-stimulation, the supernatants were collected and the cells
then incubated in complete DMEM containing MTT (5 mg/ml).
The plate was incubated for 2 h at 37°C in 5% CO2 and then
centrifuged for 5 min at 1,500 rpm. The supernatants were
removed and the cells in each well resuspended in 100 ml of
dimethyl sulfoxide (DMSO). After 5 min, the plate was read at
540 nm using a spectrophotometer reader. The percentage of
proliferation was calculated according to the ratio between the
treated and control cultures multiplied by 100.

Functional Analyses
Levels of human basic fibroblast growth factor (bFGF), TGF-b1,
interleukin (IL)-1b, tumor necrosis factor alpha (TNF-a), and
pro-collagen I and mouse levels of TGF-b1, IL-1b, IL-6, and
vascular endothelial growth factor (VEGF) were measured in the
cell-free supernatants using a Duo-Set Kit (R&D Systems,
Minneapolis, MI, USA), according to the manufacturer’s
instructions. Results were expressed as pg/ml and determined
using standard curves established for each assay.

Ethical Aspects
The study was approved by the Research Ethics Committees of
BotucatuMedical School, UNESP (CAEE #62177516.3.0000.5411)
and the experimental approach was approved by the Ethical
Committee of School of Sciences (Proc. #760/2016; UNESP,
Bauru, São Paulo, Brazil).

Statistical Analyses
The two matched groups were compared using the paired t-test.
Multiple group comparisons were performed using one-way
analysis of variance (ANOVA) with Dunnet’s post hoc tests.
All statistical analyses were performed using GraphPad Prism 5.0
software (GraphPad Software. Inc., San Diego, California, USA)
at a significance level of 5% (p < 0.05) (Zar, 2010).
RESULTS

Paracoccidioides spp. Exoantigens Induced
Enhanced Proliferation in Murine Pulmonary
Fibroblasts and Discrete Proliferation in
Human Pulmonary Fibroblasts
The behavior of murine pulmonary fibroblasts was similar when
stimulated with the exoantigens prepared from different
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Paracoccidioides species and isolates. Exoantigens from all P.
lutzii isolates (Pb01, Pb66, and Pb8334) induced cell
proliferation at the lower concentrations of 2.5 and 5 µg/ml
represented by increase percentage of viable cell compared to
non-stimulated culture (Figure 1A). Isolate Pb8334 exoantigen
also promoted cell proliferation at 100 µg/ml and the exoantigen
of Pb66 promoted cell proliferation at 10 µg/ml. The exoantigen
of isolate Pb01 was cytotoxic at the higher concentration of 250
µg/ml. P. brasiliensis exoantigens also promoted cell proliferation
at different concentrations depending on the particular isolate.
For instance, Pb18 exoantigen promoted cell proliferation at 2.5
and 100 µg/ml, whereas Pb326 exoantigen promoted
proliferation at 5 and 10 µg/ml. Neither of the P. brasiliensis
exoantigens was cytotoxic to murine pulmonary fibroblasts at the
concentrations tested (Figure 1A).

Human pulmonary fibroblasts were more sensitive to
Paracoccidioides spp. exoantigens compared to that of murine
fibroblasts, exhibiting discrete proliferation and cytotoxicity at
the higher concentrations (100 and 250 µg/ml) of both species
tested (Figure 1B). Pb01 exoantigen induced cell proliferation at
the lowest concentrations tested of 2.5, 5, and 10 µg/ml. In
contrast, Pb18 exoantigen induced proliferation at only 5 µg/ml.
For the two P. brasiliensis isolates, Pb18 exoantigen induced cell
proliferation at 10 µg/ml, while Pb326 exoantigen induced cell
proliferation at a concentration of 2.5 µg/ml but was cytotoxic at
10 µg/ml (Figure 1B).

Paracoccidioides spp. Exoantigens
Decreased IL-6 and VEGF Production
by Murine Pulmonary Fibroblasts
To evaluate the effects of exoantigens of the activity of murine
pulmonary fibroblast, we measured the levels of cytokines and
growth factors involved in inflammation and wound healing. All
exoantigens of P. brasiliensis and P. lutzii caused decreased levels
of VEGF compared to that of the control group at all exoantigen
concentrations tested (Figure 2). Also, decreased levels of IL-6
were observed in murine pulmonary fibroblasts stimulated with
2.5 and 10 µg/ml of Pb01 and Pb66 exoantigens (Figures 2A, B)
and 2.5, 5, and 10 µg/ml of Pb8334 exoantigen (Figure 2C)
compared to that of the control group. Exoantigen from the P.
brasiliensis isolate Pb18 at 5 µg/ml induced decreased levels of
IL-6 (Figure 2D). Meanwhile, compared with that of the control
group, exoantigen from the P. brasiliensis isolate Pb326 was also
shown to decrease levels of IL-6 at 2.5 and 5 µg/ml as well as
decrease levels of TGF-b1 at 2.5 µg/ml, but increased levels of
TGF-b1 at 5 and 10 µg/ml (Figure 2E). Levels of IL-1b were not
detected in the supernatants of murine fibroblast cultures.

Intense Production of Pro-collagen I and
TGF-b1 by Human Pulmonary Fibroblast
Was Induced by Paracoccidioides spp.
Exoantigens
Functional analyses of human pulmonary fibroblasts compared
to that of non-stimulated cells (control group) revealed intense
pro-collagen I production in cells stimulated with Pb01
exoantigen at 10 µg/ml (Figure 3A), Pb18 exoantigen at 2.5, 5,
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and 10 µg/ml (Figure 3D), and Pb326 exoantigen at 10 µg/ml
(Figure 3E). Decreased pro-collagen I production was also seen
in cells stimulated with 10 µg/ml of Pb8334 exoantigen
compared to that in non-stimulated cells (Figure 3C). No
difference in pro-collagen I production was observed in cells
stimulated with Pb66 exoantigen. In addition, increased TGF-b1
production was detected in cells stimulated with 10 µg/ml Pb66
exoantigen (Figure 3B), 2.5, 5, and 10 µg/ml Pb8334 exoantigen
(Figure 3C), and 10 µg/ml Pb326 exoantigen (Figure 3E)
compared to that in the control group. In contrast, decreased
TGF-b1 levels was seen in cells stimulated with 10 µg/ml Pb01
exoantigen (Figure 3A) and 2.5, 5, and 10 µg/ml Pb18
exoantigen (Figure 3D). Decreased bFGF levels were observed
in fibroblasts stimulated with Pb01 exoantigen (Figure 3A) and
2.5, 5, and 10 µg/ml Pb18 exoantigen (Figure 3D). IL-1b was not
detected in the supernatants of human pulmonary fibroblasts.

Gp43 Was Cytotoxic and Increased
TGF-b1 Levels Only in Human
Pulmonary Fibroblasts
We also analyze the influence of gp43 on pulmonary fibroblast
function. No differences in viability (Figure 4) or cytokine
production (Figure 5) were observed in murine pulmonary
fibroblasts at any concentration of gp43 tested. No IL-1b was not
detected in the supernatants of mouse pulmonary fibroblasts. In
human pulmonary fibroblasts, gp43 was cytotoxic at 5 and 10 µg/
ml compared to that in non-stimulated cells (Figure 4). Decreased
pro-collagen I levels and increased TGF-b1 production were also
observed in human pulmonary fibroblasts treated with 10 µg/ml
gp43 (Figures 5A–B). No significant difference was observed in
bFGF production. Consistent with the supernatants of mouse
pulmonary fibroblasts, no IL-1b was not detected in supernatants
of human pulmonary fibroblasts.
DISCUSSION

In the current study, we showed for the first-time interactions of
Paracoccidioides spp. exoantigens with human and murine
pulmonary fibroblasts. Exoantigens of both Paracoccidioides
species, P. lutzii and P. brasiliensis, induced proliferation of
human and murine fibroblasts. Interestingly, in murine
pulmonary fibroblasts P. lutzii isolates Pb01 and Pb66 and P.
brasiliensis isolate Pb326 increased cell proliferation at the lowest
concentrations of exoantigen tested. This was in conjunction
with reduced viability of cells stimulated with the higher
concentrations of the exoantigens, suggesting a dose-dependent
effect. In human pulmonary fibroblasts, we also observed
increased proliferation induced by the lowest concentrations of
exoantigens; however, Pb66 exoantigen reduced cell viability at
every concentration tested. Pb18 and Pb8334 exoantigens
seemed to not cause the same effect as the exoantigens from
the other isolates. These exoantigens induced cell proliferation at
different concentrations, but without it being a dose-dependent
effect. Diversity among isolated Paracoccidioides species has been
previously explored. For instance, Machado et al. (2013) reported
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A B

FIGURE 1 | Percentage of viable pulmonary fibroblasts stimulated with Paracoccidioides spp. exoantigens. Fibroblasts were cultured in the presence or absence of
Paracoccidioides spp. exoantigens and evaluated 24 h post-treatment using MTT assays. (A) Murine pulmonary fibroblasts. (B) Human pulmonary fibroblasts.
Fibroblast proliferation was measured according to the ratio of test culture cells (challenged with exoantigens) to untreated culture control (CC) cells. Values above
100% of viability represent cell proliferation. Results are expressed as mean ± SEM; paired t-test, *p < 0.05, **p < 0.01, ***p < 0.001; n = 4.
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differences in exoantigen composition of Pb01, Pb8334, Pb18,
Epm83, and Pb265 isolates. They also demonstrated that P. lutzii
expresses lower amounts of gp43 compared to that of P.
brasiliensis. Furthermore, de Oliveira et al. (2018) analyzed the
secretome of isolates Pb01 and Epm83 and showed that isolates
of the Paracoccidioides complex are able to secrete different
proteins, mainly those related to adhesion and virulence.

The mainly pathological pulmonary characteristic in CF-
PCM is the granulomatous inflammatory process (Queiroz-
Telles and Escuissato, 2011) with lesions typically surrounded
by fibroblasts and collagen fibers after 2–3 weeks of fungal
infection (Kerr et al., 1988; Cock et al., 2000). Fibroblasts are
directly involved with collagen production and the establishment
of fibrosis during chronic inflammation (Wick et al., 2013).
Therefore, our results provide evidence that Paracoccidioides
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 692
spp. may influence the modulation of pulmonary fibroblasts by
inducing cell proliferation and acting directly on the
development of non-regulated wound healing, which could
support the establishment of fibrosis. Other investigators
suggest other main roles for fibroblasts and myofibroblasts
during infections. For instance, the pathophysiological basis of
inflammatory myofibroblastic tumors (IMTs) is related to an
uncontrolled response to tissue damage or chronic
inflammation. Furthermore, the development of IMTs have
previously been related to chronic inflammation caused by
histoplasmosis (Cassivi and Wylam, 2006). Rosa et al. (2019),
using an experimental model, showed that Cryptococcus gatti
infection increases the expression in the lungs of proteins related
to energy metabolism, leading to activation of the glycolytic
pathway. In the same study, these authors confirmed the
A

B

D

E

C

FIGURE 2 | Murine pulmonary fibroblast activity stimulated by Paracoccidioides spp. exoantigens. Fibroblasts were cultured in the presence or absence of
Paracoccidioides spp. exoantigens and levels of IL-6, VEGF, and TGF-b1 in the cell-free supernatants were determined 24 h post-treatment. (A) Pb01 exoantigen.
(B) Pb66 exoantigen. (C) Pb8334 exoantigen. (D) Pb18 exoantigen. (E) Pb326 exoantigen. Results are expressed as means ± SEM; ANOVA with Dunnett’s post
hoc test; *p < 0.05, **p < 0.01; n = 4.
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activation of glycolysis in human pulmonary fibroblasts,
culminating in the Warburg effect (WE). Interestingly, WE is
known for its involvement with cell proliferation, mainly tumor
cells. A similar change has been observed in a murine model of
pulmonary infection byMycobacterium tuberculosis in which the
authors described as an infection-induced WE (Shi et al., 2015).
Furthermore, an in vitro study showed that M. tuberculosis
stimulates murine lung fibroblasts to proliferate and
differentiate into myofibroblasts (Verma et al., 2016).

Fibroblasts play a key role in the tissue repair process, but
may also impact immune responses (Buechler and Turley, 2018).
In rheumatoid arthritis, IL-6 produced by synovial fibroblasts
contributes to the autoimmunity associated with this disease
(Nguyen et al., 2017; Buechler and Turley, 2018). Meanwhile,
lung fibroblasts can recruit dendritic cells into airway lymph
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 793
nodes through an integrin-mediated inflammatory signaling
(Kitamura et al., 2011; Buechler and Turley, 2018). Liver
fibroblasts infected by Leishmania donovani induce the
generation of T-regulatory (Treg) lymphocytes. The depletion
of liver fibroblasts in vivo reduces the number of Treg
lymphocytes and decreases the parasitic burden (Khadem
et al., 2016; Buechler and Turley, 2018). Patients with CF-PCM
commonly present with lung fibrosis and persistent nonspecific
inflammatory responses (Mendes et al., 2017). Similar to PCM,
other infectious agents can cause chronic inflammation and the
establishment offibrosis. In necropsies of acquired immunodeficiency
syndrome (AIDS) patients with pneumocystosis, it is possible to
detect chronic inflammation and interstitial fibrosis in the lungs
(Foley et al., 1993). In chronic pulmonary histoplasmosis, it is
common for pulmonary inflammation to lead to fibrosis and
A
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FIGURE 3 | Human pulmonary fibroblast activity stimulated by Paracoccidioides spp. exoantigens. Fibroblasts were cultured in the presence or absence of
Paracoccidioides spp. exoantigens and levels of pro-collagen I, TGF-b1, and bFGF in the cell-free supernatants were determined 24 h post-treatment. (A) Pb01
exoantigen. (B) Pb66 exoantigen. (C) Pb8334 exoantigen. (D) Pb18 exoantigen. (E) Pb326 exoantigen. Results are expressed as means ± SEM; ANOVA with
Dunnett’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001; n = 4.
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volume loss with compensatory enlargement of cavities and
pleural thickening. In rare cases, mediastinal fibrosis may occur,
which is an abnormal and exuberant post-infection fibrotic
response for which the mechanism has not been elicited (Wheat
et al., 2016).

To investigate the link between immune responses and
fibrosis in PCM, we evaluated fibroblasts for the production of
targeted cytokine related to inflammation and tissue repair. In
murine cells, we determined that all Paracoccidioides exoantigens
promoted decreased levels of IL-6 and VEGF, but interestingly
Pb326 exoantigen induced increased levels of TGF-b1. In human
pulmonary fibroblasts, we also observed increased levels of TGF-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 894
b1 produced by cells stimulated with Pb66, Pb8334, and Pb326
exoantigens and increased levels of pro-collagen I produced by
cells stimulated with Pb01, Pb18, and Pb326 exoantigens. We
also observed increased proliferation of human fibroblasts, but
bFGF levels were lower than that of the untreated control cells.
Venturini et al. (2014) showed that P. brasiliensis antigens
increase the production of IL-1b, TNF-a, TGF-b1, and bFGF
by peripheral blood monocytes of CF-PCM patients, suggesting
fungal metabolites may play an important role in the activation
of these cells. Therefore, Paracoccidioides spp. exoantigens may
also participate in the establishment of fibrosis in PCM. This
could occur by activating monocytes to produce high levels of
A B

FIGURE 4 | Percentage of viable pulmonary fibroblasts stimulated by gp43. Fibroblasts were cultured in the presence or absence of gp43 and proliferation
evaluated 24 h post-treatment using MTT assays. (A) Murine pulmonary fibroblasts. (B) Human pulmonary fibroblasts. Fibroblast proliferation was measured
according to the ratio of test culture cells (challenged with exoantigens) to untreated culture control (CC) cells. Results are expressed as mean ± SEM; paired t-test;
*p < 0.05, ***p < 0.001; n = 4.
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FIGURE 5 | Pulmonary fibroblast activity stimulated by gp43. Human and murine fibroblasts were cultured in the presence or absence of gp43 and IL-6, VEGF,
TGF-b1, pro-collagen I, and bFGF levels in the cell-free supernatants were determined 24 h post-treatment. (A) IL-6. (B) VEGF. (C) TGF-b1. (D) Pro-collagen I.
(E) TGF-b1. (F) bFGF. Results are expressed as means ± SEM; ANOVA with Dunnett’s post hoc test; *p < 0.05; n = 4.
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bFGF and TGF-b1 and activating fibroblasts to produce TGF-b1
and pro-collagen I. TGF-b1 is a potent pro-mitotic factor that
contributes to increased collagen production and others extracellular
matrix compounds (Midwood et al., 2004) and is also involved in
the transformation of fibroblasts into myofibroblasts (Thannickal
et al., 2003). Pulmonary fibrosis is characterized by the loss of lung
epithelial cells and the proliferation of fibroblasts (Mendes-Giannini
et al., 2008). Also, P. brasiliensis may modulate apoptosis of
epithelial cells A549 by the expression of apoptotic molecules such
as Bcl-2, Bak, and caspase-3, confirming the inducing of apoptosis
by the fungus which can then survive and spread to other parts of
the body (Del Vecchio et al., 2009). This suggests that exoantigens
may have a role in the mechanisms that regulate fibrosis in PCM.
An interesting fact regarding Paracoccidioides spp. is that they are
capable of surviving in hypoxic environments (Lima et al., 2015),
such as granulomatous centers. Hypoxia directly influences wound
repair by activation of HIF-1a, transformation of fibroblasts into
myofibroblasts, increased expression of a-SMA, collagen I, and
collagen III, and activation of SMAD3 (Zhao et al., 2017). Mendes
et al. (2017) discuss the pathogenesis and the role of host’s immune
in PCM, and one of the cases is when after infection, the
inflammatory reaction recedes and scars are formed, which may
be sterile or contain viable, albeit latent fungi. So, the fungi may
remain latent for many years, however, any imbalance may result in
reactivation of latent foci, a phenomenon known as endogenous
reinfection, which triggers disease. Restrepo (2000) also mentions
and discuss about cases where the infection results in residual foci
containing viable fungi that may outcome in endogenous
reactivation, as shown by cases diagnosed outside of the
geographic limits of the mycosis. Taken together, this data
provides evidence for Paracoccidioides spp. being able to
potentiate tissue repair functions of fibroblasts, resulting in cell
proliferation and increased collagen production, which can lead to
changes in the lung structure and low oxygen circulation. This new
environment would be conducive to fungal survival and escape from
the immune system with the fungi being hidden for prolonged
periods in granulomatous centers.

Gp43 is a high mannose glycoprotein, the main antigen secreted
by P. brasiliensis, and is usually used as a diagnostic antigen (Flavia
Popi et al., 2002). It has been shown in an experimental model that
gp43 is able to inhibit the fungicidal ability of macrophages,
suggesting that the avoidance mechanisms of Paracoccidioides spp.
may favor the primary infection status of susceptible hosts (Flavia
Popi et al., 2002). Therefore, we investigated the possible influences
of gp43 on pulmonary fibroblasts. Our results failed to show an
important role for gp43 in the induction of murine pulmonary
fibroblast proliferation. However, we did observe that gp43
promoted decreased cell viability and increase TGF-b1 production
in human pulmonary fibroblasts. Curiously, gp43 strongly
stimulates granuloma formation in a murine model using
peritoneal macrophages and B-1 cells isolated from A/J mice
(Vigna et al., 2006). It is important to highlight that P. lutzii has
an ortholog glycoprotein called Plp43 that presents a peptide
sequence only of 81% identical with P. brasiliensis (Leitão et al.,
2014). Thus, P. lutzii exoantigens represents a control of enriched
gp43 exoantigen.
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Our results require further investigation. Despite the evidence
that exoantigens of Paracoccidioides spp. modulate the function of
human and mouse pulmonary fibroblasts, we did not evaluated
different antigenic components from both fungal strain. Other
limitations were we did not prove if chosen concentration range
has any physiological meaning, the maturation of fibroblasts into
myofibroblasts, or the presence of other factors that may influence
fibrogenesis, such as the downregulation of metalloproteinases.
While our study may not present a comprehensive model defining
all the mechanisms of how Paracoccidioides spp. exoantigens
modulate the pulmonary fibroblasts, we believe that it is an
important source to start understanding how this fungus
influences tissue repair function of these cells.

In summary, our results demonstrate, for the first time, that
Paracoccidioides spp. exoantigens may promote pulmonary
fibroblast proliferation and gp43, the immunodominant
antigen of P. brasiliensis, is not related to the stimulation of
fibroblast proliferation, but may have a role in the maturation of
fibroblasts into myofibroblasts. Further studies are needed to
better understand the mechanistic process in greater detail.
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Coccidioidomycosis is a fungal, respiratory disease caused by Coccidioides immitis and
Coccidioides posadasii. This emerging infectious disease ranges from asymptomatic to
pulmonary disease and disseminated infection. Most infections are cleared with little to no
medical intervention whereas chronic disease often requires life-long medication with
severe impairment in quality of life. It is unclear what differentiates hosts immunity resulting
in disease resolution versus chronic infection. Current understanding in mycology-
immunology suggests that chronic infection could be due to maladaptive immune
responses. Immunosuppressed patients develop more severe disease and mouse
studies show adaptive Th1 and Th17 responses are required for clearance. This is
supported by heightened immunosuppressive regulatory responses and lowered anti-
fungal T helper responses in chronic Coccidioides patients. Diagnosis and prognosis is
difficult as symptoms are broad and overlapping with community acquired pneumonia,
often resulting in misdiagnosis and delayed treatment. Furthermore, we lack clear
biomarkers of disease severity which could aid prognosis for more effective healthcare.
As the endemic region grows and population increases in endemic areas, the need to
understand Coccidioides infection is becoming urgent. There is a growing effort to identify
fungal virulence factors and host immune components that influence fungal immunity and
relate these to patient disease outcome and treatment. This review compiles the known
immune responses to Coccidioides spp. infection and various related fungal pathogens to
provide speculation on Coccidioides immunity.

Keywords: Coccidioides immitis, Coccidioides posadasii, Coccidioidomycosis, Valley fever, host pathogen
interactions, fungal immunity
INTRODUCTION

Coccidioidomycosis is a fungal lung disease caused by inhalation of Coccidioides immitis and
Coccidioides posadasii. It is a disease endemic to the Southwestern United States, Central America,
and South America and is typically transmitted from the soil via wind (Johnson et al., 2014). In
endemic regions of the American Southwest alone (California, Nevada, Utah, Arizona, and New
Mexico) the estimated incidence is 122.7 cases per 100,000 (Benedict et al., 2019). Fungal
arthroconidia enter the lungs and differentiate into a spherule state that replicates via
endosporulation. Subsequent endospore rupture spreads the fungus, resulting in tissue damage
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and inflammation (Ternovoĭ and Golotina, 1977). Clinically,
coccidioidomycosis is often misdiagnosed as pneumonia or
lung cancer (Nguyen et al., 2013; Saenz-Ibarra et al., 2018).
When the host immune system is unable to clear infection, it
develops into a chronic state sometimes disseminating into other
organs (Nguyen et al., 2013). In 60% of cases, infection remains
asymptomatic or presents mild flu-like symptoms and is cleared
by the host with little to no medical intervention (Saubolle et al.,
2007). In 40% of cases, patients present moderate to severe flu-
like symptoms that can become chronic. One percent of
symptomatic cases develop severe disseminated infection
(Saubolle et al., 2007).

In large part due to biosafety regulations, Coccidioides has
been much less explored than other fungal pathogens. Though
first reported in 1892, and with research dating back to the early
1900s, focus on the immune response against Coccidioides did
not begin until the 1980s (Smith, 1940). A small but dedicated
group of immunologists focus on fungal pathogens and host
responses, but there is a critical need for further research into
host responses to Coccidioides. There is little understanding of
the immune events and players that contribute to disease
resolution or chronic infection. Clinicians currently rely on
symptom-based diagnosis, antibody-antigen assays, and
imaging (chest x-rays and CT scans) to diagnose Coccidioides-
infected patients, but these methods are limited in their ability to
assess disease progression and host clearance capacity (Johnson
et al., 2012; Wack et al., 2015). This review explores the initiation
of innate immune responses and the development of adaptive
immune responses to Coccidioides. Where gaps in Coccidioides
knowledge exists, closely related fungal pathogens are used
to extrapolate.
DISEASE AND EPIDEMIOLOGY

Coccidioides is endemic in regions with heavy intermittent rains
along with the hot, arid summers (Johnson et al., 2014;
Coopersmith et al., 2017; McCotter et al., 2019) It is found
primarily in alkaline soils with high surface salinity (Elconin
et al., 1964; Swatek, 1970; Lacy and Swatek, 1974). During wet,
rainy months, filamentous threads composed of barrel-like
subunits called arthroconidia expand within the soil.
Environmental stresses, such as heat or digging, disrupts the
soil and aerosolize the arthroconidia, making it airborne
(McCotter et al., 2019). Infection occurs when arthroconidia
are inhaled into the lungs and temperature and moisture
differences trigger morphological change from arthroconidia to
spherule to endospore (Johannesson et al., 2006). The fungal
spherule develops into an endospore, capable of maturing and
bursting to release more spores (Nguyen et al., 2013). As fungi
develop, the host presents generic flu-like symptoms including
headache, fever, body ache, coughing, and respiratory distress
(Johnson et al., 2012; Wack et al., 2015).

Coccidioides infection also occurs in non-human animals,
spanning across taxonomical classes from reptiles to mammals
(Fisher et al., 2007; del Rocıó Reyes-Montes et al., 2016). Animal
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carcasses are often found positive for Coccidioides while the
surrounding soil environments test negative for the fungi (del
Rocıó Reyes-Montes et al., 2016). Originally, animals were
believed to be accidental hosts, but genomic analysis indicates
that Coccidioides code for several animal peptidases and lack
enzymes associated with plant-decomposing fungi (Fisher et al.,
2007; del Rocıó Reyes-Montes et al., 2016; Taylor and Barker,
2019). This suggests that Coccidioides infected animals can act as
fungal distributors, transporting the fungus from the initial
infection site and upon animal death returning the fungus to
new soil. Animal carcasses may also act as a protective, nutrient
rich nursery for Coccidioides growth. Peptidase expression
suggests that Coccidioides evolved methods to infect and thrive
inside a protein rich environment, perhaps contributing to its
success in surviving in harsh, alkaline environments. Wind and
disturbance from other scavenging animals can then further
disseminate the fungus driving human infection.

Agricultural, construction, and fieldwork in endemic regions
are risk factors for fungal exposure. San Joaquin Valley (SJV) in
California is an agricultural hub, supporting over 180,000
agricultural and 100,000 construction/labor jobs (Garcia and
Young; Nicas, 2018). Solar energy field expansion puts solar-
panel workers at risk for fungal exposure (Wilken et al., 2015;
Laws et al., 2018). Legislative efforts in California have mandated
Coccidioides risk education and safety protective equipment for
at-risk workers in endemic areas (Salas, 2019). In Arizona,
disease incidence increases with age, with those over the age of
70 experiencing the highest rate of disease (McCotter et al.,
2019). Disease susceptibility for coccidiomycosis has been
correlated with increasing age, with the elderly being much
more susceptibility to infection and severe disease (Saubolle
et al., 2007; Johnson et al., 2012; Nguyen et al., 2013; Wack
et al., 2015). The high disease incidence in Arizona has been
credited to the steady influx of new settlers over the last few
decades and the increasing popularity of the state amongst
retirees (McCotter et al., 2019).

Disease impact is further complicated by socioeconomic
constraints. In California’s SJV, Hmong and Latino minorities
make up a large percentage of field workers and soil-based
laborers (Johnson et al., 2014). These populations tend to fall
into the lowest wealth bracket with little to no access to
healthcare, thus representing those with the least availability
and opportunity to seek medical care, and the most exposed to
Coccidioides (Mobed et al., 1992). Health care practioners
working in the are often trained outside the endemic region
and are initially unfamiliar with disease symptoms (Saenz-Ibarra
et al., 2018). In 2007 in Arizona, only 50% of health care
providers surveyed were confident in treating Coccidioides
infection and only 21% correctly answered treatment questions
(Chen et al., 2011). Since then, Arizona has implemented
specialized coccidioidomycosis continuing medical education
for in-state practioners, resulting in health care providers being
twice as likely to answer treatment questions correctly compared
to their untrained cohort. In California, outreach programs
throughout endemic regions are providing disease awareness
for physicians and patients, while legislative efforts aim to
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mandate coccidioidomycosis centric continuing medical
education courses to provide specialized regional training
(Salas, 2018).
INNATE IMMUNITY

Innate Detection and Immune Evasion
The lungs maintain many defense mechanisms to survey and
eliminate airborne threats. Lung epithelial cells (LECs) secrete
anti-microbial peptides, complement proteins, and defensins
which enhance granulocyte activity and create a less hospitable
environment for Coccidioides (Hernández-Santos et al., 2018).
To survive, Coccidioides must successfully avoid detection from
surveying and patrolling innate immune cells. Lung-resident
macrophages, also known as alveolar macrophages, comprise
up to 95% of pulmonary leukocytes and participate in early
immune detection of pathogens and maintain the lung
microenvironment (Wynn and Vannella, 2016). In Aspergillus
infections, tissue-specific neutrophils are recruited by LECs and
enter the lung early after infection due to b-glucan and chitin
(Dubey et al., 2014). Innate leukocytes control early pathogen
invasion via phagocytosis and production of reactive oxide and
reactive nitrogen species (RNS) (Xu and Shinohara, 2017). b-
glucan and chitin are conserved across many fungal species,
including Coccidioides, so these molecules could interact with
epithelial cells and aid in neutrophil recruitment. In cases where
host immune responses cannot control infection, disease
becomes chronic. Host responses sometimes control infections
through granuloma formation in the lung as fungi is walled off
instead of destroyed (Nguyen et al., 2013; Johnson et al., 2014;
Wynn and Vannella, 2016).

To survive lung defenses and evade innate immune responses,
Coccidioides expresses virulence factors for immune evasion and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3100
survival. Inside the lung, arthroconidia express ornithine
decarboxylase, an enzyme implicated during growth from
arthroconidia to spherule state (Guevara-Olvera et al., 2000).
During transition, the spherule internal cell wall segments bud
off into endospores. Lifecycle transition allows vulnerable, easily
phagocytosed, arthroconidia to develop into phagocytosis-
resistant spherules (Hung et al., 2002; Gonzalez et al., 2011;
Nguyen et al., 2013). Arthroconidia are vulnerable to RNS while
mature spherules suppress nitric oxide species (NOS) and
inducible NOS expression in macrophages (Figure 1)
(Gonzalez et al., 2011). Mature spherules are too large for most
host phagocytic activity, allowing Coccidiodes to evade early
immune detection (Hung et al., 2002). Coccidioides induces
host expression of arginase resulting in ornithine and urea
production, important components for transition from
arthroconidia to spherule (Hung et al., 2007).

In the spherule state, Coccidioides secretes metalloproteinase
1 (Mep1) which digests an immunodominant antigen spherical
outer wall glycoprotein (SOWgp) on the fungal surface
(Figure 1) (Hung et al., 2005). Phagocytotic granulocytes rely
on pathogen associated molecular patterns such as SOWgp, thus
Mep1 secretion prevents detection by innate immune cells
(Hung et al., 2005). Coccidioides upregulates nitrate reductase
during development, an enzyme that converts nitrate to nitrite,
thereby enhancing Coccidioides survival in anoxic conditions,
such as those found inside a granuloma (Johannesson et al.,
2006). Early detection to inhaled fungus is critical for host
response. Macrophages and neutrophils detect Coccidioides
arthroconidia and immature spherules via receptors Dectin-1,
Dectin-2, and Mincle interacting with SOWgp (Hung et al., 2002;
Nguyen et al., 2013). Endothelial lung cells use these same
receptors to regulate defensin secretion.

Toll-like receptors (TLRs) and c-type lectin receptors (CLRs)
interact with major pathogen-associated molecular patterns to
detect Coccidioides (Romani, 2004; Viriyakosol et al., 2008;
FIGURE 1 | Fungal dimorphism presents challenges for immune detection and activation. Early infection: Coccidioides is vulnerable to immune detection during early
infection due to the smaller size (2–5 mM) and SOWgp expression which is detected via Dectin-1 and TLR2 on innate immune cells. These interactions mediate
clearance via phagocytosis and reactive oxide species production. Later infection: As Coccidioides sporulates, it secretes MEP1 which digests SOWgp from the
fungal surface, hampering immune detection. Spherules induce arginase expression in host tissues, suppressing NOS/NO production via an unknown mechanism,
contributing to immune suppression.
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Viriyakosol et al., 2013). Like most fungi, Coccidioides expresses
b-glucans, chitins, and mannans in the outer cell wall (Nguyen
et al., 2013). These cell components are recognized by a variety of
TLRs and CLRs and elicit strong inflammatory responses from
local immune cells. Coccidioides interactions with TLR2 and
Dectin-1 on macrophages activate production of reactive oxide
species (ROS) and inflammatory cytokines, such as interleukin-6
(IL-6) and tumor necrosis factor-alpha (TNFa) (Viriyakosol
et al., 2008; Viriyakosol et al., 2013). There are no known
nucleotide-binding oligomerization domain-like (NOD-like)
receptors yet associated with Coccidioides detection.

In humans, polymorphisms in IFNg/IL-12 signaling pathway
result in a STAT1 gain of function mutations that associate with
increased disease severity inCoccidioides,Histoplasma, andCandida
infection (Sampaio et al., 2013). In disseminated Coccidioides,
patients with severe disease were found to have a STAT3
mutation (Odio et al., 2015). STAT 3 mediates IL-23 signaling,
critical for IFNg, IL-12, and IL-17 production while STAT1
signaling induces Th1 cell differentiation in response to IL-12 to
produce IFNg; IFNg, in turn, inhibits Th17 differentiation (Yeh
et al., 2014). IL-12b1 receptor deficiency is associated with increased
risk of disseminated coccidioidomycosis (Yeh et al., 2014). In
chronic mucocutaneous candidiasis, gain of function mutations in
STAT1 and STAT3 correlates to more severe disease and poor
TH17 responses (Zheng et al., 2015). These observations suggest
that STAT1 and STAT3 immune signaling is critical in host control
of Th1/Th17 cytokine balance and is required for protection and
Coccidioides fungal control.

In Blastomyces dermatitidis infection, LECs regulate
collaborative killing between alveolar macrophages, dendritic
cells (DC), and neutrophils (Hussell and Bell, 2014;
Hernández-Santos et al., 2018). Upon LECs ablation, B.
dermatitidis phagocytosis is reduced, and viable yeast numbers
increase. Other data suggests that IL-1/IL-1R interactions
regulate CCL20 expression in LECs. Chemokine CCL20
strongly recruits lymphocytes and weakly recruits neutrophils
(Hernández-Santos et al., 2018). IL-1R-deficient mice express
less CCL20 and lung Th17 cells are reduced, suggesting that IL-1/
IL-1R signaling in LECs could regulate adaptive immune
functions (Hernández-Santos et al., 2018). IL-1R is critical for
vaccine induced resistance to Coccidioides infection via MyD88
induction of Th17 responses (Hung et al., 2014a; Hung et al.,
2016a). Though it has not been explored, LECs could mediate
early responses to Coccidioides through IL-1R, suggesting
another innate immune cell role in anti-fungal responses
within the lung tissues.

Alveoli structure likely helps shape local immune responses.
Three dominant cell types exist within and around the alveoli
structure: Type 1 and Type 2 pneumocytes (also known as
alveolar epithelial cells, AECs), and tissue-resident alveolar
macrophages (Guillot et al., 2013; Hussell and Bell, 2014).
Type 1 pneumocytes (AECI) secrete IL-10 constitutively, which
bind to IL-10R on alveolar macrophages to maintain an anti-
inflammatory state. Type 2 pneumocytes (or AECII) express
CD200 which interacts with CD200R on alveolar macrophage to
inhibit pro-inflammatory phenotype (Guillot et al., 2013;
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Hernández-Santos et al., 2018). Alveolar macrophages express
TGFb-receptors that bind to pneumocyte-expressed avb6
integrin, tethering them in the alveolar airspace. In
inflammatory conditions, AECIs upregulate TLRs and AECIIs
increase SP-A and SP-D production (Guillot et al., 2013). These
surfactant proteins are known to enhance pathogen opsonization
and phagocytosis, and are capable of binding to Coccidioides
antigen (Awasthi et al., 2004). Coccidioides infected mice
expressed less SP-A and SP-D protein in their bronchial lavage
fluid compared to uninfected and vaccinated controls,
demonstrating the pathogen’s capability of altering the lung
mucosa (Awasthi et al., 2004). AECII secreted production of
surfactant proteins may be influenced by Coccidioides allowing
fungal escape of phagocytosis and prolonged survival.

Neutrophils
Neutrophils are the first responders and most abundant
granulocytes in the immune system, making up 40%–70% of
the total leukocyte population at homeostasis (Kolaczkowska and
Kubes, 2013). Neutrophils destroy pathogens via phagocytosis,
secretion of anti-microbial peptides, and extracellular traps, and
provide signals for monocyte entry to sites of infection (Schaffner
et al., 1986; Jain et al., 2016). In a 1:1 neutrophil to Coccidioides
endospore interaction, human neutrophils readily phagocytose
Coccidioides endospores and exhibit partial phagocytosis of
larger spherules, coined “frustrated phagocytosis” (Lee et al.,
2015). Neutrophils from healthy patients and chronic
coccidioidomycosis patients exhibit similar neutrophil
phagocytosis capabilities; however, high neutrophil presence is
associated with chronic Coccidioides infection (Lee et al., 2015;
Davini et al., 2018). This suggests that expanded neutrophil
presence is detrimental for Coccidioides clearance perhaps due
to their persistence into later stages of infection that may
preclude other more effective responses (Davini et al., 2018).
This in combination with neutrophil inability to fully phagocytose
large endospores may make neutrophils ineffective, allowing
prolonged fungal infection.

Neutrophil presence in tissue is typically associated with
inflammatory tissue damage and pro-inflammatory cytokine
expression such as IL-6 and IL-1b (Kolaczkowska and Kubes,
2013). Neutrophils follow C3a, C5a, IL-8, and IFNg gradients
toward sites of inflammation (Kolaczkowska and Kubes, 2013;
Liu et al., 2017). However, chemoattractive molecules have
limited stability and diffusion capabilities through tissues,
suggestive that high neutrophil recruitment requires robust
and/or steady expression of chemokines, which may also cause
more inflammatory tissue damage. Until recently, it was believed
that neutrophils migrate to infected tissue to mediate pathogen
clearance and die within infected tissue after a few hours. Newer
evidence suggests neutrophils re-enter circulation from the site
of infection and may disseminate inflammation from the original
recruitment site (Jain et al., 2016). For Coccidioides infection, this
suggests a potential novel method for neutrophil dissemination
of infection from the lungs where neutrophilia might
promote disseminated disease. Depletion of neutrophils in
Paracoccidioides brasiliensis infection results in decreased IFNg
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and IL-17 with almost all infected mice succumbing to infection
(Pino-Tamayo et al., 2016). This highlights the delicate balance
of helpful versus harmful responses that pro-inflammatory
innate immune cells play during disease clearance. In murine
models of disseminated fungal infection with Blastomyces,
Aspergillus, and Candida, neutrophils transdifferentiate into
specialized hybrid neutrophil-DCs, and in vitro, neutrophil-
DCs retain microbicidal, neutrophil-like function while also
stimulating CD4+ T cell differentiation (Fites et al., 2018). This
suggests a dual role for neutrophils in coccidioidomycosis, where
too much neutrophil presence could contribute to disseminated
disease and tissue damage, while some appropriate level response
allows stimulation of adaptive immunity. In vivo examination
and characterization of neutrophil-DC hybrids may provide a
better understanding of innate immune cell influence on
adaptive immune cell responses in Coccidioides infection. In
vivo examination of neutrophil migration may unveil
dissemination mechanisms, allowing for targeted therapeutics
to prevent severe, disseminated coccidioidomycosis.

Macrophages and Alveolar Macrophages
Macrophages engulf fungi and generate ROS and NOS that aid
in degrading pathogens (Hussell and Bell, 2014). Fungicidal
activity against Coccidioides in vitro by murine alveolar
macrophages is enhanced in the presence of IFNg (Beaman,
1987). IFNg enhances and promotes phagocytosis, oxide
species generation, pro-inflammatory cytokine production,
and macrophage differentiation into the M1 phenotype
for pathogen clearance and recruitment of other pro-
inflammatory cells (Gentek et al., 2014). Pathogen recognition
receptors on macrophages bind to targets for phagocytosis.
Specifically, Dectin-1 and TLR2 interactions with Coccidioides
facilitates clearance by macrophages by promoting oxide species
and pro-inflammatory cytokine production (Viriyakosol et al.,
2005; Tam et al., 2014).

Lung resident alveolar macrophages reside in air-exposed
tissue compartments of the alveoli. Alveolar macrophages
remove and clear particulates such as dust, pollutants, or
airborne microorganisms in the respiratory mucosal surfaces
(Lohmann-Matthes et al., 1994; Hussell and Bell, 2014). Alveolar
macrophage-depleted mice challenged with Aspergillus
fumigatus had higher fungal burden than wild-type mice
(Gonzalez et al., 2011). When alveolar macrophages and DCs
are ablated during Aspergillus infection, neutrophil infiltration
increases (Lohmann-Matthes et al., 1994). This suggests alveolar
macrophages and DCs may inhibit neutrophil recruitment
during productive immunity to fungal lung infections.

Alveolar macrophages also promote tolerance to commonly
encountered lung antigens (Hussell and Bell, 2014). Resting
alveolar macrophages closely resemble an M2 or alternatively
activated macrophage (Hussell and Bell, 2014). It is theorized
that these cells require cooperation between many receptors to
override the basal anti-inflammatory, tolerogenic state found in
the lungs (Wilken et al., 2015). Once activated, alveolar
macrophages exhibit higher respiratory burst, phagocytotic
capabilities, and inflammatory cytokine production (Lohmann-
Matthes et al., 1994). These cells are regulated through
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5102
interactions with IL-10R, CD200R, TGFb-R, mannose
receptors, and triggering receptors (TREM1 and TREM2),
which all dampen proinflammatory signaling pathways
(Hussell and Bell, 2014). Following inflammation caused by
high viral infection, murine alveolar macrophages have
decreased TLR2 responsiveness, low mannose receptor and
high CD200R expression (Hussell and Bell, 2014). Acute
inflammation seems to irreversibly change the overall alveolar
macrophage responsiveness toward pathogen invaders. This has
interesting implications for Coccidioides infection in patients
with chronic inflammatory lung diseases such as asthma,
chronic obstructive pulmonary disease (COPD), or high
pollution exposure. In coccidioidomycosis, it is possible that
M1 macrophages may be required for pathogen clearance, but
instead become M2 due to signals from fungal factors (Figure
2A). Studies examining macrophages recruited following
Coccidioides infection would help characterize the macrophage
subtypes needed for fungal clearance. Such data may identify
novel macrophage targets to treat Coccidioides infection by
influencing macrophage differentiation.

Eosinophils
Eosinophils are granulocytes associated with parasite infection,
allergy, and asthma (Uhm et al., 2012). They make up 1%–3% of
the leukocytes in the immune system and migrate to sites of
inflammation via IL-5 chemotaxis (Yamaguchi et al., 1988; Uhm
et al., 2012). Though not typically associated with an anti-fungal
innate response, immunocompromised patients with allergic
bronchopulmonary aspergillosis have high eosinophil lung
infiltration during fungal infection, suggestive of maladaptive
immunity (Chong et al., 2006). In chronic Coccidioides, infection
correlates with peripheral blood eosinophilia (Harley and Blaser,
1994; Davini et al., 2018). Clinical observations from a
Coccidioides case study highlight a correlation between asthma
and poor fungal clearance, marked by high eosinophil lung
infiltrate (Lombard et al., 1987). Increased IL-5 secretion in
TNFa-deficient mice results in high eosinophil numbers and
decreased IL-17A production, linking eosinophil changes to
reduced adaptive responses (Fei et al., 2011). In acute
Paracoccidioides brasiliensis infection, eosinophil recruitment is
modest compared to uninfected mice but upon neutrophil
depletion, eosinophil numbers increase significantly in the
lungs (Pino-Tamayo et al., 2016). However, even with
increased eosinophil presence, these mice still succumbed to
infection with higher fungal burden. These data suggest that
eosinophils could be recruited in the absence of neutrophils as a
compensatory mechanism but unfortunately are not as
protective as neutrophils.

Eosinophil presence in pulmonary coccidioidomycosis inversely
correlates to neutrophil frequency (Lombard et al., 1987; Lee et al.,
2015). In Aspergillus-allergy asthma murine models, lung DCs
secrete TNFa which preferentially recruits neutrophils over
eosinophils in the lung (Fei et al., 2011). This suggests local lung
leukocytes influence immune cell recruitment and potentially
control Coccidioides infection by establishing a different lung
microenvironment (Fei et al., 2011). It is unknown whether
asthma contributes to poor Coccidioides clearance, and asthma
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rates are high in current endemic regions. It could be that eosinophil
and neutrophil recruitment varies between acute and chronic
coccidiomycosis patients due to predisposed lung conditions such
as allergies and asthma. Therefore, exploring pre-existing health
conditions and disease progression may provide important clues to
define effective clearance mechanisms.

Dendritic Cells
DCs are professional antigen presenting cells, responsible for the
initiation, regulation, and maintenance of adaptive immune
responses (Desch et al., 2013). Lung-resident DCs must also
maintain a balance between activation against invading
pathogens and tolerance to continuous antigen exposure. DCs
are adept at identifying fungal pathogens and promoting
pathogen clearance, due to their powerful ability to activate
naïve T lymphocytes (Romani et al., 2002). Coccidioides
spherule recognition induces human DC maturation and
activation resulting in elevated CD40 and CD80/CD86 (B7.1/
B7.2) surface expression and heightened T lymphocyte
stimulation (Dionne et al., 2006). DCs from healthy human
patients, pulsed with Coccidioides spherule lysate, induce
antigen-specific T cell activation (Richards et al., 2001).

There are many DC subsets with distinct functionality (Segura,
2016). Some promote inflammatory immune activation while
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6103
others induce tolerance and tissue regeneration. Conventional
DCs (cDC) versus monocyte-derived DCs (mDCs), exhibit
opposing migration capacity to the lungs (Nakano et al., 2013).
cDCs travel into the lung during homeostasis, whereas mDCs only
migrate into lung tissue during active inflammation (Segura, 2016).
Lung endothelial cells secrete IL-10, which maintains an anti-
inflammatory, tolerogenic state and promotes anti-inflammatory
DC function (Segura, 2016; Teitz-Tennenbaum et al., 2018). In IL-
10 deficient mice infected with Cryptococcus, DCs upregulate
inducible NOS expression and recruit neutrophils and M1
macrophages to the lungs during infection (Teitz-Tennenbaum
et al., 2018). In contrast, IL-10-sufficient DCs express high
arginase and CD206 (mannose receptor) which promotes
tolerance within the lung by inducing IL-10 expression within
endothelial tissues (Teitz-Tennenbaum et al., 2018). Maintaining
an anti-inflammatory state within the lungs is critical for preventing
unnecessary tissue damage to the delicate airspace architecture.
Tolerance and anti-inflammatory signals are thus critical for
ensuring that tissue-damaging inflammation does not occur
unless pathogenic danger is imminent. Since DCs are responsible
for controlling adaptive immune responses, understanding tissue-
resident DCs and lung-microenvironmental influences is critical for
understanding immune activation choices during pathogen
detection and clearance.
A

B

FIGURE 2 | Innate immune cell responses to Coccidioides influence adaptive immune cell activation and effector functions. (A) Coccidioides may evade innate
immune cell clearance and influence immune functions. (B) Dendritic cells are critical for activating adaptive responses and influencing adaptive immune cell
population differentiation.
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DCs possess phagocytotic and pathogen clearance capabilities
and act as professional antigen presenters to adaptive immune cells.
Like macrophages that polarize into pro-inflammatory or anti-
inflammatory subsets, DCs also exhibit polarization and DC
polarization skews helper T cell differentiation toward specific
subtypes (de Jong et al., 2005). Cryptococcus neoformans promotes
an anti-inflammatory DC phenotype which suppresses
inflammatory innate cells activation, allowing fungal persistence
(Teitz-Tennenbaum et al., 2018). IL-10 blockade results in DCs with
higher expression of costimulatory molecules and pro-
inflammatory cytokines (Segura, 2016). In Histoplasma
capsulatum infection, CD8a+ pro-inflammatory DCs were found
to be critical for fungal clearance by inducing CD4+ T helper 1
(Th1) cells and CD8+ T cells (Lin et al., 2005).

DCs regulate T cell responses and immunological memory
generation required for effective vaccines. Creating vaccines
for dimorphic fungal pathogens is difficult as T lymphocytes
recognize specific antigens and polymorphic fungal pathogens
express different antigens throughout their life cycle. DCs
have the unique challenge of presenting and mounting an
effective immune response against Coccidioides regardless of
morphological stage. Recent attempts at DC-based vaccinations
show promising success in mouse models. Adoptive transfer of
Coccidioides-antigen loaded DCs reduces murine fungal burden by
live, virulent Coccidioides challenge (Awasthi, 2007). Disseminated
coccidioidomycosis patient DCs loaded with T2K antigen
overcame T cell anergy, driving T cell proliferation (Richards
et al., 2002). This highlights a potential therapeutic where
patients’ immune responses could be reactivated for fungal
clearance. In murine vaccine studies, Coccidioides antigens
delivered with glucan-chitin particles (GCP) effectively stimulate
DC inflammatory responses. DCs loaded with GCP-antigen
complex induce a mixed T helper 1 and T helper 17 response
against Coccidioides infection, thought to be critical for effective
fungal clearance (Hung et al., 2018a). These studies suggest that
manipulating DC responses may be a viable route to creating
vaccines that induce strong and specific immunity and may
overcome pre-existing T cell anergy. The antigen subunit studies
suggest effective DC activation requires multi-variant antigen
interactions, and that multi-antigen vaccine therapies are
promising strategies against Coccidioides.
INTRODUCTION TO ADAPTIVE IMMUNITY

Unlike innate immunity, adaptive immunity offers higher pathogen
specificity, more powerful pathogen control mechanisms, and the
ability to establish memory against future infections. Infection
persistence implies a breakdown in immunity effectiveness or host
feedback mechanisms protecting against damaging responses. To
understand why chronic Coccidioides infections occur, we must first
understand effective immunity to Coccidioides.

B Cells
Protective immunity against Coccidioides is mediated
predominantly by T cells (Hung et al., 2018a). Coccidioides-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7104
specific antibodies are observed in human and mouse studies,
indicating that B cells also recognize and interact with
Coccidioides antigen. IgG antibody is the prominent antibody
isotype observed in humoral mediated responses to Coccidioides
infection, indicative that class-switching occurs (Magee et al.,
2005). Screening patients infected with Coccidioides ,
Histoplasma, and/or Blastomycoses with complement-fixing
assays identified IgG1 as the predominant isotype generated.

Thirty days post-infection, mice have no neutralizing or
complement-fixing antibodies in their sera against Coccidioides
antigen and adoptive transfer of B cells from immunized mice
into naïve mice does not confer protection (Beaman et al., 1979).
In a contrasting study, T cell rich, B-cell deficient transfer
conferred early protection, but the mice ultimately succumbed
to disease 34 days post-infection (Magee et al., 2005). Mice that
received whole splenocyte (mixed T cell, B cell, and other
immune cell populations) transfers survived the longest. This
could be due to the inclusion of B cells or other immune
populations in the transfer. Vaccination with formalin fixed
Coccidioides spherules and secondary intranasal challenge with
live, virulent Coccidioides in BALB/c mice causes a marked
increase in B cell-specific genes within whole lung tissue and
generation of Coccidioides-specific serum antibodies (Magee
et al., 2005). These studies suggest that B cells have a
protective role in Coccidioides response and may even increase
in frequency within the lung as suggested by bulk gene
expression analysis data where B cell specific genes increased
in expression in Coccidioides infected lung tissue compared to
uninfected lung (Magee et al., 2005).

IgG generation requires CD4+ T cell-mediated class-
switching and may explain the discrepancy between the B cell
studies described above: T cells might provide initial protection,
but without B cells there is no sustained antibody protection.
Some Coccidioides antigens stimulate both T and B cell responses
(Zhu et al., 1997). SOWgp is the best known immunostimulating
Coccidioides antigen, eliciting a humoral response and innate
immune cell activation (Hung et al., 2000). Disagreement around
B cells in protective immunity against Coccidioides might be
partially explained due to varied use of live-wildtype, live-
attenuated, or formalin-fixed Coccidioides between studies, and
the purity of cell populations utilized. Coccidioides is
polymorphic and expresses multiple antigen types throughout
its lifecycle, thus effective neutralizing antibodies and class-
switching may be required at different stages of the immune
response. High affinity antibody generation requires affinity
maturation via somatic mutation, processes reliant on CD4+ T
cell help. Considering all these data together, B cells likely
contribute to adaptive and humoral immunity against
Coccidioides, but further work is needed to definitively define
the contribution to disease progression and control.

T Cells and Effector Cytokines
Patients that recover from coccidioidomycosis with little to no
medical intervention have polyfunctional T lymphocytes in
circulation (Nesbit et al., 2010). Upon Coccidioides antigen
stimulation, peripheral human CD4+ and CD8+ T
lymphocytes secrete pro-inflammatory cytokines, such as IL-2,
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TNFa, and IFNg (Nesbit et al., 2010). In humans, HIV and
immunosuppression are risk factors for severe, disseminated
infection and this risk is associated with decreased CD4+ T cell
numbers (Saubolle et al., 2007; Johnson et al., 2012; Wack et al.,
2015). In T cell-deficient mice, infection is severe, and effector T
cell transfer protects mice against virulent infection (Fierer et al.,
2006). CD4+ T cells from immunized C57BL/6 mice transferred
into non-immunized CD40-deficient mice confer protection and
prolong survival (Zhu et al., 1997). Vaccination with an
attenuated C. immitis laboratory strain in CD4-deficient mice
is protective, suggesting that CD8+ T cells can protect against
Coccidioides (Fierer et al., 2006). No other studies show direct
CD8+ T cells contribution to Coccidioides immunity. However,
the CD8+ T cell study used an intraperitoneal infection, not
intranasal delivery, so translation to pulmonary infection is
unclear. In other fungal infections such as Blastomyces and
Histoplasma, IL-17 producing CD8+ T cells provide protection
and fungal clearance even in CD4-deficient mouse models
(Nanjappa et al., 2012; Hung et al., 2016b). Overall, CD8a+ T
cells may contribute to Coccidioides immunity, but further work
is needed to characterize their anti-fungal mechanisms.

T cell differentiation into subsets allows targeted and tailored
immune responses to different pathogen classes. For anti-fungal
responses, T helper 1 (Th1) and T helper 17 (Th17) cells are
especially critical in Coccidioides murine infections (Nanjappa
et al., 2012). Loss of either of these T helper subtypes, or their
associated cytokines, results in impaired immune responses and
impaired fungal clearance. In human Coccidioides infection,
Th17 cells are protective and acute coccidioidomycosis patients
have high Th17 promoting serum cytokine levels (Davini et al.,
2018). In vitro Coccidioides antigen stimulation of peripheral
blood cells from acute disease patients yields robust IL-17
production (Hung et al., 2016b). Coccidioides-induced Th1 and
Th17 cells secrete cytokines that mobilize innate immune cells to
the site of infection, promote the activation and differentiation of
immune cells, and induce anti-microbial peptides in endothelial
cells (Hung et al., 2016b). This crossroad in innate immunity
mediated by Th17 is observed in other fungal pathogens that
infect mucosal tissues (Khader et al., 2009). Th1 cells make
cytokines that enhance macrophage phagocytosis and
ROS generation.

Coccidioides-resistant DBA/2 mice mount strong Th1
responses against Coccidioides, with increased serum IL-12
production (Magee and Cox, 1996). IL-12 administration to
Coccidioides-susceptible BALB/c mice results in lowered fungal
burden in lungs and spleen, whereas IL-12 blockage dramatically
increases fungal burden across tissues, suggesting that IL-12 is
protective against Coccidioides (Magee and Cox, 1996). DBA/2
mice express fully formed C-type lectin receptors, Dectin-1,
unlike susceptible C56BL/6 mice with truncated Dectin-1.
Dectin-1 is critical in fungal pathogen recognition and loss of
dectin-1 correlates to increased fungal burden and decreased
adaptive immune responses (Vautier et al., 2010) Dectin-1
interacts with Coccidioides b-1,3-glucans located in the outer
cell wall and induces antibody class-switching and production,
and CD8+ T cell activation (Viriyakosol et al., 2013). Dectin-1
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binding to its ligand induces antigen presenting cell secretion of
IL-1b, IL-23, IL-6, and TGFb, cytokines necessary for Th17 cell
differentiation. It is theorized that CARD9, an adaptor molecule
downstream of Dectin-1 signaling, promotes intracellular
signaling required for Th17 differentiation. CARD9-deficient
mice are unable to clear pulmonary and subcutaneous
infections with a highly virulent strain of Coccidioides posadasii
(C735) (Hung et al., 2016a). These data emphasize the
importance of fungal sugar pattern recognition receptor
interactions for supporting Th1 and Th17 responses in
adaptive immunity. In a multivalent vaccine study, CARD9
mediated Dectin-1 and Dectin-2 interactions were critical for
establishing protection against C. posadasii infection
(Campuzano et al., 2020). Mice not expressing CARD9,
Dectin-1, or Dectin-2 all have significantly lower inflammatory
cytokine responses and fail to mount Th17 responses within the
lung. These data emphasize that though adaptive immune
responses are critical, innate-associated receptors are required
for establishing adaptive immunity, emphasizing that early
innate interactions set the state for later adaptive responses.

C57BL/6 and BALB/c mice infected with an attenuated strain
of Coccidioides posadasii (DT) have increased Th1 and Th17
frequencies and reduced fungal lung burden, further supporting
the observation that these T helper responses are necessary for
anti-fungal protection (Hung et al., 2016b). In other fungal
pathogen studies, IL-17, IL-21, and IL-22 secretion by Th17
cells was vital for protection. IL-17 stimulates neutrophil and
macrophage pro-inflammatory abilities and stimulates epithelial
cells to secrete b-defensins (Khader et al., 2009). IL-21 acts as an
autocrine regulator and promoter of Th17 proliferation, IL-22
induces host-secreted anti-microbial peptides, and TNFa
promotes multiple proinflammatory pathways through NF-kb
and MAPK (Khader et al., 2009). These functions make Th17
cells and their effector cytokines very powerful against fungal
pathogens. IL-1R deletion results in a significant decrease in
Th17 numbers in Coccidioides-infected lungs, while Th1
numbers remain unchanged (Hung et al., 2014a). Lung Th17
numbers decrease in Coccidioides-infected IL-1R deficient mice
relative to WT mice while Th1 numbers remain unchanged. In a
human population study analyzing genetic susceptibility to
Blastomyces infection, researchers found that IL-6 loss of
function mutations increases susceptibility against Blastomyces
infection (Merkhofer et al., 2019). IL-6 knock-out mice had
lower Th17 responses and increased fungal burden within the
lungs. These data emphasize the importance of Th17 responses
against fungal infection while highlighting the complexity of
cytokine networks needed to establish and regulate anti-
fungal responses.

Th17 cells also participate in memory responses. In chronic
pulmonary disease and fungal infection (C. posadasii, H.
capsulatum, and B. dermatitidis), vaccine induced Th17 cells
are sufficient for overcoming secondary challenge (Zelante et al.,
2007). However, in C. albicans and A. fumigatus infection, Th17
cells are detrimental for fungal clearance, highlighting the
variable role Th17 cells play in adaptive immunity. Th17 cells
dampen neutrophil function and recruitment but also induce
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hyperinflammatory responses depending on the immune context
(Zelante et al., 2007). There are two known Th17 subsets:
pathogenic (GM-CSF producing) Th17 and non-pathogenic
(IL-10 producing) Th17 (El-Behi et al., 2011; Bystrom et al.,
2019). While advances have been made in defining effector T cell
functions during chronic fungal infection, much more work is
needed to understand how chronic inflammation alters function.
This may explain why Th17 cells are critical for memory
responses, host survival and fungal clearance in some fungal
infections but damaging and ineffective in others.

In a Coccidioides vaccine study, loss of Th17 immunity
increased infection susceptibility while loss of Th1 and Th2
immunity did not, implying that Th1 and Th2 cells are not
critical for protection (Hung et al., 2011). The underlying
mechanisms for this protection are less clear. For example,
Th2 cells can promote alternatively activated macrophages
which secrete collagen and assist in tissue repair. Alternatively
activated macrophages are often recruited to sites of infection
where their collagen production assists in establishing
granulomatous structures. Virulent and avirulent Coccidioides
strains form granulomas in vivo, and while morphologies have
been characterized. we do not know what cells are recruited to
the granuloma, what signals form and maintain the granuloma
structure, nor details on the immune microenvironment within
the granuloma interior (Narra et al., 2016). Exploring granuloma
immunity is imperative for understanding infection chronicity as
Coccidioides infection often presents with granuloma formation.
Such knowledge could inform diagnosis and provide markers
that distinguish fungal granulomas from cancer nodules and
bacterial granulomas.

CD4+ T cell subset frequency is also correlated with infection
outcome in human patients. In a pediatric coccidioidomycosis
study, high regulatory T cell (Treg) frequency correlated with
chronic disease (Davini et al., 2018). Patients with a similar fungal
infection, Paracocidioides brasiliensis, have a higher %Tregs than
healthy controls, and the Tregs are more suppressive (Odio et al.,
2015). In mouse models, Treg depletion after infection with
Paracoccidioides brasiliensis resulted in decreased fungal burden
and enhanced survival (Galdino et al., 2018). Chronic Coccidioides
patients also express heightened serum IL-10 cytokine levels. IL-10
is an effector cytokine used by Tregs to suppress immune activation
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and reduce inflammation (Cavassani et al., 2006). In the absence of
IL-10, susceptible mice develop a protective immune response and
lasting immune memory against virulent Coccidioides posadasii
(Hung et al., 2014b). Tregs regulate immune responses by
controlling immune cell activation to prevent hyperinflammatory,
damaging responses (Montagnoli et al., 2002; Wing et al., 2008).
The mechanisms underlying Treg association with chronic
Coccidioides disease outcome are unknown. Elevated Treg
frequency may block effector responses by overwhelming effector
cells, Tregs may be more suppressive, or Tregs may develop at the
expense of Th17 responses (Davini et al., 2018). Treg and Th17
differentiation are inversely regulated; the signals required for Treg
development block Th17 differentiation (Khader et al., 2009; Yeh
et al., 2014). Under inflammatory conditions Tregs can lose
regulatory, and gain effector, functions promoting chronic
inflammation (Wing et al., 2008). Coccidioides-resistant DBA/2
mice have lower lung Treg frequency that produce less IL-10
upon stimulation ex vivo compared to susceptible mice (Table 1)
(Fierer et al., 1998; Viriyakosol et al., 2008; Hung et al., 2014b).
These studies suggest a detrimental role for Tregs in Coccidioides
clearance and emphasize a need to explore their function and
plasticity during Coccidioides infection. It is unlikely that gain of
effector functionality is occurring during chronic Coccidioides
infection as T helper cells enhance fungal control. Further work
must be done to determine whether Treg presence and functionality
direct adaptive immune responses and reduce Coccidioides control.

In better studied models of chronic inflammation, such as
chronic viral infections and cancer, T cells upregulate inhibitory
receptors, reducing effector function, in a process termed
exhaustion (Wherry and Kurachi, 2015). Chronic antigen
exposure is sufficient to drive T cells toward exhaustion, often
marked by elevated PD-1 and PD-L1 surface expression (Wherry
and Kurachi, 2015). There is very little work examining T cell
exhaustion in the context of chronic fungal infections, but
existing works that look at chronic Candida sepsis patients
supports the general observation that exhaustion is detrimental
to host health and fungal clearance (Lázár-Molnár et al., 2008;
Spec et al., 2016). In Histoplasma infections, mice lacking PD-1/
PD-L1 survive severe infection while wild-type do not (Lázár-
Molnár et al., 2008). Candida sepsis patients have elevated
circulating PD-1/PD-L1 high T cell frequency (Spec et al., 2016).
TABLE 1 | Resistance to Coccidioides infection in specific strains could be due to immune cellularity differences.

Mouse
Background

Susceptibility to
Coccidioides
Infection

Alveolar
Macrophage

Freq.

Lung-
resident
DC Freq.

Respiratory
Leukocyte TNFa

production

Respiratory
Leukocyte IL-10

production

Lung CD4+CD25
+FOXP3+ (Treg)

Freq.

Reference Numbers

C57BL/6 Susceptible Base Base Base Base Base (Fierer et al., 1998; Viriyakosol et al.,
2008; Viriyakosol et al., 2013; Hung

et al., 2014b)
BALB/C Susceptible No D No D ↑↑ ↑↑ ↑↑ (Fierer et al., 1998; Viriyakosol et al.,

2008; Hung et al., 2014b)
DBA/2 Resistant No D No D No D ↓ ↓ (Fierer et al., 1998; Viriyakosol et al.,

2008; Viriyakosol et al., 2013; Hung
et al., 2014b)
Novem
The base frequency of cells or cytokine production is in reference to C57BL/6 mice; denoted changes are relative to this strain. Cytokine production was measured post stimulation ex vivo.
No D, no change from base level; ↑↑, higher than base; ↓, less than base.
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In paracoccidiomycosis, T cells overexpress PD-1 suggestive of
early stage exhaustion during chronic infection (Cacere et al.,
2008). It is unknown whether chronic coccidioidomycosis may
occur due to T cell exhaustion and maintenance by
inappropriately mounted regulatory responses; if so, immune
checkpoint blockade could benefit patients with fungal induced
T cell exhaustion and promote fungal clearance (Figure 3).
VACCINATIONS AND IMMUNE MEMORY

There is currently no fungal vaccine clinically available for
humans. Fungal pathogens are eukaryotic, sharing many
conserved molecules with humans, making drug and vaccine
targeting highly difficult without targeting human cells
(Johannesson et al., 2006; Nguyen et al., 2013). Coccidioides is
dimorphic; the soil and host forms express different surface
molecules (Johannesson et al., 2006; Saubolle et al., 2007;
Nguyen et al., 2013; Johnson et al., 2014). Thus, effective
vaccine strategies must include components that would elicit
both a strong and effective immune response without selecting
temporal life cycle antigen targets. A C. albicans vaccine, NDV-
3A, in stage 1b/2a clinical trial that shows promise in protecting
patients from recurring vulvovaginal candidiasis (Alqarihi et al.,
2019). NDV-3A success demonstrates the major strides made in
fungal vaccine research and highlight how much further we have
to go. The field has made remarkable progress in identifying
adjuvants, antigens, and target cells for vaccine therapies, but
further work must be done to demonstrate reliable efficacy
between animal models and human use, especially in less
studied fungal pathogens such as Coccidioides.
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Several labs have generated live, attenuated strains of
Coccidioides that successfully confer protection against secondary
challenges with virulent, wild-type Coccidioides in susceptible
mouse strains (Xue et al., 2009; Hung et al., 2011). The
attenuations hinder fungal replication within the host, pausing
Coccidioides growth at the spherule state. Mice vaccinated with
attenuated Coccidioides strain DT mount Th1 and Th2 effector
responses and survive longer than non-vaccinated littermates
during post-secondary challenge (Xue et al., 2009). Protein
component vaccination with antigen2/PRA (a deglycosylated,
proline-rich antigen expressed in Coccidioides spherules) is
protective when administered subcutaneously or intranasally in
susceptible mice (Shubitz et al., 2002). However, this protection
decreases at higher fungal doses and only intranasal administration
of antigen2/PRA confers protection to both C57BL/6 and BALB/C
mice. This component vaccine prolongs survival, but immune cell
response to antigen2/PRA has yet to be characterized (Shubitz et al.,
2002). Following up on antigen2/PRA as a promising vaccine
strategy, mouse bone marrow derived DCs presenting the
antigen2/PRA epitope, were intranasally transferred into mice and
their immune response analyzed (Awasthi et al., 2019).
Lymphocytes and leukocytes from immunized mice express more
IFNg, IL-4, and IL-17 compared to mice that receive control DCs.
While this study did not challenge mice with Coccidioides post-
immunization, it demonstrates the possibility of immune-cell
transfer as a vaccination strategy. DT vaccination studies show a
mixed Th1, Th2, and Th17 response in immunized mice and
conferred protection in susceptible C57BL/6 mice (El-Behi et al.,
2011). This vaccine’s success emphasizes adaptive immunity’s
importance in protection. Maize provides more efficient
generation of antigen2, and a maize-produced subunit vaccine
along with the previously discussed glucan-chitin particle delivery
FIGURE 3 | Regulatory responses correlate with chronic disease outcome. Th17 cells and pro-inflammatory responses are protective against Coccidioides and loss
of responses results in increase susceptibility in mice. Modulating effector and regulatory responses might be a potential therapy for chronic infection.
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method protected mice against Coccidioides and yielded lower
fungal burden (Hayden et al., 2019).

The most effective vaccines include adjuvants and additives
that enhance immunity and memory. Most notably, adding an
agonist of human fragment C5a enhances vaccine immunity
against Coccidioides infection in mice (Hung et al., 2012).
Human C5a added during DT vaccination in BALB/c mice,
causes heightened Th1 and Th17 responses and circulating
effector cytokines; furthermore, humanC5a/DT vaccinated mice
express higher titers of IgG1 and IgG2 specific to Coccidioides
and survive longer compared to BALB/c mice vaccinated with
DT alone (Hung et al., 2012). Ablating IL-10 with DT vaccination
increases survival and protection against virulent Coccidioides
infection and increases recall protection post infection (Hung
et al., 2014b). These studies further reinforce Th1/Th17 cells in
immunity against Coccidioides while IL-10 plays a negative role
in clearance. This suggests Coccidioides immunity requires
robust pro-inflammatory responses, while immunosuppression
leads to infection persistence.

To complement vaccine research, we need to understand the
memory responses vital for sustained immunity. While memory
responses have been observed in Coccidioides vaccine experiments,
tissue-resident memory, effector memory, and central memory
subtypes have not been characterized in Coccidioides infection.
Memory research has made great strides in characterizing
cytokine recall responses, but further characterization is required
to identify the source of the memory cells. In Candida infection,
skin-resident memory T cells remain after infection and reactivate
upon reinfection (Iannitti et al., 2012). Since many fungal infections
occur within mucosal tissues and effective clearance requires tissue
specific responses, fungal vaccine development could benefit from
exploring tissue-specific memory (Iannitti et al., 2012). In
tuberculosis, a bacterial infection associated with granuloma
formation, intranasal vaccination with attenuated mycobacterium
induces protective CD4+ and CD8+ T cells and mucosa associated
lymphoid responses (Walrath et al., 2005). Further analysis revealed
tissue resident memory responses from lung parenchyma are critical
for protection against virulent mycobacterium (Walrath et al., 2005;
Sakai et al., 2014). This validates intranasal delivery as an
effective method of vaccination for stimulating tissue
resident memory development. While tuberculosis is a bacterial
infection, similarities between tuberculosis granulomas and
coccidioidomycosis granulomas highlight tissue-resident memory
responses as a key for long-lasting immunity in chronic lung
infections. Coccidiomycosis starts as a localized respiratory
infection, so tissue-resident memory could be critical for
providing long lasting protection and warrants further study.

Current work suggests fungal sugar receptors are highly
important for the development of anti-fungal recall responses
(Shubitz et al., 2002; Cavassani et al., 2006; Hung et al., 2018b).
However, much of what we know about memory immunity to
Coccidioides has used live-attenuated laboratory strains, fungal-
derived antigens, and fungal sugar adjuvants to achieve protective
immune responses. Characterizing the memory response to live,
whole, virulent Coccidioides might help to define how memory is
generated, or perhaps blocked from generation, in natural
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11108
infections. Such immunological questions would aid vaccine
development, providing a broader context of Coccidioides-specific
challenges for effective memory responses where our more defined,
specific studies are lacking Together, these studies would allow for
an elevated understanding of Coccidioides immunity as a whole,
generating the specific antigen knowledge for vaccine development
and broad characterization for better patient treatment.
CONCLUSION: CLINICAL SIGNIFICANCE
AND URGENCY

Valley fever research is at a critical point. California’s highest
endemic region for Valley fever, SJV, has one of the lowest
physicians to citizen ratios, adding a barrier to health care access
(Petterson et al., 2012). Drugs used to treat chronic Valley fever
cause debilitating side-effects in patients such as, but not limited
to, headaches, lethargy, seizures, severe hair lost, extreme
exhaustion, and nerve pain (Saubolle et al., 2007; Saenz-Ibarra
et al., 2018). Due to its generic flu-like symptoms, it is often
misdiagnosed as other respiratory infections, leading to late stage
diagnosis when more severe symptoms of chronic infection
manifest. Since disease clearance or progression determinants
are unknown, early diagnosis is invaluable for planning patient
treatment. Susceptibility marker identification would help
determine those vulnerable to chronic disease. Understanding
how the innate and adaptive immune system responds to Valley
fever is necessary for optimal diagnoses, treatments, disease
progression predictions, and vaccine development. Such studies
will inform accurate diagnoses and perhaps provide novel drug
targets for therapy. It is unclear whether Coccidioides infection
becomes chronic because i) the host has high regulatory
responses and thus suppresses pro-inflammatory responses, ii)
Coccidioides is manipulating and influencing host innate
immunity to block inflammatory responses, which, in turn,
promotes ineffective helper responses, or iii) a combination of
host and pathogen influences (Figures 2A, B). These
observations emphasize the importance of a pro-inflammatory
response and suggest that inhibition of pro-inflammatory players
promote infection persistence. Tregs seem especially pertinent
given supportive pediatric patient and depletion data in
Paracoccidioides (Felonato et al., 2012). In some settings, Tregs
retain their suppressive function yet cannot control T effector
responses. This is because T effector cells become refractory to
Treg suppression. While this has not been assessed, it is possible
that T effector cells could become more sensitive to suppression
by Tregs, reducing their effector functionality. Characterizing
innate immune cells activation and recruitment of adaptive
responses may define how Coccidioides eludes clearance and
shed light on the role of pro-inflammatory and regulatory
responses in disease progression (Figure 3).

Until the last 30 years, fungal pathogens have not been as well
studied as their viral or bacterial counterparts. The field is at a
critical and exciting time as we work together to close gaps in fungal
pathogen host immune knowledge. Climate change models predict
Coccidioides’ endemic regions will spread to the American Midwest
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by 2050. Thus Coccidioides is anticipated to spread significantly
beyond the current regions of endemicity (Coopersmith et al., 2017;
Gorris et al., 2019). Though severe disease is rare, it is unknown
what factors indicate infection susceptibility and disease
progression. As antifungal resistance, fungal disease frequency,
and regions of endemicity increase, the urgency and need for
effective vaccines and better therapeutics also rise. Due to current
lack of effective treatment options for chronic disease, the inability
to determine likelihood of disease progression toward chronicity at
time of diagnosis, and the growing spread of the endemic region,
there is a dire need to fully understand host immune response for
improved diagnoses and treatment.
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Histoplasma capsulatum is a thermodimorphic fungus that causes histoplasmosis, a
mycosis of global incidence. The disease is prevalent in temperate and tropical regions
such as North America, South America, Europe, and Asia. It is known that during infection
macrophages restrict Zn availability to H. capsulatum as a microbicidal mechanism. In this
way the present work aimed to study the response ofH. capsulatum to zinc deprivation. In
silico analyses showed that H. capsulatum has eight genes related to zinc homeostasis
ranging from transcription factors to CDF and ZIP family transporters. The transcriptional
levels of ZAP1, ZRT1, and ZRT2 were induced under zinc-limiting conditions. The
decrease in Zn availability increases fungicidal macrophage activity. Proteomics analysis
during zinc deprivation at 24 and 48 h showed 265 proteins differentially expressed at 24 h
and 68 at 48 h. Proteins related to energy production pathways, oxidative stress, and cell
wall remodeling were regulated. The data also suggested that low metal availability
increases the chitin and glycan content in fungal cell wall that results in smoother cell
surface. Metal restriction also induces oxidative stress triggered, at least in part, by
reduction in pyridoxin synthesis.

Keywords: fungal pathogenesis, Zn uptake, Zn and cell wall remodeling, proteomics, zinc homeostasis
INTRODUCTION

H. capsultatum is a thermal dimorphic fungus that causes histoplasmosis, a mycosis with worldwide
incidence and prevalence in temperate and tropical climates (Aide, 2009). This disease is widely
distributed in Central and North America, mainly in the United States, Panama, and Honduras. In
Latin America, a high incidence of the disease is seen in countries such as Brazil and Argentina.
However, isolated cases have been reported in countries in Europe, Africa, and Asia (Bahr et al.,
2015). Some molecular factors produced by H. capsulatum yeast cells enable them to parasitize
phagocytic immune cells. Fungal yeasts are capable to infect and survive in phagocytic cells,
including alveolar macrophages, polymorphonuclear leukocytes, and dendritic cells (De Sanchez
and Carbonell, 1975; Schaffner et al., 1986; Gildea et al., 2001). These phagocytes serve as both the
host cell and the vector by which infection dissemination is mediated. After phagocytosis, the
gy | www.frontiersin.org November 2020 | Volume 10 | Article 5730971113
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fungus is exposed to stress conditions imposed by host defense
mechanisms such as: deprivation of macro and micronutrients,
production of reactive oxygen and nitrogen species, proteolytic
enzymes, lipases, hypoxia and drastic changes in pHs. Among
those, zinc deprivation has been identified as a microbicidal
strategy used by host cells to control H. capsulatum infection
(Garfoot and Rappleye, 2016; Shen and Rappleye, 2017).

Zinc is an important chemical element in all life kingdoms. This
ion has different chemical characteristics from other metals because
of its high ionization potential that favors the formation of covalent
bonds (Alberts, 1998; Permyakov, 2009). This property allows the
zinc to binds to two main protein classes: enzymes, in which
constitute 3/5 of the zinc metalloproteins and transcription factors
(Andreini et al., 2006; Andreini et al., 2009). Zinc-binding enzymes
are distributed in all cellular components, with an emphasis on
cytoplasm and mitochondria, where most of the metabolic
processes occur (Tristão et al., 2014). In addition, zinc, in its free
form within the cell, acts as an activator of cell signaling, regulating
transporters that have the ability to capture zinc during deprivation
or stress conditions (Auld, 2001; Permyakov, 2009). Thus, it is clear
that small changes in zinc concentrations may alter cellular
metabolism (Taylor et al., 2012). In H. capsulatum, the metabolic
response during zinc deprivation is not well known. However, it is
known that zinc is essential for the survival of this fungus during the
infection process. Studies by Vignesh et al. (2013) showed that H.
capsulatum undergoes zinc deprivation when inside of GM-CSF
activated macrophages. One of the mechanisms of zinc deprivation
controlled by GM-CSF exposed macrophages is the production of
metallothioneins specific to this metal, which ends up reducing the
amount of free zinc in the fungus (Vignesh et al., 2013). As a result,
it is suggested that H. capsulatum developed zinc capture and
storage strategies to increase the chances of survival in phagocytic
cells (Shen and Rappleye, 2017).

The fungus defense against zinc deprivation is the activation of a
very specific transcription factor, known as Zap1, which regulates
zinc homeostasis. Zap1 and its orthologs have already been
characterized in several fungal species such as Saccharomycces
cerevisiae (Frey et al., 2011), Cryptococcus gattii (Schneider et al.,
2015), Aspergillus fumigatus (known as ZafA) (Vicentefranqueira
et al., 2018), and Candida Albicans (initially named Crs1) (Kim
et al., 2008). This transcription factor increases the expression of the
ZIP (Zrt/Irt type Proteins) and CDF (Cation Diffusion Facilitators)
family of transporters capable of transporting zinc towards the
cytoplasm or organelles, respectively. In some organisms, such as in
S. cerevisiae, Zap1 is capable of auto regulation, inducing itself and
also a range of proteins involved on the adaptation to different levels
of zinc (Schneider et al., 2012; Wilson et al., 2012; Amich and
Calera, 2014). In H. capsulatum, a member of the ZIP family (Zrt2)
has been characterized. HcZrt2 behaves as a high affinity
transporter, being necessary for growth in zinc limiting condition
as well as playing an important role during infection in vivo (Dade
et al., 2016).

In some fungal species, there are also non-specific metal carriers
or even different transcription factors. Fet4 and Pho84 for example,
have binding sites for iron, copper, zinc, manganese, and
magnesium. These transporters assist Zrts in regulating zinc
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2114
homeostasis, where they also capture zinc from the extracellular
medium to the intracellular medium. Loz1 is the only
transcription factor that seems to behave similarly to Zap1 in
fungi, capable of regulating homeostasis in zinc replete conditions
in Schizosaccharomyces pombe (Corkins et al., 2013). In addition to
plasma membrane transporters or transcription factors, there are
also intracellular carriers, such as Zrc1, Cot1, and Zrt3 in S. cerevisae.
The first two store zinc into the vacuole when the fungi is in
conditions of high zinc availability or when preparing for “zinc
shock”, a term applied when the environment rapidly shifts from
deplete to replete zinc condition in a short span. Zrt3 meanwhile, has
an inverse function, in which it is able to export zinc stored in the
vacuole to the cytoplasm when the environment has low availability
of this metal (Eide, 2006; Wilson et al., 2012).

Unlike S. cerevisiae and C. neoformans, some fungi have
alternative mechanisms for zinc homeostasis, being regulated
not only by zinc, but by pH as well. Examples of this can
be seen in Aspergillus fumigatus and Candida albicans
(Vicentefranqueira et al., 2005; Wilson et al., 2012). In A.
fumigatus, there are 18 genes related to zinc transport within
the cell, of which two are transcription factors, ZafA
(homologous to Zap1) and PacC, that, while not induced by
zinc but rather pH, PacC influences expression of some of the
remaining zinc transporters from the ZIP and CDF family
(Moreno et al., 2007; Amich and Calera, 2014; Bertuzzi et al.,
2014). C. albicans, has an extracellular zinc capture mechanism
mediated by Pra (pH-regulated antigen 1) that has a high affinity
for zinc and plays a role in alkaline conditions. It is known that
this molecule is secreted in the extracellular medium to capture
free zinc in the host cytoplasm or from storage proteins.
Subsequently, the Pra–Zn complex makes the captured metal
available to the cytoplasm through Zrt1 (Wilson et al., 2012).
Pra1 was later found in A. fumigatus (named Aspf2) and
Blastomyces dermatitidis, being also associated with a specific
ZIP transporter, ZrfC and Zrt1, respectively.

Besides the control of zinc concentrations inside the cell, Zap1
also regulates multiple proteins involved in maintaining metabolic
homeostasis such as enzymes related to aerobic metabolism,
fermentation, and the biosynthesis of secondary compounds
(Wilson and Bird, 2016). In addition to those, over 500 proteins
linked to this metal have already been identified, and approximately
70% are enzymes (Permyakov, 2009). In H. capsulatum, current
understanding of how those processes operate or what proteins are
involved in the maintenance of optimal zinc concentrations is
currently lacking. In the present work, we sought to elucidate
H. capsulatum’s general behavior during zinc starvation through
genomic analysis and proteomic approaches.
MATERIALS AND METHODS

In Silico Analysis
Protein sequences of genes related to zinc homeostasis were
obtained in Gene bank (https://www.ncbi.nlm.nih.gov/protein).
The in silico homology analyses were performed using the tool
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BLASTp (Basic Local Alignment Search Tool) (https://blast.ncbi.
nlm.nih.gov/Blast.cgi). Sequences of zinc homeostasis proteins of
A. fumigatus, C. neoformans, P. brasiliensis, and S. cerevisiae were
used as templates. Additionally, STRING (https://string-db.org/)
was used in analyses of protein interactions in H. capsulatum
Nam1 and the BLASTp tool was used to find orthologs in
G186AR strain.

H. capsulatum Growth Conditions
H. capsulatum yeasts (G186AR, ATCC26029) were maintained
in a solid chemically defined medium McVeigh/Morton
(MMcM) (Restrepo and Jimenez, 1980), supplemented with 20
mM ZnSO4, 200 mM FeSO4, and 30 mM CuSO4 at 37°C under an
atmosphere of 5% CO2 for seven days. For zinc-limiting assays
the yeast cells (108 cells/ml) were incubated in liquid MMcM
with no zinc and supplemented with 100 mM of zinc chelator
DTPA (diethylenetriaminepentaacetic acid, Sigma Aldrich), 200
mM FeSO4, and 30 mM CuSO4 to avoid unspecific metal-
chelation promoted by DTPA, under agitation for 24 or 48 h.
Cells incubated in MMcM with 20 mM of ZnSO4 were used as
controls. For analyses of pyridoxine on H. capsulatum growth,
yeast cells were incubated under Zn deprivation and different
concentrations of pyridoxine (0, 1, and 6 mM). The growth of
H. capsulatum in liquid culture was quantified by measurement
of culture turbidity using optical density (OD 595 nm). The
cellular viability of H. capsulatum yeast cells was determined by
the trypan blue method (Trypan Blue, Sigma Aldrich) using a
Neubauer chamber at optical microscopy. The growth analyses
were performed in triplicate.

RNA Extraction and qRT-PCR
The expression analysis of Zn homeostasis genes was performed by
quantitative real time reverse transcription polymerase chain
reaction (qRT-PCR) using cells grown during 3 and 24 h in
control (MMcM supplemented with 20 mM of ZnSO4) and Zn-
limiting conditions. The cells were harvested and subjected to total
RNA extraction by mechanical cell rupture using a BeadBeater
(Mini-BeadBeather, Biospec Products Inc., Bartlesville, OK, USA),
0.5 mm diameter glass beads and TRIzol (TRI Reagent®, Sigma-
Aldrich, St. Luois, MO, USA), according to the manufacturer’s
protocol. The RNAs were used to synthesize single stranded cDNAs
(DNA complementary) using the High Capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA) and oligo (dT) primer. The
qRT-PCR was performed using SYBER green PCR master mix
(Applied Biosystems, Foster City, CA) on the Applied Biosystems
Step One Plus Real-Time PCR System (Applied Biosystems Inc.)
with 10 pmol of each specific primer and 40 ng of template cDNA
in a final volume of 25 ml. Melting curve analysis was performed to
confirm a single PCR product. Standard curves were generated
using 1:5 serial dilutions by pooling cDNAs of all conditions. The
qRT-PCR assays were performed in triplicates. The levels of relative
expression of the transcripts were calculated using the standard
curve method for relative quantification (Bookout et al., 2006). The
oligonucleotides used in the real time PCR analysis were
constructed based on the structural genome of H. capsulatum
(https://www.ncbi.nlm.nih.gov/protein, Supplementary Table 1).
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Proteomic Analysis
Protein extracts of H. capsulatum were obtained from yeast
cells lysed using a BeadBeater (Mini-BeadBeather, Biospec
Products Inc., Bartlesville, OK, USA), 0.5 mm diameter glass
beads and ammonium bicarbonate buffer (pH 8.5). The cells
were disrupted six times for 30 s at maximum speed with 1 min
intervals on ice. Then, the lysate was centrifuged five times
at 10,000 × g for 10 min at 4°C to remove cell debris. The
protein extracts were quantified using the Bradford method
(BRADFORD, 1976) with bovine serum albumin solution as
standard. The enzymatic digestion was performed based on
Murad et al. (2011), using 150 mg of total protein extract in
ammonium bicarbonate buffer (50 mM) and RapiGEST™ SF
(Waters, Milford, MA, USA) for 15 min at 80°C. Then,
dithiothreitol (DTT, GE Healthcare, Little Chalfont, UK, 100
mM) was added and samples incubated for 30 min at 60°C
followed by addition of iodoacetamine (300 mM, GE
Healthcare, Piscataway, NJ, USA) and incubation at room
temperature in a dark room. The digestion was done by the
addition of 30 ml of a 0.05 mg/ml trypsin solution (Promega,
Madison, WI, USA) and incubation at 37°C for 16 h.
Subsequently, 10 ml of 5% (v/v) triofluoracetic acid (TFA)
was added, followed by incubation at 37°C for 90 min. The
samples were centrifuged, and supernatant was lyophilized in
the speed vacuum (Eppendorf, Hamburg, Germany). The
tryptic peptides were separated by Ultra High Performance
Liquid Chromatography according to Baeza et al. (2017), using
the ACQUITY UPLC® M-Class system (Waters Corporation,
Manchester, UK) coupled to Synapt G1 HDMS™ mass
spectrometer (Waters Micromass, Manchester, UK). Rabbit
phosphorylase B (MassPREP™ Digestion Standard) was used
as internal standard and [GLU1]-Fibrinopeptide B (GFB) for
calibration during the sample analysis. Mass spectra were
processed using the ProteinLynx Global Server software
version 3.0.2 (Waters, Manchester, UK) loaded with a
specific database for H. capsulatum (Geromanos et al., 2009).
Proteomic analyses were performed in triplicates for each
sample. Identified proteins with at least 1.2 fold change
difference between conditions were considered as regulated.
Subsequently, online tools such as FungiDB (https://fungidb.
org/fungidb/) and KEGG (https://www.genome.jp/kegg/
pathway.html) were used to functionally categorize the
regulated proteins.

Carbohydrate and Glucose Dosage
Total carbohydrate content from yeast cells grown in control and
DTPA conditions was measured using the modified phenol-
sulfuric acid reaction (Dubois et al., 1956). A harvest pellet from
an aliquot of 1 ml culture sample was mixed with 800 µl of
concentrated sulfuric acid (98%) and 50 µl of 80% phenol
aqueous solution in a microtube. The samples were read at 490
nm on a 96 well microplate spectrophotometer. A standard curve
was constructed using a serial dilution of a glucose solution (5
mg/ml) in water. The values were normalized, and the
concentration was expressed in micrograms of carbohydrate
per gram of cell dry weight. The assays were conducted in
November 2020 | Volume 10 | Article 573097
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triplicate. The glucose concentration in culture supernatants was
determined using Bioclin Glucose Monoreagent kit (cat. no.
K082, QUIBASA QUIMICA BÁSICA Ltda, Belo Horizonte,
Brazil). H. capsulatum yeast cells (108cells/mL) were incubated
under control and DTPA conditions, during 0, 24, 48, and 72 h.
Then, the cells were centrifuged at 1,371 × g, and the supernatant
was used for glucose measurement according to the
manufacturer’s instructions. A standard curve was constructed
using MMcM medium with crescent glucose concentrations (0,
0.125, 0.250, 0.50, 0.75, and 1%). The dosages were performed
in triplicate.

Quantification of Chitin, Glucan
and ROS Content
H. capsulatum cells grown in control and Zn-limiting conditions
were collected by centrifugation at 1,372 × g and washed with
PBS. For chitin dosage the cells were treated for 30 min with
calcofluor white (100 mg/ml). For glucan dosage the cells were
treated for 5 min with aniline blue. After treatment, the cells were
washed twice with PBS and analyzed under fluorescence
microscope (Zeiss Axiocam MRc-Scope A1). Intracellular
peroxide hydrogen (H2O2) was measured in H. capsulatum
yeasts incubated under conditions of zinc and pyridoxine
deprivation for 24 h. The fluorescence was obtained using 2′7′-
dichlorofluorescein diacetate (DCFH-DA, 25 nM) for 25 min in
the dark. The fluorescence intensity of yeast cells was measured
using the AxioVision software (Carl Zeiss AG, Germany). The
minimum of 30 cells for each microscope slide was used to
calculate fluorescence intensity (in pixels). The assays were
performed in triplicate.

Scanning Electron Microscopy
The H. caspulatum yeast cells were fixed with a solution containing
2% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.05 M
sodium cacodylate buffer pH 7.4 overnight at room temperature.
After, the cells were washed in sodium cacodylate buffer pH 7.2 and
incubated for 1 h in 2% (w/v) osmium tetroxide (OsO4) and 0.8%
(w/v) potassium ferricyanide in 0.05 M sodium cacodylate buffer
pH 7.4. Subsequently, the cells were washed to remove excess
osmium tetroxide and dehydrated in ascending series of acetone
solutions (v/v) ranging from 30, 50, 70, 90, to 100%. The samples
were dried by the critical point Balzers CPD 30 and placed in stubs
to be coated with gold in a Sputter Coater Balzers SCD 050 and then
examined in a scanning electron microscope (7001F, JEOL,
Tokyo, Japan).

Alcohol Dehydrogenase Activity
Fresh cell extracts from H. capsulatum yeasts incubated in
control and Zn-limiting conditions were used to measure
alcohol dehydrogenase (ADH) activity according to the NADH
consumption at 350 nm. Briefly, 5 mg of protein extract was
added to 180 ul of reaction mixture (100 mMMES buffer pH 6.1,
1 mM DTT, 5 mM MgCl2, 0.2 mM NADH, and 20 mM
acetaldehyde). The reactions were measured every 10 s over
10 min in a microplate reader. The ADH measurement assays
were performed in triplicate.
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Macrophage Infection Assays
Macrophages J774 1.6 were supplied by the Rio de Janeiro Cell
Bank (BCRJ) of the Federal University of Rio de Janeiro
(UFRJ). Macrophages were maintained in RPMI 1640
medium (Biowhittaker, Walkersville, Md.) supplemented
with 10% (v/v) fetal bovine serum (FBS) (Citrocell/
Embriolife, Campinas, SP, Brazil), 1% (v/v) essential amino
acid, and 50 ug/ml of gentamicin solution (Sigma
Biochemical) at 36°C and 5% CO2 until completely
confluent. For fungal burden analysis, macrophages (3.75 ×
106) cells were plated in 24-well plates (Greinner Bio-One,
USA) with RPMI medium containing IFN-g (1 U/ml) (Sigma
Aldrich) for 24 h followed by incubation with RPMI medium
containing DTPA or 20 mM of ZnSO4 for 1 h. The cells were
then washed twice with PBS. A control sample was incubated
with the maintenance medium. After 1.8 × 107 H. capsulatum
yeasts (MOI 1:5) were added to each well, and the plates were
incubated for 24 h at 36°C and 5% CO2. Each well was then
washed with PBS, the macrophages were lysed with sterile cool
water and the lysates plated on solid MMcM plates. The
experiments were performed in triplicate.

Statistical Analysis
The data were analyzed using electronic spreadsheets and
the statistical software R. In the present work, the t Student
statistical test was used to analyze gene expression, proteomics,
and microscopy data. Meanwhile, CFU’s statistical tests
were performed through analysis of variance (ANOVA)
followed by Tukey test. In addition, in order to verify the
quality of the proteomic data, multivariate principal
component analysis was applied. Finally, factor analysis was
performed with proteomic data to identify proteins regulated
by treatment and time.
RESULTS

Growth and Fungal Viability in Zinc
Deprivation
Since zinc limitation is one of the GM-CSF-activated
macrophage strategies to control H. capsulatum infection
(Vignesh et al., 2013), fungal growth was assessed in a zinc-
limited environment. Spot dilution growth analysis infers a slight
reduction in growth when the medium is supplemented with
DTPA (Figure 1A). The treatment with DTPA did not affect the
fungal growth in liquid medium. The growth differences between
solid and liquid media may be explained by the fact that in solid
medium the cell-nutrient contact is dependent on diffusion,
which is less efficient then in liquid cultures. Also, the yeast
cell viability is not affected by DTPA treatment (Figure 1C).
Based on these findings, it may be concluded H. capsulatum is
able to grow in a zinc poor environment and thus presents
molecular machinery to deal with it, at least in vitro. Our data is
consistent with previous findings that have shown DTPA
treatment decreases fungal growth as assessed by tritiated
leucine uptake assays (Winters et al., 2010).
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Data Mining of Zinc Homeostasis Related
Genes in H. capsulatum Genome
The genome of H. capsulatum G186 was screened for genes
involved in the coordination of zinc content inside the cell and,
with it, maintaining safe zinc levels (zinc homeostasis). The search
was performed using genes already characterized in other fungi.
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The approach led to the identification of eight genes putatively
related to zinc homeostasis (Table 1). Two transcription factors
were found, Zap1 with an identity average of 56.8% and PacC with
an identity average 62.8% when compared to regulators of other
fungi. These two transcription factors have joint action in regulating
zinc uptake transporters in different pH environments. In addition,
A

B C

FIGURE 1 | Influence of Zn availability on H. capsulatum growth and viability. (A) Growth in solid MMcM medium during 5 days with 20 mM of ZnSO4 or 100 mM
DPTA. (B) Growth of H. capsulatum in liquid medium was measured by optical density at 595 nm. (C) Viability of H. capsulatum in liquid medium was assessed by
trypan blue dye. Growth and viability experiments were carried out in biological triplicates.
TABLE 1 | Identity of zinc homeostasis related genes of H. capsulatum G186 when compared to functionally characterized genes.

Accession
number

Gene P. lutzii (Pb01) P. brasiliensis
(Pb03)

B. dermatitidis
(ER-3)

C. immitis (RS) A. fumigatus
(Af293)

S. cerevisiae
(S288C)

HCBG_07321 ZRT1 62%
(XP_002789372.1)

63% (EEH18665.1) 68%
(EEQ92299.1)

63%
(XP_001240918.1)

66% (XP_749518.1) 43% (NP_013231.1)

HCBG_08608 ZRT2 68%
(XP_002794874.1)

68% (EEH17011.2) 78%
(EEQ91531.1)

55%
(XP_001241167.2)

51% (XP_751869.1) 30% (NP_013231.1)

HCBG_04549 ZRT3 65%
(XP_015701767.1)

65% (EEH22486.1) – 56%
(XP_001247051.1)

49% (XP_755208.1) 41% (NP_012746.1)

HCBG_02465 ZRC2 70%
(XP_015700796.1)

70% (EEH17306.2) 66%
(EEQ87926.2)

– 54% (XP_748854.2) 30% (NP_014961.3)

HCBG_00193 ZRC1 69%
(XP_015703463.1)

68% (EEH19201.2) – 63%
(XP_001240418.1)

61% (XP_755789.1) 48% (NP_013970.1)

HCBG_07376 PACC 61%
(XP_015700598.1)

– 77%
(EEQ84340.1)

61%
(XP_001244284.1)

59% (XP_754424.1) 55% (NP_011836.1)

HCBG_03275 ZAP1 62%
(XP_015701851.1)

63% (EEH21074.2) 68%
(EEQ90390.2)

44%
(XP_001239281.2)

65% (XP_752374.1) 45% (NP_012479.1)

HCBG_07983 ZITB 42%
(XP_015701946.1)

45% (EEH17028.2) 53%
(EEQ87344.2)

57%
(XP_001249104.2)

64% (XP_751291.1) 41% (NP_010491.4)
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six zinc transporters were identified in the H. capsulatum genome,
three belonging to the ZIP family. The first one was initially named
Zrt2 (Dade et al., 2016). However, experimental analysis showed
that it behaves as ZRT1 found in S. cerevisiae, being highly induced
during zinc deprivation (Figure 2); hence, we saw it fit to name it
accordingly. The second ZIP transporter holds a high identity to A.
fumigatus ZrfC (60%). ZrfC is a transporter expressed at low zinc
availability and high pH environments and it is tightly associated
with a zinc extracellular captor (Aspf2 in A. fumigatus and PRA1 in
B. dermatitidis) (Citiulo et al., 2012). Curiously, PRA1/Aspf2 was
not found in the H. capsulatum genome. Furthermore, HcZrfC
ortholog showed no apparent pH dependent regulation (data not
shown). Given that, this transporter was named Zrt2, as so far it was
shown to behave in a similar fashion to ZrfA, the low affinity zinc
transporter in A. fumigatus (Vicentefranqueira et al., 2005). The
remaining ZIP transporter showed significant identity (ranging
from 41 to 74%) to ZRT3, the zinc exporter found in the vacuole
(Wilson et al., 2012). The CDF family inH. capsulatum seems to be
composed of ZRC1, the known vacuole exporter, ZRC2, a ZrcA
ortholog in A. fumigatus (52% identity) and ZITB, a CDF found in
E. coli (Grass et al., 2001), with its biological function not yet
characterized in fungi.

In addition, the STRING tool was used in order to analyze the
interaction of Zap1 with other proteins related to zinc homeostasis.
With it, a network of interactions of the regulator with proteins
related to Zn homeostasis was found (Supplementary Figure 1).
The network shows interactions between Zap1 and Zrt1, as well as
Zrt3. Furthermore, the network also showed interaction of Zap1
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6118
with transporters probably present in the membrane of organelles
such as Zrc1 and Zrc2 that, under conditions of zinc availability,
capture and store this metal in vacuoles. Interestingly, ZitB, a zinc
carrier of the CDF family, was also found in the interaction network.
By using the STRING approach, interactions between carriers Zrt1
and Zrt3 (ZIP family) with carriers of the CDF family (Zrc1 and
Zrc2) were also identified. Similar analysis with PacC revealed no
interactions with Zn-related genes.

Expression of Zinc Homeostasis Genes
During Zinc Deprivation
The influence of Zn availability on transcriptional levels of
H. capsulatum genes putatively related to Zn homeostasis was
analyzed by qRT-PCR (Figure 2). The transcription factor ZAP1,
genes from the ZIP family (ZRT1, ZRT2, ZRT3), and two genes
from the CDF family (ZRC2 and ZRC1) were analyzed. qPCR
assays showed that ZAP1 transcripts increased after 24 h of Zn
deprivation. The levels of ZRT1 and ZRT2 transcription were
induced under Zn limiting conditions at both time points. ZRT1
stands out as it was the transporter that presented the highest
levels of expression among all transporter-genes analyzed. In
comparison with ZRT2, H. capsulatum ZRT1 showed a threefold
increase in expression after 3 h exposure to a low zinc
environment. In addition, ZRT3 showed a significant difference
only in zinc deprivation after 24 h when compared to control
(Figure 2). These changes in gene expression are due to the Zn-
deprivation promoted by DTPA since when Zn is added back to
DTPA treated cells the ZRT1 expression level decreases to
FIGURE 2 | Transcript levels of Zn homeostasis genes during Zn deprivation. ZAP1: transcription factor that regulates the expression of zinc transporters. ZRT11,
ZRT2, and ZRT3: Zinc carriers of the ZIP family. ZRC1 and ZRC2: Zinc transporters of the CDF family. The DTPA transcript levels were normalized against the
transcript levels of control condition. Transcriptional levels of Zn-related genes were measured in biological triplicates. *:p-value ≤ 0.05.
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control the cells (Figure S2). Also, the changes promoted by
DTPA are not due to chelation of other metals since DTPA does
not regulate the expression levels of a high affinity copper
transporter (CTR3, Figure S2). The fact that Zap1 mRNA
levels increase at 24 h but its putative regulated transporter is
induced at 3 h of Zn deprivation suggests that H. capsulatum
already has baseline levels of ZAP1 that acts quickly by increasing
ZRT1 expression. Although surprising, the non-concurrent
ZAP1 induction compared to its regulated transporters is not
uncommon. Such claims are validated by similar findings in
different fungi such as C. dubliniensis (Bottcher et al., 2015).
Therefore, these results suggest that carriers of theH. capsulatum
ZIP family are regulated by the amount of zinc available in the
cell. Regarding the genes of the CDF family, Zn depletion
promotes slight changes in transcript levels of Zrc1 and Zrc2
transporters. Thus, the role of these genes on zinc homeostasis in
Histoplasma must be approached by mutant based assays.

Influence of Zinc in H. capsulatum Survival
in Macrophages
Transcript levels of ZAP1 and ZRT1 were measured during
macrophage infection (Figure 3A). Since IFN-g plays
an essential role in fungicidal activity of macrophage
(Allendoerfer and Deepe, 1997; Horwath et al., 2015), cells
were pre-treated before infection. The data obtained showed
that both Zap1 and Zrt1 were induced in fungal cells growing
inside macrophages. These findings reinforce previous studies
showing that H. capsulatum undergoes a Zn limiting
environment inside GM-CSF exposed phagocytes (Vignesh
et al., 2013). In order to confirm the influence of Zn
availability on fungus survival during infection, colony-forming
unit analysis was performed (Figure 3B). Pre-treatment of
macrophages with DTPA reduces fungal survival. This fact is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7119
not an effect of DTPA on macrophages, since the viability of the
cells is not affected by DTPA (Figure 3C). These data together
with the increased expression of ZAP1 and ZRT1 suggest that
H. capsulatum faces a low zinc environment as a microbicidal
strategy of macrophages and counteracts it, activating high
affinity Zn-uptake mechanism.

Proteomic Analysis of H. capsulatum
During Zinc Deprivation
SinceH. capsulatum is able to grow inside the intraphagosomal Zn-
poor environment, the global response of the fungus to metal
scarcity was accessed through proteomics. The approach
identified 333 proteins regulated during zinc deprivation, 265 and
68 after 24 h and 48 h of treatment, respectively. According to
statistical analysis, 119 proteins were induced at 24 h, and 146 were
suppressed (Supplementary Tables 2 and 3), while at 48 h 47
proteins were induced and 21 repressed during zinc deprivation
(transporter-genes). After 24 h, metabolic pathways related to fatty
acid oxidation, energy production, oxidative phosphorylation,
amino acid catabolism, biosynthesis of secondary metabolites
(pyridoxine), and response to oxidative stress were induced, while
glucose oxidation pathways, glyoxylate cycle, and fermentation were
repressed (Figure 4A). Pathways with the greatest number of
induced regulated proteins include fatty acid oxidation, energy
production, oxidative phosphorylation, and cell wall carbohydrate
biosynthesis (Chitin and Glucan), all after 48 h of Zn deprivation.
Meanwhile, glycolysis and fermentation remained suppressed
(Figure 4B).

In order to filter proteins regulated by the absence of zinc
along time, a factor analysis was performed. With it, 22 proteins
appeared under regular (control) and zinc deprivation
conditions in both times (24 and 48 h) and therefore were
included in the analysis (Supplementary Figure 4). The
A B C

FIGURE 3 | Influence of Zn availability in H. capsulatum survival in macrophages. (A) Relative expression of Zap1 and Zrt1 in H. capsulatum during infection
overtime. (B) Fungal burden of macrophages treated with (Hc + MØ), ZnSO4 (Hc + MØ + ZnSO4), and DTPA (Hc + MØ + DTPA) conditions. Control: H. capsulatum
incubated in macrophage medium; Infection: macrophages infected with H. capsulatum yeasts. (C) Viability of macrophages in RPMI medium was measured by
trypan blue dye. Statistical analysis was performed using t-test, one-way ANOVA, and the Tukey multiple comparison test with *p ≤ 0.05. All experiments were
carried out in triplicates.
November 2020 | Volume 10 | Article 573097

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Assunção et al. Histoplasma Response to Zinc Scarcity
approach identified three proteins (Prefoldin subunit 4, Tyrosine
Kinase, and Glyoxylate reductase) differentially regulated by zinc
deprivation and also by time (Table 2). It is worth mentioning
that glyoxylate reductase is increased at 24 h of zinc deprivation
and is decreased at 48 h. Thus, it is likely that the enzyme
produces the necessary amounts of precursors for the
biosynthesis of other metabolites in zinc deprivation in the
first 24 h, and therefore, this enzyme is important for early
fungal adapting to Zn deprivation.

Proteomics showed a rearrangement of metabolic process in
order to cope with reduced zinc availability. Enzymes such as
hexokinase and phosphofrutokinase-1 were repressed,
suggesting a reduction in glycolytic activity in the cell.
Proteomic data also revealed that alcohol dehydrogenase
(ADH) was suppressed during zinc deprivation, suggesting that
the fungus relies on the anaerobic metabolism since ADH is a
Zn-dependent enzyme (Figure 5). Furthermore, other enzymes
related to energy production have also been observed, for
example, carnitine-acyl transferase, an important regulator that
dictates beta-oxidation. In addition, several enzymes of the citric
acid cycle (malate dehydrogenase, succinate dehydrogenase, and
isocitrate dehydrogenase) and ATP synthase from oxidative
phosphorylation were induced (Figure 5). Therefore, these
results suggest that the supply of acetyl-CoA for the Krebs
cycle in zinc deprivation is not exclusively being provided
through the glycolytic pathway but rather by the oxidation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8120
fatty acids. Thus, it is suggested that H. capsulatum during zinc
deprivation has the ability to modify its energy metabolism to
survive the changes imposed by the host. In addition, it has been
shown that this fungus has lipid reserves used in adverse
conditions, such as during an infectious process. Changes in
glycolate biosynthesis (a precursor of pyridoxine biosynthesis),
has been revealed by factor analysis. Two enzymes related to
pyridoxine production were induced in metal deficiency:
pyridoxal 5P kinase and pyridoxal kinase (Figure 5). In
addition, enzymes related to amino acid degradation such as
alanine transaminase, which was induced in zinc deprivation,
were also found in this work. This enzyme can help with energy
metabolism since it led to the production of pyruvate, that may
be directed to TCA cycle.

UDP-N-acetylgalactosamine pyrophosphorylase, an enzyme
related to the synthesis of chitin, was induced during zinc
deprivation at both time points (24 and 48 h). In addition, we
also observed that the glyoxylate cycle was suppressed by zinc
deprivation (Figure 5). Therefore, it appears that H. capsulatum
increased the production of structural carbohydrates from
glucose that is not consumed by the glycolytic pathway. The
consumption of glucose in Zn deprivation is likely related to the
remodeling of the wall since glycolysis and fermentation are
reduced and beta-oxidation is induced.

Zinc Deprivation Decreases Fermentation
in H. capsulatum
The proteomic analysis showed that enzymes such as hexokinase
(HCBG_05633), enolase (HCBG_00056), pyruvate carboxylase
(HCBG_00107), and alcohol dehydrogenase (HCBG_05406)
were repressed in zinc deprivation. Such results indicate that
anaerobic metabolism is suppressed at low zinc levels. Thus, to
confirm these results, ADH activity was measured in H.
capsulatum yeasts grown under control conditions and with
Zn deficiency (Figure 6A). This approach showed that Zn
A B

FIGURE 4 | Functional categorization of proteins identified during zinc deprivation at 24 h (A) and 48 h (B). Up, upregulated proteins during zinc deprivation. Down,
downregulated proteins during zinc deprivation.
TABLE 2 | Core proteins identified regulated by zinc and time.

Accession number Protein Control 24–48 h DTPA 24–48h

HCBG_03816 Prefoldin subunit 4 0.34 0.05
HCBG_05072 Tyrosine-protein

kinase
0.82 0.0000006

HCBG_03370 Glyoxylate reductase 0.83 0.0000019
Control 24–48 h, p values of the factor analysis for control conditions regulated over time.
DTPA 24–48 h, p values of the factor analysis for DTPA condition regulated over time.
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limitation decreases ADH activity, corroborating with proteomic
data. Therefore, it is likely that fermentation under conditions of
low zinc availability was suppressed in H. capsulatum, and
probably glucose flow through glycolytic pathway is decreased.
In order to confirm that, assays were performed to measure
glucose consumption by H. capsulatum in zinc deprivation. The
glucose consumption did not change in Zn-depleted cells in
comparison with control cells (Figure 6B), which reinforces the
idea that glucose consumed by the fungus is being used for
purposes other than energy production.

Zinc Deprivation Alters the Structural
Carbohydrate Distribution in
H. capsulatum
The decreased levels of glycolytic and fermentative enzymes allied
to glucose consumption suggest the fungusmay be directing glucose
to structural purposes. This hypothesis is supported by an increase
in enzymes related to the biosynthesis of wall precursors during Zn
deprivation such as UDP-N-acetylglucosamine pyrophosphorylase
(HCBG_00326), mannose-6-phosphate isomerase (HCBG_05577),
and phosphomannomutase (HCBG_05577). Among them, UDP-
N-acetylglucosamine pyrophosphorylase stands out as it is related
to chitin biosynthesis. To assess that, H. capsulatum carbohydrate
content was biochemically measured. Accordingly, an increase in
carbohydrate content was observed under 24 h of Zn deprivation.
However, after 48 h, there was no significant difference in the
amount of carbohydrate present in the cell, suggesting an
adaptation of H. capsulatum to zinc deprivation over time
(Figure 7A).

In addition, the increase in the amount of glycan during zinc
deprivation may also be related to the production of
carbohydrates with structural function. Therefore, it was
hypothesized that the glucose consumed by the fungus was
being driven to structural carbohydrate biosynthesis. In order
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10122
to test that hypothesis, the contents of chitin and glycan were
measured by fluorescence microscopy. Indeed, Zn limitation
induces chitin and glucan accumulation (Figures 7B, C). To
further confirm those changes, cell wall structure was examined
by scanning electron microscopy (Figure 7D). The results
showed that H. capsulatum in the control condition presents a
rougher cell wall when compared to zinc deprivation, suggesting
that H. capsulatum alters cell wall structure and composition
during zinc deprivation.

Zn Limitation and Pyridoxine Synthesis
Factor analysis results revealed that the glyoxylate reductase
(HCBG_03370) was induced during zinc deprivation at 24 h
when compared to cells in control condition. However, in 48 h
we observed an inversion in the abundancy of the enzyme, in
which it is repressed in zinc deficiency. Thus, it appears that the
enzyme produced relevant amounts of glycolate during the first
24 h and later, still for unknown reasons, has its quantity reduced.
In addition, two enzymes related to vitamin B6 synthesis,
pyridoxal 5P synthase and pyridoxal kinase, were identified by
proteomic approach. Both were induced after 48 h of zinc
deprivation, suggesting an increase in pyridoxine biosynthesis.
In order to verify the importance of pyridoxine in H. capsulatum,
the effect of pyridoxine on fungal growth under Zn limitation was
analyzed (Figure 8A). Surprisingly,H. capsulatum grows similarly
when zinc is available regardless of pyridoxine availability.
However, the growth in Zn deprivation was affected when no
pyridoxine was provided. Therefore, it is suggested that there is an
association between zinc homeostasis and vitamin B6
biosynthesis. Furthermore, it is known that pyridoxine is a
chemical compound with a high affinity for reactive oxygen
species (Matxain et al., 2006). In order to analyze the association
of Zn-depletion and ROS stress, ROS labeling assays were
performed. The data show that Zn-limitation itself increases the
A B

FIGURE 6 | Influence of zinc scarcity glucose metabolism of H. capsulatum. (A) Enzymatic activity of ADH during zinc deprivation in 24 h. (B) Glucose dosage in
culture supernatants of cells grown in Zn replete or Zn depleted conditions. All experiments were carried out in biological triplicates. Student t test with *p ≤ 0.05.
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number of labeled cells by twofold. The zinc limitation in absence
of pyridoxine potentialize the ROS levels since teh number of
labeled cells incresed by threefold. Therefore, it may be concluded
that both pyridoxine and zinc are able to influenceH. capsulatum’s
ability to control intracellular ROS levels (Figure 8B).
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DISCUSSION

The in silico analysis identified eight orthologous genes
putatively related to zinc homeostasis in H. capsulatum. Two
of them are transcription factors (Zap1 and PacC), three belong
A B

FIGURE 8 | Influence of pyridoxine on H. capsulatum growth and oxidative stress level. (A) Growth curve of H. capsulatum during zinc deprivation at different
concentrations of pyridoxine. (B) ROS detection of H. capsulatum labeled with DCFH-DA. Ctrl, fungal cells grown in zinc; DTPA, fungal cells grown in DTPA. All
experiments were carried out in biological triplicates. The comparison was made using the Student t test with *p ≤ 0.05.
A

B D

C

FIGURE 7 | Effect of Zn availability on H. capsulatum cell wall carbohydrates. (A) Dosage of total carbohydrate in H. capsulatum cells during zinc deprivation.
(B) Fluorescence microscopy H. capsulatum grown under control and DTPA conditions. Calcofluor white and aniline blue were used to dosage chitin and glycan,
respectively. (C) Measurement of glycan and chitin contents using fluorescence intensity. (D) Scanning electron microscopy of H. capsulatum during zinc deprivation.
All experiments were carried out in biological triplicates. The comparisons were made using the Student t test with *p ≤ 0.05.
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to the CDF zinc transporter family (Zrc1, Zrc2 and ZitB), and
three belong to the ZIP family (Zrt1, Zrt2 and Zrt3). In A.
fumigatus, zinc homeostasis is regulated by two transcription
factors and zinc sensors that control the coordinated action of
eight carriers belonging to the ZIP family and eight of the CDF
family (Amich and Calera, 2014). In C. gatti, zinc carrier proteins
of the ZIP family have already been described, such as ZIP1,
ZIP2, and ZIP3. These proteins are orthologs of the Zrts/Zrfs
found inH. capsulatum and A. fumigatus (Schneider et al., 2015).
As previously mentioned, studies with H. capsulatum have
shown the presence of a carrier called HcZrt2 (called here as
Zrt1) that behaves in a similar manner to Zrt1 in S. cerevisiae
(Dade et al., 2016). Thus, we propose the change since most high
affinity transporters are named Zrt1, as in C. albicans (Crawford
et al., 2018), C. dubliniensis (Bottcher et al., 2015), B. dermatitidis
(Kujoth et al., 2018), and the already mentioned S. cerevisiae
(Zhao and Eide, 1996). However, mutant based studies are
required to properly characterize the remaining transporters.
In addition to zinc uptake mechanisms mediated by carriers of
the ZIP and CDF family, a novel zinc uptake protein was first
identified in C. albicans. Pra1 acts as a “zincophore” similarly to
siderophores (Fe carriers) found in bacteria and fungi (Miethke
and Marahiel, 2007). This protein holds multiple zinc binding
sites in its structure and is able to gather either free or protein
associated zinc in the extracellular medium. Studies have shown
that Pra1 is normally expressed under low zinc and alkaline
conditions, similar to ZrfC in A. fumigatus and its orthologs Zrt1
in C. albicans where Pra1 has also shown to be associated with
both through function, redirecting captured zinc to be
transported by ZrfC/Zrt1 (Wilson et al., 2012). However, in H.
capsulatum, no molecule homologous to Pra1 was found. Thus,
from the in silico analysis it is suggested that H. capsulatum does
not have a zinc capture mechanism mediated by zincophore.
Finally, while our analyses showed that the genes mentioned are
being influenced by zinc to different degrees, mutant studies are
required to properly characterize their biological significance in
H. capsulatum.

During infection, it is known that GM-CSF activated
macrophages reduce the availability of free zinc in the
Histoplasma-containing phagolysosome. This reduction is
mediated by the production of metallothioneins that sequester
cytoplasmic labile zinc and also pumps out Zn from H.
capsulatum containing phagolysosome (Vignesh et al., 2013).
Corroborating our data showed that fungal survival in
macrophages under Zn limitation was decreased when
compared to cells under Zn-homeostatic levels. As a successful
pathogen,H. capsulatum is able to survive and proliferate in such
condition. As depicted in this work, it is suggested that this
mechanism of zinc capture and management is mediated by
carriers of the ZIP and CDF family under the influence of Zap1.
Experimentally, H. capsulatum captures zinc from the
extracellular medium by a high affinity transporter, previously
known as HcZrt2 (Dade et al., 2016). In addition, Dade et al.
(2016) showed that the fungus in the absence of this gene lose
part of its virulence. Therefore, this transporter is one of the
evolutionary aspects developed by H. capsulatum to capture zinc
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12124
and increase the chances of survival in hostile environments. As
such, it is possible that Zrt1 (HcZrt2), Zrt2, and Zrt3 identified in
this work are being induced by low zinc availability, and this
induction may be promoted by Zap1.

Currently, it is known that the main mechanism of zinc
regulation in fungi is mediated by the transcription factor Zap1.
In S. cerevisiae, this transcription factor binds to Zinc Responsive
Elements (ZREs) found on the promoter regions of genes such as
ZRT1, ZRT2, and FET3 (Zhao et al., 1998; Eide, 2009). In our
gene expression experiments, an increase in Zap1 levels over 24 h
was observed, while the high affinity Zn transporter ZRT1,
controlled by ZAP1, was induced at 3 h. This uncorrelation of
the regulator and its target genes is not a surprise since previous
studies have shown that Zap1 protein levels are stable regardless
of the transcript amount, being the regulation of zinc transporter
mediated not only by Zap1, but also by zinc availability. With it,
it is reasonable to assume that as zinc quantity drastically
decreases, basal Zap1 levels are enough to quickly induce key
transporters before itself. Additionally, expression analysis
studies on Zap1 orthologs in previously mentioned fungi
showed that the regulator was induced at the 24 h time period
(Zhao and Eide, 1997; Schneider et al., 2012; Vicentefranqueira
et al., 2018), similar to the results found in the present study.
Thus, it is suggested that all these genes are working together to
regulate zinc homeostasis, in which Zap1 induces the production
of Zrt1, Zrt3, and Zrt2 in the absence of zinc as seen in S.
cerevisiae, C. gatti, and C. neoformans (Eide, 2009; Schneider
et al., 2012; Wilson et al., 2012; Bottcher et al., 2015). Regarding
CDFs, it was observed that the transporters Zrc1 and Zrc2
showed a mild response in the absence of zinc. Thus, more
specific studies are required in order to determine the roles of
Zrc1 and Zrc2 in zinc homeostasis in H. capsulatum.

Proteomic data revealed a change in energy metabolism and
biosynthesis of secondary compounds of H. capsulatum during
zinc deprivation (Figure 7). In other fungi, such as A. fumigatus,
C. albicans, C. neoformans, C. gatti, and S. cerevisiae,
bioinformatics studies have shown that 12% of all zinc-binding
proteins are involved in metabolic processes of carbohydrates
and amino acids (Staats et al., 2013). In this work, changes in
enzymes related to glycolysis, fermentation, glyoxylate cycle,
amino acid synthesis/degradation, pyridoxine, and glycan
biosynthesis were also observed (Supplementary Tables 02–
05). Specifically, in glycolysis, two regulatory enzymes:
hexokinase (HCBG_05633) and phosphofrutokinase-1
(HCBG_08430), were repressed, indicating that the glycolytic
pathway was oxidizing glucose at a reduced rate. These results
corroborate with Medina and Nicholas (1957) who showed a
70% reduction in the activity of Neurospora crassa hexokinase in
zinc deprivation. Other pathways of energy production, such as
beta-oxidation, amino acid degradation, citric acid cycle, and
oxidative phosphorylation, were induced by zinc deprivation.
Therefore, it is suggested that the energy metabolism remains
active, as other sources of energy are being oxidized to
compensate the decreased glycolysis activity. Unlike our
findings, Parente et al. (2013), utilizing a similar approach,
showed that the energy source in P. brasiliensis in zinc
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deprivation occurred through the induction of enzymes in the
glycolytic pathway.

Regarding fermentation, our results showed a reduction in the
enzymatic activity of alcohol dehydrogenase, indicating a
suppression of anaerobic metabolism. These data are consistent
with the structural conformation of this protein, since zinc is a
fundamental cofactor for the catalytic activity of alcoholic
dehydrogenase (Culotta et al., 2006). Additionally, data obtained
corroborate with in silico results showed by Tristão et al. (2014) in
which they analyzed all zinc binding proteins of the Paracoccidioides
complex, among which were found the enzymes alcohol
dehydrogenase and hexokinase. A recent work demonstrated that
H. capsulatum survival in macrophages is dependent on
gluconeogenesis and that glycolysis is dispensable (Shen et al.,
2020). Our data demonstrate Zn-depletion decreases glycolysis
since the metal structurally composes some glycolytic enzymes.
Thus, the non-activation of glycolysis in intraphagosomal milieu
may be a phenomenon not only related to low glucose availability
but also a result of a Zn poor environment (Vignesh et al., 2013).

Experiments on total carbohydrate dosage showed that, when
zinc is deprived, the fungus accumulated this compound
(Figure 9). The main molecules produced were related to
structural carbohydrates, since the glycolytic pathway was
repressed and enzymes belonging to synthesis of cell wall
carbohydrates (Chitin and Glucan) were induced during zinc
deprivation. Also, the amount of chitin and glucan in the cell
wall of H. capsulatum was greater than that of the control. Our
results complement those found by Rappleye et al. (2007), which
has shown that during infection, H. capsulatum processes a large
amount of a-(1,3)-glucan inside macrophages. High
concentrations of glucan inhibit production of cytokines released
by the host, such as, tumor necrosis factor alpha (aTNF).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13125
Therefore, H. capsulatum in the absence of zinc was using
glucose for cell wall remodeling since this condition simulate the
infectious process. On top of that, scanning microscopy analysis
revealed that H. capsulatum in normal conditions has a more
irregular cell surface when compared to the zinc deprivation
condition. The smoother cell surface phenotype may be a direct
effect of zinc depletion or a secondary event triggered by metal
scarcity. The biological meaning of this cell surface morphology in
virulence of H. capsulatum will be addressed in further studies.
The changes in carbohydrate content differ from those found by
de Curcio et al. (2017) in P. brasiliensis, in which Zn-limitation
promotes a decreasing in chitin content in yeast cells. Such
contrasting results may be explained by different pathogenic
strategies used by the two fungi. Whereas H. capsulatum
behaves as an intracellular microorganism, P. brasiliensis is not
considered a classical intracellular pathogen, being then exposed to
different conditions in the host.

Vitamin B6 synthesis reduction is associated with decreased
Zn levels in the cell, since the enzyme pyridoxine kinase has a
structural site that binds to a Zn–ATP complex (Li et al., 2002).
Therefore, it is inferred that under zinc limiting conditions, the
enzymatic activity of pyridoxine kinase is altered, resulting in a
reduction in pyridoxine synthesis in H. capsulatum cells. These
results are in agreement with those found by Churchich et al.
(1989), in which the enzymatic activity of pyridoxine kinase
reduces about 70% during zinc deprivation. This study also
showed that pyridoxal kinase can instead be activated by zinc
metallothioneins as a rapid response to vitamin B6 biosynthesis
in adverse conditions (Karawya and Fonda, 1982). Our data also
indicate that oxidative stress is increased in Zn-limitation and is
magnified when pyridoxine is not available in the medium. Thus
the reduced growth when both Zn and vitamin B6 are reduced is
FIGURE 9 | Hypothetical model of H. capsulatum response to zinc deprivation.
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probably due to a cascade effect, in which the lack of zinc reduces
the production of vitamin B6 and, as a consequence, increases
the amount of reactive oxygen species in H. capsulatum cells.
CONCLUSIONS

In this study, eight genes possibly involved in zinc homeostasis
were identified in the in silico analysis. Proteomic analysis during
zinc starvation revealed influence in several metabolic pathways,
mainly in the metabolism of glucose, biosynthesis of structural
carbohydrates, biosynthesis of pyridoxine and regulation of
oxidative stress. Our data also suggest H. capsulatum takes
glucose for cell wall remodeling. The absence of zinc interferes
with pyridoxine biosynthesis, which increases oxidative stress in
yeast cells (Figure 9). This study sets the groundwork for a
deeper understanding of H. capsulatum behavior on zinc
deprivation, a relevant condition often found during infection.
Providing scientists with a new perspective on how H.
capsulatum is able to thrive on such conditions can help on
the establishment of future treatment options.
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SUPPLEMENTARY FIGURE 1 | Interaction network of genes related to zinc
homeostasis. Zap1 was used as input sequence. Zap1: HCBG_03275; Zrt1:
HCBG_07321; Zrt3: HCBG_04549; Zrc1: HCBG_00193; Zrc2: HCBG_00193;
ZrfG: HCBG_05775 and ZitB: HCBG_07983. Light blue and purple lines are known
interactions from experimental databases. Dark green, red, and dark blue lines are
predicted interactions from neighborhood genes, gene fusions, and gene co-
occurrence. The light green and black lines are the interactions by co-expression
and homology of the protein.

SUPPLEMENTARY FIGURE 2 | DTPA promotes a Zn depleted environment.
(A) Influence of DTPA on the growth of H. capsulatum. Optical density was
measured at 595 nm. (B) Expression level of ZRT1 in the control condition,
DTPA and DTPA plus Zn (200 µM). (C) Expression level of CTR3 in the control
condition, DTPA and DTPA plus Zn (200 µM). All experiments were carried out
in biological triplicates. The comparisons were made using the Student t test
with *p ≤ 0.05.
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Systemic and endemic mycoses are considered life-threatening respiratory diseases
which are caused by a group of dimorphic fungal pathogens belonging to the genera
Histoplasma, Coccidioides, Blastomyces, Paracoccidioides, Talaromyces, and the newly
described pathogen Emergomyces. T-cell mediated immunity, mainly T helper (Th)1 and
Th17 responses, are essential for protection against these dimorphic fungi; thus, IL-17
production is associated with neutrophil and macrophage recruitment at the site of
infection accompanied by chemokines and proinflammatory cytokines production, a
mechanism that is mediated by some pattern recognition receptors (PRRs), including
Dectin-1, Dectine-2, TLRs, Mannose receptor (MR), Galectin-3 and NLPR3, and the
adaptor molecules caspase adaptor recruitment domain family member 9 (Card9), and
myeloid differentiation factor 88 (MyD88). However, these PRRs play distinctly different
roles for each pathogen. Furthermore, neutrophils have been confirmed as a source of IL-
17, and different neutrophil subsets and neutrophil extracellular traps (NETs) have also
been described as participating in the inflammatory process in these fungal infections.
However, both the Th17/IL-17 axis and neutrophils appear to play different roles, being
beneficial mediating fungal controls or detrimental promoting disease pathologies
depending on the fungal agent. This review will focus on highlighting the role of the IL-
17 axis and neutrophils in the main endemic and systemic mycoses: histoplasmosis,
coccidioidomycosis, blastomycosis, and paracoccidioidomycosis.

Keywords: IL-17, Neutrophils, Paracoccidioides spp., Coccidioides spp., Histoplasma capsulatum,
Blastomyces spp
INTRODUCTION

Systemic fungal infections are characterized by their ability to produce a potentially life-threatening
respiratory disease. These systemic mycoses are caused by a group of thermally dimorphic fungal
pathogens belonging to different genera of several species including Histoplasma capsulatum,
Coccidioides spp., Blastomyces spp., Paracoccidioides spp., Talaromyces marneffei and the newly
described pathogen Emergomyces spp. (Sepúlveda et al., 2017; Turissini et al., 2017; Kirkland and
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Fierer, 2018; Cao et al., 2019; Schwartz et al., 2019; Schwartz and
Kauffman, 2020). Additionally, these mycoses are usually
geographically restricted; thus, histoplasmosis is found worldwide,
coccidioidomycosis is endemic in some regions of the United States
and some countries of Latin America, blastomycosis is endemic in
North America and Africa, paracoccidioidomycosis is restricted to
Latin America, talaromycosis is endemic in Asian countries, while
emergomycosis has been reported in Africa, Europe, Asia, and
North America (Sepúlveda et al., 2017; Turissini et al., 2017;
Kirkland and Fierer, 2018; Cao et al., 2019; Schwartz et al., 2019;
Schwartz and Kauffman, 2020).

In general, these systemic mycoses are acquired by inhalation
of the conidia or spores that are produced in the mold phase; in
the lungs, a temperature-dependent transformation occurs to the
yeast phase, except for Coccidioides spp., which undergoes
isotropic growth to form spherules initials (Hung et al., 2007).
These fungal morphotypes are phagocytized by macrophages
and can spread hematogenously to various organs, causing
disseminated infection; nonetheless, the clinical presentation
could vary from self-limited, or mild, to severe infection,
which, in turn, depends on several factors including the
immune response and the inoculum size, among others.

Several studies have confirmed the T-cell mediated immune
response to some of these dimorphic fungal pathogens, especially
those associated with T helper (Th)1 and Th17 responses that are
essential for protection (Wüthrich et al., 2011; Nanjappa et al., 2012;
Wu et al., 2013; Ketelut-Carneiro et al., 2019). Of note, Th17 and
IL-17 protective responses, which also participate during the
primary infections in the nonimmune host, are associated with
recruiting and activating neutrophils and macrophages to the site of
infection as well as with chemokine and proinflammatory cytokines
production, a mechanism mediated by the fungal recognition of
pattern recognition receptors (PRRs) present on the surface of the
host cells, which lead to the activation of adaptor molecules and the
subsequent downstream signaling (Wüthrich et al., 2011; Nanjappa
et al., 2012; Wu et al., 2013; Ketelut-Carneiro et al., 2019).
Nonetheless, both the Th17/IL-17 axis and neutrophils appear to
play a dual role, being beneficial mediating fungal controls and
detrimentally promoting disease pathology depending on the fungal
agent (Loures et al., 2009;Wüthrich et al., 2011; Pino-Tamayo et al.,
2016; Puerta-Arias et al., 2016; Ketelut-Carneiro et al., 2019).

In this review, we will discuss the current findings regarding the
role of the IL-17 axis and neutrophils in the immune response
against dimorphic fungal pathogens with special emphasis on the
most studied endemic and systemic mycoses: histoplasmosis,
coccidioidomycosis, blastomycosis, and paracoccidioidomycosis.
Of note, the role of IL-17 and neutrophils on talaromycosis and
emergomycosis have not been investigated so far or are incipient,
reasons why these mycoses were not included in this review.
IL-17: SOURCES AND FUNCTION

The IL-17 family is a group of pleiotropic cytokines secreted
mainly by a subset of CD4+T helper cells (Th) known as Th17
cells (Harrington et al., 2006). The differentiation and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2130
stimulation of Th17 from naïve CD4+ T-cells occurs in
secondary lymphoid organs with the participation of IL-1b, IL-
6, transforming growth factor b (TGFb), and IL-23. The stimuli
with cytokines trigger the downstream STAT3, promoting the
activation of RORgt, the master transcriptional factor, which
modulates the production of the hallmark cytokines IL-17A, IL-
17F, and other cytokines such as IL-21, IL-22, and granulocyte-
macrophage colony-stimulation factor (GM-CSF) (Hartupee
et al., 2009; Isailovic et al., 2015; Monin and Gaffen, 2018).
Moreover, polarized Th17 cells express CC chemokine receptor 6
(CCR6), which allows their migration into mucosal barrier sites
(Abusleme and Moutsopoulos, 2017).

Moreover, other cell populations were also reported as
important sources of IL-17A and IL-17F, such as the CD8+ T-
cells and the innate immune cells including gd T-cells (Takatori
et al., 2008), innate lymphoid cells subset 3 (ILC3) (Geremia
et al., 2011; Villanova et al., 2014), invariant natural killer cells
(iNKT) (Michel et al., 2007), IL-17 innate lymphoid cells (ILC17)
(Buonocore et al., 2010), and natural killer T (NKT) cells (Cella
et al., 2009). Additionally, macrophages and dendritic cells are
also important sources of IL-23 and IL-17, which are produced in
response to the microorganism’s invasion and inflammatory
cytokines stimulation. Neutrophils and mast cells also
contribute to IL-17 production (Hoshino et al., 2008; Lin et al.,
2011; Monin and Gaffen, 2018; Schön and Erpenbeck, 2018).

The IL-17 family includes six related proteins, namely IL-
17A, IL-17B, IL-17C, IL-17D, IL-17E (also known as IL-25), and
IL-17F (Monin and Gaffen, 2018), IL-17A (commonly known as
IL-17) being the most studied member of the IL-17 family. The
functions of IL-17 are crucial to maintaining mucosal immunity
against extracellular and intracellular pathogens through the
induction of antimicrobial proteins and the recruitment of
neutrophils to the site of infections. Furthermore, IL-17
increases mucosal barrier repair and maintenance by the
production of tight junction proteins and the stimulation of
epithelial cell proliferation (Valeri and Raffatellu, 2016).

IL-17 is recognized by the family of the IL-17 receptors (IL-17R),
which is a multimeric receptor constituted by two subunits with five
members: IL-17A-IL17E. The IL-17R is composed of a common IL-
17RA chain and a second chain that determines the ligand and
downstream signal. (Yao et al., 1995; Toy et al., 2006; Rickel et al.,
2008; Ramirez-Carrozzi et al., 2011; Zhu et al., 2011). The IL-17RA
is expressed on the surface of leukocytes, keratinocytes, fibroblasts,
epithelial, mesothelial, and vascular endothelial cells. The
expression of IL-17RA induces granulopoiesis, neutrophil
recruitment, and inflammatory response (Tristão et al., 2017).
The IL-17A and IL-17F share a high degree of similarity, with
both playing a central role in the adaptive immune response,
especially against bacteria and fungi. IL-17A and IL-17F induce
an inflammatory response by stimulating the expression of
proinflammatory cytokines and chemokines and matrix
metalloproteinase (MMP) production, thus promoting a potent
immune response with the recruitment of immune cells to the site
of infection, mainly neutrophil accumulation (Tristão et al., 2017).
IL-17A induces the production of the chemokines CXCL1, CXCL2,
and CXCL8 (IL-8), which in turn attract neutrophils. In addition,
December 2020 | Volume 10 | Article 595301
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IL17A appears to have a protecting role against microorganisms
through the induction of antimicrobial peptides, including b-
defensins, S100A8, and lipocalin 2 (Onishi and Gaffen, 2010;
Chen and Kolls, 2017).

Fungal infections have been particularly associated with the
regulation of the Th17 immune response by the activation of
CD4+ T - antigen-presenting cells via recognition of the
components of the fungal cell wall by pattern recognition
receptors (PRRs). The cell walls of fungal pathogens contain
three major polysaccharides types: b-glucan, chitin, and mannan
(Netea et al., 2008); meanwhile, PRRs include Dectin-1, Dectin-
2, Dectin-3, Mincle, mannose receptor (MR), and Toll-like
receptors (TLRs), among others; thus, Dectin-1 recognizes
fungi via b-1,3-glucan. Dectin-2 and Mincle recognize
mannose-like structures, while TLR2 recognizes mainly b-
glucan and zymosan, and TLR4 recognizes mannan
components (McGreal et al., 2006; Netea et al., 2006; Reid
et al., 2009; Yamasaki et al., 2009; Saijo et al., 2010; Ishikawa
et al., 2013). Once PRRs recognize fungal cells, these interactions
trigger a cascade of signaling events, with the participation of
cytosolic adaptors [mainly caspase adaptor recruitment domain
family member 9 (Card9) and myeloid differentiation factor 88
(MyD88)] that transduce signals from these PRRs, that in turn
activate the secretion of proinflammatory cytokines and the
induction of T-cell differentiation (Drummond et al., 2011;
Loures et al., 2011; Wüthrich et al., 2012).

On the whole, the activation of the Th17 immune response
against fungal infection depends upon which receptors are
involved and the degree of interaction (Netea et al., 2008; van
de Veerdonk et al., 2009; Wang et al., 2016).
THE ROLE OF IL-17 AXIS IN THE
DIMORPHIC FUNGAL INFECTIONS

It is known that the development of Th1 cells is crucial for
protective immunity against dimorphic fungal pathogens
including H. capsulatum, Coccidioides spp., Blastomyces spp.,
and Paracoccidioides spp.; however, the roles of the Th17 cell and
IL-17 are controversial. In models of infection with the above
fungal pathogens, some studies have shown that Th17/IL-17 axis
mediate resistance, while others have shown that they promote
disease pathology (Deepe and Gibbons, 2009; Loures et al., 2009;
Loures et al., 2009; Wüthrich et al., 2011; Nanjappa et al., 2012;
Wu et al., 2013; Wang et al., 2014; Pino-Tamayo et al., 2016;
Puerta-Arias et al., 2016; Ketelut-Carneiro et al., 2019). In the
case of histoplasmosis, coccidioidomycosis, and blastomycosis, it
has been reported that mice vaccinated against these three fungal
pathogens showed that Th1 immunity was dispensable, whereas
the fungal-specific Th17 cells were sufficient for inducing
protection against these systemic mycoses (Wüthrich et al.,
2011). Subsequently, these results were confirmed using hosts
lacking CD4+ cells, where CD8+ T-cell derived IL-17 was
indispensable to develop immunity protection against these
three endemic and systemic mycoses (Nanjappa et al., 2012).

In the dimorphic fungal infections, the induction of Th17
cells and the subsequent IL-17 production depends on the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3131
interactions of the PRRs present on the host cells’ surfaces.
The fungal pathogen-associated molecular patterns (PAMPs),
TLRs and C-Type Lectin [including Dectin-1, Dectin-2, MR and
Mincle] receptors have been the most studied PPRs so far. These
interactions induce the secretion of proinflammatory cytokines
and T cell differentiation. Figure 1 shows the interactions of the
main dimorphic fungal pathogens and PRRs with the subsequent
signaling activation (with adaptor molecules participation), Th17
differentiation, and IL-17 production.

Histoplasmosis
Histoplasmosis is the most common endemic mycosis reported
worldwide. The infection is acquired by the inhalation of
aerosolized microconidia and mycelial fragments, but the
severity of illness and the presence of clinical manifestations
depend on the intensity of fungal burden exposure and the host´
s immune status (Wheat et al., 2016). It is known that Th17 and its
signature cytokine IL-17 play an important role and mediate a
response in H. capsulatum infection; however, despite IL-17 not
being necessary for survival, its neutralization alters inflammatory
cell recruitment and elevates fungal burden in a murine model of
histoplasmosis; therefore, it was demonstrated that this cytokine
participates in the control of this fungal infection, particularly in
the absence of IFN-g (Deepe and Gibbons, 2009).

Among the different PRRs that participate in the recognition
of Histoplasma, it has been reported that Dectin-1 and Dectin-2,
but not Mincle, recognize and induce a protective Th17 immune
response against H. capsulatum (Wüthrich et al., 2011;
Viriyakosol et al., 2013; Wang et al., 2014); moreover, these
interactions are mediated by Card9 and MyD88 signaling, which
are indispensable for the development of this Th17 protective
immune response (Wüthrich et al., 2011; Wang et al., 2014).
Additionally, it has been demonstrated that the Galectin-3 (gal3)
receptor, a member of the galectin family, negatively regulates
IL-17A response through the inhibition of IL-23/IL-17 axis
cytokine production by dendritic cells (DC) when infected
with H. capsulatum (Wu et al., 2013). Similarly, it has been
reported that the induction of IL-23 producing DCs depended on
the activation of Dectin-1, which is mediated by b-glucan
exposed in the cell walls of the fungal pathogens. Interestingly,
the yeast form of Histoplasma, which lacks cell wall exposure of
b-glucan, failed to induce IL-23 producing DCs, a fact that was
confirmed using a mutant of Histoplasma in which b-glucan
present in its cell wall was unmasked; thus, the interaction of DC
with this mutant not only abrogated the pathogenicity of this
fungus but also triggered the induction of IL-23 producing DCs
(Chamilos et al., 2010); this study indicated that b-glucan
exposure in the fungal cell wall is essential for the generation
of IL-23 producing DCs and Th17 immune responses and may
represent an evasion mechanism exerted by Histoplasma.

It is known that the differentiation of Th17 cells and their IL-
17 production are mediated by IL-6 and TGF-b signaling, a
process that is amplified and sustained by IL-21 and IL-23,
respectively (Korn et al., 2009; Zhu et al., 2010). Along these
lines, in Histoplasma infection, it has been described that the
Th17 response is associated with cytokines that include IL-6, IL-
23, and IL-17 and that CD4+ and CD8+ T cells expressing CD25
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are the predominant sources of IL-17 (Deepe and Gibbons, 2009;
Kroetz and Deepe, 2012). Moreover, the infection model for
histoplasmosis showed that the development of the IL-17
protective response required IL-6 but not the participation of
IL-1 receptor signaling (Nanjappa et al., 2012). More recently, it
was reported that IL-22 deficiency was associated with a
reduction of IFN-g or IL-17-producing CD4+ cells in the lungs
of mice infected withH. capsulatum, suggesting an inflammatory
loop between IL-22 and a Th1/Th17 response (Prado
et al., 2020).

In addition, some chemokines and their receptors also participate
in the development of a Th17 response in Histoplasma infection;
thus, the absence of CCR5 or CCL4 neutralization was associated
with the impaired infiltration of the lungs of Histoplasma-infected
mice by inflammatory cells. Those mice resolved the infection. The
absence of CCR5 or CCL4 neutralization was also associated with the
beneficial role of IL-17 accelerating the pathogen resolution (Kroetz
and Deepe, 2010); moreover, mice lacking the CCR5 and treated
with a monoclonal antibody against IL-17 showed an increase in the
fungal burden and Treg cells, suggesting that this CCR5/CCL4 axis
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4132
regulates the balance between Treg and Th17 cells in this fungal
infection (Kroetz and Deepe, 2010). The important role of IL-17 in
the Histoplasma infection has been clearly demonstrated, especially
in immunization studies where this cytokine has been associated
with the development of a protective immune response (Wüthrich
et al., 2011; Deepe et al., 2018).

Coccidioidomycosis
Coccidioidomycosis, commonly known as San Joaquin Valley
fever, is a systemic fungal disease caused by the inhalation of the
airborne spores of Coccidioides immitis or C. posadasii (Galgiani
et al., 2005). The development of a protective immune response
in Coccidioides infection is similar to that observed in
histoplasmosis. Thus, Th1 and Th17 immune patterns are
pivotal in mounting an effective control of coccidioidal
infection (Hung et al., 2011; Wüthrich et al., 2011). Several
studies employing different coccidioidal antigens and adjuvants
for immunization protocols have been reported; these antigens
include: a genetically-engineered mutant strain (Dcts2/ard1/cts3)
used as a live attenuated vaccine (DT) (Xue et al., 2009); a DT
December 2020 | Volume 10 | Article 59530
FIGURE 1 | Dimorphic fungal pathogen recognition by PPRs. During initial infection, fungal PAPMs are recognized by different host PPRs present in antigen-
presenting cells (mainly Dendritic cells, macrophages, and neutrophils), interactions that trigger a downstream signal that induces the T cell naïve (CD4+ or CD8+)
differentiation to Th17 cells (in the presence of TGFb, IL-1, IL-6, and IL-23) and the subsequent production of IL-17 which in turn amplified the inflammatory response
by recruiting neutrophils at the site of infection. However, each PRR plays a distinctly different role for each dimorphic fungus. Thus, H. capsulatum and C. posadasii
are recognized by Dectin-1 and Dectin-2, P. brasiliensis is recognized by Dectin-1, TLR4, MR, and NLRP3, whereas B. dermatitidis is only recognized by Dectin-2.
After recognition, the PRRs activate downstream adaptor molecules, including MyD88 and CARD9, that finally activate transcription factors that induce the specific
genes, especially this coding for IL-17. Once the IL-17 is produced, it induces the recruitment and activation of neutrophils, which in turn exhibit microbicidal
mechanisms mediated by antimicrobial peptides release, reactive oxygen species (ROS) production, and NETs formation. Of note, TLR2 and Gal3 negatively regulate
IL-17 production after P. brasiliensis recognition. Moreover, the interaction of fungal cells (i.e. Blastomyces) with lung epithelial cells, induces the release of IL-1 which
in turn activates innate cells that then induce activation and IL-17 production by innate cells, mainly nTh17 and gdTcells. PAMP, Pathogen-associated molecular
pattern; PRR, pattern recognition receptor; Th, T helper; Tc, T cytotoxic; Dect, Dectin; MR, mannose receptor; TLR, Toll-Like receptor; Gal3, Galectin-3; NLRP3,
NOD-like receptor P3; CARD9, adaptor recruitment domain family member 9; MyD88, myeloid differentiation factor 88; DCs, Dendritic cells; Mq, macrophages;
PMN, polymorphonuclear neutrophils; IL, interleukin; TGFb, transforming growth factor b; ROS, reactive oxygen species; NETs, extracellular traps; nTh17, natural T
helper cells (innate cells).
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conjugated with the adjuvant EP67; a peptide agonist of the
biologically active C-terminal region of human complement
component C5a (Hung et al., 2012); a multivalent recombinant
Coccidioides polypeptide antigen (rCpa1) that consists of three
previously identified antigens (Ag2/Pra, Cs-Ag, and Pmp1) and
five pathogen-derived peptides with high affinity for human
major histocompatibility complex class II (MHC-II) molecules
(Hurtgen et al., 2012; Hung et al., 2018; Campuzano et al., 2020);
and a rCpa1 encapsulated into glucan-chitin particles (GCP) or
b-glucan particles (GP) (Campuzano et al., 2020). Additionally,
transgenic mice expressing a human major histocompatibility
complex class II (MHC II) receptor have also been employed to
study the immune response to coccidioidal vaccines (Hurtgen
et al., 2012; Hurtgen et al., 2016; Hung et al., 2018). All the above
studies confirmed the protective effect addressed by Th1 and
Th17 expansion with higher production of the signature
cytokines, IFN-g, and IL-17, respectively. Nonetheless, a higher
expression of RORc, the hallmark transcription factor of the
Th17 pathway combined with higher amounts of IL-23 and IL-6
and accompanied by a down-regulated expression of Foxp3,
which promotes the differentiation of Treg cells, suggests the
development of a biased Th17 protective immune response to
coccidioidal infection (Hung et al., 2011; Wüthrich et al., 2011;
Hung et al., 2012). Moreover, an additional study showed that
IFN-g−/− knock-out mice immunized with the DT vaccine could
still be protected (100% survival), while only 40% of DT-
vaccinated IL17 receptor A-deficient mice survived (Hung
et al., 2011); again, this study shows that Th17/IL-17 axis
contributes strongly to protection against Coccidioides infection.

More recently, a primary dendritic cell (DC)-vaccine [DC-
vaccine (Ag2-DC) that was prepared by non-virally transfecting
the primary bone marrow-derived DCs with a plasmid DNA
encoding Ag2/PRA (protective epitope of Coccidioides)] was
evaluated, and healthy mice treated with the DC-vaccine showed
IL-17, IFN-g and IL-4 cytokine-secreting cells in the lungs and
lymph nodes after immunization (Awasthi et al., 2019).

Regarding PRRs that participate in the recognition of
Coccidioides and the subsequent stimulation and development of
a protective Th17 immunity response, it has been demonstrated that
this mechanism is mediated by the activation of both MyD88 and
Card9-associated Dectin-1 andDectin-2 signal pathways (Wüthrich
et al., 2011; Viriyakosol et al., 2013; Wang et al., 2014; Campuzano
et al., 2020). Moreover, it was also demonstrated that the IL-1
receptor, but not TLR2, is essential to developing a Th17 immunity
response against Coccidioides infection, a mechanism mediated by
MyD88 (Hung et al., 2016).

Blastomycosis
Blastomycosis refers to a disease caused by the dimorphic fungi
Blastomyces dermatitidis; this systemic disease, like endemic
mycosis, has a T-cell and macrophage-mediated immune
response (Chang et al., 2000). The clinical spectrum of this
illness is broad, from asymptomatic patients to acute, chronic,
or disseminated disease (Chapman et al., 2008). As described
previously, in histoplasmosis and coccidioidomycosis, a Th1 and
Th17 immune responses exert an important role in the control of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org
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infection by Blastomyces (Wüthrich et al., 2011; Wang et al.,
2014). Thus, after the host cells recognize Blastomyces´ fungal
cell wall or its antigens by PRRs, activation and differentiation,
mainly of Th17 cells, take place. Among the different PRRs that
participate in Blastomyces recognition, Dectin-2 and Dectin-3
(also known as MCL) appear to be indispensable to developing a
Th17 protective immune response and resistance to this fungal
pathogen (Wüthrich et al., 2011; Wang et al., 2014; Wang et al.,
2015; Wang et al., 2017). Of note, MCL regulates the
development, expansion and, differentiation of Th17 through a
mechanism dependent on the adaptor FcRg (Wang et al., 2015).
Furthermore, once MR recognizes a mannan-like structure on
the B. dermatitidis cell wall, it also activates and differentiates
naïve T cells into Th17 effector cells, which are pivotal to the
protection of an immunized host against Blastomyces (Wang
et al., 2016). Additional adaptor molecules, including Card9 and
MyD88, are also indispensable for the development of a Th17
protective immune response against Blastomyces (Wüthrich
et al., 2011; Wang et al., 2014; Nanjappa et al., 2015; Wang
et al., 2017).

On the other hand, IL-1 and IL-6 appear also to play an
important role in the development of a Th17 immune response
against blastomycosis (Nanjappa et al., 2012; Wüthrich et al., 2013;
Merkhofer et al., 2019). More recently, studies in animals and
human beings have revealed that IL-6 had a pivotal role in the
development of adaptive immunity and resistance to B. dermatitidis
infection, through induction of a Th17 pattern. Thus, genetic
analysis of an Asian population (The Hmong) that show an
elevated incidence of blastomycosis in comparison with those of
European ancestry (168 vs 13 per 100,000 inhabitants, respectively),
demonstrated that in addition to mice that had lost IL-6 signaling,
the presence of polymorphisms on the IL-6 gene increased
susceptibility to developing blastomycosis, a fact that was
associated with lower levels of IL-6, IL-17, and RAR-related
orphan receptor gamma t [(RORgt), the hallmark transcription
factor of IL-17-producing T cells] in humans and low recruited
Th17 producing cells in lungs of IL-6−/− mice infected with B.
dermatitidis (Merkhofer et al., 2019). By the same token, it has been
reported that the use of exogenous IL-1 enhanced the protection of
weak vaccines against lethal B. dermatitidis infection, promoting the
development of fungus-specific Th17 cells (Wüthrich et al., 2013).

Recently, it has been described that lung epithelial cells are
essential for immunity against Blastomyces; thus, the interaction
of these epithelial cells with the fungus triggers a NF-kB signaling
with a subsequent increase in the number of IL-17-producing
innate lymphocytes, mainly CCR6+ natural Th17 cells (nTh17)
and gdT-cells, a mechanism dependent on CCL20 chemokine
production, which in turn is induced by IL-1a/IL1R signaling
(Hernández-Santos et al., 2018).

Finally, vaccination against Blastomyces induces the
development of memory Tc17 cells with different requirements
for long-term persistence than Tc1 cells; thus, these anti-fungal
Tc17 cells retained the expression of RORgt and showed higher
proliferative renewal and lower levels of anti-apoptotic molecule
Bcl-2, but required hypoxia-inducible factor 1a (HIF-1a) for
their homeostasis (Nanjappa et al., 2017).
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Paracoccidioidomycosis
Paracoccidioidomycosis (PCM) is a fungal infection caused by
the dimorphic fungus from the genus Paracoccidioides and is one
of the most prevalent systemic mycoses in Latin America
(Restrepo et al., 2019). In PCM, cellular immunity exhibits a
protective role; thus, CD4+ T cells exert a protective effect
through the regulation of antibody production and delayed-
type hypersensitivity (DTH) reactivity, while CD8+ T cells
control fungal burden (Chiarella et al., 2007). Furthermore,
using a PCM model, it has been demonstrated that infected P.
brasiliensis-infected mice showed increased levels of IL-17A
accompanied by the Th17 associated cytokines, IL-6 and IL-23;
moreover, deficiency of these Th17-associated cytokines or IL-
17RA conferred susceptibility during infection associated with
reduced concentrations of TNF-a, IFN-g, and inducible nitric
oxide synthase (iNOS) expression (Tristão et al., 2017).

Regarding participation of PRRs on Th17 development in PCM,
it was demonstrated that TLR2 acts as a negative regulator of Th17
cells, thus a deficiency of TLR2 was associated with a lower fungal
burden, a prevalent Th17 immunity (higher levels of IL-17, IL-6, IL-
23, and TGF-b), and an increased number of neutrophils;
nonetheless, a exacerbated pulmonary inflammation was also
observed, which was associated with a diminished expansion of
regulatory T cells (Loures et al., 2009). Similarly, TLR3 also acts as a
negative regulator of Tc17 cells (IL-17-CD8+ producing cells); thus,
in TLR3 deficient mice infected with P. brasiliensis, an increased
number of Tc17 and Tc1 cells associated with higher levels of IL-17,
IL-1b, IL-6, and IFN-g were observed (Jannuzzi et al., 2019).

Conversely, in vitro studies showed that neutrophils primed
with the 43kDa glycoprotein (gp43) from P. brasiliensis express
higher levels of TLR2 and IL-17 (Gardizani et al., 2019). It is
noteworthy that MyD88 (the adaptor molecule used by TLRs) is
required to mount an efficient innate and adaptive immune
response; thus, MyD88 deficient mice showed an association
between disease severity and reduced Th17 response and IL-1b
production (Loures et al., 2011).

Regarding CTL receptors, it has been reported that Dectin-1
has a critical influence in the differentiation and migration of
Tc17 cells; thus, Dectin-1 deficient mice infected with P.
brasiliensis showed a more severe infection, enhanced tissue
pathology, and mortality rates, accompanied with reduced
differentiation of T cells to Tc17 phenotype, increased
expansion of Treg cells, impaired production of Th1, Th2, and
Th17 cytokines, and migration of Tc17 and neutrophils to the
site of infection (Loures et al., 2014). Moreover, monocytes from
healthy individuals produced IL-17A after incubation with P.
brasiliensis yeasts via activation of the Dectin-1 receptor
(Romagnolo et al., 2018). Of note, dendritic cells stimulated
with P. brasiliensis induced the differentiation of Th17/Tc17 by a
mechanism mediated by TLR4, Dectin-1 and MR in a synergistic
fashion (Loures et al., 2015).

Furthermore, activation of the NOD-like receptor P3 (NLRP3),
which is related to the inflammasome, was associated with the
development of protective immunity against P. brasiliensis by a
mechanism mediated by Th1 and Th17 (Feriotti et al., 2017).
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In another study using the experimental model of pulmonary
paracoccidioidomycosis, it has been reported that IL-1a deficiency
was associated with a reduction of Th17 cells and a diminished
number of neutrophils in a mechanism mediated by caspase 11
(Ketelut-Carneiro et al., 2019). Moreover, the important role of IL-
6 for the development of a protective Th17 immune response has
been demonstrated; thus, the adoptive transfer of IL-6 competent
macrophages restored the resistance in P. brasiliensis-infected IL-
6- and IL-17RA-deficient mice (Tristão et al., 2017).

Interestingly, the results of other studies have been
controversial; thus, we reported that during the early stages of
infection, the depletion of neutrophils using a specific monoclonal
antibody was associated with an exacerbation of the inflammatory
response and high fungal burden. This neutrophil depletion was
also accompanied by a decreased level of IL-17; moreover, it was
confirmed that neutrophils were an essential source of IL-17
during the early stages of P. brasiliensis infection (Pino-Tamayo
et al., 2016). Conversely, neutrophil depletion during the chronic
course of paracoccidioidomycosis promotes the resolution of
pulmonary inflammation and fibrosis accompanied by a reduced
fungal burden. These results were associated with a decrease of
proinflammatory cytokines, including IL-17, TNF-a, and TGF-b
(Puerta-Arias et al., 2016). Additionally, the most severe form of
PCM has been characterized by a predominant Th17/Th22
response, along with substantial participation of Th1 cells (de
Castro et al., 2013). On these lines, it has been reported that P.
brasiliensis-infected mice treated with a recombinant 60-kDa heat
shock protein of this fungal pathogen increased the concentrations
of proinflammatory cytokines, including IL-17, TNF-a, and
IFN-g, which lead to severe inflammation, host tissue damage,
impaired granuloma formation, and fungal dissemination
(Fernandes et al., 2016). The above results indicate that IL-17
plays a dual role in PCM.

Finally, in addition to CD4+Th cells, it has been demonstrated
that other cell populations are important sources of IL-17, induced
by dimorphic fungal pathogens; these cells include Tc17, nTh17,
gdT-cells, and neutrophils (Pino-Tamayo et al., 2016; Nanjappa
et al., 2017; Tristão et al., 2017; Hernández-Santos et al., 2018).

Altogether, the above findings suggest that the antifungal
effect exerted by the Th17/IL-17 axis is mediated by the
recruitment and activation of neutrophils and macrophages to
the site of infection (Wüthrich et al., 2011; Nanjappa et al., 2012;
Hernández-Santos et al., 2018).
THE ROLE OF NEUTROPHILS IN THE
DIMORPHIC FUNGAL INFECTIONS

Neutrophils are the most abundant type of immune cells and
constitute the first line of defense against infections by different
pathogens. As multifunctional cells of the immune response,
neutrophils actively participate in the development of innate and
adaptative immunity (Kolaczkowska and Kubes, 2013), and exert
a variety of effector functions including phagocytosis, intra and
extra-cellular pathogen killing via oxidative and non-oxidative
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cytotoxic mechanisms, extracellular release of microbicidal
molecules stored in their intracellular granules, production of
immune mediators including pro-inflammatory cytokines and
chemokines, and formation of neutrophil extracellular traps
(NETs) (Mócsai, 2013; Wang and Arase, 2014; Tecchio and
Casatella, 2016; Yang et al., 2017). The latter is one of the most
important microbicidal mechanisms, mainly against certain
pathogens that are difficult to phagocytose due to their large
size (Brinkmann et al., 2004).

The microbicidal effect of NETs has been reported in different
animal and human models with infections by fungal pathogens,
parasites, bacteria, and viruses. This mechanism can comprise
two phases: i) the trapping and immobilization of the pathogen
to prevent the spread to tissues, organs, and systems; and ii) the
elimination of the pathogen by microbicidal action of the
proteins present in the NETs (Brinkmann et al., 2004). Such
proteins exert their effect by degrading virulence factors,
damaging the cell wall, or forming a complex with metal ions
important in the life cycle of some dimorphic fungi (Brinkmann
et al., 2004; Urban et al., 2006; Bianchi et al., 2009; Byrd et al.,
2013; Hoeksema et al., 2016). However, although NETs can
prevent the pathogens’ spread or directly eliminate the trapped
microorganism, some studies have reported that certain peptides,
as well as histones linked to the traps, trigger a high cytotoxic
effect in the tissue, especially when the clearance mechanisms of
the host are ineffective, thus causing a continuous inflammation
as observed in several disorders or infectious diseases (Leffler
et al., 2012; Cheng and Palaniyar, 2013).

Clearly, it is well known that the neutrophils are crucial in the
immunity against invasive infection caused by fungal pathogens
of the genus Candida and Aspergillus (Desai and Lionakis, 2018).
However, in other fungal infections caused by a heterogeneous
group of dimorphic fungi, including Histoplasma capsulatum,
Coccidioides spp., Paracoccidioides spp., and Blastomyces
dermatitidis (Hsu et al., 2010), this immune-cell apparently
does not play an important role (Lionakis et al., 2017; Lionakis
and Levitz, 2018). For this group of fungal infections, it has been
suggested that these phagocytic cells may play a paradoxical
function which depends on both the infection phase (acute or
chronic) or certain conditions of the host; thus, neutrophils
could exert a beneficial effect by controlling the infection, or,
on the contrary, they could induce a detrimental effect with a
poor prognosis of the infection/disease and worse outcomes. In
Table 1, we summarized the role of neutrophils in the main
dimorphic fungal infections.

Histoplasmosis
Although the T-cell activated macrophages play a central role in
the pathogenesis of histoplasmosis, it has also been suggested
that H. capsulatum yeasts are recognized by different phagocytic
cells, including neutrophils (Deepe et al., 2008). Earlier studies in
murine models of histoplasmosis have described the presence of
neutrophils during the first 36 h post-infection (Procknow et al.,
1960; Baughman et al., 1986). Thus, recognition of Histoplasma
yeast cells by neutrophils is mediated by PRRs present on their
surface; these PRRs include Dectin-2, NLRP3, and macrophage
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7135
integrin or integrin aMb2 (Mac-1 or CD11b/CD18) (Coxon
et al., 1990; Patin et al., 2019). Notably, phagocytosis of H.
capsulatum yeast did not induce a respiratory burst response in
neutrophils; however, the production of superoxide anion was
observed only when fungal cells were opsonized, indicating that
the activation of this microbicidal mechanism needs the
participation of either complement or Fc receptors (Schnur
and Newman, 1990) . Later , Newman et al . (1993)
demonstrated that recognition and phagocytosis of opsonized
yeast of H. capsulatum by neutrophils was via complement
receptor (CR) type 1 (CR1), CR3, and FcRIII (CD16).

Additionally, Medeiros et al. (2015) demonstrated that during
the acute pulmonary histoplasmosis, inflammatory mediators
such as leukotriene B4 (LTB4), LTC4, platelet-activating factor
(PAF), KC (murine IL-8 homolog), and TNF-a induce a strong
recruitment of neutrophils into the lungs and others remote
localized inflammatory sites, where these cells exhibit fungistatic
activity against H. capsulatum. Likewise, other reports have
demonstrated the limited fungicidal effect of neutrophils
against H. capsulatum (Brummer et al., 1991; Kurita et al.,
1991). Newman et al. (2000) reported that the azurophilic
granules present inside neutrophils contain defensins and
serprocidins, molecules that exert a fungistatic effect against H.
capsulatum yeast. It has also been demonstrated that H.
capsulatum inhibits apoptosis in neutrophils from both human
and mouse hosts, which correlates with decreased cell-surface
Mac-1 expression (Medeiros et al., 2002). Overall, it could be
suggested that H. capsulatum can evade microbicidal
mechanisms or is able to survive inside the phagocytic cells
during the early phase of infection.

Moreover, a recent report has shown that NETs response
promotes the loss of yeast viability and exerts a fungicidal
activity, as a dependent mechanism of ROS, SyK/Src Kinase
pathway, and CD18 (Thompson-Souza et al., 2020).

Although it has been described that neutrophils participate in
the innate and adaptive immune response, the role of these
phagocytic cells in the cell-mediated immune response againstH.
capsulatum at early times of infection is still unclear.

Coccidioidomycosis
The immunity against coccidioidomycosis is mediated mainly by
macrophages and T cells, and relatively little is known about the
role of neutrophils in the inflammatory response. Although the
capacity of mononuclear cells to locate around parasitic-phase
structures of the fungi has been shown, some studies have
suggested that neutrophils may participate during the early
course of the disease; thus histopathological examinations of
the infected lungs of mice at the first two weeks postchallenge
have shown that neutrophils are the predominant inflammatory
cells located adjacent to mature spherules that have ruptured and
released their endospores (Galgiani et al., 2005; Shubitz et al.,
2008; Xue et al., 2009). It has been suggested that these
phagocytic cells respond to the contents of spherules in a
chemotaxis-like fashion, and the intense inflammatory
response observed at infection sites may contribute to lung
tissue damage, which could exacerbate the course of the
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disease (Hung et al., 2005). Moreover, it has been hypothesized
that neutrophils could recognize the spherules and endospores of
Coccidioides spp. via TLR2 or C-type lectin receptors, including
Dectin-1, and inhibit their growth through NETs or granuloma
formation. In the latter structure, the neutrophils are organized
to form a necrotic center accompanied by eosinophilic debris
and macrophages (Shubitz et al., 2008; Gonzalez et al., 2011; Lee
et al., 2015). However, it is important to mention that in a mouse
model of coccidioidomycosis, it was observed that lung-
infiltrated neutrophils produce high amounts of IL-10, a fact
that was associated with impairment of resistance to coccidioidal
infection due to a suppression of Th1, Th2, and Th17 immunity
mediated by this anti-inflammatory cytokine (Hung et al., 2013).

Paradoxically, Hung et al. (2014) observed that neutrophil-
depleted mice infected with spores of the virulent isolate of C.
posadasii did not show a difference in the fungal burden or the
survival rate in comparison with control mice, indicating that
neutrophils are dispensable for defense against this mycosis.
Nonetheless, when the mice were immunized with a live-
attenuated vaccine against coccidioidomycosis, the vaccine-
induced protection promoted early recruitment and elevated
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8136
numbers of neutrophils to the infection site, suggesting that
the role of these phagocytic cells depends on prior exposure of
the host to Coccidioides spp. (Hung et al., 2014).

In additional studies using mice deficient of NADPH oxidase
2 (NOX2), it was reported that NOX2 deficient mice infected
with Coccidioides showed a reduced survival accompanied by a
high and sustained number of lung-infiltrated neutrophils on
days 7 and 11 postchallenge compared to infected WTmice. This
evidence suggests that NOX2 production plays a role in limiting
neutrophil recruitment and the subsequent pathogenic
inflammation in this murine model of coccidioidomycosis
(Gonzalez et al., 2011).

Blastomycosis
In contrast with the other dimorphic fungal infections,
immunosuppression like HIV/aids does not appear to be a risk
factor in developing blastomycosis (Pappas et al., 1993; Schwartz
and Kauffman, 2020); thus, neutrophils and other innate
immune cells might be enough to control the infection.

Early in vitro studies with murine neutrophils have been
controversial. Although the ability of neutrophils to kill B.
TABLE 1 | The role of neutrophils in dimorphic fungal infections.

Fungal infection Findings References

Histoplasmosis • Fungal recognition is mediated by Dectin-2, NLRP3, and Mac-1
(CD11b/CD18)

• Opsonized fungal cells are mediated by CR1, CR3, and FcRIII (CD16)
• LTB4, LTC4, PAF, KC, and TNF-a induce neutrophil recruitment
• Exhibited limited fungicidal activity
• Azurophilic granules containing defensins and serprocidins exert a

fungistatic effect
• Fungus inhibit apoptosis and decreases Mac-1 expression
• NETs formation exerts fungicidal activity via ROS, SyK/Src kinase,

and CD18

• Coxon et al., 1990; Patin et al., 2019
• Newman et al., 1993
• Medeiros et al., 2015
• Kurita et al., 1991
• Brummer et al., 1991
• Newman et al., 2000
• Medeiros et al., 2002
• Thompson-Souza et al., 2020

Coccidioidomycosis • Neutrophils are the predominant inflammatory cells located surrounding
mature spherules

• Spherules and endospores are recognized via TLR-2 and Dectin-1
• Source of IL-10
• NETs and granuloma formation prevent fungal dissemination
• Genetic patterns and pre-exposition influence phagocytic functionality
• Presence of NOX2 limits neutrophil recruitment in coccidioidal infection

• Galgiani et al., 2005; Shubitz et al., 2008;
Xue et al., 2009.

• Lee et al., 2015
• Hung et al., 2013
• Shubitz et al., 2008
• Hung et al., 2014
• Gonzalez et al., 2011

Blastomycosis • Deleterious, enhance fungal replication and exacerbation of infection
• Phagocytic cells exhibit capability to kill fungus

• Pyogranuloma formation mediated by CXC chemokines
• Neutrophil-DC hybrid exhibit a better fungicidal function, NETs formation,

and ROS production

• Brummer and Stevens, 1983
• Brummer and Stevens, 1984; Brummer et al., 1986;

Morrison et al., 1989
• Lorenzini et al., 2017
• Fites et al., 2018

Paracoccidioidomycosis • Essential during early infection (protection) and source of IL-17
• Deleterious during chronic infection
• Presence of Type I and Type II subsets
• NETs formation and prevention of fungal dissemination

• Fungal cells are recognized via Dectin-1, MR, TLR2, and TLR4
• Fungal stimulation induces IL-12, IL-10, PGE2, and LTB4
• IL-8 production inhibits apoptosis and allows fungal replication
• Paracoccin induces: IL-8, IL-1b, ROS production, DNA release and

inhibit apoptosis
• Phagocytic cells primed with IFN-g, IL-1b, GM-CSF, TNF-a, and IL-15

exhibit antifungal activity and trigger respiratory burst
• Host genetic background influences their immunoregulatory functions

• Pino-Tamayo et al., 2016
• Puerta-Arias et al., 2016
• Puerta-Arias et al., 2018
• Mejıá et al., 2015; Della-Coletta et al., 2015; Bachiega

et al., 2016
• Acorci-Valério et al., 2010; Balderramas et al., 2014;

Gardizani et al., 2019
• Balderramas et al., 2014
• Acorci et al., 2008
• Ricci-Azevedo et al., 2018
• Kurita et al., 2000; Tavian et al., 2007; Rodrigues et al.,

2007
• Pina et al., 2006; Sperandio et al., 2015
December 2020 | Volume 10 | Article 595301

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Puerta-Arias et al. IL-17/Neutrophils in Fungal Infections
dermatitidis has been demonstrated (Brummer and Stevens,
1984; Brummer et al., 1986; Morrison et al., 1989), some
reports have shown that neutrophils enhance and allow the
replication of this fungal pathogen, a fact that was associated
with an exacerbation of the infection by accumulation and death
of neutrophils in the tissue lesions (Brummer and Stevens, 1983).
In this sense, the presence of a fungal chemotactic factor in
serum-free culture filtrated of B. dermatitidis has been
demonstrated (Sixbey et al., 1979; Thurmond and Mitchell,
1984). Lorenzini et al. (2017) also demonstrated that
Blastomyces produces a peptidase (DppIVA) that cleaves
chemokines, specifically those belonging to the CXC family,
inc luding the CXCL-2 , which is the most potent
chemoattractant molecule for neutrophils, thus improving
neutrophil migration and promoting a pyogranulomatous
response, a typical reaction during blastomycosis infection.

The function of a subset of neutrophils has recently been
described in a murine model of pulmonary blastomycosis, which
shows the capability of transdifferentiation in a neutrophil-
dendritic cell hybrid that was associated with a better
fungicidal function, NETs formation, and a higher expression
of PRRs and the production of reactive oxygen species than
canonical neutrophils (Fites et al., 2018). Although the role of
these cells in other fungal infections is still unknown, these cells
could be expected to contribute significantly due to their ability
to improve both the innate and the adaptative immunity.

Paracoccidioidomycosis
In contrast to other endemic mycoses, several studies have
suggested the dual role played by neutrophils during PCM
infection. The functionality of these phagocytic cells appears to
depend on some factors, including the genetic pattern of the host
or the stage of infection. Pina et al. (2006) observed a significant
difference, in the role of neutrophils, between resistant and
susceptible mice; thus, in susceptible mice, these phagocytic
cells have low fungicidal activity, but in contrast, neutrophils
from resistant mice are more abundant in the lesion areas and
efficient to control infection. Similar results were obtained by
Sperandio et al. (2015), who using resistant and susceptible mice
to PCM showed that in susceptible mice, the infection was able to
disseminate to their bone marrow, impairing the production and
maturation of neutrophils, which is different from what was
observed in resistant mice.

Similarly, it has been suggested that neutrophils are essential
during the acute inflammatory phase since they represent more
than 85% of inflammatory cells and could positively modulate
the innate immune response through the production of pro-
inflammatory cytokines and lipidic mediators in the infected
lung tissue (Gonzalez and Cano, 2001; Gonzalez et al., 2003;
Balderramas et al., 2014). Along these lines, using an
experimental model of pulmonary PCM in mice with
intermediate susceptibility to infection and treated with a
monoclonal antibody specific to neutrophils, we reported that
compared to control mice, infected and neutrophil-depleted
mice showed decreased survival rates during the early stage of
infection, accompanied by an increase in both the fungal burden
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9137
and the inflammatory response with an exaggerated production
of several chemokines and proinflammatory cytokines,
suggesting the pivotal role of these phagocytic cells in this
fungal infection during the early course of infection (Pino-
Tamayo et al., 2016).

Conversely, in studies of chronic pulmonary PCM in those mice
with intermediate susceptibility, it was reported that treatment with
the antifungal itraconazole or the immunomodulator pentoxifylline,
alone or in combination, was associated with a decreased number of
neutrophils as well as with an improved outcome of the disease,
suggesting that these phagocytic cells appear to play a deleterious
effect during the chronic stages of PCM (Naranjo et al., 2010.,
Naranjo et al., 2011; Lopera et al., 2015). Subsequently, we reported
that those mice treated with the monoclonal antibodies specific to
neutrophils during the chronic stages of infection showed better
control of infection correlated with a reduction not only on the
fungal burden but also on the inflammatory response and
pulmonary fibrosis, suggesting that these phagocytic cells appear
to play a detrimental effect during the chronic course of pulmonary
PCM (Puerta-Arias et al., 2016).

Additional studies confirmed the presence of two different
subsets of murine neutrophils, the type I neutrophils associated
with a pro-inflammatory response, and the type II neutrophils
associated with an anti-inflammatory response. Thus, a greater
number of type II neutrophils were observed, which could be
related to the incapacity of the host to control P. brasiliensis
infection without the appropriate treatment (Puerta-Arias
et al., 2018).

Moreover, other reports have described the capacity of P.
brasiliensis to survive inside neutrophils and extend the lifetime
of these cells via IL-8 production triggered by the fungus,
suggesting that P. brasiliensis could evade the antifungal
mechanisms allowing its replication (Brummer et al., 1989;
Acorci et al., 2008). Along the same lines, it has been reported
that paracoccin, a lectin expressed by P. brasiliensis, induces IL-8,
IL-1b, and ROS production. It also induces the release of DNA
and inhibits apoptosis (Ricci-Azevedo et al., 2018). In contrast, it
has been reported that neutrophils exhibit antifungal activity
against P. brasiliensis yeast only when these phagocytic cells are
priming with IFN-g, GM-CSF, IL-1b, and TNF-a (Kurita et al.,
2000; Rodrigues et al., 2007). Similar results were obtained when
human neutrophils were activated with IL-15, which increases P.
brasiliensis killing by a mechanism dependent on H2O2 and
superoxide anion (Tavian et al., 2007).

On the other hand, other studies have reported that
neutrophils recognize P. brasiliensis yeasts via Dectin-1, MR,
TLR2, and TLR4 (Acorci-Valéro et al., 2010; Balderramas et al.,
2014; Gardizani et al., 2019) and produce cytokines including IL-
12, IL-10, PGE2, and LTB4 (Balderramas et al., 2014).
Additionally, these interactions were able to induce NETs
formation by either dependent or independent reactive oxygen
species production, correlating with the fungal morphotype used
for stimulation (conidia or yeast, respectively); however, the
killing of the fungus by NETs was dependent on the fungal
strain and previous activation by cytokines, including TNF-a,
IFN-g, and GM-CSF. In addition, NETs appear to prevent fungal
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dissemination (Mejıá et al., 2015; Bachiega et al., 2016). Likewise,
histopathological samples of cutaneous lesions from human
PCM patients have revealed the production of NETs (Della-
Coletta et al., 2015).

Taken all together, the above studies clearly demonstrated the
important effector and immunomodulatory roles played by
neutrophils during the early stages of infection, contributing to
P. brasiliensis host resistance. Paradoxically, these phagocytic
cells could also play a detrimental role during the chronic or
advanced stages of infection.
NEUTROPHILS AND IL-17
PARTICIPATION IN THE
GRANULOMATOUS INFLAMMATION AND
PULMONARY FIBROSIS DEVELOPMENT
OF ENDEMIC MYCOSES

The lungs are the primary organs affected by the dimorphic
fungal pathogens; thus, once the conidia reach the alveoli, they
transform into pathogenic morphotypes (yeast cells or
spherules). Initially, these fungal propagules interact with lung
epithelial cells or alveolar macrophages. Such interactions trigger
the activation of these host cells, which, in turn, secret soluble
mediator molecules, mainly chemokines and pro-inflammatory
cytokines that induce the recruitment of pro-inflammatory cells,
including neutrophils and other innate cells, into the lungs
(Martin and Frever, 2005). During pulmonary inflammation,
neutrophils can also interact with epithelial cells, lymphocytes,
macrophages, and other granulocytes inducing the activation of
the adaptive immune response (Siew et al., 2017). However,
neutrophils may be self-defeating; thus, they could play a
protective role but could also contribute to injury and tissue
damage, especially in those cases of chronic inflammation due to
a continuous activation mediated by the IL-17 (Parkos, 2016;
Rosales et al., 2016). Neutrophils contain a great number of
proteases, inflammatory mediators, and oxidants stored in their
granules that lead to the progression of pulmonary complications
such as asthma, chronic obstructive pulmonary disease (COPD),
granulomatous lesions, and finally fibrosis (Liu et al., 2017).

In the case of systemic and endemic mycoses, there are scant
studies that link the IL-17 and/or neutrophils with the
development of a chronic inflammatory process or with fibrosis
development. Some studies have demonstrated the presence of
neutrophils in pulmonary infiltrating cells during infections by P.
brasiliensis (Gonzalez and Cano, 2001; Gonzalez et al., 2003), H.
capsulatum (Baughman et al., 1986), C. posadasii (Hung et al.,
2005), and B. dermatitidis (Lorenzini et al., 2017). However, as
mentioned above, the role of neutrophils during these dimorphic
fungal infections is not clear; moreover, their participation in the
immune response appears to depend on the phase of infection
(acute or chronic) (Pino-Tamayo et al., 2016; Puerta-Arias et al.,
2016). Only in an experimental model of paracoccidioidomycosis,
the role of neutrophils in the pulmonary fibrosis development has
been studied, where it was demonstrated that these phagocytic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10138
cells are detrimental and promote granulomatous inflammation
and pulmonary fibrosis during the chronic course of the mycosis, a
process that was also associated with the presence of IL-17 (Pino-
Tamayo et al., 2016; Puerta-Arias et al., 2016). Moreover, it was
demonstrated that the Th17-associated cytokines, IL-17, IL-6, and
IL-23, are crucial for granuloma formation during experimental
paracoccidioidomycosis; thus, deficiency of IL-6, IL-23, or IL-
17RA impaired the compact granuloma formation and conferred
susceptibility to infection (Tristão et al., 2017). In an additional
study conducted by Heninger et al. (2006), it was reported that the
granuloma lesions induced by Histoplasma infection are
composed mainly of CD4+, CD8+, Dendritic cells, and
macrophages, which are the principal sources of IFN-g and IL-
17; notably, neutrophils were not evidenced. In the other fungal
endemic and systemic mycosis (coccidioidomycosis and
blastomycosis), the role played by neutrophils and IL-17 in the
development of the fibrosis process remains to be explored.

On the other hand, pulmonary fibrosis (PF) is the final result of
a chronic inflammation caused by microbial pathogens and
chemical or physical agents; thus, PF is a consequence of a
repetitive process of injury and reparation of the alveolar
epithelium, which leads to an exacerbated wound healing
process, accompanied by an excess deposition of extracellular
matrix (ECM) components and a scarring process of the lung
(Rydell-Tormanen et al., 2012; Chioma and Drake, 2017).
Additionally, during this PF process, an increased number of
myofibroblasts and fibroblasts that are known to synthesize
connective tissue proteins have been observed, mainly Type III
Collagen, and matrix metalloproteinases (MMP) (Baum and Duffy,
2011; Wynn and Ramalingam, 2012). In paracoccidioidomycosis,
the presence of neutrophil infiltration within the granuloma is
observed during the chronic form, and especially surrounding the
granulomas (González et al., 2008). Additional studies have shown
that treatment with a combination of Itraconazole plus an
immunomodulatory agent (Pentoxifylline) during the chronic
pulmonary paracoccidioidomycosis, reduced the granulomatous
inflammation and neutrophils (Naranjo et al., 2011). Along the
same lines, in this fungal model and using a monoclonal antibody
specific to neutrophils it was demonstrated that the depletion of
these phagocytic cells was associated with an attenuation of the
inflammation and the fibrotic process through a down-regulation
of pro-fibrotic mediators including IL-17, TGF-b1, TNF-a, MMP-
8 and the tissue inhibitor of metalloproteinases (TIMP)-2 (Puerta-
Arias et al., 2016). The above studies clearly suggest that both
neutrophils and IL-17 are responsible, in part, for the fibrosis
development, evidence that supports the idea that neutrophils and/
or IL-17 can be targets of a therapeutic intervention for the
treatment of fibrosis as well as mycosis.
FUTURE QUESTIONS AND
CONCLUSIONS

Over the last years, it has been learned that IL17 plays an
important role and appears to be indispensable in developing a
protective immunity against fungal infections including systemic
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and endemic mycoses, a mechanism that is mediated by the
interactions between fungal PAMPs and PRRs with the
subsequent activation and recruitment of neutrophils and
macrophages at the site of infection. Furthermore, it has also
been demonstrated that each PRR plays a distinctly different role
for each dimorphic fungal pathogen. Nonetheless, both the IL17
and neutrophils play a detrimental role in inducing pathological
disease, possibly due to an unrestrained inflammatory response.
Future studies will need to focus on which specific fungal
antigens or PAMPs are recognized by the different PRRs and
confer immunity through this Th17 immune pattern or, on the
contrary, which kind of interactions induce pathological disease.
Additionally, it would be interesting to know if IL17 induce
NETs formation as a microbicidal mechanism against these
fungal dimorphic pathogens. Thus, understanding the specific
interactions between fungal PAMPs and PRRs and their
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11139
contributions to disease outcomes will provide potential
insights for designing and developing immunotherapies to
control these systemic and endemic mycoses.
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Hung, Y., Jiménez-Alzate, M., del, P., Gonzalez, A., Wuthrich, M., Klein, S., et al.
(2014). Interleukin-1 receptor but not Toll-like receptor 2 is essential for
MyD88-dependent Th17 immunity to Coccidioides infection. Infect. Immun.
82, 2106–2114. doi: 10.1128/IAI.01579-13

Hung, C. Y., Castro-Lopez, N., and Cole, G. T. (2016). Card9- and MyD88-
mediated gamma interferon and nitric oxide production is essential for
resistance to subcutaneous Coccidioides posadasii infection. Infect. Immun.
84, 1166 –11175. doi: 10.1128/IAI.01066-15

Hung, C. Y., Zhang, H., Castro-Lopez, N., Ostroff, G. R., Khoshlenar, P., Abraham, A.,
et al. (2018). Glucan-chitin particles enhance Th17 response and improve
protective efficacy of a multivalent antigen (rCpa1) against pulmonary
Coccidioides posadasii infection. Infect. Immun. 86, e00070–e00018.
doi: 10.1128/IAI.00070-18

Hurtgen, B. J., Hung, C. Y., Ostroff, G. R., Levitz, S. M., and Cole, G. T. (2012).
Construction and evaluation of a novel recombinant T cell epitope-based
vaccine against Coccidioidomycosis. Infect. Immun. 80, 3960–3974.
doi: 10.1128/IAI.00566-12
December 2020 | Volume 10 | Article 595301

https://doi.org/10.1016/j.gene.2017.01.016
https://doi.org/10.3389/fimmu.2013.00001
https://doi.org/10.1016/j.micinf.2007.04.016
https://doi.org/10.1016/s1074-7613(00)80278-2
https://doi.org/10.1016/j.jinf.2013.07.019
https://doi.org/10.1086/599333
https://doi.org/10.1189/jlb.0308154
https://doi.org/10.1016/j.vaccine.2018.04.047
https://doi.org/10.1371/journal.pntd.0004037
https://doi.org/10.1007/s40588-018-0098-6
https://doi.org/10.1007/s40588-018-0098-6
https://doi.org/10.1002/eji.201041252
https://doi.org/10.3389/fimmu.2017.00786
https://doi.org/10.1371/journal.pone.0162486
https://doi.org/10.1371/journal.ppat.1007073
https://doi.org/10.1086/496991
https://doi.org/10.1155/2019/1790908
https://doi.org/10.1084/jem.20101712
https://doi.org/10.7705/biomedica.v21i3.1117
https://doi.org/10.7705/biomedica.v21i3.1117
https://doi.org/10.1080/13693780310001610038
https://doi.org/10.1111/j.1365-2613.2008.00573.x
https://doi.org/10.1016/j.micpath.2011.08.003
https://doi.org/10.1016/j.coi.2006.03.017
https://doi.org/10.4049/jimmunol.182.3.1660
https://doi.org/10.4049/jimmunol.177.5.3303
https://doi.org/10.1016/j.chom.2018.02.011
https://doi.org/10.2217/fmb.15.151
https://doi.org/10.1016/j.jaut.2008.03.006
https://doi.org/10.1016/j.idc.2010.04.003
https://doi.org/10.1016/j.idc.2010.04.003
https://doi.org/10.1128/IAI.73.10.6689-6703.2005
https://doi.org/10.1128/IAI.73.10.6689-6703.2005
https://doi.org/10.1196/annals.1406.020
https://doi.org/10.1128/IAI.05726-11
https://doi.org/10.1016/j.vaccine.2012.04.084
https://doi.org/10.1128/IAI.01148-13
https://doi.org/10.1128/IAI.01579-13
https://doi.org/10.1128/IAI.01066-15
https://doi.org/10.1128/IAI.00070-18
https://doi.org/10.1128/IAI.00566-12
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Puerta-Arias et al. IL-17/Neutrophils in Fungal Infections
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The cell wall is a ubiquitous structure in the fungal kingdom, with some features varying
depending on the species. Additional external structures can be present, such as the
capsule of Cryptococcus neoformans (Cn), its major virulence factor, mainly composed of
glucuronoxylomannan (GXM), with anti-phagocytic and anti-inflammatory properties. The
literature shows that other cryptococcal species and even more evolutionarily distant
species, such as the Trichosporon asahii, T. mucoides, and Paracoccidioides brasiliensis
can produce GXM-like polysaccharides displaying serological reactivity to GXM-specific
monoclonal antibodies (mAbs), and these complex polysaccharides have similar
composition and anti-phagocytic properties to cryptococcal GXM. Previously, we
demonstrated that the fungus Histoplasma capsulatum (Hc) incorporates, surface/
secreted GXM of Cn and the surface accumulation of the polysaccharide enhances Hc
virulence in vitro and in vivo. In this work, we characterized the ability of Hc to produce
cellular-attached (C-gly-Hc) and secreted (E-gly) glycans with reactivity to GXM mAbs.
These C-gly-Hc are readily incorporated on the surface of acapsular Cn cap59; however,
in contrast to Cn GXM, C-gly-Hc had no xylose and glucuronic acid in its composition.
Mapping of recognized Cn GXM synthesis/export proteins confirmed the presence of
orthologs in the Hc database. Evaluation of C-gly and E-gly of Hc from strains of distinct
monophyletic clades showed serological reactivity to GXM mAbs, despite slight
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differences in their molecular dimensions. These C-gly-Hc and E-gly-Hc also reacted with
sera of cryptococcosis patients. In turn, sera from histoplasmosis patients recognized Cn
glycans, suggesting immunogenicity and the presence of cross-reacting antibodies.
Additionally, C-gly-Hc and E-gly-Hc coated Cn cap59 were more resistant to
phagocytosis and macrophage killing. C-gly-Hc and E-gly-Hc coated Cn cap59 were
also able to kill larvae of Galleria mellonella. These GXM-like Hc glycans, as well as those
produced by other pathogenic fungi, may also be important during host-pathogen
interactions, and factors associated with their regulation are potentially important
targets for the management of histoplasmosis.
Keywords: cellular-attached glycans, extracellular glycans, GXM-like, Histoplasma capsulatum, Cryptococcus
neoformans, pathogenesis
INTRODUCTION

Regardless of the species, all fungi possess a surrounding
polysaccharide enriched cell wall that varies in composition
and structural organization (Erwig and Gow, 2016; Gow et al.,
2017). The main structure shared by several human pathogenic
species is composed of an inner layer of chitin, a water-insoluble
polymer of N-acetyl-glucosamine units linked by b-1,4-
glycosidic bonds, and, just external to it, a layer of branched b-
1,3- or b-1,6-glucans (Gow et al., 2017).

These fungal surface polysaccharides are pathogen-associated
molecular patterns (PAMPs) that are efficiently recognized by
pattern recognition receptors (PRRs) on the surface of innate
immunity cells for the initiation of the immune response
(Romani, 2011). Fungal b-1,3-glucan, the main content of the
fungal cell wall, is recognized by Dectin-1 on the surface of
macrophages and dendritic cells (Guimaraes et al., 2011; Gow
et al., 2017). In turn, chitin is recognized by Toll-like receptor
(TLR)- 2 (Shen et al., 2016) or indirectly mediate fungal
recognition through Dectin-1 (Mora-Montes et al., 2011).

Differences in immune recognition among species are also given
by specific surface components attached to these core layers, such as
the pigment melanin in Fonsecaea pedrosoi, rodlets and
galactomannans in Aspergillus fumigatus, glucuronoxylomannan
(GXM) capsule in Cryptococcus sp. (Gow et al., 2017) and a-1,3-
glucans in thermally dimorphic fungi, among others (Guimaraes
et al., 2011; Gow et al., 2017; Ray and Rappleye, 2019). Despite
mechanical protection for the fungal cells, all of these components
are involved in the fungal escape of the immune response, since they
all can shield cells from immune recognition (Rappleye et al., 2007;
Erwig and Gow, 2016; Gow et al., 2017).

Among these, the capsular structure ofCryptococcus sp. hasbeen
extensively characterized and is considered one of the main
virulence factors of the fungus. It is predominantly composed of
two polysaccharides; GXM, the most abundant and having a
wide range of dimensions and molecular weights, and
glucuronoxylomannogalactan (GXMGal) fibers. These complex
polysaccharides are synthesized by the incorporation of
individually activated monosaccharide-nucleotides in secretory
organelles, by the catalysis of multiple glycosyltransferases in the
Golgi complex (Janbon, 2004; Yoneda andDoering, 2006; Zaragoza
gy | www.frontiersin.org 2145
et al., 2009). Classical secretory pathways are involved in the
secretion of GXM to the extracellular milieu, where they can be
incorporated into the inner interface or external edge of the existing
capsule at the cell surface (Yoneda and Doering, 2006). GXM
attachment and correct capsule assembly are dependent on the
presence ofa-1,3-glucan, asmutants lacking this synthesis pathway
have entirely compromised cell wall structure and display an
acapsular phenotype (Reese and Doering, 2003; Reese et al., 2007).

Previous reports have characterized the capacity of fungi other
than Cryptococcus sp. to efficiently incorporate GXM to their cell
surfaces (Reese and Doering, 2003; Cordero et al., 2016). We have
demonstrated that Histoplasma capsulatum (Hc) yeast cells
promptly attach cellular and extracellular glycans of Cryptococcus
neoformans (Cn) onto its cell wall in vitro and in vivo, which
enhancedHc virulence, by transferring the antiphagocytic, immune
inhibitory and biofilm inducing properties of these cryptococcal
polysaccharides to the newly encapsulated fungus (Cordero et al.,
2016). As surface GXM anchoring byHcwas also dependent ona-
1,3-glucan (Reese and Doering, 2003), this also raised the
hypothesis that H. capsulatum shared similar structures on the
cell surface andmechanisms for attaching carbohydratefibers. This
observation might pose an important mechanistic observation on
the transfer of virulence factors among fungi and explain why
patients with concomitant infections due to Cn and Hc generally
have severe illnesses [reviewed in (Cordero et al., 2016)].

Besides Cryptococcus spp (Araujo et al., 2017), another
Basidiomycota are also able to produce GXM-like molecules.
Trichosporon asahii produces a functional GXM-like molecule
with similar glycosyl composition to cryptococcal GXM that also
manifests antiphagocytic activities (Fonseca et al., 2009). Recently,
Zimbres et al. also described the production of GXM-like
polysaccharides by T. mucoides (Zimbres et al., 2018). In the
phylum Ascomycota, GXM-like structures have been identified in
the dimorphic fungus Paracoccidioides brasiliensis (Albuquerque
et al., 2012). These glycans are mainly composed of mannose and
galactose, and traces of glucose, xylose, and rhamnose, and display
a lower effective diameter relative to Cn GXM. Overall, as
observed for Trychosporum sp., P. brasiliensis glycans react with
a panel of mAbs to Cn GXM and are also incorporated by the
cap59 acapsular mutant of Cn, forming a capsular-like structure
and sharing the GXM-like antiphagocytic properties.
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As Hc is able to attach Cn GXM to the yeast cell surface, we
cannot discard the possibility that this fungus is also able toproduce
capsular or shed components with direct implications to fungal
virulence, similar to those of Cn, Hc capsular material may be
immunomodulatory. Notably, no comparative evaluation has
been performed regarding the similarity of glycans shed by these
two fungi. Herein, we aimed to molecularly characterize the cell-
associated and secreted extracellular glycans of the fungusHc by 1)
determining the serological reactivity to mAbs raised to
cryptococcal GXM to Hc glycans, 2) assessing glycan reactivity to
serum fromcryptococcosis and histoplasmosis patients, 3) defining
the macromolecular structure and glycosyl composition of the
glycans, and 4) determining the role of surface glycans during
fungus interactions with phagocytic cells and 5) the role in
pathogenesis in Galleria mellonella model. We found that these
surface and extracellular glycans ofHc have similar functions toCn
GXM; hence, as with Cn and other GXM-like displaying fungi,Hc
surface glycans may also be important for the immunomodulatory
functions during the pathogenesis of histoplasmosis. Furthermore,
the metabolic pathways of GXM-like production inHcmay also be
novel targets for the development of new antifungal drugs and
therapeutic strategies for the management of histoplasmosis.
METHODS

Fungal Strains and Growth Conditions
C. neoformans (Cn) var. grubii serotype A strain H99 (ATCC
208821) and the acapsular mutant Cn cap59 (ATCC 34873,
derivative of Serotype D strain B3501) were kept on Sabouraud
agar plates (Sigma-Aldrich, San Luis, MO, EUA). Colonies were
inoculated in Sabouraud broth and kept at 37°C for 24 h under
shaking at 150 rpm. For experimental procedures, subcultures were
performed in minimal media (MM, 29.4 mM KH2PO4, 10 mM
MgSO4, 13mM glycine, 3 µM thiamine and 15mMD-glucose, pH
5.5) at 37°C for 48 h (Cordero et al., 2016). H. capsulatum (Hc)
var. capsulatum strains from distinct monophyletic clades as
established previously (Teixeira Mde et al., 2016; Sepulveda et al.,
2017),HcG217B (ATCC26032),HcG184A (ATCC26027) andHc
CIB1980 (a kind gift from Corporación para Investigaciones
Biológicas, Colombia) strains were cultured in HAM’s F-12
(ThermoFisher Scientific) medium supplemented with glucose
(18.2 g/L), glutamic acid (1 g/L), HEPES (6 g/L), and cysteine
(8.4 mg/L) at 37°C for 48 h with 150 rpm shaking (Guimarães
et al., 2009).

Isolation of Cellular-Attached
and Extracellular Fungal Glycans
After 48 h, 1 L cultures ofHcG217B,HcG184A andHcCIB1980 or
CnH99 yeast cells were separately centrifuged for 10min at 1100 x g.
Cell pellet and cell-free culture supernatants were collected for the
extraction of cellular-attached glycans (C-gly) and isolation of shed
extracellular glycans (E-gly) respectively as described (Frases et al.,
2008; Cordero et al., 2016). C-gly extraction was carried out by
DMSO extraction. Briefly, yeast pellets obtained upon centrifugation
werewashedwithPBS(8.0g/LNaCl, 0.2g/LKCl, 0.2g/LKH2PO4,1.2
g/LNa2HPO4, pH7.2) and incubated inDMSO for 1 hwith 150 rpm
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shaking and centrifuged. E-glyswere obtainedbyultrafiltrationof the
cell-free culture supernatant using an Amicon cell coupled with a
nitrocellulose membrane with a nominal molecular weight limit
(NMWL) of 10KDa (Millipore,MA,USA) andN2. ConcentratedC-
gly and E-gly were dialyzed against MilliQ water for 24 h, using a 3.5
KDa cut-off dialysis tube with at least 8 water exchanges performed.
Glycans were lyophilized using standard protocols. Polysaccharide
(PS) concentration of C-gly and E-gly were measured by phenol-
sulfuric acid method as described (Masuko et al., 2005).

Binding of GXM mAbs to Cellular-Attached
and Extracellular Glycans
ELISA plates were coated with 50 µl/well of a 10 µg/ml Cn or Hc
glycans solution in PBS for 1 h at 37°C, followed by an overnight step
at 4°C.Plateswerewashed3XwithTBS-T (8.0 g/LNaCl, 1.21 g/LTris
base, 0,01% Tween 20, pH 7.2) and blocked with blocking solution
(1% BSA in TBS-T) for 1 h at 37°C. After washes with TBS-T, mAbs
toGXM(Mukherjee et al., 1993), IgG118B7or IgMs2D10, 13F1, and
12A1 or irrelevant antibody 5C11 as a control at 25 µg/ml were
serially diluted (1:2) in blocking solution across the plates and
incubated at 37°C for 1 h. Wells were washed (3X) and incubated
with goat anti-mouse Ig (SouthernBiotech) at 1mg/ml for 1hat 37°C.
After washes, plates were incubated with 1mg/ml of p-
nitrophenylphosphate (pNPP, Sigma-Aldrich). Absorbances were
recorded at 405 nm. Experiments were performed in triplicates and
results shown are the average of three independent experiments.

Incorporation of Hc C-gly by an acapsular
mutant of Cn
Approximately, 5x106Cn cap59yeastswere suspended in50µg/mlof
C-gly preparations from Hc G217B (C-gly-Hc) reference strain
(10 µg/106 cells) (Cordero et al., 2016). The cell suspension was
incubated for1hat 37°Cunder agitationandextensivelywashedwith
PBS to remove unbound glycans. As controls, cap59 cells were
incubated with C-gly-Cn H99 (positive) or PBS alone (negative)
were used. Yeasts (106) ofHcG217B were also used in parallel. After
three washes with PBS and centrifugations at 1100 x g for 10 min,
yeasts were suspended in 100 µl of a solution containing 10 µg/ml
mAb 18B7 (IgG1) in 1%BSA in PBS and incubated for 1 h at 37°C in
an orbital shaker. Following incubation, cells were washed (3X) with
PBS and collected by centrifugation. Cell pellets were suspended in
100 µl of a 5 µg/ml solution of a goat anti-mouse IgG Alexa 488-
conjugated (SouthernBiotech) inblockingsolutionand incubated for
1h at 37°C.After threewasheswithPBS, yeastswere stainedusing0.5
mg/ml of Uvitex 2B (stains chitin in cell wall). Cells were washed,
suspended in mounting solution (Biomeda Corp, Foster City, CA),
applied to a microscopy slide, and examined in a Zeiss Axiovert 200
fluorescence inverted phase and contrast microscope using a 100X/
1.30 Oil Plan Neofluar objective (Carl Zeiss MicroImaging, Inc.).

Glycosyl Composition Analysis
C-gly preparations from Hc G217B and Cn H99 were lyophilized
and analyzed at the Complex Carbohydrate Research Center
(CCRC, Athens, GA, USA) as described (Guimaraes et al., 2010).
Samples were dissolved in methanol/1M HCl, followed by
incubation for 18 h at 80°C for methanolysis. Then, samples were
per-O-trimethylsilylated with Tri-Sil (Pierce) for 30 min at 80°C.
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Derivatives were separated on a HP5890 gas-chromatography
coupled with a Supelco DB-1 silica capillary column (30 m ×
0.25 mm ID). Detected peaks were fragmented and detected in
tandem with a 5,970 MSD mass spectrometer. Monosaccharide
standards consisted of arabinose, dulcitol, fucose, galactose,
galacturonic acid, glucose, glucuronic acid, mannitol, mannose,
N-acetyl gucosamine, rhamnose, sorbitol and xylose. Molecular
ratios were calculated by dividing the percentage of each
carbohydrate measured in the sample by its respective molecular
weight. The values reported are representative of two independent
analysis using different sample batches, with similar results.

Zeta Potential Analysis
Zeta potential (Z) of Cn H99 and acapsular mutants Cn cap 59
incubated with either PBS, C-gly-Cn H99, or C-gly-Hc G217B as
described above, were measured in a Zeta potential analyzer
(NanoBrool Omni particle, Brookhaven Instruments Corporation,
Holtsville, NY) at 25°C as described (Frases et al., 2008).

Comparative Analysis of Fungal Proteins
Involved in Surface Glycan Production
Several Cn capsule synthesis and GXM export related proteins have
been described (Chang and Kwon-Chung, 1994; Chang et al., 1996;
Chang and Kwon-Chung, 1998; Chang and Kwon-Chung, 1999;
Levitz et al., 2001; Janbon, 2004;Moyrand et al., 2004; Zaragoza et al.,
2009; Albuquerque et al., 2012). Their respective accession numbers
were recorded after searches of several databases (GenBank, Swiss-
Prot/TrEMBL and Uniprot) and were grouped according to their
function/families: acetyltransferases, mannosyltransferases,
xylosyltransferases and miscellaneous proteins, also including
proteins involved in the secretion of GXM (Albuquerque et al.,
2012). Each candidate was used as a query sequence in BLAST
analysis (Madera and Gough, 2002), using a threshold of 1000, an
automated matrix (BLOSUM 62), and a minimum of 1000 hits.
Orthologs protein hits found inAjellomyces capsulatus strainNam1/
WU24(NorthAmerica1clade)orA. capsulatus strainG186ARH82/
ATCC MYA-2454/RMSCC 2432 (Panama clade) were utilized to
construct the Supplementary Table 1, which included information
about protein length (number of amino acids), molecular weight,
percentage of identity of Hc protein hits to its respective Cn query
protein, alignment score and E-value. The family, homology and
domains (and their residues) of the proteins found in the database
were determined using the Pfam hidden Markov models, and the
databases Interpro (http://www.ebi.ac.uk/interpro) andPfam (http://
pfam.sanger.ac.uk/). Proteins were considered related when
belonging to the same family and carrying out similar metabolic
processes (Finn et al., 2008; Bowden et al., 2010).

Glycan Hydrodynamic Size Determination
Average hydrodynamic size and polydispersity values of glycan
samples (1 mg/ml in PBS) were obtained by Dynamic Light
Scattering (DLS) analysis in a 90Plus/BI-MAS NanoBrook Omni
particle (Brookhaven Instruments Corporation, Holtsville, NY)
as described (Frases et al., 2008; Guimaraes et al., 2010). The
average diameter was considered the diameter of the imaginary
cylinder coaxial with the thread. Size values are the average of 10
repeated measurements.
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Sera of Patients With Histoplasmosis and
Cryptococcosis Patients and Healthy
Individuals
Patients (>18-years old) included in the study were residents of the
Rio de Janeiro State filling the proposed requirements and criteria for
the classification of histoplasmosis and cryptococcosis established by
the European Organization for Research and Treatment of Cancer/
Invasive Fungal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses Study Group
(EORTC/MSG) Consensus Group (De Pauw et al., 2008). These
comprised diagnosis confirmation by “gold standard” fungal
isolation in culture from clinical specimens of probable cases;
compatible clinical (X-ray imaging), epidemiological and
laboratorial records, including antibody detection against
histoplasmin by immunodiffusion or Cryptococcus antigen
detection by latex agglutination (Immuno-mycologics Inc.,
Norman, OK, EUA). Sera obtained from 2009 to 2018 at the
Imunodiagnosis branch of the Mycology Laboratory at the
National Institute of Infectious Diseases (NIID), were restricted to
the first serum sample collected from patients without previous
treatment for any of the diseases. Control sera were obtained from
healthy subjects (27-34-years old) screened for several mycosis,
including histoplasmosis, cryptococcosis, paracoccidioidomycosis
and aspergillosis, who offered negative results by immunodiffusion,
latex agglutination and culturing. Patients <18-years old and those
without clearly accessible clinical records were excluded. The use of
patient sera was approved by the ethics committee of the NIID/
FIOCRUZ (Protocol number 68563017.0.0000.5262).

Indirect ELISA for Cross-Reactivity
Assessment of Hc and Cn Glycans
ELISA plates were coated with 50 µl/well of a 10 µg/ml C-gly or
E-gly solutions of eitherHc or Cn in PBS for 1 h at 37°C, followed
by an overnight incubation at 4°C. Plates were washed 3X and
blocked with blocking solution (5% skin milk in TBS-T) for 1 h at
37°C. After washes, sera from healthy individuals or patients
with either histoplasmosis or cryptococcosis were initially diluted
at 1:100 in blocking solution. Plates were incubated at 37°C for
1 h, washed with TBS-T and incubated with goat anti-human Ig
(Southern Biotech) at 1 mg/ml for 1 h at 37°C. After washes,
plates were incubated with pNPP for 30 min. Absorbances were
recorded at 405 nm. Experiments were performed in triplicates
and results shown are the average of two independent
experiments. “Cut-off value” for reactivity was defined as the
average of absorbances obtained for sera of healthy individuals +
3x(standard deviation) as previously described (Guimarães et al.,
2010). Histoplasmosis and cryptococcosis patient sera above the
“cut-off” were considered reactive.

Association With Macrophages
Four-to-six weeks-old female C57Bl/6 mice were obtained at the
Laboratory Animal Center (NAL) of the Fluminense Federal
University (Niteroi, RJ, Brazil) and housed in pathogen-free
facilities, with ad libitum access to food and water. Their use
was approved by the Ethics committee for animal use of the
Fluminense Federal University (protocol 5486190618), and
standard protocols followed for the isolation of bone-marrow
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derived macrophages (Zhang et al., 2008). Macrophages were
plated at 4x105 cells/well to a 24-well cell culture plate and kept
in a 5% CO2 incubator at 37°C. Cn cap59 yeasts were previously
incubated with 40 µg/ml of NHS-Rhodamine (ThermoScientific,
USA) for 30 min at 25°C and washed extensively with excess of
PBS. Cells were incubated with the distinct Cn-gly, Hc-gly or
control PBS at 37°C in an orbital shaker as described above.
Following incubation, cells were washed, suspended in DMEM
and enumerated. Yeasts were added to the macrophages in a 5:1
(yeast: macrophage) ratio and plates incubated for 1 h/5% CO2.
After three washes with PBS, macrophages were detached from
the plates, washed and fixed overnight with a 4% formaldehyde
solution. Samples were analyzed in a FACSCalibur (BD, USA),
macrophages cells were gated and the percentage of fungi
associated macrophages (% FL2+) was calculated dividing the
number of fungi associated macrophages (FL2+ cells) over the
total analyzed macrophages, as described (Cordero et al., 2016;
Guimarães et al., 2019). Association experiments were performed
twice, with similar results. Inhibition of interaction by each
fungal glycan was calculated independently as the relative
decrease of interaction levels to control Cn cap59 for each
experiment and averaged.

Yeast Killing Assay
CnCap59 yeasts were coated with the distinctHc-gly, or incubated
with Cn-gly or PBS as positive and negative controls, respectively.
Gly-coated Cn cap59 yeast cells were suspended in DMEM and
added in a 5:1 (yeast: macrophage) ratio to 96-well culture plates
containing 105 macrophages/well. Plates were incubated overnight
at 37°C under 5%CO2. Thewells were washedwith cold sterile PBS
andmacrophages lysedbyadding sterilewater.Aliquotswereplated
onto Sabouraud agar plates and incubated at room temperature for
2–3 days. The numberof colony formingunitswas enumerated and
values compared among groups.

Hc-Glycans and Survival in
Invertebrate Models
Larvae of G. mellonella (100-150 mg) in the final instar larval
stage and without any signs of dark spots or melanization and
pupation were selected. To test the impact of Hc-gly coating on
fungal virulence, 105 yeasts of Cn cap59 were coated with 10 µg
of each of the C-gly and E-gly from either Hc isolate or PBS as a
control, as described above. Sham infection and PBS injections in
the absence of yeasts (uninfected larvae) were used as controls to
assess for the impact of injections and survival. A parallel
survival experiment was also performed with 106 yeasts coated
with 100 µg of each of glycan. After washes (3X), yeasts were
suspended in 10 µl of PBS and injected in the last left pro-leg of
larvae of Galleria mellonella. At least 10 larvae were used per
group in each experiment. The numbers of living larvae were
monitored twice daily and recorded. Experiments were
performed twice and similar results were documented.

Statistical Analysis
All analyses were performed using GraphPad Prism version 8.00
for Windows (GraphPad Software, San Diego California USA).
Ordinary One-way ANOVA test was performed for comparison
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5148
among groups, with a 95% confidence interval in all experiments.
Individual mean comparison to controls or between every other
group was performed using Dunnett’s or Tukey’s post-tests.
Survival results were analyzed by Kaplan-Meyer to determine
the difference among groups (p<0.05).
RESULTS

MAbs to the Capsule of Cn Are
Reactive to Hc Glycans
Serological reactivity of H. capsulatum (Hc) and C. neoformans
(Cn) isolated glycans was compared using a panel of mAbs
against cryptococcal GXM. Confirming previous studies
(Mukherjee et al., 1993; Cordero et al., 2016), extracted C-gly-
Cn H99 displayed a dose-dependent binding profile (Figure 1A)
with 12A1 (IgM) displaying the highest reactivity, followed by
2D10 (IgM), 18B7 (IgG) and 13F1 (IgM). C-gly-Hc G217B
showed only binding by the 18B7 mAb (Figure 1B). Binding
profile of GXMmAbs to E-gly-HcG217B (Figure 1D) was similar
to that observed for E-gly-Cn H99 (18B7 > 2D10 > 12A1 > 13F1,
Figure 1C), besides lower values of maximum binding. Overall,
mAbs to GXM reacted to both cellular-attached C-gly-Hc G217B
and extracellular E-gly-Hc G217B glycans, with the highest
binding of the mAb 18B7, suggesting the presence of GXM-like
epitopes in Hc.

GXM mAbs React to the Yeast Phase
Surface Polysaccharides of Hc
Cross-reactivity of GXM-mAb 18B7 to Hc glycans led us to
evaluate the C-gly distribution and reactivity pattern over the H.
capsulatum surface by immunofluorescence. This mAb reacts
with yeast of Cn H99 by immunofluorescence showing a bright
ring pattern (Guimaraes et al., 2010; Cordero et al., 2016). ForHc
G217B yeast, some displayed a ring pattern, with regions
showing more concentrated labeling (Figure 2A), although the
majority of yeasts had a discrete dotted pattern of labeling along
with the entire cell wall extension (Figure 2B).

Incorporation of C-gly-Hc by
Acapsular Mutants of Cn
Wepreviously reported thatHc incorporatesCnglycans invitro and
in vivo (Cordero et al., 2016). In turn,wenow examinedwhetherHc
glycans could be incorporated by an acapsular mutant of Cn
(cap59). The PS production by Cn cap59 is defective and,
subsequently, is not able to form a capsular network, as indicated
by the absence of binding by the 18B7mAb (Figure 2C). However,
this strain retains the ability to incorporate exogenously added
cryptococcal PS (Reese and Doering, 2003; Garcia-Rivera et al.,
2004), as confirmedbyC-gly-CnH99 incorporation resulting in the
appearance of a ring-like (e.g. circumferential) labeling, with some
punctate enriched regions on Cn cap59 yeasts after sequential
incubation with mAb 18B7 (Figure 2D). We found that Cn cap59
incorporates the heterologous C-gly-Hc G217B into its cell wall,
displaying a similar pattern to the C-gly-Cn H99 incorporation,
suggesting the presence of conserved anchoring mechanisms for
glycans of distinct fungal origin (Figure 2E).
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Cn and Hc C-glys Analysis Reveals
Distinct Glycosyl Composition and Charge
Cn and Hc C-gly were extracted, and their relative glycosyl
composition compared (Supplementary Figures 1A, B). C-gly-
Cn H99 was mostly composed of glucose (54.7%), followed by
mannose (23.4%) and xylose (14.4%); glucuronic acid represented
4.7% of total composition (Figure 3A). C-gly-Cn H99 also
displayed small amounts of galactose (2.8%), which may be from
traces of GXMGal composing these fractions. However, C-gly-Hc
G217B displayed a significantly different composition than C-gly-
Cn H99 being mostly composed of mannose (64.8%; p<0.001),
followed by glucose (17.9%; p<0.0001; Figure 3A). Galactose was
also detected at 12.7% (p<0.001) andN-acetyl glucosamine in 4.6%
of total carbohydrate composition, with the later being absent in C-
gly-Cn H99 (p<0.05). As opposed to C-gly-Cn H99, xylose and
glucuronic acid were not detected in the C-gly-HcG217B fractions
(p<0.0001 and p<0.05, respectively).

The absence of negative charge residues of glucuronic acid in
the C-gly-Hc G217B, led us to evaluate the overall surface charge
change upon incorporation by Cn cap59 mutants (Figure 3B).
Cn H99 controls had a zeta potential of −52.5±7.0 mV, which
was much greater in magnitude than the charge of the acapsular
Cn cap59, −13.7±2.6 mV (p<0.0001). Incorporation of C-gly-Cn
H99 restored the values to −42.9±10.0 mV relative to Cn H99
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6149
(p>0.05). In contrast, C-gly-Hc G217B incorporation by Cn
cap59 did not significantly affect surface charge (−21.9±5.0
mV, p>0.05).
Cryptococcal Capsular Protein Orthologs
in Hc
Given the unexpected serological reactivity of Hc glycans to
cryptococcal GXM-specific mAbs, we performed a high BLAST
probability analysis of Cn capsular protein orthologs in the Hc
genome (strains NAm1/WU24 and G186AR/H82/ATCC MYA-
2454/RMSCC 2432, belonging to the NAm1 and Panama clades,
respectively (Sepulveda et al., 2017) and a comparison of the
relationship between the nearest orthologs allowed us to predict
protein functions. A total of 39 Cn proteins recognized in the
participation of capsule synthesis and assembly (Zaragoza et al.,
2009) were organized in four main groups (acetyltransferases,
mannosyltransferases, xylosyltransferases and miscellaneous) and
used in a general BLAST search (Supplementary Table 1). In the
acetyltransferase group, 4 out of 13 cryptococcal proteins (Cas4p,
Cas8, Cas41p, Cas41p, and Cas42p; 31%) had orthologs in both
Nam1andPanama strains (Figure4A).Orthologs of theCas91 and
Cas92 proteins were also found specifically in the Panama strain.
Regarding the three Cnmannosyltransferases (Cap59, Cap60, and
A B
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FIGURE 1 | Monoclonal antibodies (MAbs) to C. neoformans glucuronoxylomannan (GXM) are able to bind cellular-attached (C-gly) and extracellular (E-gly) glycans
of H. capsulatum. (A, B) The most widely used mAbs against CTAB-purified GXM from C. neoformans (12A1, 2D10, 13F1, and 18B7) were tested against DMSO
extracted cellular-attached glycans of (A) C. neoformans H99 (C-gly-Cn H99) and (B) H. capsulatum G217B (C-gly-Hc G217B); the last displayed reactivity only to
the 18B7 mAb, but in lower magnitude compared to control C-gly-Cn H99 (p<0.05). (C, D) GXM specific mAbs also reacted more efficiently with extracellular
glycans of C. neoformans (E-gly-Cn H99) than (D) H. capsulatum (E-gly-Hc G217B; p<0.05), despite the similar relative reactivity ranking of the mAbs.
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CMT1, Figure 4B) and the two mannosyltransferases (Cap10 and
CXT1, Figure 4C) all the proteins evaluated had orthologs in both
Hc strains. Lastly, from the miscellaneous class, 15 out of 21
cryptococcal proteins (71.4%) evaluated had orthologs in both
Nam1 and Panama (Figure 4D and Supplementary Table 1).
Importantly, absence of orthologs to UGD1 Cn UDP-glucose 6
dehydrogenase,which convertsUDP-glucose intoUDP-glucuronic
acid, norUUT1CnUDP-glucuronic acid transporter inHc genome
could explain the lack of glucuronic acid in the in the C-gly-Hc
fractions, whereas the lack of its downstream derivative xylose is
directly associated to the missing ortholog to UXS1 Cn UDP-
glucuronic acid decarboxylase, which catalyzes the conversion of
UDP-glucuronic acid into UDP-xylose. Overall, from all the Cn
proteins, 61.5% (24 out of 39) had orthologs in the Hc Nam1
genotype, whereas 69.2% (25/35) had orthologs in the Hc Panama
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7150
genotype, with a high correlation of similarities to Cn orthologs
between these two strains (Supplementary Figure 2). The presence
of cryptococcal capsular-related proteins orthologs in the Hc
genome is consistent with the development of similar phenotypic
traits to Cn under certain growth conditions, particularly in
presenting exposed glycan structures that are ultimately sensed
and processed by host immune components.
Cryptococcal GXM mAb 18B7 Binds
Cellular-Attached and Extracellular
Fractions of Hc From Three Distinct
Clades
To evaluate the distribution ofGXM-like epitopes onC-gly-Hc and
E-gly-Hc, we have extracted these fractions from three distinct
monophyletic species of Hc and performed an ELISA with the
cross-reactive mAb 18B7 (Figure 5). Controls of C-gly-Cn H99
confirmed higher binding ofmAb 18B7 in comparison to C-gly-Hc
(Figure 5A). However, comparison of mAb 18B7 reactivity among
C-gly-Hc demonstrated higher binding to C-gly-HcG184A and C-
gly-HcCIB1980, and slightly less binding to C-gly-HcG217B from
the reference strain. Evaluation of mAb 18B7 binding to E-gly also
revealed the highest binding to E-gly-Cn H99 as expected (Figure
5B). All three E-gly-Hc evaluated (Hc G217B, Hc G184A, and Hc
CIB1980), however, displayed similar low reactivity to mAb
18B7 (p>0.05).

Size of Hc Glycans From Three
Distinct Clades
The slightdifferences in reactivity ofCnGXMmAbtoC-gly-Hcand
E-gly-Hc led us to examine the Hc surface glycans in more refined
detail. We have compared the average hydrodynamic sizes of
cellular-attached glycans (C-gly) isolated from Cn H99 (C-gly-Cn
H99) and the three distinct isolates of Hc (C-gly-Hc) yeast cells
(Figure 6). As our reference, C-gly-Cn H99 exhibited two main
populations,witha small group ranging from1,230 to1,421nmand
a larger fraction from 6030 to 8654 nm (effective diameter= 7,212
nm, Figure 6A). The C-gly-Hc diameter had slight variations
depending on the clade the strain belonged to. C-gly-Hc G217B
displayeda small population ranging from72 to778nmanda larger
population from 1,800 to 3,600 nm (effective diameter= 1,802 nm,
Figure 6B). The C-gly-Hc G184A in turn, overall displayed two
populations of smaller sizes than the C-gly-HcG217B, with a small
population ranging from83 to282nmanda larger population from
1,085 to 1,770 nm (effective diameter 487 nm, Figure 6C). The C-
gly-Hc CIB 1980 displayed the shortest fibers, with a small
population ranging from 129 to 165 nm and a larger population
from 350 to 450 nm (effective diameter 254 nm, Figure 6D).

Regarding the extracellular glycans, the E-gly-Cn control
displayed two populations, a small from 139 to 286 nm and a
larger ranging from 2,312 to 4,040 nm (effective diameter= 1,930
nm, Figure 6E). Hc yeasts secreted smaller fibers, with the E-gly-
HcG217B displaying a small population from 118 to 185 nm and
a larger from 995 to 1743 nm (effective diameter= 808 nm,
Figure 6F). The E-gly-Hc G184A displayed a small from 101 to
152 nm and a larger from 528 to 799 nm (effective diameter=
FIGURE 2 | Glucuronoxylomannan (GXM) monoclonal antibodies (mAbs)
bound to the C-gly on the H. capsulatum yeast surface, and these extracted
glycans are promptly incorporated by acapsular mutants of C. neoformans.
(A, B) The 18B7 mAb to C. neoformans GXM bound C-gly-Hc on the surface
of the H. capsulatum (Hc) yeast, with labeling ranging from a (A) punctuated
to a (B) ring pattern. (C–E) Acapsular C. neoformans cap59 (Cn cap59)
mutants were used in glycans incorporation. (C) Cn cap59 incubated with
PBS as negative control did not display binding by 18B7 mAb. (D) Incubations of
Cn cap59 with C-gly-Cn H99 used as a positive control did not result in capsular
structure visible by light microscopy, but surface incorporation was detected by
binding of the 18B7 mAb through immunofluorescence. (E) Cn cap59 incubation
with C-gly-Hc resulted in a similar pattern to C-gly-Cn, suggesting conserved
anchoring mechanisms of glycans from distinct origin. Pictures were taken with
an 100X objective magnification. Scale bar = 10 µm.
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445 nm, Figure 6G). In the other hand, the E-gly-Hc CIB 1980
displayed the largestfiberswith a small population from5 to244nm
and a larger from 694 to 1,054 nm (effective diameter of 290 nm,
Figure 6H).Overall, the small differencesobserved for theC-gly-Hc
were also similarly observed for the E-gly-Hc (Hc G217B> Hc
G184A > Hc CIB 1980) from distinct strains.
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Serological Cross-Reactivity of Sera From
Cryptococcosis Patients to Hc Glycans
The reactivity of 18B7 mAb to Hc-gly led us to evaluate whether
antibodies naturally generated during cryptococcosis that react with
Cn-gly were also able to bind to Hc-gly. Sera of five patients with
cryptococcosis were initially screened against C-gly-Cn H99 and
A B
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FIGURE 4 | Similarity of glucuronoxylomannan synthesis and capsular production-related proteins of C. neoformans (Cn) andH. capsulatum (Hc). Cn var. grubii serotype A
(strain H99/ATCC 208821) proteins were clustered into four groups: (A) acetyltransferases (green), (B)mannosyltransferases (blue), (C) xylosyltransferases (pink), and
(D)miscellaneous (white) and sequences blasted un Uniprot in a search for orthologs from Hc Nam1/WU24 (light color) and the Panama/G186AR strain/H82 strains (dark
colors). Similarities were recorded and used to construct the graphs of each specific protein class. Underlined protein names indicate those C. neoformans proteins with
orthologs in Hc, with identical protein domains/families as annotated by Interpro/Pfam. Horizontal lines indicate proteins involved in glucuronoxylomannan (GXM) export.
A B

FIGURE 3 | Cellular-attached glycans of C. neoformans (Cn) and H. capsulatum (Hc) had distinct glycosyl composition. (A) Molarity percentage of the
monosaccharide blocks detected by GC-MS analysis, displaying a distinct composition with comparing the C-gly-Cn H99 and C-gly-Hc G217B. Notably, no
glucuronic acid was found in C-gly-Hc G217B, which could influence charge. Xyl, xylose; Man, mannose; Gal, Galactose; Glu, glucose; GlcA, Glucuronic acid; N-ac
glu, N-acetyl glucosamine. n.d., not detected (*p < 0.05, ***p < 0.001, and ****p < 0.0001). (B) Zeta potential experiments were used to measure the overall charge
of cap59 C. neoformans yeast. Incorporation of C-gly-Cn H99 to Cn cap59 significantly increased the magnitude of the negative charge, whereas the addition of
C-gly-Hc G217B had a limited effect on the charge (***p = 0.007; ****p < 0.0001).
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E-gly-CnH99 to confirm the presence of reacting antibodies to these
fractions (as controls for serum from patients with cryptococcosis
and their reactivity, shown in Figures 8A, B, respectively). Then,
their reactivity against C-gly-Hc and E-gly-Hc of distinct clades was
compared to sera frompatients with histoplasmosis. Overall, average
absorbances for sera from patients with cryptococcosis reacting to
eitherC-gly-HcG217BorC-gly-HcG184Ahad similar values to “cut
off”, as 3 out of 5 sera from cryptococcosis patients (sera 1, 4 and 5)
displayed good reactivity to both (Figure 7A). When sera from
cryptococcosis patients were tested against C-gly-Hc CIB1980,
average absorbances were about 3 times higher than “cut off”
values, with all five sera demonstrating good reactivity (*p<0.05).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9152
Therefore, reactivity comparisonof sera fromcryptococcosis patients
among the threeC-gly-Hc indeed revealed that the best reactivitywas
to C-gly-Hc CIB1980 (###p<0.001).

Regarding the reactivity of sera from cryptococcosis patients to
E-gly-Hc, only one serum(serum2)had good reactivity toE-gly-Hc
G217B, with average values below the “cut-off” (Figure 7B).
Reactivity to E-gly-Hc G184A was observed with three out of five
sera (sera 2, 3, and5),with averageof absorbance above the “cut off”.
Lastly, all sera from cryptococcosis patients displayed reactivity to
E-gly-Hc CIB1980, with average of absorbances about three times
than “cut off” (*p<0.05), configuring the best reactivity among the
E-gly-Hc (###p<0.001).
A B

FIGURE 5 | MAb 18B7 to capsular antigens of C. neoformans (Cn) reacted similarly to cellular-attached (C-gly) and extracellular (E-gly) polysaccharides of distinct
strains of H. capsulatum (Hc) belonging to three different monophyletic branches. Reactivity of 18B7 mAb to (A) C-gly and (B) E-gly was compared among the Cn
H99 control and Hc strains from three distinct monophyletic branches: Hc G217B, Hc G184A, and Hc CIB1980.
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FIGURE 6 | Comparison of C-gly and E-gly dimensions of C. neoformans (Cn) and strains of H. capsulatum (Hc) from three different monophyletic branches (Nam 2
Hc G217B, Panama Hc G186, and LAm CIB 1980) reveals structural differences and distinct architecture. Dynamic light Scattering (DLS) was used to measure the
fiber dimensions of cellular-attached and extracellular glucans of both fungi. Cellular-attached glycans of: (A) C-gly-Cn H99, (B) C-gly-Hc of Hc G217B, (C) C-gly-Hc of Hc
G184A and (D) C-gly-Hc of Hc CIB1980 strains. Extracellular glycans of: (E) E-gly-Cn H99, (F) E-gly-Hc of Hc G217B, (G) E-gly-Hc of HcG184A, and (H) E-gly-Hc of Hc
CIB1980 strains.
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Cross-Reactivity of Antibodies From
Histoplasmosis Patients to Cn-Glycans
To also evaluate the humoral immunogenicity ofHc-gly, we tested
the cross-reactivity of sera from patients with histoplasmosis
against Hc-gly, and verified whether raised antibodies also
recognized epitopes in Cn-gly (Figure 8). Their reactivity to C-
gly-Hc and E-gly-Hc from distinctHc strains are found on Figures
7A,B, respectively. These sera displayed average absorbances forC-
gly-HcG217BandC-gly-HcG184Aof2.4 and3.2 timeshigher than
“cut-off” values (*p<0.05 and **p<0.01, respectively; Figure 7A),
with three out offive sera demonstrating reactivity (sera 2, 3, and 4).
However, average absorbance was 4.5 times higher to C-gly-Hc
CIB1980 (**p<0.01; Figure 7A), with all sera reacting against this
fraction, demonstrating best reactivity among the C-gly-Hc
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10153
(###p<0.001). Reactivity to E-gly-Hc of distinct origin followed a
similar behavior, but with fairly higher values of absorbances
(Figure 7B).

Antibodies raised against Hc-gly and present in the sera of
patients with histoplasmosis also cross-reacted with epitopes
present in Cn-gly. Average absorbance for sera from patients
with histoplasmosis was 1.5 higher than “cut-off” values
(*p<0.05), with 4 out of 5 sera (sera 2,3,4 and 5) reacting to C-
gly-Cn H99 (Figure 8A). Regarding reactivity to E-gly-Cn H99
average absorbance was three times higher than “cut-off”
(**p<0.01), as 4 out of 5 sera (sera 1, 2, 3, and 5) demonstrating
high reactivity (Figure 8B). Overall, cross-reacting antibodies in
sera from patients with histoplasmosis better recognized epitopes
present in E-gly-CnH99 fractions,
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FIGURE 7 | Serological cross-reactivity of sera from patients with cryptococcosis to H. capsulatum cellular-attached (C-gly-Hc) and extracellular (E-gly-Hc)
polysaccharides from strains from three distinct monophyletic groups, Hc glycans were attached to ELISA plate and the reactivity of sera from patients with
cryptococcosis against Hc-gly was compared to reactivity of negative control sera from heathy subjects and controls of sera from patients with histoplasmosis.
(A) Reactivity of the cellular-attached glycans C-gly Hc G217B, C-gly Hc G184A, and C-gly C-gly-Hc of Hc CIB1980 strains. (B) Reactivity of the Extracellular
glycans E-gly-Hc of Hc G217B, E-gly-Hc of Hc G184A, and E-gly-Hc of Hc CIB1980 strains. *P ≤ 0.05 and **p ≤ 0.01; comparison of histoplasmosis or
cryptococcosis patient’s sera reactivity to Hc glycans versus healthy subjects control; ##p ≤ 0.01, ###p ≤ 0.001; comparison among the distinct Hc glycans
demonstrated higher reactivity of cryptococcosis patient’s sera to Hc CIB 1980 glycans versus the respective glycan from either Hc G217B or Hc G184A.
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H. capsulatum Glycans Inhibited
Phagocytosis and Antifungal Activity by
Peritoneal Macrophages.
The antiphagocytic properties of C-gly and E-gly from Hc were
evaluated and compared to the established antiphagocytic C-gly-
Cn and E-gly-Cn (Figures 9A, B). Relative to untreated yeasts,
Cn cap59 yeasts coated with C-gly from the distinct Hc strains
equally displayed enhanced resistance to phagocytosis by
peritoneal macrophages (Hc G217B, 41% inhibition; Hc
G184A, 46% and Hc CIB 1980, 42%), which were at levels
similar to that achieved following incubation of Cn cap59 with
C-gly-Cn H99 (54% inhibition; Figures 9A, C). E-gly-Hc also
inhibited phagocytosis of Cn cap 59 coated yeasts (Hc G217B,
52% inhibition; Hc G184A, 56%, and Hc CIB 1980, 54%),
similarly to E-gly-Cn (56% inhibition; Figures 9B, C).
Additionally, resistance to killing by macrophages was also
enhanced when cap59 C. neoformans were coated with either
C-gly or E-gly from the three Hc strains (Figure 9D).

Hc Glycans Enhance the Virulence of
Acapsular Mutants of Cn in Invertebrate
Models of Galleria mellonella
We used G. mellonella larvae as a model to investigate the impact
of Hc glycans in fungal virulence. Cn cap59 yeasts were coated
with Hc glycans and used to infect the larvae, Infections with
uncoated Cn cap59 or coated with Cn H99 glycans were used as
controls. As expected, controls of C-gly-Cn H99 and E-gly-Cn
H99 coated Cn cap59 infected larvae of G. mellonella died faster
than those infected with uncoated Cn cap59 control (p<0.05).
From the groups of Hc-glycans coated Cn cap59, only the C-gly-
Hc G217B coated Cn cap59 killed the larvae faster than uncoated
Cn cap59 control (p=0.035; Figure 10A), whereas the C-gly-Hc
G184A displayed a trend for higher killing capacity (p=0.076).
From the E-gly-Hc coated Cn cap59 yeasts, only those coated
with E-gly-HcG184A were able to reduce larvae survival (p<0.05;
Figure 10B).

Increasing the inoculum (106 yeasts/larvae) resulted in faster
killing of the larvae by Cn cap59 controls and no difference was
observed among groups (Figures 10C, D), despite of a trend for
accelerated death with the E-gly-Hc G217B coated Cn cap59
infected larvae in comparison to Cn cap59 control (p=0.067).
DISCUSSION

Polysaccharides compose up to 80% of the fungal cell wall (Erwig
and Gow, 2016; Gow et al., 2017), displaying several functions
related to immune recognition and playing a central role in
fungal pathogenesis (Gow et al., 2017). The fungal cell wall is a
dynamic and metamorphic structure. In Candida albicans, for
example, adaptation to environmental stress, including changes
in carbon sources, involves a complex regulatory network by
switching its metabolism and morphogenesis, including cell wall
remodeling and, altogether, alterations in the cell wall result in
changes in virulence (Brown et al., 2014). Simpler direct
mechanisms also are involved in the regulation of the cell wall
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thickness and composition, such as the secretion of Eng1 b-
glucanase by H. capsulatum (Hc) (Garfoot et al., 2016), which
trims the b-1,3-glucans off the cell wall, reducing its exposure
and subsequent immune recognition through Dectin-1 to
contribute to the immune escape and enhanced the virulence
of this fungus (Brown, 2016).

Ascomycete dimorphic fungi, such as Hc (Klimpel and
Goldman, 1988), P. brasiliensis (San-Blas and Vernet, 1977;
Tomazett et al., 2005) and Blastomyces dermatitidis (Hogan and
Klein, 1994) are able to modify the recognition of b-1,3-glucan by
A
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FIGURE 8 | Serological cross-reactivity of sera from patients with histoplasmosis
toC. neoformans capsular (C-gly-Cn) and extracellular (E-gly-Cn) polysaccharides
confirmed the presence of immunogenic epitopes in Hc glycans. Reactivity of
antibodies from histoplasmosis patient sera was evaluated against C. neoformans
(Cn) glycans (A) C-gly-Cn H99 and (B) E-gly-Cn H99, confirming the presence of
antibodies raised by Hc glycans that are able to recognize similar epitopes in Cn
glycans. As a controls, reactivity was compared to negative control sera from
healthy individuals and positive control sera of cryptococcosis. *P ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.0001; comparison of histoplasmosis or cryptococcosis patient’s sera
reactivity to Cn glycans versus healthy subjects control.
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innate immune cells by altering the production and display of
a-1,3-glucan during morphogenic transformation from hyphal
forms to yeast cells. In contrast, loss of this polysaccharide is
linked to a reduction of virulence in vivo (San-Blas and Vernet,
1977; Rappleye et al., 2004).

InC.neoformans (Cn),a-1,3-glucan is responsible forGXMfibers
attachment to the cell surface, as the absence of this polysaccharide
results in acapsular phenotypes despite normal GXM shedding
mechanisms (Reese and Doering, 2003; Reese et al., 2007). Previous
observations by Reese and Doering demonstrated that a-1,3-glucan
expressing Hc is also able to anchor cryptococcal GXM and form a
capsule-like structure (Reese and Doering, 2003). Further
observations by our group (Cordero et al., 2016) mechanistically
demonstrated that cryptococcal GXM incorporation by Hc had
implications on biofilm formation and fungal resistance to
phagocytosis, resulting in enhanced fungal virulence and worst
prognosis of the co-infection. However, the fact that Hc
incorporated cryptococcal GXM and cross-reactivity of some
mAbs generated against cryptococcal GXM to Hc filamentous and
yeast cell surface, suggested the production and expression of GXM-
like fibers by this fungus.

To address this hypothesis, in the present study, we carried out
the characterization of cellular-attached and secreted extracellular
pools of glycans (C-gly and E-gly, respectively) obtained from Hc
and initially tested their serological reactivity against apanel ofmAbs
to Cn GXM. We decided to keep the term glycans as a general
denomination for fibers composed by glycosidic-bound
monosaccharides, as no structural determination was carried out.
C-gly and E-gly extracted from the reference Hc G217B strain
reacted only with the 18B7 mAb, but at lower levels when
compared to Cn fractions. Lower affinity of Hc glycans to GXM
antibodiesmight be dictated by structural differences and/or relative
abundance of the target epitopes. It iswell documented that themAb
13F1differs in specificity to others in the panel, andusually labels the
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Cn yeast in a punctate pattern throughout the capsule (Nussbaum
et al., 1997; Cleare et al., 1999). This mAb also shows a discrete
reactivity toP. brasiliensisC-gly byELISA, and apunctuated labeling
pattern on the yeast surface by immunofluorescence (Albuquerque
et al., 2012). Nevertheless, it is clear that the absence of reactivity of
the 13F1 mAb to eitherHc C-gly and E-gly indicates that its target
epitope might be absent in this glycan pool.

The reactivity of the 18B7mAb, which is by far themost used in
studies of cryptococcal capsule characterization, to Hc glycans by
ELISA led us to evaluate its binding profile and target epitope
distribution on Hc. MAb 18B7 labeling ranged from a dotted to a
ring pattern, confirming previous indications by our group
(Cordero et al., 2016). This same binding pattern was originally
reported for Cn (Casadevall et al., 1998) and other GXM-like
polysaccharide producing fungi, such as C. liquefaciens (Araujo
et al., 2017), T. asahii (Fonseca et al., 2009), T. mucoides (Zimbres
et al., 2018) and P. brasiliensis (Albuquerque et al., 2012).

As a GXM-like component, C-gly-Hc could be promptly
incorporated by the Cn cap59 acapsular mutant, forming a
capsule-like structure, with some dotted regions, resembling the
capsule formed when C-gly-Cnwas used. A similar profile was also
observed for the incorporation of other GXM-like components of
the most diverse origin, likely indicating a shared property among
them (Fonseca et al., 2009; Albuquerque et al., 2012; Araujo et al.,
2017;Zimbres et al., 2018).As forCnGXM,C-gly-Hc incorporation
could occur via a-1,3-glucan (Reese and Doering, 2003) or
attachment to cell wall chitin (Ramos et al., 2012).

An intriguing point is the structural characterization of these
GXM-like molecules. For Cn, GXM is composed of a backbone of
mannan with substitutions of xylose and glucuronic acid, creating a
high diversity of motifs and possible combinations (Cherniak et al.,
1998; McFadden et al., 2006). T. asahiiGXM-like, in turn, displays a
relatively higher number of mannosyl units and distinct positions of
xylosyl substitutions per motif (Fonseca et al., 2009). The closely
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FIGURE 9 | H. capsulatum glycans (Hc-gly) incorporation by a cap59 acapsular mutant of C. neoformans (Cn) confers resistance to phagocytosis by macrophages.
(A, B) Representative histograms demonstrating the interactions of uncoated or coated Cn cap59 with (A) C-gly-Hc or (B) E-gly-Hc from H. capsulatum (Hc) strains from
distinct monophyletic branches. (C) Incorporation of either C-gly-Hc or E-gly-Hc by the acapsular mutant Cn cap59 significantly inhibited the fungal association with
murine peritoneal macrophages, as values similar to Cn gly controls. (D) Co-culture of macrophages with Cn cap59 coated with C-gly-Hc or E-gly-Hc from distinct
strains also inhibited the killing of yeasts by murine peritoneal macrophages. Bars represent mean ± standard error of quadruplicates. *P ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;
****p ≤ 0.0001.
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related T. mucoides displays a very similar composition to T. asahii,
except for the higher number of glucuronic acid substitutions
(Zimbres et al., 2018). The P. brasiliensis GXM-like polysaccharide
ismainly composed of mannose and galactose, and traces of glucose,
xylose, and rhamnose, with an absence of glucuronic acid
(Albuquerque et al., 2012). Similarly, in surface glycans of Hc,
mannose and glucose were detected, in addition to small amounts
of galactose and N-acetyl glucosamine; however, the main
observation in our analyses was the absence of xylose and
glucuronic acid. However, we cannot rule out the possibility that
these identified Hc glycans could have similar compositions to
polysaccharides antigens previously described (Zancope-Oliveira
et al., 1994), or to the cross-reacting galactomannans of P.
brasiliensis (San-Blas and San-Blas, 1982).

As expected, due to the absence of both residues, incorporation
of C-gly-Hc G217 by Cn cap59 had no effect on surface charge. In
contrast, the incorporation of C-gly-Cn H99 bearing glucuronic
acid and xylose clearly resulted in amore negative charge, similar to
Cn H99 controls. Xylose seems not to alter the overall charge of
polysaccharide fibers in a wide range of pH (Barbosa et al., 2019),
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13156
including physiological pH 7.2 used in our experiments, Therefore,
pKa of glucuronic acid in the range of ~3.0 confers a more negative
charge to GXM.

Cnmutants deficient in the production of glucuronic acid and
xylose have been described in the literature both with defective
capsule production. A Cn mutant deficient in UDP-glucose 6
dehydrogenase (UGD1), lacks UDP-glucuronic acid and its
downstream product UDP-xylose, displaying an acapsular
avirulent phenotype and are highly sensitive to temperature
and environmental stress (Moyrand et al., 2002; Moyrand and
Janbon, 2004; Griffith et al., 2004). A mutant deficient in UDP-
xylose synthase (UXS1 or also called UDP-glucuronic acid
decarboxylase), lacks UDP-xylose and displays a hypocapsular,
hypovirulent phenotype, and are not recognized by some mAbs
to GXM (Moyrand et al., 2002; Griffith et al., 2004). Intriguingly,
these mutants displayed accumulated UDP-glucuronic acid to
levels 64 times higher than WT Cn.

A comparative protein database search for the presence of
homologous proteins in two distinct genotypes of Hc (NAm1/
WU24 and G186AR/H82) to those involved in the GXM
A B

DC

FIGURE 10 | H. capsulatum glycans (Hc-gly) are able to turn the avirulent C. neoformans (Cn) cap59 into virulent yeasts. (A, B) Cn cap59 were coated with (A) C-gly or
(B) E-gly from distinct strains of Hc or controls yeast Cn H99 and used to infect (105 yeast/larvae) of Galleria mellonela. (C, D) Cn cap59 were coated with (C) C-gly or
(D) E-gly from distinct strains of Hc or controls yeast Cn H99 and 106 yeast/larvae used for infections.
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Gonçalves et al. GXM-Like Polysaccharides of Histoplasma capsulatum
synthesis and capsule architecture assembly in Cn, also revealed
the absence of UUT1, UGD1 and UXS1, orthologs in both Hc
genomes, in agreement with the lack of these residues in C-gly-
Hc and supporting the aforementioned glycosyl composition
results. Overall, these would effectively correlate to small fibers
observed for C-gly-Hc and capsule absence on Hc yeasts, as
opposed to C-gly-Cn, cationic bridges with glucuronic acid
residues result in the formation of larger fiber composing the
cryptococcal capsular network (Nimrichter et al., 2007).

However, the suggestive presence ofGXM-likemolecules on the
surface of Hc led us to perform additional searches that included
acetyltransferases, mannosyltransferases, xylosyltransferases and
miscellaneous (Chang and Kwon-Chung, 1994; Chang et al.,
1996; Chang and Kwon-Chung, 1998; Chang and Kwon-Chung,
1999; Levitz et al., 2001; Janbon, 2004; Moyrand et al., 2004;
Zaragoza et al., 2009; Albuquerque et al., 2012). BLAST displayed
high similarity toCn andHc proteins, indicating both species share
metabolic pathways required for the synthesis of molecules that
resemble Cn GXM, and a possible evolutionary relationship
between these two species. All the Cn protein groups evaluated
had orthologs in Hc, supporting the presence of a GXM-like
structure in the last. In addition, it must be stressed that one
important gene, cap67 that encodes a cryptococcal chitin
deacetylase, had no orthologs in neither Hc strains evaluated. The
absence of this gene in Cryptococcus sp. is related to a capsular
deficiencyphenotype, despite a regular secretion ofGXM(Jacobson
et al., 1982; Reiss et al., 1986); however, Hc might express other
genes that could function similarly and compensate for the absence
of these orthologs.

Supporting these results, the 18B7 mAb raised against
cryptococcal GXM reacted with C-gly and E-gly of three distinct
strains of Hc, suggesting the presence of similar GXM epitopes
across distinct clades of this fungus. Slight differences in reactivity
among strains might be explained by differences in molecular
dimensions and epitope diversity (Nimrichter et al., 2007;
Albuquerque et al., 2014). On the other hand, distinct reactivity
by ELISA using sera of cryptococcosis patients might also suggest
that these C-gly and E-gly from distinct Hc strains might have a
distinct set of epitopes, also found in cryptococcal GXM, with best
cross-reactivity to glycans of Hc CIB1980. Further evaluation by
ELISAalso demonstrated that serumofhistoplasmosis patients also
have antibodies able to recognize cryptococcal C-gly and E-gly,
suggesting once more a similarity between these two species and
that the similar epitopes found inHc are sufficiently immunogenic
to induce a measurable humoral response.

Regardless of the relative composition of the GXM-like
polysaccharides and the serological reactivity to Cn GMX mAbs,
C-gly-Hc and E-gly-Hc were effectively incorporated onto the
surface of Cn cap59 acapsular mutants impaired phagocytosis by
macrophages and enhancing yeast intracellular survival in these
phagocytes. These results provide additional evidence for the
similarity among the GXM-like polysaccharides and further
support their protective activity to other fungi against phagocytes,
suggesting that they might be involved in fungal pathogenesis in
distinct models (Fonseca et al., 2009; Albuquerque et al., 2012;
Araujo et al., 2017; Zimbres et al., 2018).
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Overall, togetherwithprevious studies showing incorporationof
Cn GXM by Hc and virulence enhancement in vitro and in vivo
(Cordero et al., 2016), here we also show the capacity of Hc to
produce a GXM-like molecule. Therefore, the presence of the
GXM-like polysaccharides across the fungal kingdom, in both
Ascomycetes and Basidiomycetes, and their role as a crucial
component for the pathogenesis process as well as their capacity
for eliciting humoral responses offers additional support that they
could be targeted for the treatment of mycosis. As such, certain
distinct scenarios could be developed to improve the portfolio of
strategies: (i) drugdesignof newantifungalmolecules that block the
pathways involved in the GXM synthesis, which would have a wide
antifungal spectrum and (ii) the use of cross-reactive mAbs, as for
example, the 18B7 mAb, which offered protection in infection
models of Cn, in further passive immunization studies involving
other models or for use in pan-fungal radioimmunotherapy
(Nosanchuk and Dadachova, 2011), and (iii) targeted modulation
of the immune response to polysaccharides to speed the resolution
of infection and benefit the host. These examples focused on
approaches to surface GXM-like compounds provide a strong
foundation for a very promising path forward to the design of
new antifungal strategies (Rappleye et al., 2007; Amarsaikhan and
Templeton, 2015).
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SUPPLEMENTARY FIGURE 1 | Chromatograms of the glycosyl composition of
C. neoformans and H. capsulatum C-glycans. (A) C-gly-Cn H99 and (B) C-gly-Hc
G217B displayed a distinct composition.

SUPPLEMENTARY FIGURE 2 | Correlation the H. capsulatum Nam1/WU24
and the Panama/G186AR strain/H82 strain regarding their similarities to the C
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15158
neoformans var. grubii serotype A (strain H99/ATCC 208821) strain. Circle filling
colors denote the acetyltransferases (green), mannosyltransferases (blue),
acetyltransferases (pink), and miscellaneous (white) groups. Similarity values of
proteins from the two strains displayed a correlation (R2 = 0.70, ****p<0.0001;
UN – unidentified in the database).

SUPPLEMENTARY TABLE 1 | Glucuronoxylomannan synthesis and capsular
production-related proteins ofC. neoformans and their respective orthologs in H.
capsulatum Nam1/WU24 and the Panama/G186AR strain/H82 strains. Cryptococcal
proteinswere classified as acatyltransferases,mannosyltransferases, xylosyltransferases,
and miscellaneous, including polysaccharide transport and GXM export proteins.
Underlined protein names indicate those C. neoformans proteins with orthologs in
H. capsulatum, with identical protein domains/families as annotated by Interpro/Pfam.
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J. D. (2009). Monoclonal antibodies to heat shock protein 60 alter the
pathogenesis of Histoplasma capsulatum. Infect. Immun. 77 (4), 1357–1367.
doi: 10.1128/IAI.01443-08

Guimaraes, A. J., Frases, S., Cordero, R. J., Nimrichter, L., Casadevall, A., and
Nosanchuk, J. D. (2010). Cryptococcus neoformans responds to mannitol by
increasing capsule size in vitro and in vivo. Cell Microbiol 12 (6), 740–753. doi:
10.1111/j.1462-5822.2010.01430.x

Guimarães, A. J., Pizzini, C. V., De Abreu Almeida, M., Peralta, J. M., Nosanchuk,
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Heat shock proteins (Hsps) are among the most widely distributed and evolutionary
conserved proteins, acting as essential regulators of diverse constitutive metabolic
processes. The Hsp60 of the dimorphic fungal Histoplasma capsulatum is the major
surface adhesin to mammalian macrophages and studies of antibody-mediated
protection against H. capsulatum have provided insight into the complexity involving
Hsp60. However, nothing is known about the role of Hsp60 regarding biofilms, a
mechanism of virulence exhibited by H. capsulatum. Considering this, the present
study aimed to investigate the influence of the Hsp60 on biofilm features of H.
capsulatum. Also, the non-conventional model Galleria mellonella was used to verify the
effect of this protein during in vivo interaction. The use of invertebrate models such as G.
mellonella is highly proposed for the evaluation of pathogenesis, immune response,
virulence mechanisms, and antimicrobial compounds. For that purpose, we used a
monoclonal antibody (7B6) against Hsp60 and characterized the biofilm of two H.
capsulatum strains by metabolic activity, biomass content, and images from scanning
electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). We also
evaluated the survival rate of G. mellonella infected with both strains under blockage of
Hsp60. The results showed that mAb 7B6 was effective to reduce the metabolic activity
and biomass of both H. capsulatum strains. Furthermore, the biofilms of cells treated with
the antibody were thinner as well as presented a lower amount of cells and extracellular
polymeric matrix compared to its non-treated controls. The blockage of Hsp60 before
fungal infection of G. mellonella larvae also resulted in a significant increase of the larvae
survival compared to controls. Our results highlight for the first time the importance of the
Hsp60 protein to the establishment of the H. capsulatum biofilms and the G. mellonella
larvae infection. Interestingly, the results with Hsp60 mAb 7B6 in this invertebrate model
suggest a pattern of fungus-host interaction different from those previously found in a
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murine model, which can be due to the different features between insect and mammalian
immune cells such as the absence of Fc receptors in hemocytes. However further studies
are needed to support this hypothesis
Keywords: histoplasmosis, biofilm, Hsp60, adhesins, Galleria mellonella
INTRODUCTION

Histoplasma capsulatum is a dimorphic pathogenic fungus that
causes histoplasmosis, one of the most common pulmonary
mycosis in the United States (US) (Armstrong et al., 2018;
Maiga et al., 2018; Salzer et al., 2018). Despite endemic in
certain areas of the US (e.g. Ohio and Mississippi river
valleys), histoplasmosis has a worldwide distribution and is
also one of the top AIDS-defining conditions and AIDS-related
causes of death in Latin America (Adenis et al., 2018; Papalini
et al., 2019).

The histoplasmosis infection occurs via inhalation of conidial
spores that transform into yeasts within the mammalian host
(Mittal et al., 2019). As a facultative intracellular fungus, H.
capsulatum yeasts are readily phagocytosed by resident
macrophages, where they survive and replicate. During the
early phases of infection, alveolar macrophages (Mj) recognize
unopsonized H. capsulatum yeasts and microconidia via the
CD18 family of adhesion-promoting glycoproteins, LFA-1
(CD11a/CD18), complement receptor 3 (CR3; CD11b/CD18),
and CR4 (CD11c/CD18) (Bullock and Wright, 1987; Newman
et al., 1990).

The adhesion capacity to host tissue is important to several
microorganisms, and a relevant mechanism of virulence is
described to dimorphic fungi (McMahon et al., 1995;
Brandhorst and Klein, 2000; Marcos et al., 2016; Portuondo
et al., 2016). However, the interaction between host-pathogen is
not the only factor involved in the infectious process, but also the
cell-cell interaction/adhesion. The adhesion is also crucial for the
formation of resistance structures, called biofilms (Verstrepen
and Klis, 2006; Borges et al., 2018). Like many other pathogenic
fungi, H. capsulatum yeasts can form biofilms in vitro (Pitangui
et al., 2012; Gonçalves et al., 2020). Biofilms are defined as a
dynamic community of microorganisms strongly linked with
each other and attached to a biotic or abiotic surface, surrounded
by a self-produced extracellular polymeric matrix (EPM) that
provides protection against hostile environments and is also
related to reduced antifungal activity (Costerton et al., 1995;
Baillie and Douglas, 2000; Brilhante et al., 2015; Zarnowski et al.,
2018). In vivo H. capsulatum biofilms has never been proved.
However, the H. capsulatum yeasts can adhere to various
cryopreserved bat organs, such as lung, spleen, liver, and
intestine (Suarez-Alvarez et al., 2010), human epithelial cell
lines (Pitangui et al., 2012) and also, to endothelium and
prosthetic valves (Ledtke et al., 2012; Lorchirachonkul et al.,
2013; Riddell et al., 2014).

The adhesion process could be mediated by several surface-
associated proteins. InH. capsulatum, one of these proteins is the
heat shock protein 60 (Hsp60), responsible for the adhesion and
gy | www.frontiersin.org 2161
interaction with CD11b/CD18 (CR3) Mj receptor (Long et al.,
2003), therefore playing an essential role in the infection process.

Heat shock proteins (HSPs) are ubiquitously expressed,
highly conserved proteins, known to act as molecular
chaperones with important functions, such as the transport of
proteins and promotion of folding and assembly of polypeptides
in fungi (Kubota et al., 1995; Leach et al., 2012; Cleare et al.,
2017). In addition to its intracellular biologic activities, Hsp60 is
a prominent target of the humoral and cellular immune response
to H. capsulatum (Gomez A. M. et al., 1991; Gomez F. J. et al.,
1991). H. capsulatum Hsp60 was first identified as a 62-kDa
protein isolated from the cell wall and membrane extract and
showed antigenic (Gomez A. M. et al., 1991) and immunogenic
(Gomez et al., 1995) properties.

Hsp60 is reported to be predominantly in the cytosolic
fraction of cells (Kubota et al., 1995; Kalderon et al., 2015).
However, to act as a ligand for the host cell, in H. capsulatum,
Hsp60 is expressed in clusters on the cell wall (Long et al., 2003),
promoting recognition, adhesion, and phagocytosis of the fungi.
The Hsp60/CR3 interaction results in phagocytosis without
complete activation of the phagocyte, leading to a non-
inflammatory immunological response (Wolf et al., 1987;
Ehlers, 2000; Lin et al., 2010; Mihu and Nosanchuk, 2012).

It is of great knowledge that H. capsulatum can infect
mammals, and murine models are traditionally used for the
study of this fungal virulence. However, it is also known that H.
capsulatum is capable of infect G. mellonella larvae (Thomaz
et al., 2013), making this non-conventional animal model an
important tool to understand Histoplasma-host interaction.
Invertebrate animals have emerged as alternative models to
mammals because breeding is simple and inexpensive (Fuchs
and Mylonakis, 2006; Binder et al., 2016). In this aspect,
the study of the pathogenesis of different microorganism
including dimorphic fungi such as Paracoccidioides spp.,
Sporothrix spp., Talaromyces marneffei (Penicillium marneffei),
and H. capsulatum has been evaluated in G. mellonella larvae
(Thomaz et al., 2013; Huang et al., 2015; Scorzoni et al., 2015;
Clavijo-Giraldo et al., 2016). The model is especially
advantageous for dimorphic fungi due to the possibility that
the larvae are kept at 37°C during survival assays and they
present six types of immune cells called hemocytes, which have
structural and functional similarities to cells of the mammalian
immune system (Singulani et al., 2018).

Our current work sought to understand the importance of
Hsp60 in H. capsulatum biofilms formation and the fungi
virulence in the alternative model G. mellonella, gaining new
insights to a better understanding of cell biology and a future
possible application of this protein as a target to therapeutic
approaches to histoplasmosis management.
January 2021 | Volume 10 | Article 591950
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MATERIALS AND METHODS

Histoplasma capsulatum Strains and
Growth Conditions
H. capsulatum strains used in this study included G186A (ATCC
26029), representative of chemotype II, and EH-315. EH-315 was
isolated from the intestine of infected bats captured in a cave in
the state of Guerrero (Mexico) and is designated by Teixeira et al.
(2016) as belonging to a bat-associated species-specific clade
(BAC1). EH-315 is deposited in the H. capsulatum Culture
Collection of the Fungal Immunology Laboratory of the
Department of Microbiology and Parasitology, from the School
of Medicine, National Autonomous University of Mexico
(UNAM) (www.histoplas-mex.unam.mx), which is registered
in the database of the World Data Centre for Microorganisms
(WDCM) with number LIH-UNAM WDCM817. The G186A is
classified as H81 human lineage (Kasuga et al., 2003). Both
strains are now deposited in the collection of strains at the
Clinical Mycology Laboratory of the Faculty of Pharmaceutical
Sciences, UNESP (Brazil), and maintained at 37°C in Brain Heart
Infusion agar supplemented with 1% of glucose and 0.1% of L-
cysteine. Before the experiments,H. capsulatum was cultivated in
Histoplasma-macrophage medium (HMM), composed of HAM-
F12 (Sigma) medium, supplemented with glucose (18.2 g/L),
glutamic acid (1g/L), HEPES (6 g/L), and L-cysteine (8.4 mg/L)
at 37°C and 150 rpm for 48 h.

H. capsulatum Viability After Treatment
With Hsp60 mAb (7B6)
Yeast cells were cultured for 48 h in HMM at 37°C and 150 rpm.
The cultures were centrifuged at 1000 ×g for 10 min, and the
pellets were washed three times with phosphate-buffered saline
(PBS). To evaluate the viability of H. capsulatum yeasts after
treatment with Hsp60 mAb 7B6, 107 yeast cells were incubated
with 10 mg/ml of Hsp60 mAb 7B6, unspecific IgG (Control IgG)
in PBS or PBS alone for 1 h at 37°C. After incubation, the cells
were washed with PBS and the cell viability was assessing in a
hemocytometer using Trypan blue solution. The Hsp60 mAb
7B6 was gently provided by Dr. Joshua D. Nosanchuk from
Albert Einstein College of Medicine. Two independent
experiments were performed.

Immunofluorescence of the Hsp60
After 48 h cultivation in HMM at 37°C and 150 rpm, the H.
capsulatum culture was centrifuged at 1,000 ×g for 10 min, and
the pellet washed three times with phosphate-buffered saline
(PBS). The yeast cells were fixed with paraformaldehyde 4% and
counted with a hemacytometer. Aliquots containing 106 yeast
cells were incubated in blocking solution [1% Bovine Serum
Albumin (BSA)] for 4 h at 37°C. After washing three times with
PBS-Tween 20 0.05% the yeasts were incubated with 10 mg/ml of
Hsp60 mAb 7B6 or unspecific IgG (Control IgG) in blocking
solution for 1 h at 37°C. Then, after three washes as previously
described, yeast cells were incubated for 1 h at 37°C with Alexa
Fluor 594-labeled goat anti-mouse IgG (Thermo Fisher
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3162
Scientific) at a 1:1,000 dilution in blocking solution. After three
washes, cells were incubated with fluorescein isothiocyanate (FITC)
(Sigma) at 0.5 mg/ml for 45 min at room temperature. Then, the
cells were washed and examined with a Zeiss LSM 800 confocal
microscope (School of Dentistry of Araraquara, Unesp). Three
independent experiments were performed.

Exploring the Involvement of Hsp60 in H.
capsulatum Biofilm Formation
Biofilm Development
The biofilm formation was performed as described by Gonçalves
et al. (2020). To test the influence of H. capsulatum Hsp60 in the
biofilm development, the protein was blocked through the
treatment with the Hsp60 mAb 7B6. To this, after 48 h growth
on HMM, the cells were washed three times with PBS and 107

yeast cells were incubated with 10 mg/ml of Hsp60 mAb 7B6 or
unspecific IgG (Control IgG) in PBS for 1 h at 37°C. After
incubation, the cells were washed with PBS and the fungal
suspensions were prepared in sterile PBS at 5×106 cells/ml.
Then, 200 ml and 1,000 ml of the inoculum was added to 96-
well and 24-well plates, respectively, and incubated at 37°C for
12 h for biofilm pre-adhesion. After pre-adhesion, the
supernatant was removed and the wells were washed carefully
to remove non-adherent cells. Then, 200 ml and 2,000 ml of
HMM medium were added to 96-well and 24-well plates,
respectively, and incubated until 144 h. The H. capsulatum
biofilms were characterized by measuring the biofilm biomass
(crystal violet) and metabolic activity (XTT). At the structural
level, the biofilms were analyzed by Scanning Electron
Microscopy (SEM) and Confocal Laser Scanning Microscopy
(CLSM). Non-treated H. capsulatum and the yeasts treated with
unspecific IgG (Control IgG) were used as controls. The tests
described above were repeated three times.

Crystal Violet Assay
The biomass quantification was performed by the crystal violet
assay in 96-well plates as described by Costa-Orlandi et al.
(2014). After 144 h of biofilm formation, the supernatant was
removed and the biofilms were washed carefully to remove non-
adherent cells. Then, the biofilms were fixed with 200 µl of 100%
methanol for 15 min. After removing the methanol, the wells
were left to dry at room temperature. Afterward, 200 µl of 0.1%
crystal violet solution was added and incubated for 20 min. The
wells were then washed with distilled water three times and 200
µl of a 33% solution of acetic acid was added. Subsequently, the
content of each plate was transferred to another plate for
immediate spectrophotometric reading at 590 nm.

XTT Assay
Metabolic activity was evaluated by the XTT (2,3-Bis-(2-
Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazol ium-5-
Carboxanilide) (Sigma) assay in 96-well plates (Martinez and
Casadevall, 2007). After 144 h of biofilm formation, the
supernatant was removed and the biofilms were washed
carefully to remove non-adherent cells. Therefore, 50 ml of
January 2021 | Volume 10 | Article 591950
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XTT solution at 1 mg/ml and 4 µl of menadione solution at 1
mM were added. The plates were incubated at 37°C for 3 to 4 h.
The content of each plate was transferred to another plate and
spectrophotometric read at 490 nm. To the establishment of the
kinetics curve, the XTT-menadione solution was added at 12, 24,
48, 72, 96, 120, 144, and 168 h time points, and four independent
experiments were performed.

Scanning Electron Microscopy
The topography of the biofilms was assessed by SEM and samples
were processed as described by Gonçalves et al. (2020). Biofilms
were formed in 24-well plates as described above. After 144 h of
biofilm formation, the supernatant was removed and the biofilms
were washed with PBS to remove non-adherent cells. Biofilms
were then fixed with 2.5% of glutaraldehyde solution (Sigma-
Aldrich) for 24 h at 4°C. After fixation, the biofilms were washed
with PBS and sequentially dehydrated using ethanol solutions
(ranging from 20% to 100%) at room temperature. All samples
were dried in a pyrex glass vacuum desiccator. Once dried, the
wells were cut using a flame-heated scalpel. Subsequently, the
samples were mounted on aluminum and silver cylinders and
disposed of in a high vacuum evaporator for gold coating.
Topographic images of biofilms were captured under the
scanning electron microscope JEOL JSM- 6610LV (School of
Dentistry of Araraquara, UNESP).

Confocal Laser Scanning Microscopy
Biofilms were formed in 24-well plates as described above. After
144 h of biofilm formation, the supernatant was removed and the
biofilm was gently washed with PBS. Live/dead staining was
performed using the LIVE/DEAD™ FungaLight™ Yeast
Viability Kit (Thermo Fisher Scientific) by incubating the
biofilms for 30 min at 37°C with 3.34 mM of the green-
fluorescent nucleic acid stain SYTO 9 combined with 20 mM of
the red-fluorescent nucleic acid stain propidium iodide (PI) in
PBS. Then, the biofilms were washed with PBS, fixed with
paraformaldehyde 4% for 24 h, and analyzed with a Zeiss LSM 800
confocal microscope (School of Dentistry of Araraquara, UNESP).
Survival Assay Using the Alternative
Animal Model Galleria mellonella
Survival assay was performed according to Thomaz et al. (2013),
with modifications. G. mellonel la larvae (School of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org
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Pharmaceutical Sciences, São Paulo State University - UNESP)
with a body weight ranging from 150 and 200 mg were randomly
chosen for the experiments. Ten larvae per group were kept in
Petri dishes at 37°C overnight before use. The inoculum of both
H. capsulatum strains was prepared in PBS at 1x108 yeasts/ml.
To test the influence of Hsp60 in the interaction with the larvae,
the inoculum was previously treated with 10 mg/ml of the Hsp60
mAb 7B6 for 1 h at 37°C. Then, the yeasts were washed and
suspended in PBS. For each group, larvae were injected with
1x106 yeasts/larvae using a 10 µl Hamilton syringe. Larvae
inoculated with non-treated H. capsulatum strains, treated
with unspecific IgG (Control IgG), and larvae inoculated
with sterile PBS were used as controls. All larvae were
placed in sterile Petri dishes and maintained in the dark at
37°C. Mortality was monitored for up to 10 days of infection.
Larvae were considered dead when they displayed no movement
in response to touch. Three independent experiments
were performed.

Statistical Analysis
All data were subjected to statistical analysis using the software
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA).
Unless otherwise noted, results were presented as mean ±
standard deviation (SD), and compared by analysis of variance
(ANOVA) followed by Bonferroni or Tukey tests. Survival
curves of G. mellonella larvae were plotted as Kaplan–Meier
survival curves and compared using log-rank tests. Statistical
significance was considered when p < 0.05.
RESULTS

H. capsulatum Viability After Treatment
With Hsp60 mAb 7B6
To evaluate the influence of the Hsp60 mAb 7B6 in H.
capsulatum viability, the yeast cells were incubated with
10µg/ml of the mAb 7B6 and also with unspecific IgG and PBS
for 1 h at 37°C After the treatments, all the conditions showed
viabilities higher than 90% (Table 1).
Hsp60 Localization by
Immunofluorescence
To localize the binding of Hsp60 mAb 7B6 to G186A and EH-
315 Hsp60, we assessed the interactions of the mAbs with yeast
cells by fluorescence microscopy. mAb 7B6 revealed a diffusion
distribution of the Hsp60 in both EH-315 and G186A (Figure 1)
H. capsulatum strains, similar to the previous report of
Guimaraes et al. (2009) in G217B strain. Controls with
unspecific IgG and secondary antibody were added and
showed no signal.

Kinetic of H. capsulatum Biofilm
Formation
Before evaluating the influence of Hsp60 on H. capsulatum
biofilm formation, the XTT assay and SEM analysis were
TABLE 1 | Viability of G186A and EH-315 strains of Histoplasma capsulatum
after incubation with Hsp60 mAb 7B6.

G186A EH-315
Mean ± SD Mean ± SD

Hsp60 mAb 7B6 91.34 ± 1.31 91.28 ± 1.92
Control IgG 90.58 ± 1.84 92.99 ± 0.61
PBS 92.06 ± 2.00 92.34 ± 0.40
Results are representative of two independent experiments and values expressed as
mean ± SD. Cell viability after 1 h incubation with phosphate-buffered saline (PBS)
unspecific IgG (Control IgG) (10 µg/ml) and Hsp60 mAb 7B6 (10 µg/ml) at 37°C and
1,500 rpm.
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performed with both G186A and EH-315 strains to establish a
kinetic curve of the biofilm formation (Figure 2) and to evaluate
the biofilm structure (Figure 3), respectively. The metabolic
activity of the biofilms increased over time and the highest
growth was observed in the period from 72 to 144 h. Both
strains produced consistent and mature biofilms at 144 h,
reaching the plateau between 144 and 168 h (Figure 2).

The kinetics of biofilm formation was similar for both strains
during the initial steps, but after 96 h there was a statistically
significant difference (P<0.005) between the strains, with EH-315
presenting higher metabolic activity (Figure 2). Considering that
biofilm maturation occurs in 144 h (Figure 2), SEM analysis of
G186A (Figure 3A) and EH-315 (Figure 3B) strains were
performed at this time and showed numerous H. capsulatum
yeasts firmly adhered to the plastic surface and embedded in
an EPM.
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Influence of Hsp60 on H. capsulatum
Biofilms
Quantitative measurement of biofilms formed on polystyrene
microtiter plates following incubation for 144 h was performed
using crystal violet staining and XTT reduction assay, as
previously described. Corroborating with the findings during
XTT kinetics, the environmental H. capsulatum EH-315 strain
presented higher metabolic activity (p<0.05) and also formed a
more robust biofilm, with higher biomass content compared to
the human H. capsulatum G186A strain.

The pre-treatment of yeasts with Hsp60 mAb 7B6 resulted in
the formation of a thin biofilm, with reduced biomass to both
strains (p<0.0001) (Figure 4A). Also, both G186A (p<0.05) and
EH-315 (p<0.0001) biofilms of pre-treated yeasts presented
significantly reduced metabolic activity compared to its non-
treated controls (Figure 4B). The pre-treatment of both strains
with control IgG did not alter the biomass nor the metabolic
activity compared to those of untreated fungi.

To characterize the structure, density, and cell distribution of
the biofilms formed after yeasts pre-treatment with Hsp60 mAb
7B6 and the control biofilms, SEM, and CLSM images were
examined (Figures 5 and 6). The reduction of biomass content
observed by the crystal violet staining could also be visually
observed by SEM and CLSM.

The SEM data provided useful information on the cell
morphology presented in the biofilm structure of both control
and pre-treated biofilms. The biofilms of EH-315 (Figure 5A)
presented a high amount of yeasts embedded in an EPM. The
biofilms formed after pre-treatment of EH-315 with Hsp60 mAb
7B6 (Figure 5B) resulted in a visual reduction of the number of
yeasts and the presence of the EPM.

Compared to the EH-315 strain, G186A formed a biofilm
with visually less EPM (Figure 6A). However, the biofilms
formed after the pre-treatment of G186A with Hsp60 mAb
7B6 also presented reduce in the total yeast distribution
(Figure 6B).
FIGURE 1 | Confocal laser scanning microscopy (CLSM) of mAb-labeled Hsp60 in H. capsulatum: immunofluorescence showing labeling of the H. capsulatum
Hsp60 in EH-315 and G186A strains at 63x. Alexa 594: conjugated with Hsp60 mAb 7B6 or unspecific IgG (Control IgG).
FIGURE 2 | Kinetics of H. capsulatum biofilm formation on polystyrene
microtiter plates. The metabolic activity of EH-315 and G186A strains was
evaluated by the colorimetric XTT reduction assay. Data are representative of
four independent experiments and values expressed as mean ± SD.
Statistically significant differences between the strains at 96, 120, 144, and
168 h. *p < 0.05.
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CLSM showed that the biofilms of both EH-315 (Figure 5D)
and G186A (Figure 6D) strains formed with pre-treated yeasts
are thinner them their respective control (Figures 5C and 6C,
respectively). To the EH-315 strain, the control biofilm presented
a thickness of 103.5 mm (Figure 5C), while the pre-treated
biofilm presented 61.9 mm (Figure 5D). To the G186A strain,
the control biofilm presented 83.6 mm of thickness (Figure 6C),
whereas the pre-treated biofilm presented 68.0 mm (Figure 6D).

Blockage of H. capsulatum Hsp60 Impairs
the Survival of Infected G. mellonella
An in vivo assay using the G. mellonella model was also
performed to address whether Hsp60 exerted influence on
larvae infected with H. capsulatum. First, the inoculation of
both G186A and EH-315 strains led to a significant reduction
in the larvae survival rate compared to the uninfected control
(p < 0.05; Figure 7). We also observed that the G186A strain was
slightly more virulent than the EH-315 strain since the larval
survival rate on the tenth day was 22 and 26.5% after infection of
each strain, respectively. Second, the blockage of Hsp60 with
the Hsp60 mAb 7B6 before infection of G. mellonella larvae
resulted in a significant increase (p < 0.05) of the larvae survival
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6165
with rates on the tenth day of 60 and 60.7% for G186A (Figure
7A) and EH-315 (Figure 7B) strains, respectively, compared to
larvae infected with untreated fungi. On the other hand, the pre-
treatment of both strains with control IgG did not alter the
survival curve of larvae compared to those of untreated fungi.
DISCUSSION

Heat shock proteins (Hsps), ubiquitously present in cells, are
molecular chaperones conserved between microorganisms, being
grouped according to their molecular mass and degree of amino
acid homology. This nomenclature comes from the characteristic
of being inducible through a rapid elevation in temperature.
Currently, it is known that Hsps shown changes in expression
profile in response to a range of stimuli, not always restricted to
temperature, but also starvation, pH, pharmacological agents,
and oxidative/osmotic stress (Burnie et al., 2006; Rappleye and
Goldman, 2006).

A 60 kDa Hsp, known as Hsp60, is one of the most-
characterized molecules on the surface of H. capsulatum
G217B strain (Long et al., 2003; Guimaraes et al., 2009,
A B

FIGURE 4 | Influence of Hsp60 in H. capsulatum EH-315 and G186A biofilm formation. (A) Quantification of total biomass by crystal violet staining and (B)
quantification of metabolic activity by XTT reduction assay. Data are representative of three independent experiments and values expressed as mean ± SEM.
**p < 0.01; ****p < 0.0001; n.s., not significant.
FIGURE 3 | Scanning electron microscopy (SEM) showing yeast adhered to the polystyrene plate indicating the formation of mature biofilms. (A) Biofilm of G186A
strain at 2000x. (B) Biofilm of EH-315 strain at 2000x. The yellow arrows indicate the extracellular polymeric matrix (EPM).
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Guimaraes et al., 2011a). Besides being described as a molecular
chaperone and enhance cellular survival under physiological
stress (Kubota et al., 1995, Guimaraes et al., 2011a), Hsp60
also interacts specifically with CD11b/CD18 (CR3) on
macrophages surface, facilitating the uptake of yeast cells by
these phagocytes, where the yeasts can survive and replicate
(Long et al., 2003; Guimaraes et al., 2009), and also possess both
antigenic (Gomez F. J. et al., 1991) and immunogenic activities
(Gomez A. M. et al., 1991), highlighting it’s importance as a
target for diagnostic and therapeutic approaches.

Moreover, the H. capsulatum cell surface presents several
proteins that participate in host-pathogen interactions
(Batanghari et al., 1998; Long et al., 2003; Bohse and Woods,
2007), sensing the environment (Isaac et al., 2013; DuBois et al.,
2016) and defending the fungus against oxidative stress (Youseff
et al., 2012; Holbrook et al., 2013). However, only a few have
been tested for virulence roles in all strain backgrounds. Most
adhesins used by Histoplasma to gain entry into host
macrophages have only been determined for G217B strain,
representative of chemotype I (Long et al., 2003; Gomez
et al., 2008).

Histoplasma capsulatum strains can be divided into two
chemotypes based on cell wall composition. Chemotype I lacks
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7166
cell wall a-(1,3)-glucan and is represented by the G217B strain.
Chemotype II, represented by G186A strain, contains a layer of
a-(1,3)-glucan that masks immunostimulatory b-(1,3)-glucans
from detection by the Dectin-1 receptor on host phagocytes
(Rappleye et al., 2007). The a-(1,3)-glucan cell wall component is
essential for chemotype II H. capsulatum virulence (Rappleye
et al., 2004). In contrast, even without a-(1,3)-glucan, chemotype
I remain fully virulent in vivo (Mayfield and Rine, 2007).
Posteriorly Edwards et al. (2011) demonstrated that in the
chemotype I the b-(1,3)-glucans are also not fully exposed and
it is related to the growth phase, with more exposition during the
exponential growth, and therefore allowing some interaction
with Dectin-1. But in the stationary phase, the yeasts are
practically undetectable, suggesting a particular mechanism to
hide b-(1,3)-glucans in chemotype I.

Given the previously important roles described for Hsp60 in
H. capsulatum, here we decided to advance and contribute to a
better understanding of H. capsulatum Hsp60 regarding the
biofilm scenario and host-pathogen interaction with the non-
conventional model G. mellonella. For that purpose, we used a
monoclonal antibody (7B6) to block the Hsp60. The biofilms of
two H. capsulatum strains were characterized by metabolic
activity, biomass content, and images from scanning electron
FIGURE 5 | Structural analysis of the 144 h H. capsulatum EH-315 biofilms. Scanning electron microscopy (SEM) of H. capsulatum EH-315 non-treated (A) and
treated (B) with Hsp60 mAb 7B6 at 4,000x. Confocal laser scanning microscopy (CLSM) biofilm images from H. capsulatum EH-315 were treated with Hsp60 mAb
7B6 (D) and control without treatment (C). CLSM images comprising an orthogonal view of Z-stacks and 3D image of Z-stacks at 20x. The yellow arrows indicate
the extracellular polymeric matrix (EPM).
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microscopy (SEM) and confocal laser scanning microscopy
(CLSM). The G. mellonella infection was assessed by the
establishment of the survival curve.

According to the metabolic activity, the growth stage of
G186A and EH-315 biofilms comprises the period of 72 to
144 h, with an increase in metabolic activity. After 144 h, both
strains produced consistent and mature biofilms, reaching the
stationary phase between 144 and 168 h. Compared to other
fungal pathogens, as Candida spp. (Sánchez-Vargas et al., 2013;
Chandra and Mukherjee, 2015) and Cryptococcus neoformans
(Martinez and Casadevall, 2007), our results showed that H.
capsulatum exhibits a slower growth as a biofilm structure,
similar to those found on Paracoccidioides brasiliensis (Sardi
et al., 2015) and Sporothrix schenckii complex (Brilhante et al.,
2018) biofilms. Also, EH-315 formed a more robust biofilm
compared to G186A, corroborating with the findings of
Gonçalves et al. (2020).

The blockage of Hsp60 was effective to reduce the metabolic
activity and biomass of the biofilms from both H. capsulatum
strains. Furthermore, the biofilms of cells treated with the
antibody were thinner as well as presented a lower amount of
cells and extracellular matrix compared to its non-treated
controls, revealing the potential role of the Hsp60 in cell-cell
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8167
or cell-surface adhesion, increasing the importance of this
protein as a virulence factor of H. capsulatum. Guimaraes et al.
(2011b) showed that the Hsp60 mAb 7B6 reduces the formation
of H. capsulatum aggregates. This antibody has an inconsistent
impact on agglutinate charge resulting in reduced cell-to-cell
interaction leading to a reduced H. capsulatum agglutination
(Guimaraes et al., 2011b). In this way, we hypothesize that a
reduced cell-to-cell interaction caused in H. capsulatum by the
treatment with the Hsp60 mAb 7B6 can contribute to the
reduction of the biofilm formation observed in our study.

H. capsulatum Hsp60 has never been related to the adherence
of the fungus to abiotic surfaces nor implicated in the biofilm
structure. However, antibodies specific to Histophilus somni
Hsp60, an opportunistic pathogen that causes respiratory,
genitourinary, and generalized infections in cattle, also
prevented biofilm formation in vitro (Zarankiewicz et al., 2012).

Most H. capsulatum studies focus on phagocytosis or
immune response. However, the demonstration that H.
capsulatum yeasts can form biofilm in vitro and also can
adhere to pneumocytes (Pitangui et al., 2012), cryopreserved
bat organs (Suarez-Alvarez et al., 2010), human endothelium
(Ledtke et al., 2012), and prosthetic valves (Alexander et al., 1979;
Lorchirachonkul et al., 2013), draw attention to the importance
FIGURE 6 | Structural analysis of the 144 h H. capsulatum G186A biofilms. Scanning electron microscopy (SEM) of H. capsulatum EH-315 non-treated (A) and
treated (B) with Hsp60 mAb 7B6 at 4,000x. Confocal laser scanning microscopy (CLSM) biofilm images from H. capsulatum G186A treated with Hsp60 mAb 7B6
(D) and control without treatment (C). CLSM images comprising an orthogonal view of Z-stacks and 3D image of Z-stacks at 20x.
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of H. capsulatum adherence to the colonization and
dissemination of the fungus. Furthermore, the susceptibility of
H. capsulatum biofilms to amphotericin B and itraconazole was
reduced comparing to the planktonic growth (Brilhante et al.,
2015), highlighting the importance of studying the H.
capsulatum biofilm structure.

Nonetheless, fungal biofilms are an important clinical
problem associated with significant rates of antifungal
resistance, disease persistence, and an increase of mortality
index (Uppuluri et al., 2010; Kollef et al., 2012; Kowalski
et al., 2019).

Despite the critical role that biofilms play in the course of the
disease and colonization of host tissues, many basic aspects of
development and organization, such as the initial steps of
adhesion to the substrate, remain inconclusive. Some families
of genes have already been described as important for this
adhesion process, for example, the ALS, HWP, and IFF/HYR
described to Candida albicans, that encodes several proteins
responsible to facilitate cell-cell adhesion and adhesion of C.
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albicans on abiotic surfaces (Chandra et al., 2001; Hoyer et al.,
2008; Ene and Bennett, 2009; Kempf et al., 2009). A marked
reduction in total biofilm biomass has been shown in adhesin
knockouts C. albicans strains, including Dhwp2, Dhyr1, and
Dals1/Dals3 double deletion mutants (McCall et al., 2019),
revealing the importance of initial adhesion for the
development of biofilm biomass.

Although remarkable in C. albicans biofilms, in which ALS
genes exhibited increased expression (O’Connor et al., 2005),
there is a lack of studies regarding the presence or impact of the
adhesins on biofilms among the dimorphic fungi. Sardi et al.
(2015) showed the up-regulation of GP43 and GAPDH in the
biofilm of P. brasiliensis. GP43 is an important adhesin described
in Paracoccidioides adhesion to matrix components (Vicentini
et al., 1994), while GAPDH appears to impact the adhesion
processes of both Paracoccidioides and Candida spp. (Gozalbo
et al., 1998; Barbosa et al., 2006).

Notably, adhesins play an important role in biofilm formation
and, possibly, the reduction of biomass, concomitantly with the
A

B

FIGURE 7 | Influence of Hsp60 in the virulence of H. capsulatum G186A (A) and EH-315 (B) strains using G mellonella as a model. Data are representative of three
independent experiments. The groups of larvae infected with untreated yeasts are represented by the black dashed lines, larvae infected with yeasts treated with
control IgG are represented by the black lines and the groups of larvae infected with yeasts treated with Hsp60 mAb 7B6 are represented by the gray lines. The pre-
treatment of both H. capsultaum strains with Hsp60 mAb 7B6 significantly increased the survival of G. mellonella compared with non-treated yeasts and treated with
unspecific IgG. *p < 0.05.
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reduction of metabolic activity, thickness, and presence of EPM
in H. capsulatum biofilms formed after blocking the Hsp60
protein, suggest that this protein can also act on the adhesion
to the substrate or in cell-cell adhesion, contributing to the
establishment of H. capsulatum biofilms.

We also evaluated the role of Hsp60 of H. capsulatum in an
invertebrate animal model, G. mellonella. The infection of the
larvae with H. capsulatum was firstly tested by Thomaz et al.
(2013), which used the G184ARAR (ATCC 26027) and ATCC
G217B (ATCC 26032) strains to compare their virulence using
different inoculum concentrations and temperatures (25 and
37 °C). Although we used other strains in this study (G186A
and EH-315), the profile of the survival curve infected with 1x106

yeast/larvae was similar to those, resulting in survival rates of
about 20% at the end of 10 days at 37 °C in both studies.
Interestingly, when the Hsp60 of G186A and EH-315 strains
were blocked by 7B6 mAb before the larval infection, a
significant increase in survival rate around 60% was observed.

Our findings reinforce that Hsp60, and its blocking by
different antibodies, have different functions, which vary
depending on the conditions and models tested. For example,
Guimaraes et al. (2009) showed that the pre-treatment of mice
with different antibodies anti-Hsp60 followed 2 h later by
infection of H. capsulatum yeast cells resulted in a distinct
response profile. IgG1 (11D1) and IgG2a (12D3) mAbs
significantly prolonged survival and reduced the fungal load of
animals, while IgG2b (7B6) mAb was not protective.
Furthermore, the use of other antibodies, with different
epitopes regions, promoted an increase in the phagocytosis by
macrophages in vitro, but 7B6 and 6B7 (which both comprise the
same structural cleft region of Hsp60) did not increase the
phagocytosis. Specifically for 7B6, the epitope region is
between 353 and 413 aa. This region represents the structural
cleft on Hsp60, one of the regions responsible for CR3
interaction (Habich et al., 2006; Guimaraes et al., 2009). The
presence of the Fc region itself can promote phagocytosis,
however, considering that it does not occur to treatment with
7B6 and 6B7 antibodies, in addition to the presence of the Fc
portion, maybe the structural cleft of the protein must be
available for full interaction with CR3. Based on this, we
hypothesized that this structural cleft region might not be
important in the fungus-hemocyte interaction of the G.
mellonella model. Also, although many similarities between
insect and mammalian immune cells are observed, some
differences such as the absence of Fc receptor in G. mellonella
hemocyte compared to macrophage is described (Browne
et al., 2013).

Another important aspect of the interaction of the Hsp60
mAb 7B6 with H. capsulatum was explored recently by Burnet
et al. (2020). Significant changes in the plasma membrane
induced when H. capsulatum yeast cells are treated with this
and other Hsp60 mAb were shown. In all the tested mAb, but
especially the 7B6, these membrane changes were characterized
by an increased level of ergosterol, lead to higher sensitivity to the
antifungal drug amphotericin B (Burnet et al., 2020). This higher
sensitivity caused by alterations in the plasma membrane
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10169
induced by the antibody can also lead to a higher sensitivity of
the fungi to the immune system of the G. mellonella, increasing
larval survival, as observed in our study.

Thus, the sum of these features can promote a different
Histoplasma-hemocyte interaction and phagocytosis can occur
normally, and consequently, lead to the death of the fungus and
increasing larval survival. However further studies are needed to
support this hypothesis.

Because of the importance of the different yeast ligands and host
receptors on the intracellular fate of H. capsulatum and also the
importance of the biofilms as mentioned above, the knowledge of the
surface molecules repertoire that engage host infections and fungal
adhesion might contribute to a better understanding of Histoplasma
cell biology and virulence, as well as providing news targets to a more
broadly applicable alternative to conventional antifungals.
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Barbosa, M. S., Báo, S. N., Andreotti, P. F., de Faria, F. P., Felipe, M. S., dos Santos
Feitosa, L., et al. (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, 382–389. doi: 10.1128/IAI.74.1.382-389.2006

Batanghari, J. W., Deepe, G. S.Jr., Di Cera, E., and Goldman,W. E. (1998). Histoplasma
acquisition of calcium and expression of CBP1 during intracellular parasitism.Mol.
Microbiol. 27, 531–539. doi: 10.1046/j.1365-2958.1998.00697.x

Binder, U., Maurer, E., and Lass-Florl, C. (2016). Galleria mellonella: An
invertebrate model to study pathogenicity in correctly defined fungal species.
Fungal Biol. 120, 288–295. doi: 10.1016/j.funbio.2015.06.002

Bohse, M. L., and Woods, J. P. (2007). RNA interference-mediated silencing of the
YPS3 gene of Histoplasma capsulatum reveals virulence defects. Infect. Immun.
75, 2811–2817. doi: 10.1128/IAI.00304-07

Borges, K. R. A., Pimentel, I. V., Lucena, L., Silva, M., Monteiro, S. G., Monteiro,
C. A., et al. (2018). Adhesion and biofilm formation of Candida parapsilosis
isolated from vaginal secretions to copper intrauterine devices. Rev. Inst. Med.
Trop. Sao Paulo 60, e59. doi: 10.1590/s1678-9946201860059

Brandhorst, T., and Klein, B. (2000). Cell wall biogenesis of Blastomyces
dermatitidis. Evidence for a novel mechanism of cell surface localization of a
virulence-associated adhesin via extracellular release and reassociation with
cell wall chitin. J. Biol. Chem. 275, 7925–7934. doi: 10.1074/jbc.275.11.7925

Brilhante, R. S. N., de Lima, R. A. C., Marques, F. J. F., Silva, N. F., Caetano, E. P.,
Castelo-Branco, D. S. C. M., et al. (2015). Histoplasma capsulatum in
planktonic and biofilm forms: in vitro susceptibility to amphotericin B,
itraconazole and farnesol. J. Med. Microbiol. 64, 394–399. doi: 10.1099/
jmm.0.000030

Brilhante, R. S. N., de Aguiar, F. R. M., da Silva, M. L. Q., de Oliveira, J. S.,
de Camargo, Z. P., Rodrigues, A., et al. (2018). Antifungal susceptibility of
Sporothrix schenckii complex biofilms.Med. Mycol. 56, 297–306. doi: 10.1093/
mmy/myx043

Browne, N., Heelan, M., and Kavanagh, K. (2013). An analysis of the structural
and functional similarities of insect hemocytes and mammalian phagocytes.
Virulence 4, 597–603. doi: 10.4161/viru.25906

Bullock, W. E., and 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, 195–210. doi: 10.1084/jem.165.1.195

Burnet, M. C., Zamith-Miranda, D., Heyman, H. M., Weitz, K. K., Bredeweg, E. L.,
Nosanchuk, J. D., et al. (2020). Remodeling of the Histoplasma Capsulatum
Membrane Induced by Monoclonal Antibodies. Vaccines (Basel) 8 (2), 269–
284. doi: 10.3390/vaccines8020269

Burnie, J. P., Carter, T. L., Hodgetts, S. J., and Matthews, R. C. (2006). Fungal heat-
shock proteins in human disease. FEMS Microbiol. Rev. 30, 53–88. doi:
10.1111/j.1574-6976.2005.00001.x

Chandra, J., and Mukherjee, P. K. (2015). Candida Biofilms: Development,
Architecture, and Resistance. Microbiol. Spectr. 3 (4), 1–22. doi: 10.1128/
9781555817466.ch6

Chandra, J., Kuhn, D. M., Mukherjee, P. K., Hoyer, L. L., McCormick, T., and
Ghannoum, M. A. (2001). Biofilm formation by the fungal pathogen Candida
albicans: development, architecture, and drug resistance. J. Bacteriol. 183,
5385–5394. doi: 10.1128/JB.183.18.5385-5394.2001

Clavijo-Giraldo, D. M., Matinez-Alvarez, J. A., Lopes-Bezerra, L. M., Ponce-
Noyola, P., Franco, B., Almeida, R. S., et al. (2016). Analysis of Sporothrix
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11170
schenckii sensu stricto and Sporothrix brasiliensis virulence in Galleria
mellonella. J. Microbiol. Methods 122, 73–77. doi: 10.1016/j.mimet.2016.01.014

Cleare, L. G., Zamith-Miranda, D., and Nosanchuk, J. D. (2017). Heat Shock
Proteins in Histoplasma and Paracoccidioides. Clin. Vaccine Immunol. 24, 1–8.
doi: 10.1128/CVI.00221-17

Costa-Orlandi, C. B., Sardi, J. C., Santos, C. T., Fusco-Almeida, A. M., and
Mendes-Giannini, M. J. (2014). In vitro characterization of Trichophyton
rubrum and T. mentagrophytes biofilms. Biofouling 30, 719–727. doi: 10.1080/
08927014.2014.919282

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., and Lappin-
Scott, H. M. (1995). Microbial biofilms. Annu. Rev. Microbiol. 49, 711–745. doi:
10.1146/annurev.mi.49.100195.003431

DuBois, J. C., Pasula, R., Dade, J. E., and Smulian, A. G. (2016). Yeast
Transcriptome and In Vivo Hypoxia Detection Reveals Histoplasma
capsulatum Response to Low Oxygen Tension. Med. Mycol. 54, 40–58. doi:
10.1093/mmy/myv073

Edwards, J. A., Alore, E. A., and Rappleye, C. A. (2011). The yeast-phase virulence
requirement for alpha-glucan synthase differs among Histoplasma capsulatum
chemotypes. Eukaryot. Cell 10, 87–97. doi: 10.1128/EC.00214-10

Ehlers, M. R. (2000). CR3: a general purpose adhesion-recognition receptor
essential for innate immunity. Microbes Infect. 2, 289–294. doi: 10.1016/
S1286-4579(00)00299-9

Ene, I. V., and Bennett, R. J. (2009). Hwp1 and related adhesins contribute to both
mating and biofilm formation in Candida albicans. Eukaryot. Cell 8, 1909–
1913. doi: 10.1128/EC.00245-09

Fuchs, B. B., and Mylonakis, E. (2006). Using non-mammalian hosts to study
fungal virulence and host defense. Curr. Opin. Microbiol. 9, 346–351. doi:
10.1016/j.mib.2006.06.004

Gomez, A. M., Rhodes, J. C., and Deepe, G. S. Jr. (1991). Antigenicity and
immunogenicity of an extract from the cell wall and cell membrane of
Histoplasma capsulatum yeast cells. Infect. Immun. 59, 330–336. doi:
10.1128/IAI.59.1.330-336.1991

Gomez, F. J., Allendoerfer, R., and Deepe, G. S. Jr. (1995). Vaccination with
recombinant heat shock protein 60 from Histoplasma capsulatum protects
mice against pulmonary histoplasmosis. Infect. Immun. 63, 2587–2595. doi:
10.1128/IAI.63.7.2587-2595.1995

Gomez, F. J., Pilcher-Roberts, R., Alborzi, A., and Newman, S. L. (2008).
Histoplasma capsulatum cyclophilin A mediates attachment to dendritic cell
VLA-5. J. Immunol. 181, 7106–7114. doi: 10.4049/jimmunol.181.10.7106

Gomez, F. J., Gomez, A. M., and Deepe, G. S.Jr. (1991). Protective efficacy of a 62-
kilodalton antigen, HIS-62, from the cell wall and cell membrane of
Histoplasma capsulatum yeast cells. Infect. Immun. 59, 4459–4464. doi:
10.1128/IAI.59.12.4459-4464.1991
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Cell surface hydrophobicity (CSH) is an important cellular biophysical parameter which
affects both cell-cell and cell-surface interactions. In dimorphic fungi, multiple factors
including the temperature-induced shift between mold and yeast forms have strong
effects on CSH with higher hydrophobicity more common at the lower temperatures
conducive to filamentous cell growth. Some strains of Cryptococcus neoformans exhibit
high CSH despite the presence of the hydrophilic capsule. Among individual yeast
colonies from the same isolate, distinct morphologies can correspond to differences in
CSH. These differences in CSH are frequently associated with altered virulence in
medically-significant fungi and can impact the efficacy of antifungal therapies. The
mechanisms for the maintenance of CSH in pathogenic fungi remain poorly
understood, but an appreciation of this fundamental cellular parameter is important for
understanding its contributions to such phenomena as biofilm formation and virulence.

Keywords: fungi, cell surface hydrophobicity, virulence, drug resistance, cell wall
INTRODUCTION

Cell surface hydrophobicity (CSH) is a biophysical measurement of a cell’s affinity for a
hydrophobic versus hydrophilic environment. Cells with higher CSH prefer a hydrophobic
environment while those with lower CSH will preferentially remain in an aqueous environment
(Krasowska and Sigler, 2014). This property can impact fungal virulence and biofilm formation
(Galán-Ladero et al., 2013; Muadcheingka and Tantivitayakul, 2015; Dabiri et al., 2018) and is
targeted by numerous antifungal drugs (Sivasankar et al., 2015; Kurakado et al., 2017; Suchodolski
et al., 2020).

Despite the broad contributions of CSH to the biology and virulence of pathogenic dimorphic
fungal species, data on this topic remains limited with most of the literature focusing on Candida
species. A previous review of cell surface hydrophobicity in microbes (Krasowska and Sigler, 2014)
also contained limited information on CSH in dimorphic fungal species, possibly because this area
has not received as much interest in fungi as CSH in bacteria. However, given that CSH is a cellular
property that has widespread effects on many aspects of microbial physiology, a more thorough
understanding of fungal CSH is important, particularly as this virulence factor is altered by the
switch between the yeast and hyphal forms of dimorphic fungi, which is essential for the virulence of
certain pathogenic fungi (McBride et al., 2019; Sil, 2019; Staniszewska, 2020).
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MOLECULAR MECHANISMS OF
HYDROPHOBICITY

CSH is a macroscopic property and extrapolating the molecular
structures that determine it is difficult across the size scales.
Nevertheless, the level of CSH must reflect the properties of the
molecules on the surface of microbes that determine their
interaction with water. Treatment of hydrophobic Candida
albicans cells with proteases decreased CSH suggesting that
this property was conferred by surface proteins (Hazen et al.,
1990). However, these proteins are not always exposed.
Depending on the growth condition they can be masked by
hydrophilic fibrils (K. C. Hazen and Hazen, 1992) and the level of
glycosylation (Hazen and Glee, 1994). Similarly, proteins appear
to be responsible for CSH in Aspergillus fumigatus (Peñalver
et al., 1996). In Aspergillus spp. these proteins include
hydrophobins, small proteins with hydrophobic domains that
allow interactions with hydrophobic surfaces (Wosten et al.,
1993; Thau et al., 1994; Ohtaki et al., 2006). For Cryptococcus
neoformans no information is currently available on the
mechanisms responsible for CSH differences between strains or
for the high CSH of some strains despite their surrounding
hydrophilic polysaccharide capsule. The multifactorial nature of
hydrophobicity presents a challenge in studying and
understanding the impact of this property, especially in
dimorphic fungi.
METHODS FOR MEASUREMENT OF CSH

The microbial adhesion to hydrocarbons (MATH) assay is a
common method for determining CSH in fungi (Borecká-
Melkusová and Bujdáková, 2008; Ellepola et al., 2013a; Galán-
Ladero et al., 2013; Rajkowska et al., 2015; Sivasankar et al., 2015;
Ichikawa et al., 2017; Kurakado et al., 2017; Souza et al., 2018;
Angiolella et al., 2020; Ramos et al., 2020; Suchodolski et al.,
2020). This assay measures the decrease in culture density of an
aqueous solution after thorough mixing with, and separation of,
a hydrocarbon layer. Cells with low CSH will preferentially
remain in the aqueous layer while cells with higher CSH will
move into the hydrocarbon layer, decreasing culture density in
the aqueous layer. Thus, a large decrease in aqueous culture
density will occur in a sample with high CSH, and there will be
minimal change in a sample with low CSH (Rosenberg, 1984).
However, differences in protocols, settling cultures, and the
inherent background noise of the assay can lead to variable
results. This issue can be ameliorated by performing additional
replicates (Ma et al., 2015) or using multiple methods to measure
CSH in parallel (Ichikawa et al., 2017; Vij et al., 2020).

Another frequently used method quantifies the adherence of
polystyrene microspheres to yeast cells (Antley and Hazen, 1988;
San Millan et al., 1996; Hazen et al., 2000; Singleton et al., 2001;
Ichikawa et al., 2017; Vij et al., 2020). Due to their
hydrophobicity, the microspheres will attach selectively to
hydrophobic cells. A cutoff of >3 beads per cell is widely used
to designate hydrophobic versus non-hydrophobic yeasts, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2174
individual cells can be counted and binned into these categories
to determine the %CSH (Hazen and Hazen, 1987). Flow
cytometry can also be used to separate these two populations
when fluorescent microspheres are used (Colling et al., 2005).

For filamentous fungi, contact angle measurement can be
used to determine the hydrophobicity of a mycelial mat although
this technique is seldom used for human pathogens (Smits et al.,
2003). In this method, drops of water are placed on top of the
filamentous fungi mat and the contact angle between the water
droplet and the mycelial mat is measured. A hydrophilic mycelial
mat will have a low contact angle (cutoff of <30°) while a
hydrophobic mat will have a higher contact angle (cutoff of
>60°) (Smits et al., 2003).
FACTORS AFFECTING CSH

Microbial CSH can be affected by multiple variables, including by
altered cell wall composition, genetic modification, changes in
temperature, and altered nutrient availability.

Among colonies of Trichosporon asahii, different yeast cell
morphologies were indicative of differences in hydrophobicity
(Ichikawa et al., 2017). Morphology is believed to affect virulence
for this pathogen through an unknown mechanism. Colonies of
several morphologies isolated from a single clinical sample had
distinct morphologies that aligned with different levels of CSH.
Heat-killing led to a slight but insignificant decrease in CSH for
all strains, but when periodate was used to degrade cell wall
polysaccharides, CSH dramatically decreased in all three strains
tested. This suggests that the variance in cell wall composition
and extracellular polysaccharides between strains of different
morphologies may have directly contributed to the differences in
CSH (Ichikawa et al., 2017).

Other components of the cell wall can also contribute to
CSH in C. albicans, including mannoproteins, glucans, lipids,
and chitin (Masuoka and Hazen, 1997; Pitarch et al., 2002). The
sterol profile and lipid content also impact CSH in C. albicans,
and differences in the expression of ERG11 which encodes
CYP51A1 alters both of these plasma membrane characteristics
(Suchodolski et al., 2020). Additionally, knockout of CSH1 which
encodes a hydrophobic 38-kDa protein Csh1p decreased both
CSH and adhesion to fibronectin in C. albicans (Singleton et al.,
2001). Although a large portion of expressed Csh1p is localized
to the cytoplasm, it is also associated with the cell wall and is
upregulated upon increased temperature (Singleton
and Hazen, 2004). Clearly a complicated property of the
cell surface, CSH can be altered by manipulation of
multiple components.

Nutrient availability, fungal growth phase, and temperature
also affect CSH. Stationary phase cultures of C. albicans at 37°C
diluted into fresh media can rapidly decrease their CSH in
response to the newly accessible nutrients (Hazen and Hazen,
1988). Stationary phase cultures at either room temperature or
37˚C had an initial drop in CSH regardless of previous or current
growth temperature, but CSH several hours after dilution was
dependent on the growth temperature of the subculture with
January 2021 | Volume 10 | Article 594973
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room temperature cultures having higher CSH (Hazen and
Hazen, 1988).

In dimorphic fungi, the shift between hyphal and yeast forms
is partially controlled by temperature and is associated with
dramatic morphological, gene regulation, and cell surface
composition changes. Most CSH studies in dimorphic fungi
have focused on the organisms grown at 37°C (Muadcheingka
and Tantivitayakul, 2015; Ichikawa et al., 2017; Llopis-
Torregrosa et al., 2019; Angiolella et al., 2020; Ramos et al.,
2020) although several studies have compared cultures grown at
37°C versus room temperature, identifying a general trend of
higher CSH at lower temperatures and in the hyphal form
(Antley and Hazen, 1988; Hazen and Hazen, 1988; Hazen
et al., 1988; Singleton et al., 2001; Borecká-Melkusová and
Bujdáková, 2008; Galán-Ladero et al., 2013).

Although most Cryptococcus neoformans are yeasts that
usually do not have a filamentous form, they can expand from
5–7 mm to up to 100 mm and take on a distinct morphology
known as titan or giant cells during infection (Zaragoza and
Nielsen, 2013). In the context of Galleria mellonella infection,
giant cells (>30 mm diameter) had similar infection outcomes to
regularly sized C. neoformans despite being phagocytosed at a
lower rate, demonstrating the importance of multiple virulence
factors during infection. These giant cells had large cell bodies
and thick polysaccharide capsules, both of which contributed to
their increased size. The enlarged polysaccharide capsules
additionally had decreased permeability. Although the study
did not look at hydrophobicity, the reduction in capsule
permeability suggests a structural change in the capsule which
likely also alters the CSH (Garcıá-Rodas et al., 2011).
RELATIONSHIP TO BIOFILM FORMATION
AND VIRULENCE

High CSH is generally considered to be a virulence factor for
numerous dimorphic fungal species (Hazen et al., 1991). For the
purposes of this discussion we will use the definitions of
pathogenicity and virulence proposed by the damage-response
framework of microbial pathogenesis whereby these refer to the
inherent and relative capacities of microbes to cause damage in
hosts, respectively, such that disease occurs if the damage is
sufficient to affect homeostasis (Casadevall and Pirofski, 1999).
Since the relationship between these properties and CSH
involves a measurement of relative abilities, the term virulence
is used. There are numerous studies in dimorphic fungi,
especially on clinical isolates of C. albicans and non-Candida
albicans Candida species, which demonstrate that high CSH is a
common feature of these disease-causing isolates (Galán-Ladero
et al., 2013; Muadcheingka and Tantivitayakul, 2015; Dabiri
et al., 2018). Despite this, few studies have found any
correlation between high CSH and biofilm formation, an
important step in the establishment of infection, in vitro.

Adhesion is the process of cells attaching to another surface
and is the first step of biofilm formation. CSH was directly
correlated with adhesion across 12 clinical isolates of Candida
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3175
haemulonii species complex. This correlation makes sense as
CSH is a property of the cell surface which affects the way cells
interact with their environment. Despite the substantial
differences in CSH for these isolates and the correlation with
adhesion for fungal cultures alone, no differences were seen
between strains in a phagocytosis assay. Only one condition
and time were tested, however, so it is possible that the kinetics
would have varied at other time points or conditions and were
simply not picked up in this assay. In a Galleria melonella
infection model, only two strains had significantly more
virulence, and both of these, surprisingly, had very low CSH
(Ramos et al., 2020). In this instance, although CSH and
adhesion were positively correlated, this did not translate to
similar associations between CSH and phagocytosis or virulence
in Galleria melonella.

Likely due to the many dynamics at play during the complex
process of biofilm formation, high CSH does not have a
consistent and direct association with biofilm formation ability.
A comparison of CSH, adhesion to polystyrene, and biofilm
formation ability for Malassezia sympodialis identified no
significant correlation between CSH or adhesion and biofilm
ability (Angiolella et al., 2020). This also held true for cells of
several different morphology types from a clinical isolate of
Trichosporon asahii which had no correlation between
hydrophobicity and biofilm formation. In fact, the morphology
associated with the highest CSH actually had the lowest ability to
form biofilm (Ichikawa et al., 2017). An analysis of a hundred
clinical isolates found a weak positive correlation was identified
between CSH and biofilm formation ability for C. albicans, and a
moderate correlation between these two factors was identified for
non-Candida albicans Candida species (Muadcheingka and
Tantivitayakul, 2015). Another study looked at CSH and
biofilm formation ability across multiple Candida species
and only found positive correlations between the two virulence
factors for two of these species, C. parapsilosis and C. tropicalis
while another found that adhesion and biofilm formation ability
were moderately correlated with each other but neither was
correlated with CSH (Dabiri et al., 2018; Souza et al., 2018).

The presence or absence of a relationship between CSH and
biofilm formation may be temperature dependent. For C.
tropicalis grown at 37°C, high CSH and filamentation, a
transition from the yeast to hyphal state required for successful
biofilm formation, were significantly correlated; however, no
relationship was found between these two variables for the
same strains grown at 22°C. Despite this association between
CSH and filamentation at 37°C, neither CSH or adhesion
correlated with biofi lm formation, re-enforcing the
understanding that these virulence factors are related but
distinct (Galán-Ladero et al., 2013).

Additionally, higher CSH is not always correlated with higher
virulence, as demonstrated by the trk1D mutant of C. glabrata
(Llopis-Torregrosa et al., 2019). TRK1 encodes for a high affinity
potassium transporter which is the only potassium uptake
system in this organism. Deletion of this gene impaired the
cells’ ability to take up potassium and decreased cell fitness. The
trk1D mutant also manifested altered the cell wall composition
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which, in turn, increased the CSH, regardless of potassium
availability. The trk1D mutant formed significant biofilms at a
wider range of potassium concentrations than the parental strain
in vitro. Despite these in vitro results, in each of the three
infection models tested (Drosophila melanogaster, Galleria
mellonella, and THP-1 macrophage-like cells), the trk1D
mutant was less virulent than the parental strain. In animal
hosts, extracellular potassium is generally in the low mM range,
and the mutant cells grew poorly under that condition. This
overwhelmed the benefit of increased CSH, adherence, and
biofilm formation in these pathogens because they were not
able to grow well in the host environment and demonstrates that
not only CSH itself, but also the mechanism of CSH, is important
for virulence (Llopis-Torregrosa et al., 2019).

The host response to pathogen exposure can also alter CSH.
During infection, pathogens may be bound by antibodies that
coat their surfaces. Three mAbs (21E6, B9E, and 3D9) targeting
cell wall fibrillar adhesins important for the adhesion of C.
albicans germ tubes were tested for their effects on adhesion to
polystyrene and filamentation (San Millan et al., 1996). mAb
21E6 enhanced adhesion but reduced filamentation, and mAb
B9E decreased both adhesion and filamentation. mAb 21E6
decreased the CSH of C. albicans while B9E increased it. 3D9
had no reactivity against the tested adhesins, did not alter CSH,
and had no effect on either process (San Millan et al., 1996).
These effects were antibody-specific and may have different
mechanisms. In C. neoformans, binding of the protective
capsular mAb 18B7 increased CSH in a dose-dependent
manner while two non-protective capsular mAb 12A1 and
13F1 had no effect on CSH (Vij et al., 2020). This increase in
CSH will presumably facilitate engulfment by macrophages.
Thus, antibody binding as a component of the immune
response to infection may act in part through exogenous
manipulation of CSH to promote pathogen clearance.

Biofilm formation and virulence are multifactorial processes,
and CSH has a much more direct relationship with adhesion than
with the more complex process of biofilm formation. Biofilm
formation is often a key step in fungal pathogenesis and
establishment of infection. Although CSH is not often directly
correlated with biofilm formation, it may promote virulence
through more complex and currently unexplored mechanisms
which are not recapitulated under the in vitro conditions tested,
resulting in higher CSH being associated stronger virulence.
RESPONSE TO ANTIFUNGAL
TREATMENTS

An understanding of CSH is also critical when developing new
antifungal strategies as differences in CSH can cause variable
responses to antifungal treatment. In addition, many
therapeutics reduce CSH. This emphasizes the importance of
considering CSH when determining the best treatment option.

Fluconazole is a major antifungal drug, which inhibits
ergosterol metabolism by blocking the activity of CYP51A1.
One recent study found that fluconazole had much lower
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4176
efficacy against a more hydrophobic strain of C. albicans
(Suchodolski et al., 2020). Fluconazole was tested, alone or in
combination with gentamicin, against two strains of C. albicans:
CAF2-1 and CAF4-2. CAF4-2 had higher CSH as well as higher
expression of ERG11, the gene which encodes for CYP51A1, and
promotes ergosterol production and CDR1 which encodes Cdr1,
a drug efflux pump. Fluconazole treatment increased the CSH of
the more hydrophilic CAF2-1 strain but not that of CAF4-2. It
also increased ERG11 expression much more in the hydrophilic
than the hydrophobic strain, demonstrating that CYP51A1
overexpression is protective against fluconazole treatment
(Suchodolski et al., 2020). This mechanism of resistance holds
true across numerous studies and was previously reviewed
(Berkow and Lockhart, 2017). ERG11 overexpression can have
multiple causes, including gain of function mutations in the
transcription factor Upc2p which is induced upon ergosterol
depletion, altered sterol biosynthesis, and mutations in ERG11
itself (Heilmann et al., 2010; Berkow and Lockhart, 2017).

Differences in ERG11 expression alter the surface sterol
profile and presumably the CSH through this mechanism.
Therefore, the difference in treatment response between the
CAF2-1 and CAF4-2 strains may be due to changes in lipid
homeostasis and metabolism (Suchodolski et al., 2020). Another
older study, however, found that a subinhibitory concentration
of fluconazole did not affect CSH in C. albicans although it did
sensitize the fungi to killing by murine polymorphonuclear
leukocytes (Hazen et al., 2000). This difference is likely due to
the specific strains used in each study as, in the more recent
study, fluconazole only affected CSH in one of the two
strains tested.

Subinhibitory doses of four antifungals, including fluconazole,
were tested for their effects on CSH and biofilm formation ability
in both C. albicans and C. dubliniensis (Borecká-Melkusová and
Bujdáková, 2008). The 50 isolates were classified into four
genotypes based on the details of the presence or absence of a
group I intron at a specific location on the 25S rRNA gene, three
genotypes for C. albicans (A, B, and C) and one for C.
dubliniensis (D). The C. dubliniensis isolates were generally
more hydrophobic than the C. albicans ones. In the tested
range of concentrations, fluconazole did not affect CSH of C.
albicans but did effectively reduce biofilm formation. Conversely,
it decreased CSH in C. dubliniensis but did not decrease biofilm
formation. Voriconazole reduced both biofilm formation and
CSH for all four genotypes tested. Amphotericin B decreased
CSH in all genotypes but only reduced biofilm formation for
genotypes A, B, and D. Itraconazole decreased CSH in genotypes
A, B, and D and decreased biofilm formation for all three
genotypes of C. albicans. Because the comparisons were made
among aggregates of data for all four genotypes, some
information may have been lost as each genotype contained a
wide range of CSH values, but decreased CSH and biofilm
formation were both common outcomes of low dose antifungal
exposure, and the two appear to be independent of each other
(Borecká-Melkusová and Bujdáková, 2008).

Chlorhexidine gluconate is a common active ingredient in
mouthwash with broad antimicrobial activity. Even at
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subtherapeutic doses, it has been shown to decrease CSH in C.
dubliniensis and C. albicans (Ellepola et al., 2013a; Ellepola et al.,
2013b). As CSH helps to mediate adhesion which is necessary for
the establishment of infection, chlorhexidine gluconate, even at
low doses, may help to reduce oral fungal infection.

Minocycline, a tetracycline derivative, was active against the
budded-to-hyphal-form transition of C. albicans at sub-growth
inhibitory concentrations (Kurakado et al., 2017). This transition
is necessary for full virulence and for biofilm formation.
Minocycline significantly decreased CSH at the concentration
necessary for decreased biofilm formation. In addition, it
downregulated the expression of several hyphal and biofilm
formation-related genes. These included the hypha-specific
genes HWP1 and ECE1, the hypha-related transcription factor
genes EFG1, CPH1, and TEC1, the adhesion-related gene ALS3,
and the biofilm-related gene BCR1 (Kurakado et al., 2017).

Malassezia spp. have a high percentage of lipids in their cell
wall (~15%–20% w/w) which contributes to their high CSH. L-
glutathione, an antioxidant with antifungal activity, decreased
CSH by 85%–95% in four species ofMalassezia without affecting
viability (Sivasankar et al., 2015). It increased the time to cell
aggregation specifically through its reduction of CSH without
altering cell surface charge as measured by zeta-potential. It also
decreased fungal virulence in a blood sensitivity assay by 64%–
73% for the same four species, suggesting that CSH is a major
virulence factor for this genus of dimorphic fungi (Sivasankar
et al., 2015).

The effects of numerous non-clinically approved agents on
CSH have also been assessed in various dimorphic fungal species.
The extract of the plant Eugenia uniflora which has antioxidant
and antimicrobial activity was tested against Candida spp. and
was able to decrease CSH, adhesion to human buccal epithelial
cells, and biofilm formation to different extents (Souza et al.,
2018). Several essential oils, specifically tea tree, thyme, and
clove, have also been examined for their effects on CSH in several
Candida species. The results were essential oil and strain-
dependent, but, particularly when used in combination, the
essential oils tested often significantly decreased CSH
(Rajkowska et al., 2015). A bacteriocin isolated from
Streptococcus sanguinis culture media was also effective against
C. albicans and C. tropicalis. Although its activity was
multifactorial, it decreased CSH (Ma et al., 2015). Reducing
CSH appears to be a common activity for many antifungal
agents, both clinically approved and investigational.

As may be anticipated, higher CSH is associated with higher
phagocytic efficiency. Increasing CSH in C. neoformans was
positively correlated with phagocytosis by the natural predator
Acanthamoeba castellani (Vij et al., 2020). Additionally, in C.
albicans, murine polymorphonuclear leukocytes (PMNs) were
more effective at engulfing more hydrophobic cells cultured at
room temperature than they were for cells grown at 37°C (Antley
and Hazen, 1988). The opposite trend was seen for cell killing,
however, with PMNs being more effective at killing the less
hydrophobic cells grown at 37°C. This is due to the enhanced
ability of the room temperature cultured cells to form germ
tubes. Germ tube formation is correlated with CSH. In line with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5177
this, C. albicans grown at room temperature had higher CSH and
led to more rapid death in a mouse model than C. albicans cells
grown at 37°C (Antley and Hazen, 1988; Hazen et al., 2000).
Therefore, the impact of CSH on phagocytosis and killing
appears to be two-fold. Higher hydrophobicity makes the cells
initially easier to engulf, but also makes them more prone to
germ tube formation and resistance to phagocytic killing.

CSH is clearly an important virulence factor to consider in
relation to both treatment options and drug development. As
CSH can alter the efficacy of antifungal therapies, it could be
helpful in informing treatment selection. CSH is also frequently
reduced by antifungal therapies as part of their activity and
provides a good, easily quantifiable phenotypic readout which
can be used to measure this virulence factor in vitro. In addition,
further exploration of the mechanisms through which these
drugs reduce CSH and subsequently virulence could
elucidate additional pathways involved in pathogenesis and
lead to the development of novel strategies to target
fungal infections.
SYNTHESIS

Our review of the CSH information available for medically-
important fungi revealed disparate observations obtained from
different organisms and variable experimental settings. This
makes it difficult to propose a coherent perspective that
includes all of these observations into on cohesive theory,
especially given that some studies report conflicting results.
Although this complicates a clear, mechanistic understanding
of the impact of CSH on pathogenesis and drug resistance across
organisms and studies, CSH is a property of the cell wall, which
provides a protective barrier between the cell and its
environment and as such, is indisputably a key factor in these
processes. More work on this topic, particularly in other
medically-significant dimorphic fungi such as Coccidiodes
immitis, Paracoccidioides brasiliensis, Blastomyces dermatitis,
Histoplasma capsulatum, and Sporothrix schenckii is needed
because the literature on the CSH species is limited or non-
existent. In this regard, comparative studies across diverse
species could provide additional important insights on the
specific effects of high or low CSH, which might help clarify
the current, conflicting results. We are hopeful that our
delineation of the variable effects of CSH on virulence,
biofilm formation and drug resistance stimulates additional
studies to explore how this critical cell parameter affects
these processes.
CONCLUSIONS

The body of work available on CSH in dimorphic fungi, mostly
in Candida species, demonstrates that this biophysical parameter
plays important and complex roles in the processes of virulence,
biofilm formation, and response to treatment. High CSH
frequently but not universally corresponds to stronger
January 2021 | Volume 10 | Article 594973
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virulence. Although related, CSH is distinct from biofilm
formation, and there is often no direct correlation between the
two properties, although both are important for virulence. Much
of the existing literature on CSH in dimorphic fungi focuses on
Candida species, and similar experiments for other pathogenic
dimorphic fungi could provide a better understanding of these
organisms from both a basic science and clinical perspective. In
general, CSH is a relatively understudied cellular property in
fungi that merits more attention given its fundamental nature for
microbial physiology, cellular attachment, virulence, and as a
drug target.
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Borecká-Melkusová, S., and Bujdáková, H. (2008). Variation of cell surface
hydrophobicity and biofilm formation among genotypes of Candida albicans
and Candida dubliniensis under antifungal treatment. Can. J. Microbiol. 54 (9),
718–724. doi: 10.1139/W08-060

Casadevall, A., and Pirofski, L. A. (1999). Host-pathogen interactions: Redefining
the basic concepts of virulence and pathogenicity. In Infect Immun. 67 (8),
3703–3713). doi: 10.1128/iai.67.8.3703-3713.1999

Colling, L., Carter, R. N., Essmann, M., and Larsen, B. (2005). Evaluation of
relative yeast cell surface hydrophobicity measured by flow cytometry. Infect.
Dis. Obstetr Gynecol 13 (1), 43–48. doi: 10.1155/2005/739101

Dabiri, S., Shams-Ghahfarokhi, M., and Razzaghi-Abyaneh, M. (2018).
Comparative analysis of proteinase, phospholipase, hydrophobicity and
biofilm forming ability in Candida species isolated from clinical specimens.
J. Mycol Med 28 (3), 437–442. doi: 10.1016/j.mycmed.2018.04.009

Ellepola, A. N. B., Joseph, B. K., and Khan, Z. U. (2013a). Changes in the Cell
Surface Hydrophobicity of Oral Candida albicans from Smokers, Diabetics,
Asthmatics, and Healthy Individuals following Limited Exposure to
Chlorhexidine Gluconate. Med. Principles Pract. 22 (3), 250–254.
doi: 10.1159/000345641

Ellepola, A. N. B., Joseph, B. K., and Khan, Z. U. (2013b). Cell surface
hydrophobicity of oral Candida dubliniensis isolates following limited
exposure to sub-therapeutic concentrations of chlorhexidine gluconate.
Mycoses 56 (1), 82–88. doi: 10.1111/j.1439-0507.2012.02203.x

Galán-Ladero, M. A., Blanco-Blanco, M. T., Hurtado, C., Pérez-Giraldo, C.,
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Université Paris Diderot, France
Aylin Döğen,
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Reduced Severity in Patients With
HIV-Associated Disseminated
Histoplasmosis With Deep
Lymphadenopathies: A Trench War
Remains Within the Lymph Nodes?
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Philippe Abboud5, Magalie Demar6,7, Félix Djossou5, Loïc Epelboin5, Caroline Misslin8,
Balthazar Ntab9, Audrey Valdes10 and Pierre Couppié 2,4
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Background: Disseminated histoplasmosis is a major killer of patients with advanced HIV.
It is proteiform and often hard to diagnose in the absence of diagnostic tests. We aimed to
describe disseminated histoplasmosis with lymphadenopathies in French Guiana and to
compare survival and severity of those patients to patients without lymphadenopathies.

Methods: A retrospective cohort study was performed on data records collected
between January 1, 1981 and October 1, 2014.

Results: Among 349 cases of disseminated histoplasmosis 168 (48.3%) had superficial
lymphadenopathies and 133(38.1%) had deep lymphadenopathies. The median LDH
concentration, ferritin concentration, TGO concentration, and WHO performance status
were lower among patients with deep lymphadenopathies than those without deep
lymphadenopathies. There was a significant decrease in the risk of early death (<1 month)
among those with deep lymphadenopathies relative to those without (OR=0.26 (95%
CI=0.10–0.60), P=0.0006) and in the overall risk of death (OR=0.33 (95%CI=0.20-0.55),
P<0.0001). These associations remained strongly significant after adjusting for time
period, CD4 counts, age, delay between beginning of symptoms and hospital
admission, antifungal and antiretroviral treatment.

Conclusions: The present data show that in patients with advanced HIV and disseminated
histoplasmosis, the presence of deep lymphadenopathies is associated with fewer markers of
severity and a lower risk of death. To our knowledge it is the first study to show this. The
presence of deep lymphadenopathies is hypothesized to reflect the patient’s partially effective
defense against H. capsulatum.
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INTRODUCTION

Histoplasma capsulatum is a dimorphic ascomycete that grows in
soil and bird and bat guano. After spores are inhaled, it transforms
into a pathogenic yeast and replicates within macrophages which
can transport the yeast from the lungs to any organ (Horwath
et al., 2015). The efficient clearance of Histoplasma yeasts requires
the activation of macrophages through the Th1 response. The
recognition of H. capsulatum by dendritic cells and macrophages
promotes the differentiation and recruitment of Th1 cells.
However, this process fails in immunocompromised individuals
who therefore are at risk for disseminated infection. Antigen
presenting cells migrate to the nearest lymph node where the
antigen they express along with MHCII molecules can be
presented to a variety of circulating naïve lymphocytes that can
eventually become activated and proliferate. Humans usually have
about 500 lymph nodes, which are divided into groups and are
more concentrated near the trunk (Standring, 2016). As secondary
lymphoid organs, lymph nodes have a central role in the
development of adaptive immunity against pathogens. During
infections, they may become enlarged and palpable. Ever since
the beginning of the HIV epidemic, lymph node pathology
has been known to be an important consequence of human
immunodeficiency virus (HIV) infection. The central role that
lymphoid tissues play in HIV pathogenesis has been suggested by
the structural and functional alterations induced by HIV.
(Dimopoulos et al., 2017) Enlarged lymph nodes are common
among HIV-infected patients and there may be several causes,
infections by Mycobacterium tuberculosis, Lymphoma, Castelman
syndrome, Kaposi syndrome, or HIV itself. Hence, before being
called HIV, the virus responsible for AIDS was called
Lymphadenopathy Associated Virus. Another infecting pathogen
that can cause lymphadenopathies is Histoplasma capsulatum.

Since the 1980s, HIV has spread in French Guiana, a French
overseas territory between Brazil and Suriname. A distinct
feature of patients with advanced HIV in French Guiana is
that disseminated histoplasmosis is the most frequent AIDS-
defining infection and cause of death. This epidemiological fact
has been known by dermatologists since the 1980s, and then
spread in the medical community further accelerated by fungal
culture from a variety of tissue samples, which increasingly
allowed identifying the fungal pathogen (Nacher et al., 2019;
Morote et al., 2020). Lymphadenopathies are common and easily
accessible sites to sample tissue to diagnose histoplasmosis
(Huber et al., 2008).

In this context, we aimed to describe our experience regarding
disseminated histoplasmosis with lymphadenopathies in French
Guiana and to compare survival and severity of those patients to
patients without lymphadenopathies.
METHODS

Study Design
A retrospective multicentric study was performed on patients
with confirmed disseminated histoplasmosis included between
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January 1st, 1981 and October 1st, 2014. The cohort is not
funded and its updating it will require the availability of staff
sufficiently trained to collect all these data until 2020.

Study Population
Co-infections with HIV and histoplasmosis were enrolled in the
Histoplasmosis and HIV database of French Guiana. The
inclusion criteria were as follows: confirmed HIV infection;
first proven episode of histoplasmosis [EORTC/MSG criteria
(De Pauw et al., 2008)]; and age >18 years.

Study Design
This database was created in 1992. It included incident cases
of HIV-associated histoplasmosis in the three hospitals of
French Guiana. Epidemiological, clinical, paraclinical,
immunovirological and therapeutic data were collected on a
standardized case record form until October 2014. Hospitalized
incident cases of HIV-associated histoplasmosis were included.
Sex, age, place of birth, symptoms on admission, clinical entrance
examination, immunovirological status, standard biological
examinations, medical imaging, mycology, pathology,
treatment received, and survival data during the study period
were collected. Lymphadenopathies were classified according to
size (<=2 cm, between 2 and 5 cm, and > 5 cm) and superficial
(palpable) or deep lymphadenopathies, which were not palpable
but visible in patients having benefitted from medical imagery
(ultrasound, CT-scanner).

Statistical Analysis
STATA© (College Station, Texas, USA) was used. Quantitative
variables were described using medians and interquartile ranges,
they were compared between groups with or without superficial
lymphadenopathies, or between groups with or without deep
lymphadenopathies using ranksum non-parametric tests or
Student’s t-test, where appropriate. For qualitative variables,
Chi2 or Fisher tests were computed comparing the proportions
between those with and without lymphadenopathies. We also
compared those with lymphadenopathies >2 cm to those without
lymphadenopathies >2 cm. Multivariate logistic regression was
used to adjust for potential confounders. Modeling included
variables that significantly differed between those with and
without lymphadenopathies. Model fit was verified using the
Hosmer Lemeshow goodness of fit test. Kaplan Meier curves
were computed and the Log Rank test was used to compare
patients with and without lymphadenopathies. Patients lost to
follow-up were right-censored at the date of last visit. Statistical
significance was set at P<0.05.

Ethical and Regulatory Aspects
The research was approved by the Comité Consultatif pour le
Traitement de l’Information pour la Recherche en Santé
(CCTIRS) (number 10.175 bis, 10/06/2010), the French
National Institute of Health and Medical Research institutional
review board (CEEI INSERM) (IRB0000388, FWA00005831 18/
05/2010), and the Commission Nationale Informatique et
Libertés (CNIL) (number JZU0061856X, 07/16/2010).
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RESULTS

Among 349 cases of disseminated histoplasmosis between January
1, 1981 and October 1, 2014, 168 (48.3%) had superficial
lymphadenopathies and 133 had deep lymphadenopathies (38.1%
if considering all patients, but 133/294 (45.2%) when only
considering patients having had CT-scans or ultrasonography).
Figure 1 shows a flowchart breaking down the types and sizes of
lymphadenopathies, and the persons with concomitant tuberculosis,
atypical mycobacteriosis, and chronic herpes.

Superficial Lymphadenopathies
Among the 168 patients with superficial lymphadenopathies, 108
(64.3%) had lymphadenopathies <2 cm, 63 (37%) between 2 and
5 cm, and 4 (2.4%) >5 cm (Table 1). Patients with
lymphadenopathies >2 cm were less likely to have pulmonary
signs than those without lymphadenopathies >2 cm (Table 2).
Patients with lymphadenopathies >2cm were also less likely to have
had thoracic or abdominopelvic CT-scans, digestive endoscopy and
bone marrow aspiration than those without lymphadenopathies
>2 cm (Table 2). The median neutrophil count was higher among
patients with lymphadenopathies >2cm than those without
lymphadenopathies >2 cm (Table 2). The median platelet count
was higher among patients with lymphadenopathies >2cm than
those without lymphadenopathies >2 cm (Table 2). There were no
significant differences between those with or without superficial
lymphadenopathies for hemoglobin, ferritin, C-reactive protein, or
LDH (data not shown).

Patients with superficial lymphadenopathies were less likely to
receive presumptive antifungal treatment than those without
superficial lymphadenopathies, 80.9% vs 88.8%, P=0.04. There
was no significant difference in median CD4 count (32 (IQR=12-
73) vs 31 (IQR=14-65), P=0.7) between those with and without
superficial lymphadenopathies, respectively. The delay between
diagnosis of histoplasmosis and the beginning of symptoms was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3182
longer among patients with superficial lymphadenopathies >2 cm
than in those without. However, these patients had greater CD4
counts than those without superficial lymphadenopathies >2 cm
(Table 2). There was no difference in the proportion of patients
receiving amphotericin b (liposomal or deoxycholate) whether they
had superficial lymphadenopathies or not (45.4%, vs. 41.8, P=0.5).
However, those with superficial lymphadenopathies >2 cmwere less
likely to receive amphotericin B induction therapy than those
without (Table 2).

Although there seemed to be a lower proportion of deaths
within 1 month after antifungal therapy among those with
superficial lymphadenopathies than those without, the
difference was not significant (11.3% vs 17.2%, P=0.11).
Similarly, for all deaths, there was a non-significant trend for
fewer deaths in the superficial lymphadenopathies (36.9% vs
45.5%, P=0.1).

Among persons explored with medical imagery, persons with
superficial lymphadenopathies were more likely to also have deep
lymphadenopathies (OR=1.87 (95%CI=1.18-2.97), P=0.004.

Deep Lymphadenopathies
Regarding deep lymphadenopathies, themedian LDHconcentrationwas
lower among patients with deep lymphadenopathies than those without
deep lymphadenopathies (Table 2). The median ferritin concentration
was lower among patients with deep lymphadenopathies than those
without deep lymphadenopathies (Table 2). The median TGO
concentration was lower among patients with deep lymphadenopathies
than thosewithout deep lymphadenopathies (Table 2). Ultrasonographic
measurement of hepatomegaly showed that the proportion of patients
with hepatomegaly was lower among patients with deep
lymphadenopathies than in those without deep lymphadenopathies
(Table 2).

When looking at the WHO performance status there was
less general condition alteration among those with deep
lymphadenopathies (Table 2).
FIGURE 1 | Flowchart stratifying patient counts by presence of superficial or deep lymphadenopathies.
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Time and Lymphadenopathies
When comparing the proport ion of pat ients with
lymphadenopathies between four time-periods (<1998, 1998-2003,
2004-2009, 2010-2014) there was no significant difference between
the proportion of patients with superficial lymphadenopathies
during different time periods. However, Figure 2 shows that over
time the proportion of lymphadenopathies >2 cm decreased
whereas those < 2 cm increased (P for linear trend <0.0001), and
among those having benefitted from medical imagery the
proportion of deep lymphadenopathies increased (P<0.0001).
There was a strong negative correlation between time period and
the duration between symptoms’ onset and hospital admission
(Spearman’s rho −0.57, P<0.0001).
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There was a significant decrease in the risk of early death (<1
month) among those with deep lymphadenopathies relative to
those without (OR=0.26 (95%CI=0.10–0.60), P=0.0006) and in
the overall risk of death (OR=0.33 (95%CI=0.20–0.55),
P<0.0001). These associations remained strongly significant
after adjusting for time period, CD4 counts, age, delay between
beginning of symptoms and hospital admission, antifungal and
antiretroviral treatment. Figures 3 and 4 show the Kaplan Meier
curves for survival by deep lymphadenopathies and superficial
lymphadenopathies considering the onset of symptoms as origin,
the date of death, and censoring at the date when the patient was
last seen. This amounted to 850 person-years of follow up. Both
curves suggest that survival was greater among those with
lymphadenopathies but the log Rank was not significant for
superficial lymphadenopathies. The incidence rate of death
among patients without superficial lymphadenopathies was
17.5 per 100 person-years, and for those with superficial
lymphadenopathies it was 12.3 per 100 person-years. The
incidence rate of death among patients without deep
lymphadenopathies was 19.5 per 100 person-years, and for
those with deep lymphadenopathies it was 8.4 per 100
person-years.

Overall, there were no differences between those with or without
lymphadenopathies and transmission modes, history of
opportunistic infections, antiretroviral treatment, nationality, sex
(data not shown). There were 9 (12.3%) concomitant tuberculosis
cases in those with lymphadenopathies and 9(14.3%) concomitant
tuberculosis cases in those without lymphadenopathies, P=0.7. There
were 6 (8.2%) concomitant cases of atypical mycobacterial infection
in those with lymphadenopathies and 1(1.6%) concomitant case of
atypical mycobacterial infection in those without lymphadenopathies,
P=0.08. There were 12 (16.4%) concomitant chronic herpes cases in
those with lymphadenopathies and 8(12.7%) concomitant chronic
herpes cases in those without lymphadenopathies, P=0.5. Performing
the above comparisons between patients with and without superficial
or deep lymphadenopathies after excluding persons with
concomitant tuberculosis, mycobacteriosis and chronic herpes did
not change the observed differences (data not shown). There were 23/
55 positive direct examinations of lymph node samples and 43/53
positive cultures of lymph node samples, and 39/63 positive
pathological examinations of lymph node biopsies.
DISCUSSION

Superficial lymphadenopathies were very common among patients
with disseminated histoplasmosis and 19% of all patients had
lymphadenopathies >2 cm. Among patients having benefitted
from ultrasonography or CT-scanner, 45% had deep
lymphadenopathies. Patients with superficial lymphadenopathies
seemed less severe that those without superficial lymphadenopathies
but this failed to reach statistical significance. However, patients
with deep lymphadenopathies were definitely less severe than
patients without deep lymphadenopathies. After adjusting for
several potential confounders, they were less likely to die, at one
month and at any temporal horizon than patients without deep
TABLE 1 | Superficial and deep lymphadenopathies in human immunodeficiency
virus (HIV)-infected patients with disseminated histoplasmosis.

Variable n/N Percentage

Presence of superficial† lymphadenopathies 168/349 48
Superficial lymphadenopathies<2 cm 108/168 64
cervical lymphadenopathies<2 cm 60/100 60
supraclavicular lymphadenopathies <2 cm 11/100 11
axilary lymphadenopathies <2 cm 38/100 38
inguinal lymphadenopathies<2 cm 49/100 49
Medium size superficial lymphadenopathies (2–5 cm) 63/168 37
cervical lymphadenopathies (2–5 cm) 23/35 65
supraclavicular lymphadenopathies (2–5 cm) 6/35 17
axilary lymphadenopathies (3–5 cm) 19/35 54
inguinal lymphadenopathies (3–5 cm) 8/35 23
Large superficial lymphadenopathies (>5 cm) 4/168 2
cervical lymphadenopathies>5 cm 2/4 50
supraclavicular lymphadenopathies >5 cm 0/4 0
axilary lymphadenopathies >5 cm 2/4 50
inguinal lymphadenopathies>5 cm 1/4 25

Deep‡ lymphadenopathies 133/349 38
Mediastinal lymphadenopathies on chest Xray 4/132 3
Deep lymphadenopathies on abdominopelvic
ultrasonography

82/234* 35

Abdominal 76/83 91
Celiomesenteric 32/83 38
interaortico-caval 18/83 21
Lombo-aortic 14/83 16
hepatic hilus 12/83 14
Illiac 6/83 7
Latero-caval 5/83 6
Deep lymphadenopathies on abdominal-pelvic CT-
scanner

60/98* 61

Abdominal 40/61 65
Celiomesenteric 32/61 52
Retroperitoneal 24/61 39
Lombo-aortic 13/61 21
interaortico-caval 12/61 19
Illiac 12/61 19
Hepatic hilus 5/61 8
Latero-caval 3/61 4
Deep lymphadenopathies on thoracic CT-scanner 37/100* 37
Mediastinal 31/37 83
Axillary and supraclavicular 9/37 24
Hilar 7/37 18
Sub carinal 2/37 5
Barety’s space 1/37 2
*Number of procedures performed; †superficial lymphadenopathies are palpable during
clinical examination; ‡deep lymphadenopathies are not palpable and only visible through
medical imagery.
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lymphadenopathies. Consistently with this finding, markers
that can serve as a proxy for severity (Couppie et al., 2004)
were more favorable than those of patients without deep
lymphadenopathies. Hence, LDH, Ferritin, and TGO levels were
significantly lower, and platelet counts were higher in those with
deep lymphadenopathies. They were also less likely to have
ultrasonographic hepatomegaly than those without deep
lymphadenopathy, and the WHO performance status score was
lower (indicating less alteration of the patient’s general condition)
among patients with deep lymphadenopathies than among those
without deep lymphadenopathies.

Patients with superficial lymphadenopathies >2 cm were less
likely to have further explorations than those without,
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presumably because they were less likely to have respiratory
problems, to have leukocyte or platelets cytopenias than patients
without lymphadenopathies >2 cm. In addition, the attending
physicians may also have focused on the tangible anomaly at
hand and thus, they were less intensively explored. Patients with
superficial lymphadenopathies were less likely to receive
presumptive antifungal treatment than those without
superficial lymphadenopathies. The delay between diagnosis of
histoplasmosis and the beginning of symptoms was longer
among patients with superficial lymphadenopathies>2cm than
in those without such lesions. These patients had greater CD4
counts than those without superficial lymphadenopathies >2 cm.
Patients with superficial lymphadenopathies >2 cm were less
TABLE 2 | Comparisons between patients with and without large superficial lymphadenopathies (>2 cm), and with and without deep lymphadenopathies.

Superficial† lymphadenopathies>=2cm
N=67

No superficial† lymphadenopathies>2cm
N=282

P*

Delay between symptoms onset and diagnosis (median
[IQR]) days

143 [51–261] 42 [20–188] 0.0004

Pulmonary symptoms and signs 36.5 60.9 0.002
Thoracic CT Scan (%) 14.3 44.7 <0.0001
Abdominopelvic CT Scan (%) 11.1 40 <0.0001
Bone marrow aspiration (%) 6.3 26.7 0.001
Endoscopy (%) 28.5 44.7 0.03
Neutrophils (median [IQR]) per mm3 2,240 [1,380–3,050] 1,525 [6–2,726] 0.001
Platelets (median [IQR]) per mm3 194,500 [101,000–262,500] 106,000 [384–213,500] 0.001
CD4 count (median [IQR]) per mm3 46 [19–112] 26 [60–103] 0.003
Proportion receiving liposomal amphotericin B induction (%) 34.9 52 0.03

Deep
lymphadenopathies‡

N=133

No deep
lymphadenopathies‡

N=216

P*

LDH (median [IQR]) U/L 349 [261–540] 538 [320–1,309] <0.0001
Ferritin (median [IQR]) ng/ml 1082 [388–1,908] 1347 [641-5,449] 0.01
TGO (median [IQR]) IU 50 [31–75] 60 [35–119] 0.01
WHO performance status>2 (%) 41.5 51.8 <0.001
Proportion with ultrasonographic hepatomegaly (%) 56.2 75.5 0.02
February 2021 | Volume 10 | Article
*chi square test for proportions, rank sum test for medians; †superficial lymphadenopathies are palpable during clinical examination; ‡deep lymphadenopathies are not palpable and only
visible through medical imagery.
FIGURE 2 | Evolution of the proportion of patients with lymphadenopathies by size.
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likely to receive amphotericin B induction therapy than those
without, which is also an indication they were less severe.

There were a number of potential limitations. Lymphadenopathies
are frequent in HIV-infection, a frequency that may vary
depending on the proportion of advanced immunosuppression
or the pathogen ecosystem (Cortez et al., Sep-Oct; Kamana et al.,
2010; Hadadi et al., 2014). Among patients with concomitant
opportunistic infections that can cause lymphadenopathy we did
not observe any significant differences between those with or
without superficial lymphadenopathies, but the total numbers of
coinfections were relatively small. It was hence often not possible
to determine for sure the cause of enlarged lymphadenopathies
when there was no aspiration or biopsy for fungal diagnosis.
Diagnosis was reached in different ways and the fungal load was
not known. It is possible to suspect a bias where those with
superficial lymphadenopathies would be diagnosed earlier because
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6185
of the externality of lymph nodes. However, the fact that the delay
between symptoms’ onset and diagnosis was longer in those with
superficial lymphadenopathies >2 cm than in those without, and
that their CD4 count was higher was consistent with the
observation that deep lymphadenopathies were associated with
less mortality. Finding deep lymphadenopathies depended on
actually looking for them using medical imagery. This raises the
question of considering that those who did not get an ultrasound
or a CT-scan could wrongly be considered as not having deep
lymphadenopathies. However, when excluding those who did not
have ultrasonographic or CT-scanographic explorations, the
findings did not change at all. Over 34 years many things have
changed, HIV testing, histoplasmosis diagnostic capacity and
awareness, antifungal treatment, and HIV treatment (Nacher
et al., 2020). All this may introduce biases, but our observations
of reduced death remained very significant after taking into
account confounders such as age, the duration of symptoms
before admission, antifungal and antiretroviral treatment, and
CD4 count. Therefore, we are confident in the conclusion that
disseminated histoplasmosis with deep lymphadenopathies is
statistically less severe that when there are no deep
lymphadenopathies. An intriguing finding was the fact that
superficial lymphadenopathies >2 cm became significantly less
frequent over time, whereas lymphadenopathies <2 cm became
more frequent, while median CD4 count remain stable all along.
This was perhaps linked to the gradual decline of delays between
the onset of symptoms and hospitalization and treatment, which
left less time for lymphadenopathies to grow.

The corpus of knowledge of pathologists also brings an
interesting way to consider our results. Histopathological
lesions in histoplasmosis reflect the host reaction against H.
capsulatum and are usually classified into four categories
including tuberculoid, anergic, mixed, and sequelae types. The
tuberculoid form generally corresponds to a low inoculation and
effective tissue response of the host. In this form, H. capsulatum
are usually few in number and are located in the cytoplasm of
macrophages (intracellular). The anergic form is usually seen in
HIV patients and shows little or no tissue response but abundant
intracellular and extracellular yeast. In anergic forms the local
macrophages remain inactive. The mixed form represents an
intermediate form between the tuberculoid and the anergic type.
Finally, in the sequelae type, scarring fibrosis is predominant and
inflammation is mild. In this form, H. capsulatum yeasts are rare
and may correspond to a relapse case or possible reactivation.

In our Histoplasmosis pathology experience, 31 patients had
histological confirmation of lymph node histoplasmosis by the
presence of H. capsulatum yeasts on lymph node biopsies or
surgical specimens. Interestingly and consistently with the
clinical outcome of this study the granulomatous inflammatory
reaction of tuberculoid type was the most frequent (24/31,
77.4%) which usually corresponds to effective tissue response
(Drak Alsibai et al., 2020). Among these 24 granulomatous cases,
histological variants perfectly mimicking tuberculosis with
epithelioid granulomas, multinucleated giant cells and caseous
necrosis were found in 10 cases, followed by less typical
epithelioid granulomatous variants where giant cells and necrosis
FIGURE 3 | Incidence of death among patients with disseminated
histoplasmosis stratified by the presence of deep lymphadenopathies.
FIGURE 4 | Incidence of death among patients with disseminated
histoplasmosis stratified by the presence of superficial lymphadenopathies.
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were absent in eight cases, then by forms with predominant
macrophage infiltration in six cases. The remaining seven lymph
nodes showed non-specific hyperplastic lymphadenitis.

Lymph nodes function as an active innate barrier that can help
improve patients’ defenses against the spread of infection.
Furthermore, they can be actively modulated to rapidly recruit
additional cells in response to a response default. In the normal
lymph node, the macrophages reside in the subcapsular sinus and
medullary sinus. Lymphatic fluid brings pathogens and antigen-
presenting cells to lymph nodes macrophages (Bogoslowski and
Kubes, 2018). In infectious diseases, the granuloma is the result of a
complex interaction between the infectious agent and a wide range
of inflammatory cells (macrophages, lymphocytes T and B, etc…)
and biological mediators (cytokines, interleukins, chemokines,
growth factors, etc…).

Granuloma formation is promoted by a close relationship
between activated macrophages that strongly express major
histocompatibility complex (MHC) class II molecules and CD4+
T helper cells 1 (Th1) (James, 2000). Macrophages may develop
into epithelioid cells and can also fuse to form multinucleated
giant cells. Th1 recognize protein peptides presented to them by
antigen presenting cells carrying MHC II molecules. Th1
subsequently induces interleukin-1 on macrophages that
promote granuloma formation. The overstimulation of Th1 cells
compared to T helper cells 2 (Th2) leads to cell hyperactivity,
tissue destruction and granuloma reaction. Instead, when the Th2
is over-stimulated, it causes an anergy and apoptosis. The
activation of Th1 and Th2 lymphocytes is controlled by B7-
CD28/CTLA-4 stimulation pathways (James, 2000).

Our convergentfindings strongly suggest that patientswhohave
significantly enlarged superficial and deep lymphadenopathies are
less severe. An enlarged lymph node is a sign that there is a battle
going on in the lympnode, where circulating lymphocytes are
confronted with antigen presenting cells. For the proliferation to
take place the immunocompromised host must still have some
capacity tomount part of a response. An analogy could be immune
reconstitution syndromes, for which one of the common
presentations are rapidly growing and at times compressive
lymphadenopathies where the reconstitution of the immune
system is “visible” in the lymphnodes (Nacher et al., 2006;
Melzani et al., 2020). Even though the patient has low CD4
counts, the enlarged lymphadenopathies in patients with
disseminated histoplasmosis may thus testify than an active
“front line” is remaining. This lower severity is of course relative,
and disseminated histoplasmosis is still a very serious disease even
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7186
with deep lymphadenopathies as shown by the incidence rate of
8.4 deaths per 100 person-years. The patterns of dissemination of
this proteiform disease are still obscure, in some disseminating to
certain organs and in others in different organs (Couppié et al.,
2019). The interplay between inoculum, immunity, personal
factors, random factors results in a great variety of clinical
presentations, requiring different microbiologic diagnostic
approaches; all this lead to the difficulty of this diagnosis in the
absence of antigen detection tests (Wheat, 1994).

In conclusion, the present data showed that in patients
with advanced HIV and disseminated histoplasmosis, the
presence of deep lymphadenopathies- and perhaps of superficial
lymphadenopathies- was associated with fewermarkers of severity
and a lower risk of death. To our knowledge it is the first study to
show this.
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Paracoccidioidomycosis is a systemic fungal disease, considered endemic in Latin
America. Its etiological agents, fungi of the Paracoccidioides complex, have restricted
geographic habitat, conidia as infecting form, and thermo-dimorphic characteristics.
Polymorphonuclear neutrophils (PMNs) are responsible for an important defense
response against fungus, releasing Neutrophil Extracellular Traps (NETs), which can
wrap and destroy the yeasts. However, it has been described that some pathogens are
able to evade from these DNA structures by releasing DNase as an escape mechanism.
As different NETs patterns have been identified in PMNs cultures challenged with different
isolates of Paracoccidioides brasiliensis, the general objective of this study was to identify
if different patterns of NETs released by human PMNs challenged with Pb18 (virulent) and
Pb265 (avirulent) isolates would be correlated with fungal ability to produce a DNase-like
protein. To this end, PMNs from healthy subjects were isolated and challenged in vitrowith
both fungal isolates. The production, release, and conformation of NETs in response to
the fungi were evaluated by Confocal Microscopy, Scanning Microscopy, and NETs
Quantification. The identification of fungal DNase production was assessed by DNase
TEST Agar, and the relative gene expression for hypothetical proteins was investigated by
RT-qPCR, whose genes had been identified in the fungal genome in the GenBank
(PADG_11161 and PADG_08285). It was possible to verify the NETs release by PMNs,
showing different NETs formation when in contact with different isolates of the fungus.
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The Pb18 isolate induced the release of looser, larger, and more looking like degraded
NETs compared to the Pb265 isolate, which induced the release of denser and more
compact NETs. DNase TEST Agar identified the production of a DNase-like protein,
showing that only Pb18 showed the capacity to degrade DNA in these plates. Besides
that, we were able to identify that both PADG_08528 and PADG_11161 genes were more
expressed during interaction with neutrophil by the virulent isolate, being PADG_08528
highly expressed in these cultures, demonstrating that this gene could have a greater
contribution to the production of the protein. Thus, we identified that the virulent isolate is
inducing more scattered and loose NETs, probably by releasing a DNase-like protein. This
factor could be an important escape mechanism used by the fungus to escape the
NETs action.
Keywords: paracoccidioidomycosis, neutrophils, neutrophil extracellular traps (NETs), DNase, escape mechanism
INTRODUCTION

Paracoccidioidomycosis (PCM) is a systemic fungal disease,
considered a neglected disease endemic to Latin America,
occurring from Mexico to Argentina with its main foci
of infection in countries such as Brazil, Venezuela, and
Colombia, usually affecting agricultural workers, gardeners,
and transporters (Coutinho et al., 2002; Restrepo and Tobón,
2005; Colombo et al., 2011; Marques, 2013). Some cases have
been reported outside the endemic areas, such as Europe and
North America, but in these cases, the infected individuals
moved to these regions after infection occurred (Wagner et al.,
2016). Its etiological agents are fungi from the Paracoccidioides
complex, composed of five species that are restricted
geographically (Matute et al., 2006). The infectious form is
conidia with thermo-dimorphic characteristics, which means
that it alters its morphology according to the temperature to
which it is exposed, taking the form of mycelium at room
temperature, and upon entering the body (37°C), it turns into
yeast form (Colombo et al., 2011). The fungus Paracoccidioides
spp. belongs to the same family as other etiological agents that
cause deep fungal mycoses, such as Histoplasma capsulatum and
Coccidioides immitis, that are also onygenalean human
pathogenic fungi (Matute et al., 2006). A recent study used
molecular polymorphism, phylogenetic reconstruction, genetic
and morphological population analysis of yeasts and conidia of
different species demonstrated that the Paracoccidioides complex
(previously known as four cryptic species of the P. brasiliensis
and P. lutzii) can actually be divided in different species, and with
that, proposed a new nomenclature for these different agents: P.
americana for PS2, P. restrepiensis for PS3, and P. venezuelensis
for PS4, while P. brasiliensis would be restricted to species S1
(Matute et al., 2006; Teixeira et al., 2009; Teixeira et al., 2014;
Turissini et al., 2017).

After inhalation, the infectious conidia are lodged in the
lower airways (bronchioles and alveoli) (Marques, 2013;
Shikanai-Yasuda et al., 2018) where they germinate into yeast
forming the Primary Pulmonary Complex (Severo et al., 1979).
The fungus can be destroyed or become latent, characterizing
gy | www.frontiersin.org 2189
PCM-infection (Shikanai-Yasuda et al., 2018), or spread to
other organs such as the liver, spleen, adrenal via the
lymphohematogenous pathway, characterizing PCM-disease
(Shikanai-Yasuda et al., 2018), which can be presented in two
different forms, the acute/subacute and the chronic forms (Bocca
et al., 2013; Shikanai-Yasuda et al., 2018). In the specific case of
PCM, the massive infiltration of neutrophils was found in the
inflammatory tissues of patients (Franco, 1987), as well as in the
lesions of different experimental models of the disease (Defaveri
et al., 1989; Defaveri et al., 1992; Calich et al., 1994). Human
neutrophils are associated with resistance to P. brasiliensis
infection in vitro, as polymorphonuclear cells can ingest the
fungal yeast through the phagocytosis process (Dias et al., 2004).
However, when the yeasts are larger than the supported size by
the cell, the cells generate a kind of extracellular vacuole before
attacking the fungus (Dias et al., 2004). However, although
sometimes neutrophils are successful in the phagocytosis
process, this does not seem to be sufficient to kill the fungus
(Kurita et al., 1999). Some studies have shown that human
neutrophils have no fungicidal or fungistatic activity against P.
brasiliensis (Kurita et al., 1999; Kurita et al., 2005). This activity,
however, is increased when cells are activated by IFN-g, TNF-a,
GM-CSF, or Reactive Oxygen Species (ROS), which initiates an
offensive mechanism against the fungus dependent on reactive
oxygen species (Rodrigues et al., 2007). However, studies
indicate that specific cytokines, such as IL-10, also act as
suppressors of polymorphonuclear mediated response (Costa
et al., 2007).

A key defense mechanism of neutrophils is the ability to expel
nuclear contents into the surrounding environment in the form
of neutrophil extracellular traps (NETs). NETs are composed of
large amounts of DNA decorated with granule proteins such as
enzymes, histones, and antimicrobial peptides (Brinkmann et al.,
2004; Brinkmann and Zychlinsky, 2012; Ravindran et al., 2019).
The high concentration of these proteins within NETs,
associated with the physical structure created around the
microorganism, are directly associated with the antimicrobial
activity of these structures (Brinkmann et al., 2004; Pilsczek et al.,
2010; Papayannopoulos et al., 2010; McDonald et al., 2012;
February 2021 | Volume 10 | Article 592022
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Ravindran et al., 2019; Thanabalasuriar et al., 2019; Castanheira
and Kubes, 2019; Liew and Kubes, 2019).

Recently, it was demonstrated that P. brasiliensis could induce
the release of NETs (Mejıá et al., 2015; Della Coletta et al., 2015;
Bachiega et al., 2016). Our research group identified that the
virulent fungal isolate (Pb18) is able to induce NETs release by
human neutrophils from healthy individuals via dectin-1
signaling, and that NET release resulted in extracellular
fungicidal activity (Bachiega et al., 2016). Additionally, we have
also identified the presence of NETs in cutaneous lesions of
patients with paracoccidioidomycosis, and after challenging
neutrophils from these patients with Pb18 (more virulent) and
Pb265 (less virulent) isolates, we identified different patterns of
NET formation induced by the different fungal isolates (Della
Coletta et al., 2015). In the more virulent Pb18 isolate, the NET
pattern was loose and scattered covering a large surface area,
whereas in the less virulent Pb265 isolate, NETs were smaller,
more dense and compacted (Della Coletta et al., 2015). We
previously hypothesized that the different patterns of NETs could
be due to the production of a DNase or an enzyme with DNase-
like activity by the Pb 18 isolate as a mechanism of fungal escape
from host defenses, leading to degradation of NETs during
fungal infection (Della Coletta et al., 2015). It was shown that
some pathogens such as Staphylococcus aureus (Berends et al.,
2010; Thammavongsa et al., 2013; Hoppenbrouwers et al., 2018),
Pseudomonas aeruginosa (Wilton et al., 2018),Mycoplasma bovis
(Zhang et al., 2016; Gondaira et al., 2017; Mitiku et al., 2018),
Streptococcus spp (Buchanan et al., 2006; de Buhr et al., 2014;
Morita et al., 2014; Liu et al., 2017), Vibrio cholerae (Seper et al.,
2013), Ehrlichia chaffeensis (Teymournejad et al., 2017), other
bacterias (Sharma et al., 2019), and beyond, Leishmania spp
(Freitas-Mesquita et al., 2019), Candida albicans (Riceto et al.,
2015; Zhang et al., 2017), Cryptococcus spp (Sánchez and Colom,
2010), Trichosporon spp (Bentubo and Gompertz, 2014), are able
to produce DNase or exonucleases as an escape mechanism
from NETs.

Thus, the objective of this work was to identify whether the
fungal isolates Pb18 and Pb265 produce a DNase or DNase-like
enzyme that could degrade NETs from human neutrophils in
vitro, and correlate this enzymatic activity with the NETs
patterns observed by the different fungal isolates. Ultimately,
this study is fundamental to better understand the fungal
mechanisms involved in the escape of host defenses.
MATERIALS AND METHODS

Casuistics
Neutrophils were obtained from 40 ml of peripheral blood after
venipuncture of 10 healthy volunteers. All subjects were
informed of the research goals and signed a consent form. The
study was conducted according to the National Health
Guidelines 196/96, and it was approved by the Research Ethics
Committee of Medical School of Botucatu, UNESP – São Paulo
State University (CAAE: 85654018.9.0000.5411; protocol:
2.577.243/2018).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3190
Neutrophil Isolation
After the venous puncture, neutrophils were isolated by a density
gradient centrifugation (Histopaque® 1,119 g/ml and
Histopaque® 1,083 g/ml - Sigma-Aldrich - St. Louis, Missouri,
USA) at 1,500 rpm for 30 min (room temperature). Erythrocytes
were lysed with a hypotonic solution (NaCl 0.1%), and the
neutrophil viability was assessed with trypan blue dye
exclusion (95% viability). Cell cultures were then resuspended
in RPMI-1640 medium (Cultilab – Campinas, São Paulo, BRA)
supplemented with 10% of calf serum (Sigma-Aldrich) and 1%
Gentamicin (Schering- Plough, New Jersey, EUA) and adjusted
for 2x106 cells/ml before all procedures.

Fungal Isolates and Culture Conditions
Two isolates of P. brasiliensis were used during the
experiments: Pb18, a virulent isolate, and Pb265, a non-
virulent isolate. Isolates were cultivated in GPY agar (BD -
Franklin Lakes, New Jersey, USA) and incubated at 37°C for six
days. After the growing period, a sample was collected and
diluted in RPMI-1640 (Cultilab) medium in a tube containing
glass beads. The tubes were vortexed to separate de bud cells
from the mother cells, and after sedimentation for 5 min, the
supernatant with smaller yeasts was collected. After that, the
fungi were counted in a Neubauer chamber to verify the cell
concentration and viability by the phase-contrast method
(Acorci et al., 2009). The fungus concentration was adjusted
to 4x104 cells (1:50 ratio).

Immunofluorescence for Neutrophil
Extracellular Traps Visualization and
Quantification
Isolated neutrophils (500 µl/well) from healthy volunteers
adhered to coverslips treated with Poly-L-Lysine 0, 01%
(Sigma-Aldrich) in 24-well bottom for adherence. Cells were
then challenged with 500 µl/well from P. brasiliensis (Pb18 and
Pb265) for 2 h at 37°C in 5% of CO2. Some cultures were
treated with PMA (Sigma Aldrich, 100 ng/ml) as a positive
control, and some wells were treated with DNase (100 U/ml–
Thermo Fisher Scientific - Waltham, Massachusetts, USA), as a
negative control. Cocultures were then fixed with PBS+BSA
(bovine serum albumin)+PFA (paraformaldehyde) 2% and
incubated with PBS+BSA 5% (for nonspecific binding block)
for 30 min. Anti-neutrophil elastase at 0,1% (Calbiochem –
Merck Millipore - Burlington, Massachusetts, USA) and anti-
histone H1 at 0,9% (Merck Millipore) primary antibodies were
diluted in blocking buffer and added to the coverslips for 1 h a
37°C. Cultures were washed three times with PBS and
incubated with anti-rabbit-FITC at 1% (Millipore) and anti-
mouse-Texas red at 0,5% (Calbiochem – Merck Millipore)
secondary antibodies for elastase and histone visualization.
Mounting medium for fluorescence with DAPI was used to
mount the slides (Vectashield-Vector Labs, Burlingame,
California, USA). Confocal images were taken in a Leica TCS
SP8 from Confocal Microscopy Laboratory, UNIPEX -
Experimental Research Unity, FMB-UNESP, Botucatu. The
images were further analyzed using IMARIS® software
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(Oxford Instruments) at Calvin, Phoebe, and Joan Snyder
Institute for Chronic Diseases, University of Calgary/CA. The
total area and intensity of the NETs were analyzed using the
images of cultures challenged with Pb18 and Pb265, with
the analysis of the elastase staining.

Neutrophil Extracellular Traps by Scanning
Electron Microscopy
Neutrophils cultures underwent 2 h of adherence on coverslips
treated with Poly-L-Lysine 0, 01% (Sigma-Aldrich) in 24-well
bottom plates before fungal challenge or activation with PMA
(Sigma Aldrich, 100 ng/ml). Some cultures were treated with
DNase (Thermo-Fisher, 100 U/ml) as a negative control. After
2 h of challenge, supernatants were removed, and cultures were
fixed with 2.5% of glutaraldehyde for scanning electron
microscopy analysis at CME (Electron Microscopy Center –
Institute of Bioscience — UNESP— Botucatu). The analyses
were performed under a scanning microscope FEI Quanta 200
model from the same lab above.

Neutrophil Extracellular Trap
Quantification
Supernatants of neutrophils cultures challenged with Pb18, and
Pb265 isolates were collected for NETs quantification by an
immunoassay using anti-elastase (Calbiochem – Merck Millipore)
and Quant-iT™ PicoGreen® kit (Invitrogen - Carlsbad, Califórnia,
USA) according to the manufacturer’s instructions, with some
adaptations (Czaikoski et al., 2016; Colón et al., 2019). Some
cultures were treated with PMA or DNase, as positive and
negative controls, respectively. Briefly, anti-elastase (5 µg/ml)
antibody (Calbiochem – Merck Millipore) was used to coat a 96-
well clear-bottomblack plate (Corning -Corning,NovaYork, EUA)
overnight at 4°C. Supernatants were then settled to the plate, and the
extracellular DNA bounded to the elastase, a NET constituent, was
measured with Quant-iT™ PicoGreen® kit to evaluate and to
quantify these complexes. Samples were analyzed by fluorescence
intensity (excitation at 488 nm and emission at 525 nmwavelength)
by aFlexStation3MicroplateReader (MolecularDevices, CA,USA),
and concentrations were calculated comparing to a standard curve
using known levels of DNA concentrations.

DNase Test Agar
To identify the possible DNase-like production, with an
extracellular deoxyribonuclease activity, we utilized a DNase Test
Agar (Acumedia, Neogen Culture Media) supplemented with 0,5%
gentamicin sulfate (Novafarma) and 5% fungal aqueous extract
(obtained from our Pb192 isolate). Petri plates (90x15 mm) were
filled with 25 ml of medium and were incubated for one day before
the experiment to exclude any contaminated plate. Each of the
4x104 cells/ml fungal suspension was diluted until 4x103 cells/ml
and had 100 ml plated using an L-shaped glass rod. The plates were
flooded with HCl 1N to precipitate the DNA, after 14 days of
incubation, then a halo around the colonies with some
deoxyribonuclease activity was revealed. As a positive and
negative control, Staphylococcus aureus and Saccharomyces
cerevisiae, respectively, were also plated in the DNase Test Agar
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4191
medium, showing the effectiveness of the method in identifying
positive DNase colonies.

Real-Time RT-PCR
To verify the gene expression related to a possible DNase-like
production, we performed a Real-Time RT-PCR to verify the
mRNA expression of two potential genes related, PADG_11161
and PADG_08285, according to GenBank. At first, neutrophil
cultures were challenged with both isolates of P. brasiliensis, as
previously mentioned, in the periods of 0 and 2 h in the incubator
at 37°C in 5% CO2. The cells were lysed with TRI Reagent® RNA
Isolation Reagent (Sigma-Aldrich, San Luis, Missouri, EUA), and
the mRNA was extracted utilizing the Invitrogen™ PureLink™

RNA Mini Kit according to the manufacturer´s instruction
(Invitrogen, Carlsbad, Califórnia, EUA). The mRNA samples
were treated with DNase I, RNAse free (Thermo Fisher
ScientificTM Waltham, Massachusetts, EUA) and a ribonuclease
inhibitor (Thermo Fisher Scientific) and then transformed into
cDNA by reverse transcription using the High-Capacity RNA-to-
cDNA™ Kit (Applied Biosystems™, Foster City, Califórnia,
EUA). The Real-Time RT-PCR was performed on the
StepOnePlus™ Real-Time PCR System (Applied Biosystems™)
with LUNA™Universal qPCRMaster Mix (New England Biolabs
Inc., Ipswich, Massachusetts, EUA). The hypothetical sequences
responsible for the deoxyribonuclease production were obtained
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and the
primers, designed on Primer-BLAST (Ye et al., 2012) – see
Table 1. Reactions were prepared with Luna Universal qPCR
Master Mix (New England Biolabs) at 1× final concentration, 400
nM of each primer and 4 ml of the RT reaction, for a total volume
of 10 ml. Real-time PCR was performed on a StepOnePlus
instrument (Applied Biosystems), the amplification protocol
consisting of a 10min step at 95°C for polymerase activation,
followed by 40 cycles of 15s at 95°C and 60s at 60°C, and the
melting curve step using instrument default settings. Results were
analyzed by the DDCT method (Pfaffl, 2001), using the rRNA
subunit as normalizer. There were two hypothetical sequences on
P. brasiliensis genome (ABKI00000000.2) (Desjardins et al., 2011),
that could be responsible for DNase release: PADG_11161 (Gene
TABLE 1 | Sequences of the primers used and their specificities.

Primer sequences Product
length

Target
species

rRNA 5,8S 93 pb Both
F: TGAAGAACGCAGCGAAATGC
R: GGAATACCAGAGGGCGCAAT
NW_011371358.1 146 pb P. brasiliensis
F: CCGGCAACAGCATTAGCATC
R: TGATCCGCTCTGATCTTCGC
NW_011371372.1 127 pb P. brasiliensis
F: ACGACCGTCTCTTCCTCTCA
R: CGTTCAAAATCCTCGCTCGC
XM_015847918.1 111 pb P. lutzii
F: TGCAGTTGAGATCCAATTACCCT
R: TGAACAAGGCCTCCCTTTGG
XM_002790819.1 140 pb P. lutzii
F: TTCTTCAGGAGCTGCTACGC
R: TATCCGGCAGCAGTAAGACG
February 202
1 | Volume 10
 | Article 592022

https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zonta et al. P. brasiliensis DNase-Like Protein and Evasion Mechanism
ID: 22587058) and PADG_08285 (Gene ID: 22586608) (Access
codes NW_011371358.1 and NW_011371372.1)33,38. The
positive control was a fungal rRNA region (rRNA 5,8S). The
primers were synthesized by Thermo Fisher Scientific – Brazil.
The Real-Time RT-PCR from isolated neutrophil cultures was not
performed as the presence of fungal primer sequences in the
human genome was verified by GenBank, and no match was
found. P. lutzii hypothetical regions for DNase expression
PAAG_12429 and PAAG_07101 (Access code XM_015847918.1
and XM_002790819.1) were also tested in Pb18 and Pb265
samples, but no expression was detected (data not shown).

Statistics
All data were firstly tested by the Shapiro-Wilk normality test.
Extracellular DNA quantification was analyzed by the
Friedmann test, followed by the posttest of the multiple Dunn
comparisons. Imaris analysis was tested by the Mann-Whitney
test for fluorescence Intensity and paired T-test for Area. PCR
analysis was performed by the Kruskal-Wallis test, followed by
Dunn’s Test. Data were analyzed using GraphPad Prism 5.01
Software (GraphPad Software INC., CA, USA) with a
significance value set at p<0,05%.
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RESULTS

Scanning Electron Microscopy of
Neutrophil Cultures Challenged With Pb18
and Pb265 Isolates
PMN cultures were performed and challenged over 2 h, with two
different isolates of P. brasiliensis, Pb18 and Pb265, and were
analyzed by scanning electron microscopy. The images
demonstrated that there were two different patterns of NETs
for the two different isolates of the fungus, as showed in the
previous study (Della Coletta et al., 2015). The neutrophil culture
was incubated just with a culture medium for 2 h, a control
culture (Figure 1A).

Neutrophil cocultures challenged with the Pb18 showed
larger, looser, delicate, diffuse networks than NETs induced by
Pb265, which covered most of the analysis area, consistent with a
less effective structure in fungal entrapment (Figure 1C).

Unlike NETs released in response to the virulent isolate
(Pb18), the NETs found in cultures challenged with the
avirulent isolate (Pb265) were much more compact and
denser, more localized, promoting higher yeast entrapment, as
can be seen in the image (Figure 1D).
FIGURE 1 | Scanning electron microscopy of neutrophils challenged or not with P. brasiliensis (50:1 ratio), showing different patterns of neutrophil extracellular traps
(NETs) release (C, D). All cultures were incubated during 2 h at 37°C at 5% CO2, with or not PMA+DNase (control cultures). (A) normal neutrophils; (B) neutrophils
treated with PMA plus DNase, showing absence of NETs; (C) neutrophils challenged with Pb18 showing looser, dispersed and bigger aspect of NETs; (D)
neutrophils challenged with Pb265 showing denser, more condensed and compacter aspect of NETs. The images are reprentative of 10 individuals tested.
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Figure 1B shows the absence of NETs, which were degraded
by the action of DNase added in the cultures stimulated by PMA.
It can also be observed some residues present in the slides,
possibly from components present in the NETs, other than
DNA, due to the degradation (Figure 1B).

Confocal Microscopy of Neutrophil
Cultures Challenged With Pb18 and
Pb265 Isolates
The presence of NETs and their components were evaluated by
confocal microscopy, characterizing the presence of NETs in
neutrophil cultures challenged with the avirulent fungal isolate
(Pb265). Nuclear DNA and extracellular deconcentrated DNA
were labeled with DAPI (Figure 2A and Figure S1A). Elastase and
histones, other major components of NETs were also identified
after immunostaining with specific primary and secondary
antibodies (Figures 2B, C and Figure S1B, C) and, as expected,
the overlap of the three stainings, showing the colocalization of
three components (Figure 2D and Figure S1D). Figure 2 and
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Figure S1 show a dense, localized structures with very intense
elastase immunostaining. It also caught our attention, the presence
of fungi staining with anti-histone, allowing the identification of
several fungi trapped in the formed NETs (Figure 2C and
Figure S1C).

By analyzing the slides of cultures challenged with Pb18, it
was possible to see differences regarding the spatial arrangement
and fluorescence intensity of these Pb18-induced NETs
compared to Pb265-induced NETs. The virulent isolate Pb18
(Figure 3 and Figure S2) induced the formation of a visually
bigger, more dispersed, looking more discondensed and delicate
structures with lower fluorescence intensity compared to the
isolate Pb265 (Figure 2 and Figure S1), whose induced denser,
more compact, and with higher fluorescence intensity of NETs,
as seen by electron scanning microscopy. Interestingly, it´s seems
that histone staining (Texas RED) also marked the yeasts,
although no specific fungal labeling was used (Figure 3C and
Figure S2C), although the number of yeasts evidenced was
lower. This fact makes apparent that in cultures challenged
FIGURE 2 | Confocal microscopy of neutrophils challenged with P. brasiliensis - Pb265 (50:1 ratio), showing the pattern of neutrophil extracellular traps (NETs)
release. Cocultures were stained with DAPI (A), labeled with anti-elastase antibody followed by FITC-conjugated secondary antibody (B), and anti-histone H1
secondary antibody followed by Texas Red (C). In the last frame, the overlapping images showing the three components of NETs (D). (Bar size 50 mm). The images
are reprentative of 10 individuals tested.
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with Pb265 the number of yeasts trapped in NETs is much higher
than in cultures challenged with Pb18.

Neutrophil Extracellular Trap
Quantification in Neutrophil Cultures
Challenged With Pb18 and Pb265
The results shown that PMA-treated cultures showed a
significant increase in the concentrations of NETs present in
the cultures compared to normal neutrophils (Figure 4A). These
values were significantly decreased when cultures were
stimulated with PMA and treated with DNase, demonstrating
that quantification was useful in identifying the increase in
induction of NETs by PMA, and also decreased structures
when stimulated cultures were treated with DNase, which
promoted the degradation of the NETs.

The results regarding the quantifications of cultures challenged
with Pb265 and Pb18 corroborate the data presented so far,
demonstrating that the Pb265 induced a large amount of NETs
compared to neutrophil-only or Pb18-challenged cultures
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7194
(Figure 4B). The levels of NETs in cultures challenged with Pb18
demonstrate lower levels than Pb265-challenged cultures and
could indicate a low capacity of this isolate to induce NETs or the
action of a fungal DNase that would act on virulent isolate-
induced NETs.

Neutrophil Extracellular Trap Fluorescence
Intensity and Area Quantification
The fluorescence intensity and area of NETs induced by the
virulent and avirulent isolates of the fungus (Pb18 and Pb265,
respectively), were evaluated using the confocal images acquired
and the IMARIS® software at Calvin, Phoebe, and Joan Snyder
Institute for Chronic Diseases, University of Calgary/CA (Figure
5). Analysis showed that NETs released in response to the
avirulent Pb265 were much more intense (fluorescence
intensity) than those released in response to the virulent isolate
(Figure 5A). However, the area of NETs was larger in virulent
isolate images (Figure 5B), although the results did not show
statistical differences between the two isolates.
FIGURE 3 | Confocal microscopy of neutrophils challenged with P. brasiliensis - Pb18 (50:1 ratio), showing the pattern of neutrophil extracellular traps (NETs)
release. Cocultures were stained with DAPI (A), labeled with anti-elastase antibody followed by FITC-conjugated secondary antibody (B), and anti-histone H1
secondary antibody followed by Texas Red (C). In the last frame, the overlapping images showing the three components of NETs (D). (Bar size 50mm). The images
are reprentative of 10 individuals tested.
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DNase Production by Fungi Evaluated by
DNase Test Agar
To assess the production and release of a possible DNase by the
virulent and avirulent isolates of the fungus (Pb18 and Pb265,
respectively), DNase Test Agar was used. The images made with
the virulent isolate Pb18 demonstrated the degradation of the
DNA present in the medium, leading to the formation of a halo
around the fungal colonies. Because of the halos coalesced, we
can spot a big translucent area (Figure 6A).

Cultivating the avirulent isolate in the DNase test agar
medium, the images showed that the Pb265 isolate (Figure 6B)
was not able to produce a halo as consistent and intense as
the virulent isolate (Pb18). This fact corroborates our results
regarding the previous analyzes. We conducted control
experiments using a positive and negative control with S.
aureus and S. cerevisiae, known as a DNase producer and
non-DNase producer, respectively, to validate our analyses
(Figure S3).
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DNase Expression Evaluation by RT-qPCR
To evaluate the gene expression over time for each isolate, we
performed RT- qPCR. Pb18 and Pb265 were analyzed for both
genes (PADG_11161 and PADG_08285) in isolated cultures and
in PMN-fungus challenged cultures for 2 h.

The Pb18 demonstrated a much higher relative expression of
the PADG_08285 gene after 2 h of a challenge with neutrophil,
when compared to the expression of the gene in the culture of
isolated yeasts (Figure 7A). The Pb265 isolate also showed an
increase in the relative expression of this gene after 2 h of
challenge, higher than the isolated yeasts cultures. Therefore,
the virulent isolate demonstrated a much higher expression of
this gene than the avirulent isolate (Figure 7A).

The PADG_11161 gene also demonstrated higher relative
expression in cultures of neutrophils challenged with both
isolates than in isolated fungi cultures, whereas in cultures
challenged with the virulent isolate, the expression was much
higher than controls and cultures challenged with the avirulent
isolate (Figure 7B).
DISCUSSION

The actions of NETs are studied in all sorts of inflammatory
diseases - infection, sterile injury, cancer (Yipp and Kubes, 2013;
Castanheira and Kubes, 2019; Liew and Kubes, 2019; Phillipson
and Kubes, 2019; Snoderly et al., 2019; Mutua and Gershwin,
2020). Studies have shown that when the pathogen is too large to
be phagocytized, neutrophils respond to releasing NETs by the
process known as NETosis (Branzk et al., 2014). Other studies
have already presented several microorganisms as NETs
inducers, such as S. aureus, Shigella flexneri, Streptococcus
pneumoniae, Leishmania amazonensis, Aspergillus fumigatus,
C. albicans, Aspergillus nidulans, and P. brasiliensis itself, some
of these studies even showing microbicidal activity (Brinkmann
A B

FIGURE 5 | Analysis of neutrophil extracellular traps (NETs) fluorescence
intensity (A) and area (B) by IMARIS software. The total area and intensity of
the NETs were analyzed using the images acquired from cultures challenged
with Pb18 and Pb265, using the elastase staining. The results are
representative of aquired images of 10 individuals analysed.
A B

FIGURE 4 | Quantification of neutrophil extracellular traps (NETs) in neutrophil culture supernatants treated or not with PMA (100 ng/ml) and/or DNase (100 U/ml)
(A); or in neutrophil culture supernatants challenged or not with Pb18 or Pb265 (B). Representative box plots of 10 individuals tested.
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et al., 2004; Urban et al., 2006; Wartha et al., 2007; Bianchi et al.,
2009; Bruns et al., 2010; Brinkmann and Zychlinsky, 2012; Mejıá
et al., 2015; Della Coletta et al., 2015; Bachiega et al., 2016;
Thanabalasuriar et al., 2019; Castanheira and Kubes, 2019; Liew
and Kubes, 2019).

The interaction between P. brasiliensis and NETs is still
being investigated, but a study has already shown the
production of NETs in contact with P. brasiliensis yeast and
how these structures are involved in extracellular fungal death,
also showing that the dectin-1 receptor mainly mediates the
NETs released in response to the P. brasiliensis isolates
(Bachiega et al., 2016). The NETs release against P. brasiliensis
have also been demonstrated in cutaneous lesions in patients
with paracoccidioidomycosis (Della Coletta et al., 2015),
corroborating with the previous studies. The same study that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9196
raised the hypothesis that distinct NETs patterns induced by
different isolates of the fungus (Pb18 and Pb265), could be
related to a fungal DNase-like activity, once the enzyme
(DNase) is an endonuclease that catalyzes the hydrolysis of
extracellular DNA (Lazarus and Wagener, 2019).

In this study, the Scanning Electron Microscopy assays
demonstrated similar structures to those shown in the previous
studies (Della Coletta et al., 2015; Bachiega et al., 2016). In
the current results, the release of NETs was evidenced and
confirmed by confocal microscopy, where it was observed
the presence and colocalization of extracellular DNA, histones,
and elastase. However, the patterns of the NETs differed
from each other according to the fungal isolate tested. When
the most virulent isolate (Pb18) was evaluated, the NETs
aspect was looser, dispersed, covering most area of the
coverslips. When the less virulent isolate (Pb265) was tested,
the NETs were denser, more condensed and compacter,
covering smaller areas of the coverslips, closer to the fungus.
These results directly resemble previous studies (Della Coletta
et al., 2015). The difference between NETs was also demonstrated
by the analysis of intensity using IMARIS software and
by quantification method. The results showed that the
fluorescence intensity of NETs released in response to Pb265
was greater than that released in response to Pb18. These
results suggest a possible degradation of the DNA present
in the NETs by the virulent isolate, corroborating the
hypothesis mentioned by Della Coletta et al. (2015), that
Pb18 isolate could be producing some protein with DNase-like
activity and that this protein could be degrading the NETs,
acting as an escape mechanism (Della Coletta et al., 2015), or
even a lower induction capacity of NETs by this isolate. Some
studies have already shown the release of endonucleases by
different microorganisms as an escape mechanism from NETs, as
already indicated (Buchanan et al., 2006; Berends et al., 2010;
A B

FIGURE 7 | Relative Gene Expression of PADG_08285 and PADG_11161
Genes in neutrophil cultures challenged with Pb18 and Pb265. (A) Gene
PADG_08285 and (B) Gene PADG_11161. Representative Box Plot from 10
individuals tested.
A B

FIGURE 6 | Virulent isolate (Pb18) (A) and avirulent isolate (Pb265) (B) grown on DNase test agar medium for 14 days, demonstrating degradation of DNA from
medium by fungus. The red line marks the translucid halo boundaries in Pb18 plate, and the red arrow idicates the colonies of Pb265 without halo formation. Images
representative of three experiments.
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Sánchez and Colom, 2010; Thammavongsa et al., 2013; Seper et al.,
2013; de Buhr et al., 2014; Morita et al., 2014; Bentubo and
Gompertz, 2014; Riceto et al., 2015; Zhang et al., 2016; Gondaira
et al., 2017; Liu et al., 2017; Teymournejad et al., 2017; Zhang et al.,
2017; Hoppenbrouwers et al., 2018; Wilton et al., 2018; Mitiku
et al., 2018; Sharma et al., 2019; Freitas-Mesquita et al., 2019),
and such as some pathogenic fungi such as C. albicans (Riceto
et al., 2015; Zhang et al., 2017), Cryptococcus spp (Sánchez and
Colom, 2010) and, Trichosporon spp (Bentubo and Gompertz,
2014). These microorgansms use these nucleases as a way
of cleaving NETs, enhancing their survival within their hosts.

Interestingly, although no specific labeling was used for
the fungus yeast, we noted that the histone labeling was able to
label P. brasiliensis yeasts, enabling the identification of yeasts
trapped in the formed NETs. This fact, although not expected,
allowed very interesting observations, demonstrating that in the
images related to cultures challenged with Pb265, there were a
much larger number of yeasts that were trapped in the formed
NETs, a fact that was not observed in cultures challenged with
isolate Pb18, that is, the presence of trapped fungus was much
smaller when compared to cultures challenged with avirulent
isolate, a phenomenon that could be explained by our results.
And another observation is that if the yeasts were labeled with
anti-histone, allowing the visualization of the fungus in the
images, probably was due to an effect of yeast coverage by
histones present on the NETs, that could be a factor involved
in fungicidal activity of NETs against fungi, once it was
demonstrated previously by our research group, that NETs can
act against P. brasiliensis, causing yeast morphological changes
and fungus killing (Bachiega et al., 2016). Besides histones
activities on binding and regulating DNA expression, they also
exert defensive functions and promote the inflammatory
response, being the major components of NETs, contributing
both to the killing of pathogens and to tissue injury (Hoeksema
et al., 2016). Ballard et al. (2020) (Ballard et al., 2020)
demonstrated that lysozyme and histones inhibited hyphal
metabolic activity in A. fumigatus isolates in a dose-dependent
manner, and imaging flow cytometry revealed that histones
inhibited the germination of A. fumigatus conidia. Recently, it
was demonstrated that histone H2A enters Escherichia coli and S.
aureus through membrane pores formed by the AMPs LL-37 and
magainin-2, depolarizing the bacterial membrane potential, and
impairing membrane recovery (Doolin et al., 2020). Once inside
cell, H2A reorganizes bacterial chromosomal DNA, inhibiting
global transcription, acting directly on killing of bacteria (Doolin
et al., 2020).

The presence of NETs was also evaluated and quantified by an
immunoassay using anti-elastase and Quant-IT Picogreen Kit,
and this methodology has already been used in other studies
(Czaikoski et al., 2016; Colón et al., 2019). The extracellular DNA
quantification was used to assess the NETs release in response to
Mycobacterium tuberculosis, L. amazonensis and other
microorganisms as well (Ramos-Kichik et al. , 2009;
Guimarães-Costa et al., 2009; Della Coletta et al., 2015;
Bachiega et al., 2016). However, the use of the Picogreen Kit
alone, with only extracellular DNA labeling, has been widely
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criticized, since extracellular DNA could come from both the
NETosis process and other cellular phenomena. Thus, we chose
to quantify the elastase-extracellular DNA complex, giving us
the quantification of NETs. Our results showed that the
culture challenged with the virulent isolate presented a smaller
amount of NETs when compared to the avirulent isolate,
corroborating the confocal and scanning microscopy results,
and the above results.

As said before, some organisms are capable of releasing
DNase to escape from the immune system (Buchanan et al.,
2006; Berends et al., 2010; Sánchez and Colom, 2010;
Thammavongsa et al., 2013; Seper et al., 2013; de Buhr et al.,
2014; Morita et al., 2014; Bentubo and Gompertz, 2014; Riceto
et al., 2015; Zhang et al., 2016; Gondaira et al., 2017; Liu et al.,
2017; Teymournejad et al., 2017; Zhang et al., 2017;
Hoppenbrouwers et al., 2018; Wilton et al., 2018; Mitiku et al.,
2018; Sharma et al., 2019; Freitas-Mesquita et al., 2019) and the
DNase Test Agar is commonly used in tests to identify this
production, mainly by S. aureus, since this microorganism is a
known producer of DNase (Kateete et al., 2010). In the present
study, using this methodology, it was possible to identify the
production of a DNase-like protein by the virulent isolate of
P. brasiliensis (Pb18), demonstrating DNA degradation in
the cultures plaques, while the avirulent isolate did not
demonstrate any significant production nor DNase activity.
This result prove the hypothesis raised in our previous studies,
which showed that the NETs released in response to the virulent
isolate were looser and had a more degraded appearance when
compared to the NETs released in response to the avirulent
isolate (Della Coletta et al., 2015). This leads us to believe that
this pattern of NETs occurs due to a release of a protein with
DNase-like activity by the virulent isolate, as shown by our
results, that Pb18 could produce a DNase-like protein, suggesting
an action on NETs degradation, which would explain the
observed results.

With the identification of a DNase-like protein action by
Pb18 isolate using DNase Test Agar, it was tested different genes
(PADG_08528 and PADG_11161) that was found in the fungus
genome as hypothetical proteins (Desjardins et al., 2011), and it
was demonstrated that the PADG_08528 gene showed much
higher expression than the PADG_11161 gene when yeast cells
were challenged with human neutrophils. Interestingly, both
genes showed higher expression in Pb18 yeast challenged
cultures. This demonstrates that both genes may be associated
with the production and release of a DNase-like, however when
these yeasts were placed in contact with human neutrophils, the
PADG_08528 gene had a much larger expression, thus, probably,
indicating that this gene could be involved in the release of the
DNase-like protein and consequent degradation of NETs. These
results also confirm the raised hypothesis, that the virulent isolate
(Pb18) would be releasing a DNase-like protein as a way to
degrade NETs and survive the neutrophils attack (Della Coletta
et al., 2015).

Thus, given the observed results we can conclude that the
NETs pattern induced by the virulent isolate (Pb18) with looser,
dispersed and bigger aspect is due the release of a DNase-like
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protein by Pb18. This factor could be an important escape
mechanism of the fungus to circumvent the action of NETs,
thus subverting this important neutrophil effector mechanism.
Our lab is conducting other studies to better identify and
characterize this protein by these isolates and other species
of Paracoccidioides.
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Paracoccidioidomycosis (PCM) is the most relevant systemic endemic mycosis limited to
Latin American countries. The etiological agents are thermally dimorphic species of the
genus Paracoccidioides. Infection occurs via respiratory tract by inhalation of propagules
from the environmental (saprophytic) phase. In the lung alveoli the fungus converts to the
characteristic yeast phase (parasitic) where interact with extracellular matrix proteins,
epithelial cells, and the host cellular immunity. The response involves phagocytic cells
recognition but intracellular Paracoccidioides have demonstrated the ability to survive and
also multiply inside the neutrophils, macrophages, giant cells, and dendritic cells.
Persistence of Paracoccidioides as facultative intracellular pathogen is important in
terms of the fungal load but also regarding to the possibility to disseminate penetrating
other tissues even protected by the phagocytes. This strategy to invade other organs via
transmigration of infected phagocytes is called Trojan horse mechanism and it was also
described for other fungi and considered a factor of pathogenicity. This mini review
comprises a literature revision of the spectrum of tools and mechanisms displayed by
Paracoccidioides to overcame phagocytosis, discusses the Trojan horse model and the
immunological context in proven models or the possibility that Paracoccidioides apply this
tool for dissemination to other tissues.

Keywords: dissemination, transmigration, internalized parasitic cells, Paracoccidioidomycosis, immune
response evasion
INTRODUCTION

Onygenalean (Ascomycota) organisms including Paracoccidioides, have typically adapted to
saprobic conditions in soil but also to the live tissues of animal hosts. This biotrophic lifestyle is
possible thanks to genomics adaptations allowing them the capability to degrade animal substrates
suggesting a duality in lifestyle that could enable pathogenic species of Onygenales to transfer from
soil to animal hosts (Desjardins et al., 2011). The potential of this thermodimorphic fungi to become
a pathogen and to invade a host it’s based on numerous fungal strategies to escape and to bypass the
host defense mechanisms (Teixeira et al., 2014; De Oliveira et al., 2015; Camacho and Niño-
Vega, 2017).
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Paracoccidioides species complex is widely distributed on Latin
American soils with high incidence in South America (Negroni,
1993; Restrepo et al., 2012). Paracoccidioidomycosis (PCM) process
start after inhalation of the environmental morphotype, when
reaches the lung alveoli. At this point, the dimorphic transition to
the yeast form and the interaction with the extracellular matrix
(ECM) proteins, epithelial cells, and the host cellular immunity
mediated by the phagocytic cells of the innate immune and adaptive
systems, they are the first steps in a complex relationship between
Paracoccidioides and the host that can lead to a granulomatous
disease. This multi-factorial host–pathogen interactions involves
fungal virulence factors, adaptation, adhesion and invasion
depending on the host immune status and its response (Negroni,
1993; González et al., 2005; González et al., 2008a; De Oliveira et al.,
2015; Hernández-Chávez et al., 2017).

In this damage-response framework, the host attempt to kill
the infecting microbe causing none or the minimum possible
damage. On the other hand, Paracoccidioides spp. develops
several tools as strategies to evade the host immune response
(González and Hernández, 2016; Camacho and Niño-Vega,
2017). One of the most interesting mechanism is the ability to
survive inside the phagocytes as a facultative intracellular
pathogen (Brummer et al., 1989; Moscardi-Bacchi et al., 1994).
This strategy could allow Paracoccidioides to leave the lung and
to penetrate other tissues protected by the phagocytic cells
(Silvana dos Santos et al., 2011). This important mechanism of
pathogenesis, involving carriage inside the infected macrophage
or dendritic cell, allowing extrapulmonary dissemination
phagocytes associated, is named Trojan horse model.

Phagocytes Activation
Phagocytosis followed by degradation of the fungal particles
internalized by phagocytic cells is an essential innate immune
response to prevent the dissemination. Initially, the response
involves neutrophils, alveolar macrophages, and dendritic cells
(DCs) recognition. Their digestive and killing capabilities will be
decisive to the destiny of the infectious process, then they will
stimulate the adaptive immune system through their cytokines and
chemokines. All phagocytes exist in degrees of readiness. During an
infection, they receive chemical signals which prepares for its
specific function. Resistance against Paracoccidioides infection
depends mainly on the phagocytes being activated, which exhibit
an increasedcapacity to ingest and fungicidal functions. Suchevents
are modulated by fungal components and host factors. Therefore,
activation of these cells is essential (Cano et al., 1998; Rodrigues
et al., 2007; Thind et al., 2015; González and Hernández, 2016;
Marcos et al., 2016; Camacho and Niño-Vega, 2017).

The recognition of fungal wall components named pathogen-
associated molecular patterns (PAMPs) by pathogen recognition
receptors (PRRs) initiates the complex host innate immune
response. These conserved transmembrane or intracytoplasmatic
PRRs include the Toll-like receptors (TLRs), mannose receptors
(MR), complement receptors (CR), and the family of C-type lectin
receptors (CLRs) such as CRL dectin-1, 2, and 3, among others.
This interaction drive to the activation of the innate immune
system cells and the succeeding production of mediators involved
into the removal of the agent and to the control of the adaptative
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2202
immune responses (Calich et al., 2008; Loures et al., 2014; Loures
et al., 2015; Preite et al., 2018).

Knowledge about the immunopathogenesis of PCM is based
on in vivo and in vitro experimental studies (González et al.,
2008b; González and Hernández, 2016). Human and murine
models showed de crucial role of TLRs inducing the production
of inflammatory cytokines that drives naive T cells to Th and
Treg cells. Patients with T cell deficiencies are more susceptible
to fungal infections such as PCM. T cells are the major source of
cytokines and lead to generate Th1 cytokines in order to activate
macrophages and DCs in a next step. Th1 cells secrete interferon
gamma (IFN-g) and tumor necrosis factor (TNF-a), both
cytokines activates macrophages and DCs enhancing their
ability to kill or inhibit intracellular fungi and to present
antigens to T lymphocytes (Cano et al., 1998; González et al.,
2003; Silvana dos Santos et al., 2011; Thind et al., 2015; Marcos
et al., 2016; Camacho and Niño-Vega, 2017).

The cytokine balance limited by the mutual regulation between
Th1, Th2, Th17, and Treg polarization is necessary in order to
optimize clearance and minimize inflammatory damage to the
infected tissues. There are two possible outcomes of this balance
that can result in control and removal of the fungal infection or
lead to persistence of the infection and progress to a severe
pathology (Olszewski et al., 2010; de Castro et al., 2013). Th1
and Th2 patterns of cytokine expression have been associated with
PCM resistance and susceptibility, respectively (Cano et al., 1998;
Mamoni et al., 2002; Benard, 2008; de Castro et al., 2013).

How to Survive and Even Multiply Into the
Phagocytes
The phagosome has a powerful antimicrobial effect. A combination
of factors gives this organelle sufficient capability to eliminate
pathogens, from inducing nutrients and trace elements
deficiencies to producing different antimicrobial compounds that
stress the internalized microbe (González and Hernández, 2016).
Several studies trying to elucidate how the parasitic yeast-like form
of Paracoccidioides manage to survive inside phagocytic cells. The
strategy to evade the hostile host conditions includes a multiplex
approach (Figure 1).

Polymorphonuclear Neutrophils
They are the most abundant leukocytes and the main effector
cells in the prevention of fungal infections. Polymorphonuclear
neutrophils (PMNs), the primary phagocytic cells of the innate
immune system, when activated via TLRs initiate the
inflammatory response against Paracoccidioides. Chemokines
produced by neutrophils are involved in the chemotaxis for the
rapid migration of immune cells to the infection site. Neutrophils
granules contain antimicrobial peptides, nucleolytic enzymes,
and also oxygen metabolites acting in the removal process
disrupting the cell membrane of fungus (Traynor and
Huffnagle, 2001; Rodrigues et al., 2007; González et al., 2008b;
Pathakumari et al., 2020). In addition, PMNs are able to produce
extracellular traps (NETs), these structures are able to capture
microbials, degrade their virulence factors, and eliminate the
pathogens (Mejıá et al., 2015; Restrepo et al., 2015).
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The balance between pro-inflammatory and anti-inflammatory
cytokines is a prerequisite for a successful host/fungal interaction.
Participation of TLR2, TLR-4, and dectin-1 receptors in
recognition, internalization, and consequent activation of
neutrophils was demonstrated in human neutrophils stimulated
by Paracoccidioides brasiliensis. In this study, the more virulent
strain induced production of only TNF-a. The less virulent, in
contrast, triggers a controlled immune response with balanced
production of TNF-a and IL-10, preferentially recognized by
TLR2 and dectin-1 (Bonfim et al., 2009).

Non activated cells failing to exhibit an antifungal activity was
demonstrated. Due to the capability of human PMNs to release
higher oxygen metabolites, an activation process by IFN-g, TNF-a,
and GM-CSF cytokines is required for killing P. brasiliensis
(Rodrigues et al., 2007). This fact is important to understand one
of the mechanisms through which Paracoccidioides could adapt to
the host environment and survive. Transcriptome analysis of P.
brasiliensis reveals many resources of this fungus as antioxidant
defense system to combat reactive species. The parasite’s abilities to
overcame the oxidative and nitrosative stress by genes coding
proteins involved in this response were described and include
catalase and superoxide dismutase isoenzymes, peroxiredoxin,
cytochrome c peroxidase, among others (Campos et al., 2005).

At this point, the cytokine balance is also critical. The lack of an
adequate in vivo activation of PMNs as a consequence of a
depressed Th1 response releasing low levels of cytokines, leads to
the possible inability of PMNs to successfully kill Paracoccidioides
(Kurita et al., 1999; Rodrigues et al., 2007).

PMNs ingest yeast cells of P. brasiliensis through a typical
phagocytic process. These phagocytes are shortlived cells, after
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3203
few hours they undergo spontaneous apoptosis. Intracellular
microorganisms may block or delay this process to create an
environmental for their survival and replication. In vitro studies
showed that P. brasiliensis can prolong the lifetime of normal
PMNs and also induce an anti-apoptotic process associated with
an increase in PMNs IL-8 production as an strategy to facilitate
intracellular persistence (Acorci et al., 2009).

For decades, the role of PMNs in some granulomatous
diseases they have been studied showing an abnormal function
with a significantly lower ability to digest P. brasiliensis in vitro
than PMNs from normal individuals or from patients with
unrelated diseases (Goihman-Yahr et al., 1980).

This mechanism is another pathway that contribute to
understand the PCM pathogenesis. Inhibition of phagocytic
cells apoptosis allow P. brasiliensis to survive within the PMNs,
gain time for multiplication and also dissemination.
Macrophages
Lung macrophages participate as one of the main mechanisms of
cellular immunity trying to prevent the parasitic invasion of host
tissues and its dissemination through phagocytosis or granuloma
formation (González et al., 2008b). Studies using murine
macrophages and also proteomic analysis showed the
activations process as a requirement to obtain a more vigorous
defense with significantly more capability to kill the yeast-like
phase of P. brasiliensis. Otherwise, the ingested P. brasiliensis can
multiply inside non-activated cells (Brummer et al., 1989; Cano
et al., 1992; Moscardi-Bacchi et al., 1994; Parise-Fortes et al.,
2000; Chaves et al., 2019).
FIGURE 1 | Cellular response to Paracoccidioides infection in the lung and immune-evasion mechanisms. Upon inhalation the saprophytic form converts to the
yeast-like parasitic and trigger the host cellular immune response. Phagocytes are motivated to clear the invasive fungi. In addition to its own structural virulence
determinants such as gp43, melanin, among others, Paracoccidioides spp. applies several strategies to overcome the host harsh environment, including: modulate
host apoptosis, metabolic adaptations, and expression of genes to achieve an inanition mode and also resistance to the host oxidative burst. When intracellular
survival is possible, part of the phagocytosed fungi could be transported by DCs/macrophages to lymphoid tissues or other organs via circulation as facultative
intracellular pathogens but protected by phagocytes (Trojan horse mechanism).
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T cells are mandatory for antifungal host defense. Th1 cells
are involved in cell-mediated immunity supporting classical
activation of macrophages for fungal clearance and are
associated with strong proinflammatory responses. In contrast
to the protective role of Th1, a Th2 humoral with insufficient
production or deficient IFN-g, TNF-a, and IL-12 response, is
non-protective and was related with fungal persistence and
pathology. Th1 pattern is associated to asymptomatic and mild
PCM forms while an Th2 pattern has been related with
progressive juvenile and multifocal forms (Cano et al., 1998;
Mamoni et al., 2002; González et al., 2003; González et al., 2008b;
Olszewski et al., 2010; de Castro et al., 2013). A strong Th2
response suppresses the Th1 and Th17 response and triggers the
alternative macrophage activation mediated by IL-4 and IL-13.
The imbalance of Th2 responses, is inadequate to control the
infection and lead to an uncontrolled inflammatory host
response. This pathway do not express the fungicidal effect of
the nitric oxide and other intermediates and has been associated
with intracellular Paracoccidioides survival since it is not affected
by the nitrosative stress (González et al., 2008b; Olszewski et al.,
2010; Borghi et al., 2014). Th2 response is also characterized by
IgG4 and IgE, low macrophages activation, granulomas, and
eosinophilic inflammation (Mamoni et al., 2002).

TLRs shows their important participation in the effector and
regulatory mechanisms of innate and adaptative immunity against
fungal infections. Even if TLRs receptors promote an immune
response against infectious agents, experimental models
demonstrated that parasitic phase of Paracoccidioides could use
not conventional phagocytic receptors such as TLR2 and TLR4 to
penetrate intomacrophages and infectmammalianhosts.Although
thisprocess shouldgenerate aphagocyticprocess, thekillingactivity
was demonstrated not able to reduce the fungal burden. P.
brasiliensis seems to use TLRs as a virulence mechanism, which
facilitates its access into murine macrophages in vitro and in vivo.
Despite theirTLR-mediated activation,macrophages arenot able to
control fungal growth. However, the interaction between TLR and
other PRRs can result in different effector (Th1, Th2, andTh17) and
regulatory responses (Treg), which ultimately determine disease
outcome. The recognition ofP. brasiliensis via host TLR2 andTLR4
receptors of innate immunity is considered an escape mechanism
that allows the fungus to survive and replicate inside macrophages
(Calich et al., 2008).

Microbicidal activity of macrophages include the induction of
a low availability of nutrients but also, they activate an oxidative
burst. At this point, Paracoccidioides display a spectrum of tools
to adapt into in the intracellular environment, requiring
metabolic adaptations.

A decisive success is based on its resistance to oxidative and
nitrosative stresses and glucose deprivation. Reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are generated
inside the phagolysosome, such us nitric oxide, peroxynitrite,
superoxide anion radical, and hydroxyl radical. In the face of the
oxidative and nitrosative stress, Paracoccidioides triggers a
powerful antioxidant defense system expressing several enzymes
including catalases, superoxide dismutases, thioredoxin, and
particularly cytochrome c peroxidase (González et al., 2000;
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4204
de Arruda Grossklaus et al., 2013; Parente-Rocha et al., 2015;
Marcos et al., 2016; Bueno et al., 2016; Chaves et al., 2019). The
central role of the alternative oxidase (PbAOX) in the intracellular
redox balancing and in the resistance of P. brasiliensis to the
oxidative burst created by alveolar macrophages was also
demonstrated (Hernández Ruiz et al., 2011).

Adaptation, in order to survive under this stress, also includes
metabolic changes such us an alternative metabolic pathway
during carbon starvation. Several studies including proteomic
and transcriptomic analysis showed the shift of P. brasiliensis to
an “inanition mode,” including an increase in the synthesis of
glucose by gluconeogenesis and ethanol production, amino acid
degradation and utilization of fatty acids by beta-oxidation (Lima
et al., 2014; Parente-Rocha et al., 2015; Chaves et al., 2019).
Metabolic alterations also include the activation of the pentose
phosphate pathway to provide NADPH, a reducer substrate used
to reduce the oxidative effects when exposed to peroxide
hydrogen (de Arruda Grossklaus et al., 2013).

Many fungal geneshavebeen studied as probably involved in the
survival of P. brasiliensis in the host. Genes encoding proteins
essential to the life and those indispensable for the interaction with
the host were reported. Usingmurinemacrophages transcriptional
plasticity of P. brasiliensis in response to the hostile macrophage
intracellular environment was reported. To adapt and consequent
survive, P. brasiliensis expresses genes associated with glucose and
amino acid limitation, cell wall construction and oxidative stress
(Popi et al., 2002). It has also been demonstrated that
Paracoccidioides could develop a fermentation process to obtain
energy enabling its adaptation toglucose-poormicroenvironments.
Evenmore, can also produce ATP under low oxygen conditions, in
turn reducing the reactive oxygen species levels produced by the
host (Tavares et al., 2015).

In addition, lung murine infection models showed that
Paracoccidioides increased the expression of serine proteinase.
This protein is involved in cell rescue, defense, and as a virulence
factor that favors survival upon nitrogen deprivation, as well as
tissue invasion (Parente et al., 2010; Lacerda Pigosso et al., 2017).
Increased expression of heat shock proteins and proteins
involved in detoxification and stress response were observed
using proteomic analysis in P. brasiliensis recovered of primed
and non-primed macrophages (Chaves et al., 2019).

On the other hand, host cells try to prevent intracellular survival
and multiplication sequestering essential fungal nutrients such as
iron and zinc using high-affinity proteins, transferrin, and ferritin.
Iron is required for the saprophytic phase-to-yeast transition,
necessary for the pathogenic process development, as well as yeast
replication inside macrophages and monocytes (González et al.,
2007). In order to persist inside this environmental condition,
Paracoccidioides activate effectives iron and zinc uptake pathways,
adjusting their energymetabolism to an iron-independentmode by
increasing glycolytic activity and also expression of genes involved
in the production of siderophores (Parente et al., 2011; Silva-Bailão
et al., 2014). Even more, develops a non-traditional reductive iron
assimilation pathway, transporting zinc and iron inside the fungal
cell via iron reduction and zinc-regulated transporter homologs
(Zrt1 and Zrt2) (Camacho and Niño-Vega, 2017). Another iron
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acquisition mechanism mediate by the putative hemoglobin
receptor Rbt5 was demonstrated. Paracoccidioides Rbt5 was able
to bind to hemin, protoporphyrin, and hemoglobin in vitro and
could function as a heme group receptor, which could help in the
acquisition of iron from host sources (Bailão et al., 2014).

Gp43 is the Paracoccidioides surface main antigen. This high
mannose glycoprotein of 43 kDa is an adhesin, important as one
of the mediators of fungus adhesion to host epithelial cells and
macrophages internalization. In peritoneal macrophages from
resistant and susceptible mice, gp43 acts an inhibitor of
phagocytosis and the intracellular fungal killing, even induce
protection. Therefore, is considered as one of the evasion
mechanisms of the primary infection in susceptible hosts and
to establish the fungal infection in distant niches favoring the
dissemination (Popi et al., 2002; Konno et al., 2012; De Oliveira
et al., 2015; Camacho and Niño-Vega, 2017). Gp43 also prevents
the release of nitric oxide from macrophages reducing the
nitrosative stress and stimulates IL-10 liberation, reducing the
inducible nitric oxide synthase expression and its enzymatic
activity. The suppressor effect of IL-10 blocks the IFN-g and
TNF-a-induced activation of phagocytic cells, by inhibiting their
fungicidal activity and ability to produce the oxidative
metabolites (oxide nitric and oxygen peroxide) involved in
fungus killing. Gp43 mediates another escape mechanism of
Paracoccidioides, impairing the ingestion process and the
interaction macrophage–fungus, inducing the deactivation of
the phagocytic cell (Popi et al., 2002; Moreira et al., 2010). In
addition, the early monocyte/macrophage secretion of IL-10,
particularly when these cells were challenged with gp43 was
observed. In patients with both the acute/subacute and chronic
forms of PCM, the imbalance in cytokine production was
involved in the gp43-hyporesponsiveness and a marked (non-
protective) antibody production. (Benard et al., 2001).

Paracoccidioides produce cell wall-associated melanin-like
components in vivo and during infection. Melanin is another
virulence factor that has been shown to interfere with host
defense mechanisms enhancing the resistance to immune effector
cells attacks (Taborda et al., 2008). In macrophage-like cell lines, the
phagocytic index for melanized P. brasiliensis yeast cells was half
that for the non-melanized cells. Yeast melanization interfere the
binding of macrophages lectin receptors to cell wall components,
consequently they are poorly phagocytized andmore resistant to the
antifungal activity of murine macrophages (da Silva et al., 2006).

One more survival strategy used when infected macrophages
are established consists in the inhibition of the phagosome-
endosome fusion. Paracoccidioides decrease the expression of
the endocytic protein EEA1 (early endosome antigen 1) that has
a critical function as organelle-tethering molecule responsible for
traffic endosomal. Therefore, cellular nutrition is impaired and
also the traffic of Paracoccidioides yeast for it final destruction in
the lysosome (Voltan et al., 2013).
Dendritic Cells
Lung cells such as DCs are part of the first line of defense against
Paracoccidioides. DCs, as antigen-presenting cells, also plays a
crucial role as sentinels in peripheral tissues inducing cell-mediated
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5205
immune responses. PAMP-dependent or independent activation is
also required. They capture antigens, processed, and converted
these proteins to peptides that are immediately presented onmajor
histocompatibility complex molecules recognized by T
lymphocytes. DCs migrates to the lymph nodes, present antigens
and initiate T cell activation/responses. These phagocytic are
involved in detection, binding, phagocytosis, processing, antigen
presentation, T cell activation and killing of the organism (Cano
et al., 1998; Silvanados Santos et al., 2011; Thind et al., 2015;Marcos
et al., 2016; Camacho and Niño-Vega, 2017).

To adapt for survival in adverse conditions or stress, fungus has
the ability to modify its cell wall structure and also composition.
Polysaccharides of the cell wall are the main fungal PAMPs and
trigger the immune response when are recognized by PRRs.
Nevertheless, Paracoccidioides display strategies to evade
recognition by phagocytic cells, changing the amount of certain
surface cell wall components (Hernández-Chávez et al., 2017).
During the morphologic change, cell wall composition of
dimorphic fungi is altered as well as the carbohydrate polymer
structure. Filamentous phase contains both b- and a-(1,3)-glucans,
but conversion to the parasitic yeast form produce an increase of the
much less immunogenic a-(1,3)-glucan (Marcos et al., 2016).
Several studies demonstrated that DCs maturation is altered by
the parasitic form, influencing the susceptibility to this fungus.
When monocytes migrate to the infection site, they interact with
components of Paracoccidioides cell wall. In this sense, the critical
role of its cell wall in the host immune response during PCM was
postulated. Two cell wall fractions, one constituted mainly by a-
glucan and other by b-(1,3)-glucans, chitin, and proteins and the
alkali-soluble were investigated, demonstrating the induction of a
dysregulation in DCs differentiation. Paracoccidioides cell wall a-
glucan, presented as the mayor neutral polysaccharide in the yeast
phase, also influences favoring Th2 polarization and contributes to
pathogen persistence (Puccia et al., 2011; Souza et al., 2019). On the
other hand, the lower efficiency of DCs from mice susceptible to P.
brasiliensis in inducing a Th1 response was observed, an effect that
could be related to the progression of the disease in vivo (Almeida
and Lopes, 2001).

Other in vitro studies using human immature DCs also
demonstrated that P. brasiliensis inhibit prostaglandin E2
production by DCs, impairing its maturation in response to this
fungus and showing another evasion mechanism. These authors
suggest opposite mechanisms applied by P. brasiliensis to scape DCs
and monocytes responses, since increased production of PGE2 by
monocytes inhibits their killing mechanism, while inhibited
production by DCs avoid their maturation (Fernandes et al., 2015).

The main immunodominant glycoprotein gp43 was reported
affecting many functions of the host phagocytic cells and might
be used by Paracoccidioides to reduce the effectiveness of the
immune response. Studies with P. brasiliensis infection in mice
and purified gp43 lead to down-regulate properties of immature
DCs (Ferreira et al., 2004).

Spread via Transmigration of Infected
Phagocytes
The Trojan horse-like mechanism was described for other fungal
infections and well-studied in Cryptococcus, explaining the
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mechanism of cryptococcal brain invasion (Shi andMody, 2016).
As well as Paracoccidioides, cryptococcal infection begins in the
lung and experimental evidence showed that host phagocytes
play a role in subsequent dissemination. This transmigration
model contributes significantly to fungal barrier crossing and
Cryptococcus-containing phagocytes can cross the blood-brain
barrier via transendothelial pores (Santiago-Tirado et al., 2017;
Casadevall et al., 2018). Three mechanisms have been proposed
for pathogens to cross the blood-brain barrier: transcellular
migration, paracellular migration and/or by means of infected
phagocytes (Trojan horse model), proliferating and causing
grave illness (Shi and Mody, 2016). Evidence for this model
were showed using mice infected with macrophages containing
ingested cryptococcal cells (Charlier et al., 2009). Although
Trojan horse-like mechanism has been more studied in
Cryptococcus, and its glucuronoxylomannan capsule plays an
important role in the inhibition of phagocytosis, Paracoccidioides
deploys numerous effectives abilities to persist and also multiply
inside phagocytes as a facultative intracellular pathogen
(Figure 1). Therefore, access to this mechanism is feasible by
Paracoccidioides, and dissemination to other organs/systems
could occur (Brummer et al., 1989; Moscardi-Bacchi et al., 1994).

Although alveolar macrophages have well-defined
immunoregulatory functions, these cells are generally considered
as restricted to the alveoli. It was demonstrated that murine
alveolar macrophages constitutively migrate from lung to the
lung draining lymph nodes and that following exposure to
bacteria, they rapidly transport bacteria to this site. Alveolar
macrophages, such as DC, appear responsible for the earliest
delivery of these bacteria to secondary lymphoid tissue. The
identification of this transport suggests an important role for
macrophages in the transport of invading pathogens to
lymphoid organs (Kirby et al., 2009).

Non-lytic exocytosis for yeast infecting phagocytes where
demonstrated. Viable yeast cells can come out of the
macrophages without phagocytes lysis (Alvarez and Casadevall,
2006). Like other yeasts, Paracoccidioides could escape from
intracellular confines of mammalian macrophages to continue
propagation and, possibly, dissemination. Also Candida albicans
spread via phagocyte-dependent mechanism. Using in vitro and
zebrafish disease models, how neutrophils and macrophages can
be vehicles for dissemination have been demonstrated.
Candida albicans survive within macrophages and can be
released far from the site of infection through non-lytic
exocytosis. The intracellular viable yeast is able to get into the
bloodstream and use blood flow to transmigrate to other tissues
(Scherer et al., 2020).

In Paracoccidioides little is known about which pathways this
fungus activates to escape from the monocyte-phagocyte system.
Murine animal models are considered the gold standard for in
vivo studies to simulate the fungal infection (De Oliveira et al.,
2015). The migration of lung DCs to the lymph nodes and also
lung DCs phagocyting P. brasiliensis yeast in vivo were
demonstrated (Ferreira et al., 2007).

After P. brasiliensis infection, an increase in DCs expression
of the chemokine receptors CCR7, CD103, and MHC-II occurs,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6206
enabling DCs migration from the infection site to the secondary
lymphoid after interacting with the fungus. This fact indicate that
Paracoccidioides induce migration of DCs. Animal model
showed bone marrow-derived DCs stimulated by P. brasiliensis
can migrate to the lymph nodes and activate a T-cell response.
Even more, it was demonstrated in vivo that DCs migrate and
transport the yeast parasitic form of the fungus to lymph nodes
(Silvana dos Santos et al., 2011). This strategy allows
Paracoccidioides to leave the lung and to penetrate other
tissues protected by the phagocytic cells. Lung DCs could act
as Trojan horses for this fungus.
DISCUSSION

Paracoccidioides-phagocytic cells interaction comprise a complex
transcriptional and translational plan including a powerful
antioxidant defense system. The host is under pressure to
develop resistance while the parasite tries to tolerate, adapt to
this new biotrophic lifestyle and overcome host environmental
stressors and reach to subsist.

The recognition of the fungal cells by the capable host
immune system trigger a large number of processes to control
these organisms, but not only the immune responses pattern
determines the progression of the disease and the clinical
outcome. Despite the efficient host fighting and even when it
has already been engulfed by phagocytes, we reviewed in this
article the amazing set of tools and strategies exposed by
Paracoccidioides to stay alive.

These pathogenic abilities allow not only their survival but the
possibility of gain access to other tissues via transmigration of
infected phagocytes. In this process, Paracoccidioides also causes
phagocytes to play a dual role, they can contain the PCM or be
instrumental to disseminate the infection. This mechanism,
which actually includes a spectrum of strategies increases the
virulence of this dimorphic fungus.

The Trojan horse mechanism represents a striking
demonstration of the admirable adaptability of the yeast-like
pathogenic form of Paracoccidioides to adverse conditions, as an
accidental fact in the life cycle of this environmental fungi trying
to survive after inhalation.

Nowadays, we understand better about how this fungus spreads
throughout a host. However, although PCM poses a significant
clinical risk, we still understand little about what roles plays the host
in limiting or enabling its dissemination. The possibility of
occurrence probably is not only related to the patient’s immune
status, but on a multiplicity of factors including sex, age, lifestyle, its
genetic background, and also the inhaled fungal load depending on
the environmental context, among others.
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Adrenal histoplasmosis and primary adrenal insufficiency are mostly described in
immunocompetent patients. This particular tropism is attributed to the presence of
cortisol within the adrenal gland, a privileged niche for Histoplasma growth. In French
Guiana, disseminated histoplasmosis is the main opportunistic infection in HIV patients.
Our objective was to search in our HIV-histoplasmosis cohorts to determine how frequent
adrenal insufficiency was among these patients. Between January 1, 1981 and October 1,
2014, a multicentric retrospective, observational study of histoplasmosis was conducted.
Patients co-infected by HIV and histoplasmosis were enrolled in French Guiana’s
histoplasmosis and HIV database. Among 349 cases of disseminated histoplasmosis
between 1981 and 2014, only 3 had adrenal insufficiency (0.85%). Their respective CD4
counts were 10, 14 and 43 per mm3. All patients had regular electrolyte measurements and
234/349 (67%) had abdominal ultrasonography and 98/349 (28%) had abdominopelvic CT
scans. None of these explorations reported adrenal enlargement. Overall, these numbers
are far from the 10% reports among living patients and 80-90% among histoplasmosis
autopsy series. This suggests 2 conflicting hypotheses: First, apart from acute adrenal
failure with high potassium and low sodium, less advanced functional deficiencies, which
require specific explorations, may have remained undiagnosed. The second hypothesis is
that immunosuppression leads to different tissular responses that are less likely to
incapacitate the adrenal function. Furthermore, given the general immunosuppression,
the adrenal glands no longer represent a particular niche for Histoplasma proliferation.

Keywords: Histoplasmosis, Advanced HIV, adrenal gland, French Guiana, Immunosuppression, AIDS-related
opportunistic infections
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INTRODUCTION

Histoplasmosis was discovered over a century ago. Its severity
varies with the intensity of exposure and host immunity. In
immunocompetent individuals, presentations hence range from
asymptomatic infections or mild pulmonary disease for low-
intensity exposures, to severe pulmonary infections for heavy
exposures. A chronic lung infection may develop with gradual
loss of pulmonary function among patients with underlying lung
disease, and if untreated, it will result in death. Among
immunosuppressed patients the infection progressively
disseminates to other organs causing non-specific syndromes.
Various organs such as the lungs, gastrointestinal tract, bone
marrow, central nervous system, liver or lymph nodes may thus
be involved in the same patient. Histoplasmosis has been an
AIDS defining infection since 1987. It is estimated to be one of
the main opportunistic infections and cause of death among
patients with advanced HIV in Latin America (Adenis et al.,
2018). The literature reviews on histoplasmosis often mention
adrenal histoplasmosis and primary adrenal insufficiency
(Wheat, 1989; Larbcharoensub et al., 2011; Koene et al., 2013).
Most cases are described in immunocompetent patients, and the
explanation of this particular tropism is that the presence of
cortisol within the zona reticularis and zona fasciculata of the
adrenal gland constitutes a privileged niche for the unhampered
growth of Histoplasma. Studies in immunocompromised
patients with disseminated histoplasmosis suggest 10% of
patients have adrenal involvement but, autopsy studies report
that 80-90% of patients have adrenal involvement (Goodwin
et al., 1980; Wheat, 1989). The adrenal gland is a richly
vascularized organ that contains cortex and medulla. The
cortex produces several steroid hormones and the medulla
produces catecholamines. The early adrenal response to
infection is an increase in the functioning of the hypothalamic-
pituitary-adrenal axis leading to increased local and systemic
corticosteroid levels and adrenocorticotrophin (ACTH). ACTH
causes increased blood flow to the adrenal gland, which is a
predisposing condition for hemorrhage (Salim et al., 1988). The
hypercortisolism deregulates the normal immune response in the
sites of inflammation, by altering the cytokine production and
function, and decreasing the migration of effector cells.
Moreover, the local production and release of glucocorticoids
by the cortex and a relative lack of phagocytic reticuloendothelial
cells facilitate the tropism ofH. capsulatum for the adrenal gland.
The destruction of the adrenal gland may later occur via the
direct effect of H. capsulatum leading to vasculitis resulting in
local ischemia and caseation necrosis (Roubsanthisuk et al.,
2002). In advanced HIV disease, adrenal exhaustion, infection
with opportunistic pathogens, and development of anti-
corticosteroid and anti-adrenal gland cells antibodies (Salim
et al., 1988; Sinha et al., 2011) often low level of ACTH are
considered as potential mechanisms for progression to overt
adrenal insufficiency even when no apparent lesion with
medical imagery.

In French Guiana, disseminated histoplasmosis has been the
main opportunistic infection and cause of death in HIV patients
for decades. The impression of clinicians regarding adrenal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2211
failure is that it is seldom observed. Our objective was to
search in our HIV-histoplasmosis cohorts to determine how
frequent adrenal insufficiency was among these patients.
THE FRENCH GUIANA HIV/
DISSEMINATED HISTOPLASMOSIS
COHORT EXPERIENCE

Between January 1, 1981 and October 1, 2014, a multicentric
retrospective, observational study of histoplasmosis was
conducted. Patients co-infected by HIV and histoplasmosis
were enrolled in French Guiana’s histoplasmosis and HIV
database. The inclusion criteria were: age >18 years, HIV
infection; first proven episode of histoplasmosis following the
EORTC/MSG criteria (De Pauw et al., 2008). Suspected but
unproven histoplasmosis (patients cured by successful empirical
antifungal therapy), diagnosis solely based on positive PCR, or
histoplasmosis recurrence were not included. French Guiana is a
French territory and as such hospitalized patients benefit from
free explorations, treatments. Imagery such as ultrasonography,
CT scanner, MRI are routinely prescribed for hospitalized
patients in search of a diagnosis. Blood samples routinely
measure electrolytes, notably sodium and potassium levels,
which are markers of acute adrenal deficiency. The database
was created in 1992. Incident HIV-associated histoplasmosis
cases were included in the three hospitals of French Guiana.
Sociodemographic, clinical, biological, immunovirological and
therapeutic data were collected on a standardized paper form
until October 2014: sex, age, place of birth, symptoms on
admission, clinical entrance examination, immunovirological
assessment, medical imaging, mycology, pathology, treatment
received, duration, dosage, route of administration. Survival data
was collected for the study period. STATA© (College Station,
Texas, USA) was used for the statistical analysis. The analysis was
descriptive with frequencies and percentages for qualitative
var iab les and median and interquar t i le range for
quantitative variable.

The 1992 Histoplasmosis and HIV anonymized database has
been approved by the French National Institute of Health and
Medical Research institutional review board (CEEI INSERM)
(IRB0000388, FWA00005831 18/05/2010), by the Comité
Consultatif pour le Traitement de l’Information pour la
Recherche en Santé(CCTIRS) (N° 10.175bis, 10/06/2010), and
the Commission Nationale Informatique et Libertés (CNIL) (n °
JZU0048856X, 07/16/2010).

The median age was 39 years (interquartile range (IQR)=34-
46), the median CD4 count was 31 per mm3 (IQR=12-70).
Among 349 cases of disseminated histoplasmosis between
January 1, 1981 and October 1, 2014, only 3 had adrenal
insufficiency (0.85%). Their respective CD4 counts were 10, 14
and 43 per mm3. The first patient, a 30-year-old male from
Suriname, died 34 days after the diagnosis of acute adrenal
failure the reported cause of death was disseminated
histoplasmosis. Among all patients with disseminated
histoplasmosis all had regular electrolyte measurements and
March 2021 | Volume 11 | Article 619459
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234/349 (67%) had abdominal ultrasonography and 98/349
(28%) had abdominopelvic CT scans. CT scans became
increasingly frequent over time (Chi2 for trend, P<0.001).
Before 2006, 13/50(26%) were explored with a CT scan
whereas after 2005 81/150 patients (53%) were explored with
an abdominal-pelvic CT scan. None of these explorations
reported adrenal enlargement.
DISCUSSION

Here in a hospital cohort of 349 cases of disseminated
histoplasmosis in patients with advanced HIV disease the
proportion of patients with adrenal deficiency was 0.85%, and
among patients having benefitted from abdominal imaging, none
had reports of adrenal enlargement. Overall, these numbers are
far from the 10% reports among living patients and 80-90%
among histoplasmosis autopsy series. Our retrospective analysis
was a significant limitation, and all patients were not explored in
the same manner depending on their clinical presentation (for
example, cases with diarrhea benefitted from colonoscopy
whereas those with enlarged superficial lymphadenopathies
were more likely to have lymph node aspiration or biopsy) or
the availability of different diagnostic tools at the time of their
diagnosis, possible sources of information bias (Nacher et al.,
2020). In French Guiana, fungal culture was first implemented in
1998, liposomal amphotericin B became available in 2003, and,
perhaps more importantly for the capacity to detect adrenal
enlargement, over time the use of thoraco-abdomino-pelvic CT-
scan became increasingly frequent. These factors could therefore
lead to a cohort effect but given the relative frequency of blood
electrolyte measurements and decades of CT-scans, it seems
likely that patent adrenal failure and adrenal enlargement are
indeed rare.

Adrenal involvement is not necessarily associated with
functional adrenal insufficiency. A literature review of 242
patients with adrenal histoplasmosis spanning 41 years found
that 41.3% had adrenal hypofunction (Koene et al., 2013). It was
often diagnosed incidentally. During active tuberculosis the
adrenal glands are one of the 5 main organs involved (Lam and
Lo, 2001). A large autopsy study in Hong Kong found 52/871
(5.9%) patients with adrenal involvement. Of the 52, 7(13.4%) had
Addison’s disease due to bilateral involvement. Caseous necrosis
and granulomatous inflammation with Langhan’s giant cells were
seen in 71% and 40% of patients, respectively (Lam and Lo, 2001).
Histoplasmosis lesions in immunocompetent hosts also leads to
granulomatous inflammation and proliferation which explains the
frequently enlarged adrenal glands.

Histopathological lesions reflect host reactions against
H. capsulatum . They are classified into 4 categories:
(i) tuberculoid, (ii) anergic, (iii) mixed and (iv), sequelae.
Tuberculoid lesions usually correspond to a low inoculum and
effective host tissular response. Anergic responses are observed in
HIV patients and there is scarce or no tissue response. Local
macrophages are inactive. Typically, there is an abundance of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3212
intracellular and extracellular yeast. The mixed form is
intermediate between tuberculoid and anergic. One
interpretation of our results is that given the intense immune
suppression in our cohort the tissular response does not lead to
adrenal enlargement, which would explain why imagery
(ultrasonography or CT scan) remained negative. However,
functionally, in hospitalized patients that can benefit from any
exploration in a European hospital, in a hot tropical country,
(Hahner et al., 2010; Hahner et al., 2015) conditions which would
be predicted to precipitate acute adrenal failure, we only found 3
cases. This suggests 2 conflicting hypotheses: First, apart from
acute adrenal failure with high potassium and low sodium, less
advanced functional deficiencies, which require specific
explorations may have remained undiagnosed. This suggests
that systematic testing –instead of clinically oriented
explorations— of the adrenal response would have unmasked
more cases and that there may be a need for systematizing
screening protocols. The second hypothesis, is that
immunosuppression leads to different tissular responses that
are less likely to incapacitate the adrenal gland function.
Furthermore, given the general immunosuppression, the
adrenal glands no longer represent a particular niche for
Histoplasma proliferation. While the second hypothesis is
hardly testable, the first one seems quite feasible and
systematically testing the adrenal function would allow to
determine whether the rarity of diagnoses of adrenal
involvement in patients with advanced HIV is evidence of
absence of adrenal insufficiency or whether the lack of
systematic explorations is simply absence of evidence.
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The earliest interaction between macrophages and Paracoccidioides brasiliensis is
particularly important in paracoccidioidomycosis (PCM) progression, and surface proteins
play a central role in this process. The present study investigated the contribution of b2
integrin in P. brasiliensis-macrophage interaction and PCMprogression. We infected b2-low
expression (CD18low) and wild type (WT) mice with P. brasiliensis 18. Disease progression
was evaluated for fungal burden, lung granulomatous lesions, nitrate levels, and serum
antibody production. Besides, the in vitro capacity of macrophages to internalize and kill
fungal yeasts was investigated. Our results revealed that CD18low mice infected with Pb18
survived during the time analyzed; their lungs showed fewer granulomas, a lower fungal
load, lower levels of nitrate, and production of high levels of IgG1 in comparison to WT
animals. Our results revealed that in vitro macrophages from CD18low mice slowly
internalized yeast cells, showing a lower fungal burden compared to WT cells. The
migration capacity of macrophages was compromised and showed a higher intensity in
the lysosome signal when compared with WT mice. Our data suggest that b2 integrins play
an important role in fungal survival inside macrophages, and once phagocytosed, the
macrophage may serve as a protective environment for P. brasiliensis.

Keywords: CD18low mice, nitric oxide, b2 integrin, Paracoccoidioides brasiliensis, susceptibility
INTRODUCTION

Paracoccidioides brasiliensis (Pb) is a facultative intracellular fungus that causes
paracoccidioidomycosis (PCM), a deep, chronic, and granulomatous disease prevalent in Latin
America (Bocca et al., 2013). The disease manifests in multiple forms that range from benign and
localized lesions to severe and disseminated infection, depending on the extent of the lowering of
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https://www.frontiersin.org/articles/10.3389/fcimb.2021.622899/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.622899/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.622899/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:albocca@unb.br
https://doi.org/10.3389/fcimb.2021.622899
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.622899
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.622899&domain=pdf&date_stamp=2021-03-16


de Oliveira et al. b2 Integrin in Paracoccidioidomycosis
cellular immunity (Restrepo et al., 2008; Mendes et al., 2017). As
described for other systemic mycoses, cellular immune response,
mediated mainly by IFN-g activated macrophages, is the host’s
major defense mechanism against PCM (Bocca et al., 1999; Souto
et al., 2000; Souto et al., 2003; Schimke et al., 2017). Activated
macrophages show a fundamental role during all the disease
outcomes, along with granuloma formation, to protect the host
against the dissemination of the infection (Bocca et al., 1999;
Souto et al., 2000; Pagliari et al., 2019). Granuloma formation
relies on the secretion of cytokines such as IFN-g and TNF-a,
which confer resistance against Pb by macrophage activation,
fungal contention, and nitric oxide (NO) production, resulting in
the killing of the pathogen (Pagliari et al., 2019). Furthermore,
IFN-g modulates chemokines and chemokine receptors’
macrophage expression and the lung cellular infiltration
pattern in mice experimentally infected with Pb (Souto et al.,
2000). During PCM development, all antibody isotypes are
increased in the highest amounts. They are reflected in the
immune response’s polarization, since they are closely
associated with Th1 and Th2 immune responses (Mamoni
et al., 2002; Pinto et al., 2006; Tristão et al., 2013).

Although the host cellular immune response shows an
essential role against infection, the interaction mechanisms
involved in macrophage activation have not yet been
thoroughly described. Due to the complexity of the interaction
between the host and Pb, various studies have attempted to
unveil the fungus’ innate host defense mechanisms (Calich et al.,
2008; Pagliari et al., 2019). The interaction of host macrophages
and Pb is mediated by cell surface receptors on the outer
membrane of the macrophage, including mannose receptor, C-
type lectin receptors (CTLR), such as dectin-1, Toll-like receptor
2 (TLR-2), TLR-4, surfactant protein, scavenger receptor, and
complement receptor types 3 (CR3) and 4 (CR4) (Jimenez Mdel
et al., 2006; Calich et al., 2008; Tan, 2012; Feriotti et al., 2013). Pb
yeasts opsonized with fresh serum are more efficiently
internalized than when opsonized with inactivated serum;
therefore, CR3 shows particular importance in fungal
internalization (Jimenez Mdel et al., 2006). The Pb yeast form
can activate both the classical and alternative complement
pathways in vitro, resulting in opsonization and phagocytosis
by macrophages (Calich et al., 2008). CR3 is a receptor related to
the fungal internalization by macrophages from both susceptible
and resistant mice to fungus infection, while mannose receptors
are associated only with phagocytes from resistant mice. This
difference could influence the host’s susceptibility mechanisms
during fungal infection (Jimenez Mdel et al., 2006). CR3
(CD11b/CD18) and CR4 (CD11c/CD18) share the beta
subunit CD18, which is a heterodimer that belongs to the
leukocyte b2-integrin family (Tan, 2012).

Integrin is a cell adhesion molecule that shows an important
role in immunity, wound healing, and hemostasis (Tan, 2012).
The b2 integrins comprise four members: LFA-1 (CD11a/CD18),
Mac-1 or CR3 (CD11b/CD18), p150,95 or CR4 (CD11c/CD18),
and aDb2 (CD11d/CD18). CR3 and CR4 are mainly expressed
in myeloid origin cells and mediate phagocytosis via iC3b-
opsonized particles; they are also involved in monocytes’
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2215
adhesion to endothelial cells. Moreover, CR3 can mediate
microorganism phagocytosis by recognizing the b 1-3 glucan
component present on the cell wall of some fungi (Ross et al.,
1987). The CR3 role in recognition and phagocytosis of different
microbes has been described, including Mycobacterium
tuberculosis, Candida albicans, Francisella tularensis, and
Cryptococcus neoformans (Fukazawa and Kagaya, 1997; Velasco-
Velasquez et al., 2003; Luo et al., 2006; Dai et al., 2013). Besides
their phagocytosis role, during Streptococcus pneumonie,
pulmonary infection, CR3 showed another important role in
disease prevention: regulating neutrophil and T cell recruitment
into the lung (Kadioglu et al., 2011). However, CR3 has also been
related to a harmful role in the immune response to Leishmania
major infection (Polando et al., 2013; Ricardo-Carter et al., 2013).
The engagement of CR3 by various Leishmania ligands inhibits
IL-12 and NO production by a mechanism independent of NFkB,
MAPK, IRF, and ETS in an experimental model using CD11b-
deficient mice (Ricardo-Carter et al., 2013). Furthermore, using
the same experimental model, Leishmania opsonization with fresh
serum influences phagosome trafficking and delays the maturation
process (Polando et al., 2013).

Previous studies have linked an important role for CR3 in
macrophage-Pb interaction and fungal phagocytosis. However,
the CR3 role in the outcome of different experimental infection
models is not a consensus. Here, we investigated the role of b2
integrins, low expression macrophages, during the in vivo and
ex-vivo P. brasiliensis infection to better understand the
importance of high internalization of fungal yeasts for fungal
survival in macrophages.
MATERIALS AND METHODS

Fungal Strain
The yeast form of a high virulent strain of P. brasiliensis (Pb18)
was obtained from the fungal collection of the Laboratory of
Applied Immunology’s fungal library. It was previously kindly
provided by Dr. Peraçoli, from Unesp/Botucatu. It was
maintained in mice, and to perform the experiments, fungal
cells were recovered and grown in YPD culture medium at 36°C
for five days. The yeast cells were then washed in phosphate-
buffered saline (PBS) and adjusted to 1x107 yeast/ml.

Mice
Eight-week-old (n=24) C57BL/6 (WT) and homozygous
CD18low mice of the C57BL/6 background were obtained from
the animal facilities of the Pharmaceutical Science Faculty of
Ribeirão Preto – University of São Paulo (FCFRP-USP), Brazil.
The CD18low (B6.129S7-Itgb2tm1bay) mice were purchased at the
Jackson Laboratory and serve as a model for the moderate form
of human CD18 deficiency. Mice were placed in propylene cages
in a controlled temperature room, fed with a standard diet, and
given water ad libitum. The Animal Ethics Committee of the
University of Brasilia approved all experiments using animal
subjects (UnBDOC n°. 33798/2007).
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In vivo experiments, mice were infected via intravenous (iv)
route with 106 yeast forms of Pb 18 to mimic a disseminated
infection (n= 12 animal/group). At 15-, 30-, and 60-days post-
infection, four animals per point were euthanized, and blood, lung,
and spleen samples were aseptically collected for later analysis. For
representative survival curves, we used the Kaplan-Meier
estimator of an experimental intravenous infection carried out
in WT and CD18low mice with a suspension of 1×106 Pb18, as
previously described (Goel et al., 2010). Data were expressed as a
percentage of live animals observed for 120 days (Granger et al.,
1996). For ex-vivo analysis, mice were intraperitoneally inoculated
with 3 ml of thioglycolate 3% and euthanized after four days for
peritoneal macrophage collection.

Fungal Burden Assay
Infection was assessed by counting the number of Colony
Forming Units (CFUs) of P. brasiliensis recovered from
infected mice’s lungs. Four animals from each group were
euthanized by CO2 chamber at indicated time points, and the
lungs were aseptically collected. One longitudinal section of each
lung was weighed and macerated within sterilized PBS. One
hundred µl from the homogenized lung tissues was plated into
BHI agar supplemented with 4% horse serum; 5% P. brasiliensis
192 isolate yeast culture filtrated supernatant, and 40 mg/L of
gentamicin (Gentamicin Sulfate, Schering-Plough, Rio de
Janeiro, Brazil). Plates were incubated for seven days at 37°C,
and CFUs were counted.

Histopathologic and Histocytometry
Analysis
Liver and lung fragments were removed from the two
experimental groups and fixed in 10% phosphate-buffered
formalin for 6 h, followed by 70% ethanol until embedding in
paraffin. Several 5-µm sections were stained with H&E for light
microscopic analysis. The diameters of the granulomatous
lesions in the lung were quantified by histocytometry using an
image analyzer (Image Pro-Plus Version 5.1.0.20 Copyright
1993-2004- Media Cybernectics, Inc.). and a computer and
compared to the size of the fragment. The mean size of the
lesions and the mean percentage of the lesioned area of the lung
were also determined. The data were obtained by triplicate
analysis of the sections performed by two observers.

NO Production
The concentration of nitric oxide (NO) in the serum was
determined by enzymatically reducing nitrate to nitrite with
nitrate reductase, as previously described (Pina et al., 2008).
The total amount of nitrite was then quantified by the Griess
method. A microplate reader measured the absorbance at
540 nm.

Lysosome Staining
To perform the staining of acid organelles, 1×105 intraperitoneal
macrophages were seeded in chamber slides and incubated at 37°
C and 5% CO2. Next, the cells were co-incubated with
P. brasiliensis (MOI 1:0.5) previously stained with Calcofluor
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3216
(Sigma-Aldrich, St. Louis, MO, USA). After 24 h, extracellular
fungi were washed with RPMI medium, and the cells were
stained with Lysotracker® Red DND-99 (Thermo Scientific,
Waltham, MA, USA) (1:1,000) for 15 min at 37°C and directly
used for microscopy using the Live Cell Imaging approach.
Lysotracker Mean Fluorescent Intensity (MFI) was measured
using ImageJ software.

Antibody Isotypes Analysis
The specific IgG1 and IgG2a isotypes were measured in the
serum by Enzyme-Linked ImmunoSorbent Assay (ELISA)
(Sigma-Aldrich, St. Louis, MO, USA) as per the manufacturer’s
instructions. Briefly, 96-well plates were coated overnight at 4°C
with protein extract of the fungal cell wall (100 ml/well). The
plates were blocked with mouse serum (1:100) for 2h at 37°C.
The serum samples were added to the plates and incubated for
2 h at room temperature. After washing with PBS 0.05% Tween
20, peroxidase-labeled antibodies specific for mouse IgG1 or
IgG2a isotypes were added (1:5,000), and plates were incubated
for 2h at 37°C. Next, the plates were washed seven times with
PBS 0.05% Tween 20 and incubated with H2O2 and o-
phenylenediamine for the reaction. After the addition of 20 µl
of H2SO4, 2N (stop solution), the reactions were read at 490 nm
in an ELISA plate reader (BioRad, model 2550, Hercules,
CA, USA).

Cytokine Secretion
The cytokines interleukin-10 (IL-10), interferon-gamma (IFN-g),
and TNF-a were measured using a commercial ELISA kit
(according to the guidelines established by BD Biosciences, San
Diego, CA, USA). The cytokine levels present in the lung
homogenates or cell culture supernatant were calculated based
on a standard curve provided by the commercial kit.

Cellular Migration
The percentages of migrating cells were determined at 72 h after
Pb18 heat killed (HKPb18, 1x106 cells) or thioglycolate (1.5 ml of
3% solution) inoculation into mice peritoneum. At four days
post-inoculation, WT, and CD18low mice were euthanized using
80 mg/kg of ketamine and 16 mg/kg of xylazine, and the
peritoneal contents were washed with 5 ml of Hank’s solution
for leukocyte collection. The total cell suspension was
centrifuged, and the pellet was resuspended in RPMI-1640
with 5% of fetal bovine serum (Sigma-Aldrich, St. Louis, MO,
USA). The cells were counted in a hemocytometer chamber in
the presence of trypan blue. For differential counting, cytospins
were stained with a Panótico® kit (Laborclin, Brasıĺia, DF, Brazil)
to identify specific leukocytes (neutrophils, macrophages, and
lymphocytes). The flow cytometry approach is used to analyze
the pulmonary cell migration profile. Mice were infected with
1x105 heat-killed P. brasiliensis yeast (HKPb18) in the intranasal
route. After three days, a collection of bronchoalveolar lavage
(BAL) fluid was performed, and the mice were euthanized by
CO2 overdose. Cold PBS and a 1-inch 22G catheter without a
needle into the trachea were used to perform the lavage.
Moreover, 5x105 cells were blocked with PBS, supplemented
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with 10% FBS for 1 h. After washing, cells were stained with anti-
CD3 APC and anti-F4/80 FITC (Invitrogen, Carlsbad,
Califórnia, USA) for 30 min, in ice, in the dark. Next, cells
were washed two times and analyzed by Flow Cytometry.

Ex-Vivo Phagocytosis Index
The kinetics of Pb18 internalization by the phagocytosis index was
also investigated. At 6, 24, and 48 h after co-culture, the
supernatant was removed, and the cells were stained with
Panotico® (Laborclin, Brasıĺia, DF, Brazil). Phagocytosis was
measured under the optic microscope (100×) in approximately
one hundred cells. Phagocytosis index was determined by
calculating the number of internalized cells in the phagocytosis
and the yeasts’ average phagocytosed by the macrophages. A
similar experiment was performed with fluorescent microscopy
to identify and differentiate intra- and extracellular Pb18. Before
co-incubation with macrophages, fungi were stained with 3 mg/ml
of Fluorescein isothiocyanate (FITC) (Sigma-Aldrich, St. Louis,
MO, USA) for 2 h in the dark at room temperature. Next, Pb18
was washed and incubated with macrophages for 24 h. After
washing extracellular fungi, Calcofluor staining (Sigma-Aldrich,
St. Louis, MO, USA) (10 ug/ml) was performed for 20 min at 37°C
in the dark. After washing, phagocytosis index was measured by
fluorescent microscopyA similar experiment was performed with
fluorescent microscopy to identify and differentiate intra- and
extracellular Pb18. Before co-incubation with macrophages, fungi
were stained with 3 mg/ml of Fluorescein isothiocyanate (FITC)
(Sigma-Aldrich, St. Louis, MO, USA) for 2 h in the dark at room
temperature. Next, Pb18 was washed and incubated with
macrophages for 24 h. After washing extracellular fungi,
Calcofluor staining (Sigma-Aldrich, St. Louis, MO, USA) (10 ug/
ml) was performed for 20 min at 37°C in the dark. After washing,
phagocytosis index was measured by fluorescent microscopy. Data
are expressed as mean ± SEM of three independent experiments.

Statistical Analysis
Differences between the two experimental groups were analyzed
by using ANOVA followed by the Bonferroni t-test. The p-value
of <0.05 was considered significant
RESULTS

b2 Integrin Influences Host Survival in
P. brasiliensis Infection
To evaluate the course of the chronic model of PCM in the b2
integrin low expression model, WT, and CD18low mice were
infected with a virulent strain of P. brasiliensis (Pb18) via i.v.
route and monitored for survival for 120 days (Figure 1). Mice
from both groups displayed clinical evidence of disease, and WT
mice survived, on average, approximately 90 days. However, all
infected CD18low mice survived during the entire time course. At
this point of infection, CD18low mice were euthanized to perform
the lung analysis, in which we observed lung granulomatous
lesions and viable fungal cells within granuloma (data not
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4217
shown). Nevertheless, CD18low mice showed higher resistance
to Pb18 infection in comparison to WT mice.

Positive Outcome in CD18low Mice After
P. brasiliensis Infection
To investigate Pb infection kinetics in WT and CD18low

expression mice, lungs were aseptically removed and
macerated to recover fungal burden. According to survive
curve days related to mice mortality, the mice were euthanized
at 15, 30, and 60 days post-infection. Sine P. brasiliensis is a
facultative intracellular fungus and can grow outside
macrophages, is option to use the whole tissue is to evaluate
the total fungal population viability. A higher number of CFUs
was observed in tissue recovered from CD18low mice at 15 days
post-infection when compared to WT animals. However, at 60
days post-infection, the CFU and the granuloma structures were
higher in WT than CD18low (Figure 2A). The fungal cells can
also be observed in the granuloma (Figures 2B–E).

The histopathological analyses depict granuloma in both WT
(Figures 2B, C) and CD18low mice lung tissue (Figures 2B, D) at
15 days post-infection. WT mice lung granulomas were well
organized, composed of epithelioid cells, lymphocytes, and a few
multinuclear giant cells characterizing epithelioid granulomas.
The CD18low mice lungs showed granulomas with a reduction of
the alveolar spaces, with lymphocyte infiltration and significant
yeast levels at 15 days post-infection (Figure 2D). However, at 60
days post-infection, the granulomas in WT mice were less
organized, showing an incipient pattern of granulomatous
structures, with multinuclear giant cells within yeast forms
fungus (Figure 2E). Besides, at 60 days post-infection, in the
disease’s disseminated phase, the granulomas were more
organized in CD18low mice, with an increase in lymphocyte
migration (Figure 2F). Comparing the granuloma lesion sizes
between the groups, CD18low mice granulomas impaired a lower
area of lung (Figure 2B), so the lung was less compromised.
FIGURE 1 | Survival curve of WT and CD18low. Mice were infected via i.v.
with 106 yeast forms of P. brasiliensis (Pb18) to mimic a chronic infection.
Kaplan-Meier estimator was used to represent WT representative survival
curves (solid line) and CD18low (dashed line). For both groups, n=12. Data are
expressed as the percentage of live animals observed for 120 days.
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Nitric Oxide and Cytokine Secretion Are
Altered in the Course of CD18low or WT
Mice Infection
The serums nitrate levels were measured in the WT and CD18low

P. brasiliensis infected mice to evaluate the nitric oxide
production. At 15 and 60 days, post-infection, higher levels of
nitrate were found in WT serum compared to CD18low mice. At
60 days post-infection, the NO production was higher in WT
mice (Figure 3A). No differences were observed at 30 days post-
infection. Regarding the levels of IgG1 and IgG2a, antibody
production was not observed in the serum of WT non-infected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5218
mice (data not shown). On the other hand, IgG1 levels were
significantly higher in the serum of CD18low infected mice
compared with WT infected mice at all evaluated time points
(Figure 3B). Nevertheless, levels of anti-P. brasiliensis IgG2a
increased significantly in the serum of CD18low mice only at day
60 post-infection.

Concerning cytokine secretion, IL-10, IL-12, TNF-a, and
IFN-g were quantified in lung cell homogenates. A significantly
higher level of IL-10 in CD18low mice was observed at 15 days
post-infection in comparison to WT mice (Figure 3C). No
significant differences were found when analyzing the presence
A B

D

E F

C

FIGURE 2 | Fungal burden and granuloma in lung tissue. Mice were infected via i.v. with 106 yeast forms of P. brasiliensis (Pb18) to mimic a disseminated infection.
(A) Analysis of fungal burden of lung CFUs in vivo. (B) Measurement of the granuloma size in the lung tissue of infected animals. (C, D) Histological images of the
granuloma formation (black arrows) and presence of yeast (black arrow head in Figure D) in WT and CD18low mice at 15 days post-infection – 100x. (E, F)
histological images represented granuloma formation (black arrows), and presence of yeast (black arrow head in Figure E) and lymphocytic infiltrate (white arrow) in
WT and CD18low mice 60 days post-infection – 100x. Data are presented as the mean ± SEM of three independent experiments (**significant difference p<0.01,
***significant difference p<0.001).
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of IFN-g (Figure 3D). There were no statistical differences in
TNF- a and IL-12 levels between the groups (Supplementary
Figure 1). It is possible to correlate the higher CFU in CD18low

mice at 15 days post-infection with the low NO3 secretion at this
time point. Among other functions, IL-10 is also stimulatory
toward TCD8+ cells, and this can be associated with the decrease
in the CFU at 60 days post-infection in CD18low mice.

Cellular Migration After P. brasiliensis
Stimulus
To analyze whether the differences between granuloma
formation could be associated with cellular migration to the
inflammatory site, since the molecules that depend on b2
integrin expression to promote the cell migration were
decreased, we checked the leukocyte migration into the
peritoneum after stimulation with heat-killed P. brasiliensis
yeast (HKPb18) or thioglycolate. No difference in the
percentage of total migrating leukocytes was detected between
WT and CD18low mice, although the thioglycolate treatment
induced higher cellular migration (Figure 4A). Considering the
differential migration into the WT peritoneum, thioglycolate
stimulus caused more significant macrophage migration than
neutrophils and lymphocytes (Figure 4B). The migration into
the CD18low mice peritoneum showed significantly higher
lymphocyte migration levels after both treatments (Figure 4B).
To compare the lung’s migration profile, we carried out the cell
migration using heat-killed P. brasiliensis yeast (HKPb18) in the
intranasal route (Supplementary Figure 2). The CD18low BAL
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6219
confirmed the higher levels of lymphocyte migration to
the tissue.

The In Vitro Macrophage Activity
To evaluate the phagocytic activity of macrophages in WT and
CD18low mice, peritoneal macrophages from both groups of mice
were co-cultivated in vitro with the yeast of Pb18. The fungal
cells’ internalization and viability were assessed by phagocytic
index, considering the colony-forming units (CFU) counting
after 6 h, 24 h, 48 h, and 72 h of co-incubation.

It was found that macrophages from both WT and CD18low

mice were able to internalize Pb 18. Yeast phagocytosis increased
more when the cells were opsonized with fresh serum compared
to inactivated serum (data not shown). The phagocytosis index
was significantly higher in WT macrophages than CD18low cells
at six and 24 h of co-culture (Figure 4C). There was a time-
dependent increment in fungal burden in both macrophage
groups during the kinetics. Considering the technical limitation
to separate the adhered and internalized yeast, we carried out the
phagocytosis index determination using fluorescent staining
(Supplementary Figure 3). The results are similar to the
Figure 4C, confirming a lower internalization of CD18low

macrophages. Nonetheless, we observed a higher number of
viable P. brasiliensis recovered from WT when compared to
CD18low macrophages (Figure 4D).

Furthermore, macrophage activation through the
acidification of the phagolysosome was also measured using
Lysotracker staining and microscopy analysis (Figure 5). We
A B

DC

FIGURE 3 | Quantification of nitric oxide, IgG1, and IgG2 and cytokine secretion in a P. brasiliensis infection systemic model. Mice were infected via i.v. with 106

yeast forms of P. brasiliensis (Pb18) to mimic a chronic infection. (A) NO3 production was determined at 15-, 30-, and 60- days post-infection by Griess reagent.
(B) IgG1 and IgG2a isotype levels in serum of WT and CD18low mice were detected after 15-, 30- and 60- days post-infection by ELISA. The antibody titers were
expressed in optic density (O.D). (C, D) IL-10 and IFN-g secretion analyzed by ELISA from lung cell homogenates. Data are expressed as the mean ± SEM.
(*Indicates significant difference p<0.05; **significant difference p<0.01, ***significant difference p<0.001).
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also analyzed the mean fluorescence intensity (MFI) of lysosome
staining. A lower intensity in the lysosome signal is observed in
WTmice infected with fresh serum-opsonized P. brasiliensis. We
did not observe differences in CD18low macrophages’ lysosomal
activities in relation to yeast opsonization.
DISCUSSION

The PCM outcome depends on several factors, among which
fungal interaction with macrophages is a critical one. The
interactions between resident fungi and macrophages
determine the subsequent mechanisms of innate and adaptive
immune activation. These processes are different when
comparing the reactions of susceptible and resistant mice to
experimental PCM (Pina et al., 2008). At the beginning of the
infection, the susceptible mice developed better fungal growth
control, with high NO and IL-12 production levels and increased
expression of CD40, but with disseminated disease and low mice
survival rate. On the other hand, the resistant mice showed a low
production of NO, high levels of IL-10 and GM-CSF, and
increased expression of Class II MHC molecules, with a well-
controlled adaptive immune response. Other authors have
suggested that the disease outcome is a consequence of initial
pathogen recognition, followed by an exacerbated immune
response associated with low fungal killing and CD4+ T-cells
anergy (Pina et al., 2008). However, the juvenile form of PCM
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shows eosinophilia and high TGF-b levels and a T helper 2
cytokines patter (Mamoni et al., 2002), indicating that several
cytokines are associated with the initial immune response,
capable of modulating the disease outcomes.

There are some receptors associated with P. brasiliensis
recognition, such as TLRs, CTLRs, and CRs. TLR-4 and TLR-2
are associated with a robust initial response and a non-controlled
disease compared with deficient mice for these receptors (Calich
et al., 2008; Loures et al., 2009; Loures et al., 2010). Contrarily,
the Dectin-1 receptor is associated with increased response in
resistant mice through inflammasome activation and IL-1b
production (Feriotti et al., 2015). The role of a complement
system has been previously described (Calich et al., 2008).
However, the role of its receptors has not yet been fully
elucidated. To verify the role of b2-integrin, we carried out in
vivo experimental infections using CD18low mice. The CD18low

Pb infected mice showed a higher fungal burden and lower NO3

levels at 15 days post-infection; however, the animal controlled
the infection at 30 days post-infection. The resistance of these
mice was confirmed by the survival curve, in which we detected a
small number of CFUs in the lung compared to CFUs recovered
from WT mice at 60 days post-infection. Our in vivo data
corroborate reports on TLR-4 and TLR-2 KO infected mice
(Pinto et al., 2006; Loures et al., 2009; Loures et al., 2010). It is
possible to correlate the higher CFUs in CD18low mice at 15 days
post-infection with the low NO3 secretion at this time point.
However, the levels of NO should also be analyzed in the lung.
However, already at 15 dpi, we observed high levels of IL-10.
A B

DC

FIGURE 4 | In vivo mobilization of cells in WT and CD18 low mice after i.p. inoculation of thioglycolate and heat-killed P. brasiliensis. (A) Total of cells migrating to
the peritoneal cavity of WT and CD18low mice at 4 days post-treatment with HKPb18 and thioglycolate. (B) Percentage of specific cell type counted in WT and
CD18low mice’s peritoneal cavity after treatment with HKPb18 and thioglycolate. (C) In vitro analysis of the phagocytosis index in WT and CD18low mice derived
macrophages at 6, 24, 48 h post-co-incubation with Pb18 (MOI 1:1). (D) Viable yeast recovered from WT and CD18low macrophage-infected in vitro with Pb18 and
plated at 24, 48, and 72 h post-co-incubation. Data are expressed as the mean ± SEM. (*Indicates significant difference p<0.05; ***significant difference p<0.001).
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Among other functions, IL-10 is also stimulatory towards TCD8+
cells, and this can be associated with the decrease in the CFUs at
60 days post-infection in CD18low mice.

The histopathological and histocytometry analysis confirmed a
progressive inflammatory response with extensive areas of
granulomas in Pb infected mice. There are differences between
granuloma structure between the two groups, and our results
corroborate the granuloma formations described in susceptible
(B10.A) and resistant (A/Sn) mice exposed to P. brasiliensis
(Calich et al., 2008; Loures et al., 2009; Loures et al., 2010). To
better understand if the smaller granulomatous lesions were
associated with a low cellular migration to the lung, we carried
out a migration assay. The lower expression of LFA-1 (CD11a/
CD18) has no influence on total leukocyte migration. However,
CD18low mice showed more migration of lymphocytes than
macrophages for both stimuli, explaining the increase of
lymphocyte infiltration in the CD18low lung. Another explanation
for the higher levels of lymphocytes in the lung is that CD18 is also
part of aDb2, an adhesive and multiligand receptor, which is
moderately expressed in circulating leukocytes, but it is
upregulated in inflammatory macrophages. This adhesive
property is microenvironment-dependent, and the b2-integrin
density is important for migration to the inflammatory focus
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8221
through extravascular space (Palecek et al., 1997). This receptor is
also crucial to macrophage retention on tissue, promoting chronic
inflammation (Yakubenko et al., 2008). Our results showed
significantly lower macrophage migration into the peritoneum
after thioglycolate stimulus, which can be explained by a low
expression of aDb2. The microenvironment with macrophage
depletion and a rise in lymphocytes can modulate granuloma
formation, fungal viability, and resistance to the infection, as
observed in our results.

Furthermore, the granulomas can be modulated by NO
production. The treatment of susceptible mice with an
inhibitor of NOS2 (inducible nitric oxide synthase 2) induces a
considerable increase in the number and the size of liver
granulomas. Simultaneously, in animals with the regular
expression of NO, there were smaller granulomas, despite the
worse immunological parameters during infection. These results
suggest that NO levels are closely correlated with the extension of
granulomatous lesions. The cessation of NO production during
the initial phase may cause more severe disease. In contrast, the
overproduction of this mediator is associated with susceptibility
(Yakubenko et al., 2008).

In our work, the NO3 serum levels of CD18low mice in
response to P. brasiliensis infection were higher only at 15 days
A

B

FIGURE 5 | Lysosomal recruitment and acidification to evaluate macrophage activation. Detection of lysosomal acidification/recruitment in infected WT and CD18low

macrophages was performed using LysoTracker® Red DND-99. (A) Representative pictures depicting calcofluor white stained fungi (blue) and Lysotracker staining
(red). (B) Quantification of Mean Fluorescence Intensity (MFI) after Lysotracker staining of both WT and CD18low macrophages after P. brasiliensis interactions in vitro.
Images were taken using the Live Cell Imaging platform, and ImageJ analyzed MFI. Data are presented as mean ± SEM of at least three independent experiments
(***indicates significant difference p<0.001).
March 2021 | Volume 11 | Article 622899

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


de Oliveira et al. b2 Integrin in Paracoccidioidomycosis
post-infection. However, this production did not increase during
infection progression, as observed in WT mice levels. The
correlation between the activation of NO production and
fungal lung infections and immunosuppressant mechanisms
has been previously reported during a P. brasiliensis mouse
infection. These studies revealed that, although NO is an
essential microbicidal mechanism for macrophages infected
with P. brasiliensis, the overproduction of NO in PCM
contributes to immunosuppression during the disease
(Nascimento et al., 2002; Yakubenko et al., 2008). One of the
NO immunosuppressive pathways reduces class II MHC
expression, with antigen-presentation for T-cells, decreased
IFN-g levels, and inhibition of IFN-g-dependent production of
NO synthase, which prevents excessive NO formation and tissue
injury (Sicher et al., 1994; Bocca et al., 1998; Bocca et al., 1999).
The physiological role of NO in host immunity suppression to
avoid tissue injury can also modulate granuloma formation. In
some cases, it can increase host susceptibility, as described in the
PCM model, and confirmed in this work.

In several infection models, including PCM, macrophages’
fungicidal activity against fungi has been associated with IFN−g-
macrophage activation and, consequently, NO production
induced by NO synthase. Therefore, NO induction depends on
the synergy between Th1 cytokines, TNF-a and IFN-g, and/or
cellular constituents of the pathogen (Brummer et al., 1988; Xie
et al., 1991; Bocca et al., 1998; Bogdan et al., 2000). The
phagocyte’s fungicidal activity seems to be dependent on the
equilibrium between stimulating and suppressing cytokines
during interaction with the fungus to regulate the NO levels.
The early production of IL-10 by CD18low mice is probably
associated with a reduction in NO production at a later time
point and the prevention of its immunosuppressive role.

Th1 lymphocytes are essential for an effective cellular
immune response against intracellular pathogens because of
IFN-g secretion, which activates macrophages and stimulates T
CD8+ cells. In murine models, IFN-g also induces the production
of both IgG2a and IgG3, which contribute to antimicrobial
immunity through their complementary and opsonization
activities. Our data revealed that CD18low mice underwent a
significant increase in IgG1 produced during the time analyzed
and in IgG2a levels at 60 days post-infection compared to WT
mice. The phagocytosis efficacy of Cryptococcus neoformans by
macrophages is mediated by opsonization of IgM and IgA
antibodies and is correlated with CR3 expression (Taborda and
Casadevall, 2002). However, it was demonstrated that when
blocking CR3, the phagocytosis mediated by IgG1 was partially
inhibited, suggesting that phagocytosis mediated by IgG1 is not
entirely dependent on b integrins and that CD18low macrophages
used a similar pathway to internalize the yeast cells. The pattern
of IgG production in CD18low mice in experimental PCM needs
to be better explored; however, we can presume that the levels of
IgG1 correlate with a non-inflammatory response at the
beginning of the infection and the IgG2a with a Th1 response
at the end of the infection.

Macrophages can play different roles in the lung, as shown in
pulmonary infection caused by C. neoformans or A. fumigatus.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9222
The populations associated with tolerance and tissue
homeostasis have produced low levels of CXCL2 and high
levels of IL-10 and complement component 1q (C1q) (Xu-
Vanpala et al., 2020). Activation of the complement system by
P. brasiliensis, either by the classical or alternative pathways,
results in yeast cell opsonization, promoting phagocytosis and
fungicidal killing (Calich et al., 2008). We analyzed the kinetics of
the in vitro phagocytosis of P. brasiliensis yeast opsonized with
fresh serum by macrophages from WT and CD18low mice, and
WT macrophages internalized more yeast cells.

Several works have demonstrated that the phagocytosis of
microorganisms such as C. neoformans (Kelly et al., 2005; Luo
et al., 2006), C. albicans (Triebel et al., 2003; Gruber et al., 1998),
M. tuberculosis (Velasco-Velasquez et al., 2003), and
L. monocytogenes (Drevets et al., 1996) in the presence of fresh
human serum is more efficient than in the presence of inactivated
serum. The low phagocytosis rate of yeasts by CD18low

macrophages emphasizes the importance of complement
receptors in internalization. Nevertheless, the phagocytosis of
P. brasiliensis yeast cells can occur by other receptors, which may
explain why the phagocytic activity increased progressively after
24 h, although at 48 h post-infection, we observed no differences
in the phagocytosis index between the groups. The fungal load in
macrophages increased during the kinetic analyses for both
groups; however, despite showing the same number of
internalized yeast cells at 48 h, we observed a reduction in the
viability of Pb in CD18low macrophages. These results are
consistent with more efficient macrophage killing of fungal
cells in this group. The complement receptors (CR1, CR3, and
CR4) expressed in macrophages are important for recognition
and adhesion of M. tuberculosis. As observed in our results,
similar studies using M. tuberculosis have demonstrated that
bacteria also exploit receptors to enter macrophages’ cytoplasm
(Hirsch et al., 1994; Velasco-Velasquez et al., 2003) and modulate
phagocyte activation and disease outcome.

The ability of microorganisms to be destroyed has been
related to phagocyte intracellular acidification. When this
mechanism fails, improper phagosome acidification is
positively associated with the intracellular survival of C.
neoformans and Leishmania (Hirsch et al., 1994; Xu-Vanpala
et al., 2020). The b2 integrin receptor has been well described
using a Leishmania model, corroborating several studies that
have associated the presence of CR3 with a delay in lysosome
recruitment and phagolysosome maturation (Carter et al., 2009;
Polando et al., 2013; Ricardo-Carter et al., 2013). Our results
showed increased lysosomal recruitment on both WT and b2-/-
infected macrophages with non-opsonized fungal cells. The
opsonization of yeast cells with fresh serum produced reduced
lysosome recruitment in WT macrophages, suggesting low
phagocyte activation. b2 integrin is one of two chains in CR3
conformation, and other components can be related to the
lysosomal recruitment pathway in P. brasiliensis infection, such
as CR1, related to early phagolysosome maturation.

Nevertheless, the relationship between CD18 and PCM in an
early phase of infection must be evaluated. Regarding the role of
CR3 in diverse species of intracellular pathogens, this receptor
March 2021 | Volume 11 | Article 622899

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


de Oliveira et al. b2 Integrin in Paracoccidioidomycosis
can crosstalk with TLRs and interfere in several diseases’
pathogenesis. The role of CR3/TLR2 or CR3/TLR4 has not
been studied in PCM, and the understanding of P. brasiliensis
survival in macrophages should be better explored.

In the present manuscript, we focused on active antifungal
macrophages after infections with P. brasiliensis. Our data
suggest that the presence of b2 integrin is associated with an
initial inflammatory response and intracellular fungal survival.
The beta chain protein could serve as a “safe passage” for the
fungus, supporting its proliferation, and its default would lead
the fungus to enter the macrophages via a less “friendly”
receptor, able to activate this phagocytic cell more efficiently.
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Supplementary Figure 1 | Quantification TNF-a and IL-12 secretion in a P.
brasiliensis infection systemic model. Mice were infected via i.v. with 106 yeast
forms of P. brasiliensis (Pb18) to mimic a chronic infection. (A) TNF-a and (B) IL-12
secretion analyzed by ELISA from lung cell homogenates. Data are expressed as
the mean ± SEM. (* Indicates significant difference p<0.05; **significant difference
p<0.01, *** significant difference p<0.001).

Supplementary Figure 2 | Cell migration in BAL of WT and KO animals. Wild
Type and CD18 low mice were infected with heat killed Pb18 in the intranasal route.
After euthanasia, BAL cells were collected and stained with anti CD3 and anti- F4/
80 before Flow Cytometry analyses. (A) Dot plot of WT cells depicting lymphocytes
and macrophages after specific staining. (B) Dot plot of CD18low cells depicting
lymphocytes and macrophages after specific staining. (C) Quantification of anti-
CD3 and anti-F4/80 fluorescence in both cell populations of WT and CD18low BAL.
Data are expressed as the mean ± SEM. (*Indicates significant difference p<0.05;
**significant difference p<0.01, ***significant difference p<0.001).

Supplementary Figure 3 | Phagocytosis index of Pb18 by WT and CD18low
cells. Pb18 was stained with Fluorescein isothiocyanate (FITC) before co-incubation
with macrophages. Next, extracellular fungi were stained with Calcofluor.
Phagocytosis index was analyzed by fluorescent microscopy. (A) Picture panel
depicting intracellular Pb18 (green) and extracellular Pb18 (blue). (B) Quantification
of phagocytosis index of both WT and KO cells. Data are expressed as the mean ±
SEM. (*Indicates significant difference p<0.05; **significant difference p<0.01,
***significant difference p<0.001).
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Jiménez-Alzate MDP,

Araque-Marin P,
Hung C-Y, Castro-Lopez N
and Cole GT (2021) Lipid

Secretion by Parasitic Cells
of Coccidioides Contributes

to Disseminated Disease.
Front. Cell. Infect. Microbiol. 11:592826.

doi: 10.3389/fcimb.2021.592826

ORIGINAL RESEARCH
published: 13 May 2021

doi: 10.3389/fcimb.2021.592826
Lipid Secretion by Parasitic Cells of
Coccidioides Contributes to
Disseminated Disease
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Coccidioides is a soil-borne fungal pathogen and causative agent of a human respiratory
disease (coccidioidomycosis) endemic to semi-desert regions of southwestern United
States, Mexico, Central and South America. Aerosolized arthroconidia inhaled by the
mammalian host first undergo conversion to large parasitic cells (spherules, 80–100 mm
diameter) followed by endosporulation, a process by which the contents of spherules give
rise to multiple endospores. The latter are released upon rupture of the maternal spherules
and establish new foci of lung infection. A novel feature of spherule maturation prior to
endosporulation is the secretion of a lipid-rich, membranous cell surface layer shed in vivo
during growth of the parasitic cells and secretion into liquid culture medium during in vitro
growth. Chemical analysis of the culture derived spherule outer wall (SOW) fraction
showed that it is composed largely of phospholipids and is enriched with saturated fatty
acids, including myristic, palmitic, elaidic, oleic, and stearic acid. NMR revealed the
presence of monosaccharide- and disaccharide-linked acylglycerols and sphingolipids.
The major sphingolipid components are sphingosine and ceramide. Primary neutrophils
derived from healthy C57BL/6 and DBA/2 mice incubated with SOW lipids revealed a
significant reduction in fungicidal activity against viable Coccidioides arthroconidia
compared to incubation of neutrophils with arthroconidia alone. Host cell exposure to
SOW lipids had no effect on neutrophil viability. Furthermore, C57BL/6 mice that were
challenged subcutaneously withCoccidioides arthroconidia in the presence of the isolated
SOW fraction developed disseminated disease, while control mice challenged with
arthroconidia alone by the same route showed no dissemination of infection. We
hypothesize that SOW lipids contribute to suppression of inflammatory response to
Coccidioides infection. Studies are underway to characterize the immunosuppressive
mechanism(s) of SOW lipids.

Keywords:Coccidioides, spherule outer wall, phospholipids, sphingolipids, immunomodulation, fungal lipids, SOW-
lipid extract
gy | www.frontiersin.org May 2021 | Volume 11 | Article 5928261225

https://www.frontiersin.org/articles/10.3389/fcimb.2021.592826/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.592826/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.592826/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:delpilar.jimenez@udea.edu.co
https://doi.org/10.3389/fcimb.2021.592826
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.592826
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.592826&domain=pdf&date_stamp=2021-05-13


Peláez-Jaramillo et al. Coccidioides spp SOW-Lipids and Their Effects
INTRODUCTION

Coccidioides posadasii and Coccidioides immitis are dimorphic
fungal pathogens, the etiologic agents of coccidioidomycosis, a
mild to potentially life-threatening respiratory disease.
Coccidioides spp. is a desert soil-inhabiting fungal pathogen
that is found in the southwestern United States and in certain
regions of Mexico, Central America, and South America. Despite
the genetic diversity between the two species of Coccidioides
revealed by comparative genomic sequence analyses (Fisher
et al., 2001; Sharpton et al., 2009), laboratory studies have
shown that they have comparable virulence in mice.
Coccidioides spp. is a primary pathogen that can cause diseases
in both immunocompetent and immunocompromised
individuals (Galgiani et al., 2005). Disease onset typically
results from inhalation of dry, air-dispersed arthroconidia
released by the soilborne saprobic phase of the pathogen.
Inhaled arthroconidia of Coccidioides spp become hydrated
and undergo isotropic growth to form spherule initials (10 to
30 mm diameter) (Cole et al., 2006). These parasitic cells
presumably first come in contact with epithelial cells and
macrophages in the respiratory tract of the host. These
spherules grow isotropically to produce large parasitic cells (60
to >100 mm in diameter) and once the spherule is developed, a
surface outer wall (SOW) is produced (Cole et al., 1988). The
spherules undergo an elaborate process of endogenous wall
growth and cytoplasmic compartmentalization, which
culminates in production and the release of a multitude of
endospores (each of them 4 to 10 mm in diameter).
Endospores are smal l enough to be disseminated
hematogenously, grow and differentiate into a second
generation of spherules (Cole et al., 1988). It is suggested that
SOW produced is around the endospores released in order to
protect them from phagocytosis or killing by the cells of the
innate immune response.

Tarbet and Breslau (1953) in their founding studies reported
that the walls of mature spherules are rich in “lipid complexes”,
which they identified as phospholipids. These authors suggested
that the lipid layer of the spherule wall may “resist the diffusion
of large molecules”, but “retain certain chemotactic substances
within the cell and block or alter chemical interchange between
parasite and tissues” of the host. The lipid-rich SOW layer may
be a protective barrier that contributes to the survival of the
pathogen in host tissue. Frey and Drutz (1986) presented
evidence that an extracellular matrix produced by the spherule
may partly account for its survival in the presence of leukocytes
from healthy donors. The authors suggested that the matrix
might impede contact between polymorphonuclear neutrophils
and the fungus and somehow reduce the efficiency of host attack
against spherules. Release of some of these immunoreactive
macromolecules in vivo may be attributed to digestive activity
by host cells (e.g. polymorphonuclear neutrophils) adjacent to
the spherule envelope (Drutz and Huppert, 1983).

The physical properties of membrane lipids in pathogenic
fungi have received significant attention in recent years. Studies
have shown that l ipid microdomains consist ing of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2226
glycosphingolipids and sterols might serve to concentrate
virulence factors (Siafakas et al., 2006; Farnoud et al., 2014),
infectivity (Tagliari et al., 2012), and pathogenicity (Singh et al.,
2012). Thus, the physical properties of the plasma membrane
appear to affect the outcome of the infection (Rella et al., 2016.
Certain glycosphingolipids, such as glucosylceramide (GlcCer),
have been shown to be involved in the regulation of virulence in
fungi affecting plants (Thevissen et al., 2004; Ramamoorthy et al.,
2007) and humans (Rittershaus et al., 2006; Singh and Del
Poeta, 2011).

The synthesis of GlcCer has been demonstrated in fungi that
are pathogenic to humans, such as Cryptococcus neoformans
(C. neoformans) (Hogan et al., 1996), Candida albicans
(C. albicans) (Leipelt et al., 2001), Aspergillus fumigatus
(A. fumigatus) (Levery et al., 2002), Histoplasma capsulatum (H.
capsulatum) (Klimpel and Goldman, 1988), Paracoccidioides
brasiliensis (P. brasiliensis) (San-Blas and San-Blas, 1977), and
Sporotrix schenckii (S. schenckii) (Toledo et al., 2000). Other
studies have suggested a role for GlcCer in the regulation of
fungal growth and pathogenesis. For instance, in C. neoformans
GlcCer is mainly localized in the cell wall and mostly accumulates
at the budding site of dividing cells (Rittershaus et al., 2006).
Interestingly, antibodies against C. neoformans GlcCer produced
by patients affected with cryptococcosis inhibit budding and
division of C. neoformans cells grown in vitro (Rodrigues et al.,
2000) as well as differentiation and germ-tube formation of
Pseudallescheria boydii (P. boydii) and C. albicans (Shimamura,
2012). Additionally, production of antibodies against fungal
glycolipids has been demonstrated in patients with
paracoccidioidomycosis (Bertini et al., 2007). In other fungi,
disruption of the GlcCer biosynthetic pathway altered spore
germination, hyphal development, and fungal growth (Levery
et al., 2002). Monoclonal antibodies against fungal GlcCer have
been produced, and interestingly, these antibodies protected mice
against lethal cryptococosis (Rodrigues et al., 2007), and also the
treatment with anti-GlcCer antibody enhanced macrophage
function against the fungus Fonsecaea pedrosoi (F. pedrosoi)
(Nimrichter et al., 2004). Taken together, these studies suggest
an important role of GlcCer in fungal cell growth and
differentiation. Furthermore, GlcCer might also be implicated in
the regulation of fungal virulence.

Lipid composition of fungal cell wall has been characterized
for several species. Studies of the parasitic phase (yeast) of the
dimorphic fungus P. brasiliensis have identified 49 phospholipid
including phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, phosphatidylglycerol, phosphatidylinositol,
and phosphatidic acid (Longo et al., 2013). Among the fatty
acids, C18:1 and C18:2 were the most abundant. The prevalent
glycolipid species was Hex-C18:0-OH/d19:2-Cer, although other
minor glycolipid species were also detected. The most abundant
sterol was brassicasterol (Longo et al., 2013).

In the present study, the chemical analysis of the lipids
extracted from the spherule outer wall (SOW) fraction of
Coccidioides posadasii showed that they are composed largely
of phospholipids, enriched with saturated fatty acids and the
major sphingolipid components are sphingosine and ceramide.
May 2021 | Volume 11 | Article 592826
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A neutrophil kil l ing assay and a murine model of
coccidioidomycosis were also explored to characterize the
biological effect of SOW lipids in immune function.
MATERIALS AND METHODS

Coccidioides Cultures and
Spherule Staining
Coccidioides posadasii isolate C735 is a virulent clinical isolate.
Hyphal growth of Coccidioides spp were cultured on glucose-
yeast extract (GYE) agar plates at 25°C for 4 weeks to produce
arthroconidia that were used to produce spherules in Converse
medium using 250 ml Erlenmeyer flasks with rubber stoppers.
Each culture flask contained 1–5 × 107 arthroconidia in 100 ml of
Converse medium that was purged with a medical grade gas
mixture (20% CO2 and 80% air) for 3 min and incubated in a
CO2 incubator for 5–14 days at 39°C, 10% CO2 with shaking
(Cole et al., 1985). The flasks were purged with C02-air every 2
days after inoculation. Production of the sloughing, membranous
SOW was monitored by phase-contrast microscopy. All steps of
the inoculation and subsequent isolation procedure were
performed in a Biosafety level 3 laboratory at University of
Texas at San Antonio.

Fungal cells were labeled with a florescent dye cocktail
containing 0.4 mg/ml Calcofluor White (CFW; Sigma, St.
Louis, MO) and 5% FM™4-64FX (Thermo-Fisher Scientific,
Waltham, MA), which bind to cell wall and lipophilic
membrane, respectively. Spherules were washed twice with PBS
and resuspended in 2% PFA. Cell images were acquired with an
Amines ImageStream MKII cytometer and analyzed using
IDEAS® software.

SOW Isolation and Lipid Extraction
SOW was isolated from parasitic culture of Coccidioides in
Converse medium as previously reported (Cole et al., 1988).
Hexane was added to SOW, and an aliquot of the SOW fraction
was subjected to sterility tests on GYE culture plates. Sterile SOW
fractions were then taken to BSL2 laboratory for lipid extraction.

Two extraction methods were performed, a one-step method
with hexane alone and a sequential extract method using three
solvents (hexane, chloroform, and methanol) with increased
polarity (JT Baker. ThermoFisher Scientific Inc.). The extraction
procedures were conducted with a percolating Soxhlet extractor.
The extracts were concentrated by rotary evaporation and then
further dried under a nitrogen gas stream. The absence of the
glycoprotein in the SOW lipid fraction was confirmed by
immunoblot analysis with anti-SOWgp glycoprotein serum
(Hung et al., 2002) and the Bradford method to estimate the
protein content (Bradford, 1976).

Characterization of Lipid Extracts of SOW
by Thin Layer Chromatography
The qualitative characterization of lipids extracted from SOW was
performed by one- and two-dimensional thin layer
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3227
chromatography (TLC) using silica gel 60 F254 (Merck®, USA)
plates. The lipid bands/spots on silica plates were revealed with
iodine and visualized under an UV-light. The retention factor (Rf)
was used to compare and identify the SOW lipids. The Rf value is
equal to the distance traveled by the lipid divided by the distance
traveled by the solvent front, both measured from the origin.

Gas Chromatography Analysis of SOW
Fatty Acids
Fatty acids were extracted from the lipid fractions with
0.5 N NaOH and then methylated with 20% boron trifluoride
(BF3) using a standard protocol (Ackman, 1998; Ichihara and
Fukubayashi, 2010). The methylated fatty acids were purified in
n-Heptane and dehydrated using anhydrous sodium sulfate.
Finally, the sample was filtered and injected into a gas
chromatograph (Agilent 6890N) that is equipped with a flame
ionization detector (FID). The samples were separated using a
capillary column (DB23). Data was acquired and analyzed using
Chemstation software.

UPHPLC-MS/MS Analysis
Phospholipids and glycolipids were characterized by electrospray
ionization tandem mass spectrometry (ESI-MS/MS) on a linear
ion-trap mass spectrometer system using a ACQUITY UPLC®

BEH C18 column (Xevo G2-XS QTOF Quadrupole Time-of-
Flight Mass Spectrometry; Waters Corporation, Milford, MA.
EEUU). The mobile phase contained a mixture of formic acid
and acetonitrile solution, at a flow rate of 0.300 ml/min and
ionization source ESI positive detector was used to acquire the
data. Samples were dissolved in 10 mM LiOH/methanol with 2.5
mM phosphatidylcholine (C11:0/C11:0-PC) as an internal
standard. Full-scan spectra were collected at the 500–1,000 m/z
range, and samples were subjected to total-ion mapping (TIM)
[2 a.m.u. isolation width; pulsed-Q dissociation (PQD) to 29%
normalized collision energy; activation Q of 0.7; and activation
time of 0.1 ms]. Methylated glycolipids were dissolved in
methanol and analyzed as described for phospholipids with
some modifications (acquisition at the 500–2000 m/z range;
PQD to 32% normalized collision energy). Spectra from both
phospholipids and glycolipids were analyzed manually according
to Pulfer and Murphy, 2003.

Chemical Structure Analysis of SOW
Lipids Using FTIR and NMR
Methanol lipid extracts of SOW were suspended in 20 mM
HEPES buffer (pH 7.4) at molar ratios from 1:0.0 to 1:1.0 for
infrared spectroscopic measurements using an IFS-55
spectrometer (Bruker, Karlsruhe, Germany). Samples were
placed in a CaF2 cuvette with a 12.5 mm Teflon spacer.
Consecutive heating scans were performed automatically from
10 to 70°C with a heating rate of 0.6°C min-1. Every 3°C, 200
interferograms were accumulated, apodized, Fourier
transformed, and converted to absorbance spectra. The peak
position of the asymmetric stretching vibration of the methylene
band versus (CH2) sensitive marker lipid order was plotted
versus temperature. Phase transition temperatures were derived
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by determination of the maximum of the first derivative of the
heating scans. For measurement of hydrated lipids, samples were
spread on an attenuated total reflectance (ATR) ZnSe crystal and
free water was evaporated under a stream of N2. Vibrational
bands from the interface region (1,700–1,750 cm−1), amide I
(1,600–1,700 cm−1), and head groups (1,000–1,300 cm−1) were
analyzed. The instrumental wave number resolution was better
than 0.02 cm−1; the wave number reproducibility in repeated
scans was better than 0.1 cm−1.

The 1H- and 13C-NMR and two-dimensional spectra were
obtained in an AMX300 spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) operating at 300 MHz for 1H and 75.0
for 13C using CDCl3 or dimethyl sulfoxide d6. Shifts are reported
in d units (ppm) and coupling constants (J) in Hz.

Polymorphonuclear Neutrophil Isolation
and Killing Assay
Inbred C56BL/6 and DBA/2J mice were obtained from the
National Cancer Institute/Charles River Laboratories. Mice
were housed in a specific-pathogen free animal facility at
UTSA and handled according to guidelines approved by the
IACUC at UTSA. At 8 to 12 weeks of age, sex-matched mice were
relocated into an ABSL3 laboratory before experimentation.

Polymorphonuclear neutrophils (PMNФs) were harvested from
peritoneal exudates of C57BL/6 and DBA/2J mice that were
intraperitoneally injected with 4% thioglycollate at 4 h post
injection. PMNФs were further enriched using a Ficoll-Paque
density gradient and incubated with C. posadasii arthroconidia
(MOI: 5:1) plus an indicated concentration of the SOW lipid
methanol extracts for 4 h at 35°C, 5% CO2. PMNФs incubated with
arthroconidia alone were used as a control. Percentages of killing
were determined by serial dilution on GYE agar plates of the
mixtures as previously described (Gonzalez et al., 2011). Assays of
killing efficiency were repeated in three separate experiments.

Subcutaneous Challenge and Treatment With
SOW Lipids
Hair on an area of the posterior quadrant of the abdomen
(approximately 2 by 2 cm) was removed and swabbed with
70% ethanol. Mice were challenged subcutaneously (s.c.) with 5 ×
104 viable arthroconidia of C. posadasii isolate C735 suspended
in 100 ml PBS on the posterior border of the hairless abdominal
region as previously described (Hung et al., 2016). Arthroconidia
inoculation resulted in a small raised skin inflammation (≈2
mm), which dissipated within 24 h post-challenge. The
subcutaneous injection of 5,000 mg/ml of SOW lipids was done
at days 0, 4, 8, 12, and 16 after Coccidioides infection. The fungal
burden in infected hypodermal tissue, which included visible
abscesses and adjacent draining lymph nodes, was determined at
the indicated days post-challenge by plating serial dilutions of the
tissue homogenates on GYE agar containing 50 mg/ml
chloramphenicol as described previously (Xue et al., 2009). The
skin abscesses and adjacent draining lymph nodes were radically
enlarged and fused together in most of the infected mice at 9 and
20 days post-challenge (dpc). Thus, both tissues were combined
for CFU determination. The fungal burdens in skin, lung and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4228
spleen homogenates were determined in the same manner. The
number of CFU of Coccidioides was expressed on a log scale and
reported for individual mice of each group as previously
described (Xue et al., 2009).

Statistical Analysis
The Mann–Whitney U test was used to analyze CFUs and cell
numbers as previously described (Xue et al., 2009). A P-value of
<0.05 was considered statistically significant. The killing
percentage of arthroconidia by PMNФs treated with SOW
lipids was analyzed with one-way ANOVA. The GraphPad
software version 6.0a was used for the statistical analysis.
RESULTS

Coccidioides SOW Mainly Contains Lipids
C. posadasii consistently produces and sheds membranous SOW
that is accumulated in the Converse medium in vitro. Image
analysis of spherules revealed that there is a lipid layer labeled
with a lipophilic dye, FM™4-64FX between the spherule outer
and the inner wall (SOW & SIW; the greenish yellow layer in
Figure 1). Notably, the peeling SOW also bound well to FM™4-
64FX. Cross examination of the lyophilized SOW extracts
showed light-weighted and fiber-like powder appearance (Cole
et al., 1988). Approximately, 67% of SOW dry weight was soluble
in organic solvents including 53.2% in methanol, 9.9% in
chloroform, and 3.9% in hexane, respectively. These fractions
did not contain SOWgp protein, a major GPI-anchored antigen
located on SOW, as it was not detected in any of the solvent
extracts by Western blot analysis with a SOWgp-specific serum
(Supplemental Figure S1). TLC separation of the lipid extracts
revealed that the major compounds were lipids with Rf values at
0.19–0.31, 0.77, and 1.0 in the methanol extract; Rf values at 0.16,
0.73, and 0.94 in the chloroform extract, and 0.34, 0.41, 0.77, and
FIGURE 1 | Image of a Coccidioides spherule labeled with Calcofluor White

(green) and FM™4-64FX (red). A thin greenish yellow layer visible between
the spherule outer and inner wall represents colocation of SOW lipids and

fungal cell wall chitin/glucan component. The lipophilic probe, FM™4-64FX
bound to a central vacuole (V) and peeling SOW.
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0.94 in hexane, respectively (Figures 2A–C). Despite lipid
compositions varied in these three extracts, the major lipids
were apparently present in all three extracts with most abundant
in the methanol extract. Further analysis of lipid extracts using
Ultra High Performance Liquid Chromatography (UHPLC)
revealed that the spectra of these three solvent extracts were
almost overplayed (Figure 2D), suggests the methanol extract
contained representative SOW lipid species. Hence, we focused
on chemical and biological analysis of the methanol extract.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5229
Coccidioides SOW Lipids Consist of Both
Phospholipids and Sphingolipids
The major lipid peak (circled in Figure 2D; ~17 min) in the
methanol extract was subjected to mass spectroscopy analysis
(UHPLC-MS/MS). A total of seven phospholipids and six
sphingolipids were identified (Table 1). GCxGC-TOF analysis of
FAMES derived from the methanol extract revealed that the SOW
lipids contained mainly saturated fatty acids (30.7%) and only
A B C D

FIGURE 2 | TLC analysis of extracts of SOW lipids with hexane (A), chloroform (B) and methanol (C) and UPHPLC chromatography of the SOW lipid extracts
separated with hexane, chloroform, and methanol (D). TLC separation was carried out with a mixture solvent containing eluent phase as hexane: chloroform 1:2.
TABLE 1 | Major lipids identified in the methanol extract of SOW.

Lipids Fatty
acids

Observed
mass (m/z)

Predicated Mass
(+modification)

Phosphatidylethanolamine
(PE)

C18:2 493.5 494.6 (M + NH4+)
C14:0 486.1 484.6 (M + NH4+)
C18:0 479.0 481.6 (M+)
C18:1 484.4 480.6 (M + H+)

Phosphatidic acid (PA) C20:0 480.4 482.6 (M + NH4+)
C12:0 375.1 375.3 (M + Na+)

Phosphatidylglycerol (PG) C12:0 486.1 487.6 (M + NH4+)

Sphingosine (C18-a-OH-
D8)

323.4 333.5 (M + NH4+)

Sphingosine-phosphate
(C18-a-OH-D8)

437.3 432.5 (M + Na+)

Sphingomyelin-
phosphocholine
(C18-a-OH-D4, D8, C9-
methyl)

C14:0 675.7 673.7 (M + H+)

Sphingomyelin-
phosphoethanolamine
(C18-a-OH-D4, D8, C9-
methyl)

C14:0 437.4 435.6 (M + H+)

Dihexosylceramide
(C18-s-OH-D4)

C14:0 900.7 904.2 (M+)
C16:0 868.3 875.2.3 (M+)
TABLE 2 | Fatty acid composition of SOW lipids.

Saturated fatty acids %

Decanoic acid, (C10:0) 0.2
Dodecanoic acid (C12:0) 2.1
Myristic acid (C14:0) 1.4
Pentadecanoic acid (C15:0) 0.2
Palmitic acid (C16:0) 21.2
Heptadecanoic acid (C17:0) 0.5
Stearic acid (C18:0) 3.6
Arachidic acid (C20:0) 0.3
Heneicosanoic acid (C21:0) 0.1
Behenic acid (C22:0) 0.7
Tricosanoic acid (C23:0) 0.2
Lignoceric acid (C24:0) 0.3
Subtotal 30.7
Unsaturated fatty acids %
Elaidic acid (C18:1n9t) 0.12
Oleic acid (C18:1n9c)
Heneicosanoic acid 0.1
Linolelaidic acid (C18:2n6t) 0.04
Linoleic acid (C18:2n6c)
Subtotal 0.17
Ratio of Unsaturated/Saturated 0.0055
May 2021 | Volume 11 | Article
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trace amounts of unsaturated molecules (0.17%; Table 2). The
major fatty acids were palmitic acid (C16:0) and stearic acid (18:0).

Infrared (FTIR) analysis of the methanol extract allowed
confirmation of the signals of substituents more representatives
(Figure 3). The signals at 3,364, 2,900, 1,711, 1,641, 1,464,
and 1,378 indicate the presence of -OH group linked to
alcohols, -CH2 group in aliphatic compounds, -C=O group in
fatty acids or esterified compounds, -NH amine group in
sphingolipids and phosphate groups in phospholipids. These
results were in agreement with the TLC and UHLPC/MS studies
(Figure 2 and Table 1). These data suggest that SOW lipids
consist of phospholipids and sphingolipids.

Sphingolipids of SOW lipids were further confirmed using
both 1H- and 13C-NMR analyses. 1H-NMR analysis showed the
presence of protons adjacent at phosphate groups (-CH2-O-P),
protons adjacent to oxygens (-CH2-O), methylene adjacent to
double- bonds (R=CH2-CH2) or carbon a (Figure 4A).
Additionally, 13C-NMR analysis showed the presence of both
glycerol and sphingosine (Figure 4B). Taken together, SOW
lipids consist of fatty acids, triacylclycerols, phospholipids (PA,
PE and PG), and sphingolipids including sphingosine chain
without a fatty acid and ceramides with a fatty acid side chain.

SOW Lipids Suppress Neutrophil Killing of
Coccidioides Arthroconidia In Vitro
Peritoneal neutrophils were isolated from C57BL/6 and DBA/2J
mice after eliciting with 4% thioglycolate. Viability and purity of
the isolated were assessed as shown in Table S2. The purified
PMNФs were capable of killing 60–80% of Coccidioides
arthroconidia after 4 h incubation. The PMNФs incubated
with an indicated concentration of SOW lipids at 1,000, 5,000,
and 10,000 mg/ml significantly decrease the killing activity of
Coccidioides arthroconidia from ~20 to 50% for B6 and DBA/2J
mice, respectively (Figures 5A, B).

The difference between different treatments was not statistically
significative. The viability of SOW lipids treated PMNФs were
evaluated by flow cytometry analysis after staining with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6230
carboxyfluorescein diacetate (CFDA) and Annexin V for detecting
apoptotic cells. The results confirmed that PMNФs were viable after
incubating with SOW lipids even at the highest concentration (these
results are presented in Supplemental Figure S3 and Table S3).
These results suggest that SOW lipids suppress PMNФs killing
functions without impacting viability of these phagocytes.

SOW Lipids Suppress Protective Immunity
Against Coccidioides Infection
In vivo impact of SOW lipids was evaluated using a murine model
of subcutaneous coccidioidomycosis (Hung et al., 2016). A group
of mice was treated with 5,000 mg/ml of SOW lipids by the same
subcutaneous route at 0, 4, 8, 12, and 16 days post-challenge. Mice
were injected with PBS as controls. Both groups of mice were
sacrificed at 9 and 20 days post-challenge for evaluating fungal
burden (CFUs). The CFU´s recovered from the injection site
(skin) at 9 and 20 days post-challenge are shown in Figures 6A,
D, respectively. At 9 days post-challenge, there was a trend of
increased fungal burden in the lungs and spleen of the mice that
were treated with SOW lipids, albeit that was not statistically
significant (Figures 6B, C). Interestingly, the mice treated with a
total dose of 25,000 mg/ml of SOW lipids and euthanized 20 days
post-challenge showed significantly increased amounts of CFUs
in their lungs compared to the mice injected with PBS alone
(Figure 6E; 5.5 Log10 versus 4.0 Log10; Mann–Whitney U test p =
0.0306). Furthermore, the SOW lipid-treated mice also
significantly increased fungal dissemination to the spleen
(Figure 6F; p = 0.0012), while only one mouse of the lipid non-
treated group had detectable fungal burden in the spleen. These
results suggested that SOW lipids suppress protective immunity
of mice against subcutaneous Coccidioides infection.
DISCUSSION

Coccidioidal SOW is a unique structure of fungal cell surface
among medically important fungal pathogens. In 1953, Tarbet
FIGURE 3 | FTIR absorption spectrum of SOW lipids in the methanol extract shows the presence of contribution functional groups (OH, CH2, CO, NH, and PO2)
that are labeled at the corresponding spectral positions.
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A

B

FIGURE 4 | 1H- (A) and 13C-NMR (B) analyses of SOW lipids in the methanol extract. Contributions from specific functional groups are labeled at the corresponding
spectral positions.
A B

FIGURE 5 | SOW lipid treatment of murine neutrophils (PMNФs) resulted in loss of killing efficiency of Coccidioides arthroconidia. PMNФs were incubated with
Coccidioides arthroconidia for 4 h in the presence of SOW lipids at an indicated concentration from 1,000 to 10,000 µg/ml. Bar data show the mean percentage of
Coccidioides arthroconidia killed for PMNФs isolated from both C57BL/6 (A) and DBA/J mice (B). Representative results (mean ± SD for n = 3 technical replicates)
per treatment from one of three independent experiments are shown. Killing percentage is presented as mean killing relative to vehicle-treated cells (normalized to
100%). Statistical analysis was done with one-way ANOVA.
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and Breslau demonstrated that Coccidioides spherules were
positive for the Baker acid-hematin test, a technique to detect
phospholipids (Tarbet and Breslau, 1953). Spherules from all
stages of parasitic growth are tested positive for surface
phospholipids, except endospores. The thickness of the
phospholipid layer was seen to be proportional to the size of
spherules. The lipid bilayer (tripartite) structure was also shown
in electron microscopy examination of SOW that was labeled
with osmium tetroxide (OsO4) to enhance the visibility of lipoids
(Figure 1 in Cole et al., 1988; Figure 8B in Hung et al., 2002).
SOW consists of multiple layers of the bilayer tripartite
structures interwoven together with OsO4-negative layers that
presumably are made of polysaccharides. Lipids are enriched in
the inner leaflets of SOW. When SOW is peeled away from the
spherule surface the lipids are exposed and readily bound to
lipophilic FM™4-64FX dye (Figure 1A). Qualitative and
quantitative differences in lipid contents are found between
fungal species, culture conditions and specific cell structure
components including fungal cell wall, whole cells, mycelial
wall, spore wall and yeast wall (Longo et al., 2013; Feofilova
et al, 2015). Fungal cell wall is thought to mainly compose of
glycoproteins and polysaccharides such as a- and b-linked
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8232
glucan, chitin, and other sugar polymers. Surprisingly, we
found that lipids constitute over 67% of SOW dry weight and
they are the major chemical components of spherule outer wall.

SOW is shed into culture media in large quantities once the
fungus has undergone a transformation process to spherules in
the parasitic phase growth of Coccidioides (Cole et al., 1988).
SOW is accumulated in the parasitic cultures using a chemically
defined Converse medium that only contains glucose
as carbon source, N-Z amine and ammonia acetate as
nitrogen source, phosphate salts and trace amounts of metals
(Converse, 1956 and 1957; Levine, 1962). Spherules in the
murine lungs also shed SOW which can be engulfed by
adjacent host phagocytic cells. Studies of the chemical
compositions and biogenesis of SOW are fundamental steps to
learn the biological functions.

SOW is harvested using a stepwise, differential centrifugation
method that produces over 50 mg of SOW per litter of spherule
cultures at day 7 post inoculation (Cole et al., 1988). We have
tested three solvents with increased polarity (hexane, chloroform
and methanol) to extract neutral lipids, phospholipids and
glycolipids of SOW, respectively. The yield of SOW lipids has
been improved by using a percolation Soxhlet system compared
A B C

D E F

FIGURE 6 | SOW lipids suppress protective immunity against a subcutaneous infection with Coccidioides. Comparison of fungal burden in the subcutaneous
infection site (A, D) lungs (B, E) and spleen (C, F) of SOW lipid-treated and mock mice at 9 and 20 days post-challenge. The median CFUs (log10) are indicated by
horizontal lines inside each group. A statistically significant difference was revealed between the fungal burden in the lungs and spleen of treated and mock mice at
20 dpc.
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Peláez-Jaramillo et al. Coccidioides spp SOW-Lipids and Their Effects
to regular sonication method. TLC analysis reveals that there are
relatively high portions of non-polar lipids (Rf valve > 0.7)
compared to chloroform and methanol extracts, while all lipid
types are apparently present in all three solvents. For chemical
structure characterization, we have decided to analyze the
methanol extract that had the highest lipid yield among the
three extracts.

Composition and chemical structures of Coccidioides SOW
lipids were analyzed using UHPLC-MS/MS, GC-FID, GCxGC-
MS, FT-IR and NMR (both 1H and 13C spectra). SOW lipids
include free fatty acids, triacylglycerides, steroids, phospholipids,
and sphingolipids. Although these lipid molecules are common
for many fungal pathogens and mammalian bilayer membrane,
they constitute a specific profile in SOW lipids. SOW lipids are
enriched in phospholipids including phosphatidylethanolamine
(PE), phosphatidic acid (PA) and phosphatidylglycerol (PG)
(Table 1). Surprisingly, phosphatidylcholine (PC), an abundant
phospholipid of the cell wall of Paracoccidioides brasiliensis and
other filamentous fungi is not detected (Dembitsky and
Pechenkina, 1991; Longo et al., 2013). Interestingly,
sphingomyelin-phosphocholine with a myristic acid (C14:0)
linking to a ceramide is detected. Both PC and sphingomyelin
share a phophocholine functional group, yet it is not determined
whether this sphingomyelin-phosphocoline can replace PC to be
an important part of SOW structure. Additional sphingolipids
are detected in relatively high amounts that include sphingosine,
sphingosine-phosphate, sphingomyelin-phosphoethanolamine
and dihexosylceramide. The latter is the predominant SOW
glycosphingolipid that contains mainly saturated fatty acids
(C14:0 and C16:0). Likewise, the prevalent glycolipid of
Paracoccidioides brasiliensis is also a hexosylceramide (Hex-
C18∶0-OH/d19∶2-Cer) that is linked to a longer C18:0 fatty
acid (Longo et al., 2013). Further fatty acid composition analysis
of SOW lipids reveals that palmitic acid (C16:0) and stearic acid
(C18:0) are the two major components. These two fatty acids are
commonly present in bilayer membrane. Notably, fatty acid
composition of whole SOW lipids is different from the major
glycosphingolipid. Taken together, these results suggest that the
biosynthesis and metabolic enzymes in the SOW glycolipid
synthesis pathways have a preference of shorter fatty acids
(C14:0 and C16:0 compared to C18:0). Only few amounts of
unsaturated fatty acids are detected in SOW lipids (Table 2).
Biological membrane fluidity is highly regulated for cells to
acclimate growth at different temperature conditions
(Thompson and Nozawa, 1984). Temperature-induced
alteration of fatty acid compositions for microbes has been
reported (Hung et al, 1995). Cells grown at higher temperature
tend to contain higher amounts of long chain and saturated fatty
acids that have higher melting points compared to short chain
and unsaturated fatty acids (Hung et al., 1995; Knothe and Dun,
2009). High content of saturated fatty acids may be beneficent for
Coccidioides to grow at 39°C of the culture condition of the
parasitic phase.

Fungal cell wall is an excellent reservoir of antigenic
components that can contribute to the interactions between
fungi and their hosts. The host attempts to recognize the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9233
microbial pathogen and inhibit its growth and dissemination,
whereas the pathogen tries to subvert recognition and suppress
host responses. SOWgp is predicted to be a GPI-anchored
protein that is identified as a major antigenic glycoprotein
located on SOW (Cole et al., 1988, Hung et al., 2000 and
2002). SOWgp elicits both humoral and cell-mediated immune
responses in Coccidioides patients and mice that are vaccinated
with formalin-killed spherules (Cole et al., 1988 and Hung et al.,
2000). Mice vaccinated with bacterial-expressed recombinant
SOWgp protein combined with the complete Freud’s adjuvant
and other adjuvant systems gave non-consistent protective
efficacy from 0 to 50% survival in a murine model of
pulmonary coccidioidomycosis, depending on vaccine doses,
adjuvants and mouse strains (Hung et al., 2000; Cox and
Magee, 2004; data not shown). The protective capacity and
immune regulation role of SOWgp is still elusive. Notably, the
sowgpmutant strain created by targeted gene replacement shows
partial loss of virulence (Hung et al., 2002). These findings
suggest that beside the SOWgp, other components in the SOW
may play an important role in modulation of the immune
response to Coccidioides infection.

Coccidioides SOW lipids can modulate immune response is
an appealing idea. PMNФs are the main cells recruited to the
infection sites after Coccidioides challenge. PMNФs are thought
to play double-edged swords against many microbial infections.
Early infiltration of PMNФs may facilitate microbial killing. On
the other hand, mass infiltration of PMNФs may contribute to
tissue damage (Kaplan and Radic, 2012). Endospores released
from mature spherules trigger an influx of neutrophils to the
Coccidioides infection sites. It has been showed in vitro that
neutrophils can inhibit the growth of spherules initials and
endospores (<10 mm) (Drutz and Huppert, 1983; Lee et al.,
2015). Apparently, PMNФs are also essential in the early stage of
vaccine-induced immunity, as depletion of PMNФs using a
specific anti-Ly6G mAb renders the protective efficacy of the
live, attenuated vaccine against pulmonary Coccidioides infection
in mice (Hung et al, 2014). Interestingly, our data show that
SOW lipids suppress PMNФs killing of Coccidioides
arthroconidia. For the in vivo evaluation of the immune
suppressive activity of SOW lipids, we used a murine model of
subcutaneous Coccidioides spp infection. The subcutaneous
infection route is not a common portal of entry for
coccidioidomycosis, but it allows the delivery of a larger and
more consistent dose of arthroconidia and results in significant
fungal burden in the hypodermis but not dissemination of the
pathogen to multiple vital organs (Hung et al., 2016). In this
model, SOW lipid-treated mice develop disseminated disease to
both the lungs and spleen after 20 days post-challenge while the
mock treated mice mainly had fungal burden in the skin. These
data confirm that SOW lipids suppress protective immunity and
promote fungal dissemination. We early have reported that
Coccidioides parasitic cells can release a soluble molecule(s) in
culture medium to suppress nitric oxide production in bone
marrow derived macrophages (Gonzalez et al., 2011). The work
to explore whether SOW lipids can suppress NO production and
other immune mechanisms is under way.
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The threat burden from pathogenic fungi is universal and increasing with alarming high
mortality and morbidity rates from invasive fungal infections. Understanding the virulence
factors of these fungi, screening effective antifungal agents and exploring appropriate
treatment approaches in in vivo modeling organisms are vital research projects for
controlling mycoses. Caenorhabditis elegans has been proven to be a valuable tool in
studies of most clinically relevant dimorphic fungi, helping to identify a number of virulence
factors and immune-regulators and screen effective antifungal agents without cytotoxic
effects. However, little has been achieved and reported with regard to pathogenic
filamentous fungi (molds) in the nematode model. In this review, we have summarized
the enormous breakthrough of applying a C. elegans infection model for dimorphic fungi
studies and the very few reports for filamentous fungi. We have also identified and
discussed the challenges inC. elegans-mold modeling applications as well as the possible
approaches to conquer these challenges from our practical knowledge in C. elegans-
Aspergillus fumigatus model.

Keywords: Caenorhabditis elegans, dimorphic fungi, filamentous fungi, in vivo model, pathogenicity,
high-throughput screening
INTRODUCTION

Pathogenic fungi pose an enormous global threat to humanity, leading to millions of deaths and
substantial financial losses annually (Fisher et al., 2012; Rhodes, 2019). Morbidity and mortality
rates from opportunistic fungal pathogens, such as Candida albicans, Aspergillus fumigatus, and
Cryptococcus neoformans, have been increasing for some years, especially in immunocompromised
patients (Pal, 2017; Linder et al., 2019; de Sousa-Neto et al., 2020). Addressing the pathogenesis of
these fungal pathogens and finding controllable strategies are crucial and urgent. To tackle this
threat, model organisms are required to conduct research focusing on the identification of virulence
factors, screening of effective antifungal agents, and exploring appropriate treatment approaches.
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Ahamefule et al. Caenorhabditis elegans as an Infection Model for Fungi
Several model organisms have been adopted for studying of
dimorphic and filamentous pathogenic fungi, including
invertebrate models such as Drosophila melanogaster (Lamaris
et al., 2008; Regulin and Kempken, 2018; Sampaio et al., 2018;
Wurster et al., 2019), Galleria mellonella (Gomez-Lopez et al.,
2014; Long et al., 2018; Silva et al., 2018; Staniszewska et al.,
2020), Bombyx mori (Matsumoto et al., 2013; Uchida et al., 2016;
Nakamura et al., 2017; Matsumoto and Sekimizu, 2019),
Caenorhabditis elegans (Okoli and Bignell, 2015; Song et al.,
2019; Wong et al., 2019; Ahamefule et al., 2020a), and vertebrate
models such as mice (Fakhim et al., 2018; Skalski et al., 2018;
Wang et al., 2018; Mueller et al., 2019), guinea pigs (Vallor et al.,
2008; Nadăş et al., 2013; Garvey et al., 2015), and zebrafish (Chen
et al., 2015; Knox et al., 2017; Koch et al., 2019; Kulatunga
et al., 2019).

C. elegans is a microscopic multicellular nematode that lives
freely in soil (Muhammed et al., 2012; Kim et al., 2017).
Advantages, such as short life cycle, physiological simplicity,
transparent body, complete sequenced genome, mature genetic
manipulation system, and no requirement for ethical license,
have greatly encouraged the wide adoption of this nematode as a
model organism in scientific research with assorted applications
across several research fields (Okoli et al., 2009; Ballestriero et al.,
2010; Huang et al., 2014; Jiang and Wang, 2018). Some of these
applications have been established for decades now whereas
others are still in their nascent stages undergoing several
studies. Nematode infection by the natural nematophagous
obligate filamentous fungus Drechmeria coniospora is a
common incidence in nature. C. elegans is usually applied for
studying the innate immunity of nematodes to this fungus
(Engelmann et al., 2011; Couillault et al., 2012; Zugasti et al.,
2016). This nematode model has also been explored as an in vivo
model for studying infections of human pathogenic filamentous
fungi (Okoli and Bignell, 2015; Ahamefule et al., 2020a).

Application of the nematode model for dimorphic pathogenic
fungi studies has resulted in numerous publications whereas only
a few publications thus far have been recorded for human
filamentous pathogenic fungi studies, such as A. fumigatus
(Okoli and Bignell, 2015; Ahamefule et al., 2020a; Eldesouky
et al., 2020a). Here, we have extensively portrayed C. elegans-
dimorphic fungi (in particular Candida spp.) infection models
for determining virulence factors (reported within the last
decade) and evaluated the effectiveness of anticandidal agents,
including drugs, bioactive compounds, and live biotherapeutic
products (reported within the last 5 years). The practical
challenges constraining the applications of the C. elegans
model for filamentous fungi are elaborated, and possible
solutions are raised for future improvement.
APPLICATION OF C. elegans FOR
DIMORPHIC FUNGI STUDIES

C. elegans has been extensively used for studying several
dimorphic fungi of clinical relevance. The most devastating
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2237
and pathogenic dimorphic fungus that has been adequately
explored with this nematode model is Candida albicans (Hans
et al., 2019a; Hans et al., 2019b; Song et al., 2019; Venkata et al.,
2020) and a few other non-albicans species such as C. tropicalis
(Brilhante et al., 2016; Feistel et al., 2019; Pedroso et al., 2019),
C. krusei (De Aguiar Cordeiro et al., 2018; Kunyeit et al., 2019),
and C. auris (Eldesouky et al., 2018a; Mohammad et al.,
2019). Another important clinical dimorphic fungus, Taloromyces
(Penicillium) marneffei, has also been studied in a C. elegans
model for both virulence tests and antifungal agent efficacy
evaluations (Huang et al., 2014; Sangkanu et al., 2021).

Virulence factors of C. albicans such as genes involved in
hyphal filamentation and biofilm formation (Romanowski et al.,
2012; Sun et al., 2015; Holt et al., 2017), intestinal adhesion and
colonization (Rane et al., 2014a; Muthamil et al., 2018; Priya and
Pandian, 2020), important virulence enzymes (Ortega-Riveros
et al., 2017; Song et al., 2019), transcription factors (Jain
et al., 2013; Hans et al., 2019a), and environmental and
nutrient factors (Hammond et al., 2013; Lopes et al., 2018;
Hans et al., 2019b; Wong et al., 2019) have been identified in a
C. elegans model to strengthen our understanding of the in vivo
pathogenesis of this important fungal pathogen (Table 1). The
virulence traits of some other non-albicans species (both
dimorphic and nondimorphic) have also been investigated
with this nematode model (Table 1). Similarly, virulence
factors such as pigmentation and hyphal filamentation have
been demonstrated to be critical pathogenic features of
T. marneffei in a C. elegans infection model (Huang et al.,
2014; Sangkanu et al., 2021). C. elegans glp-4; sek-1 worms
have mostly been used in these studies (aside from the wild-
type strain, N2) because of their inability to produce progeny at
25°C due to the glp-4 mutation and their susceptibility to
pathogens due to sek-1 mutation, thus making the worms
immunocompromised for infection by opportunistic human
fungi (Huang et al., 2014; Okoli and Bignell, 2015; Ahamefule
et al., 2020a)

Moreover, the adoption of a C. elegans model for searching
and screening of effective bioactive compounds against several
species of Candida has also received much attention. Effective
bioactive compounds from marine habitats (Subramenium et al.,
2017; Ganesh Kumar et al., 2019), plant parts (Shu et al., 2016;
Pedroso et al., 2019), and other sources (Table 2) have been
discovered because of their in vivo efficacies against several
Candida species and were simultaneously evaluated for their
cytotoxicity in a C. elegans model. Compounds such as alizarin,
chrysazin, sesquiterpene, and purpurin were discovered to be
quite effective in in vivo assays with effective doses ranging from
1 to 10 µg/ml (Table 2), indicating potential future prospects
for antifungal drug research and discovery. Other compounds
such as thymol (Shu et al., 2016), coumarin (Xu et al., 2019),
and theophylline (Singh et al., 2020), were only effective at
high concentrations of 64, 2, and 1.6 mg/ml, respectively
(Table 2). Most of these compounds were certified as
nontoxic at such effective concentrations as they were able to
rescue infected nematodes and significantly elongated their
lifespan (Table 2).
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TABLE 1 | Application of C. elegans in determining/confirming in vivo virulence of Candida spp.
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nce behavior on C. albicans grown in
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paceflight; reduced virulence in only
d with static ground controls
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Candida spp. C. elegans strain used Identified virulence
factors/conditions

Effect on host

C. albicans N2 Bristol (wild type) and
sek-1D worms

Transcription factor CAS5
Kinase CEK1
Transcription factor RIM101

Avirulence or attenuated virulence of pathogen in hos

C. albicans, C. dubliniensis,
C. tropicalis, C. parapsilosis

N2 Bristol (wild type) and
sek-1D worms

Screen diverse pathogen strain
backgrounds and species

C. albicans, C. tropicalis, and C. dubliniensis gave the
nematode populations while C. parapsillosis, C. tropic
virulent on immunocompromised worms

C. albicans glp-4; sek-1 adult worms Alcohol dehydrogenase 1 (ADH1) Significant (p < 0.05) increase in survival time of worm
(adh1D/D) compared with the wild-type and reconstit

C. albicans N2 L4-young adult worms Filamentation and virulence
induced by phosphate conditions

Strain ICU1 caused mortality in worms in a phosphat
caused mortality both in low and high phosphate con
of filamentation. Worms generally displayed an avoida
low phosphate medium

C. albicans N2 L4 worms Prevacuolar protein sorting gene
(VPS4) needed for extracellular
secretion of aspartyl proteases

Attenuated virulence by vps4D (66 h median survival)
(42 h), and reintegrant strains (45 h)

C. albicans N2 Bristol larval and adult
worms

Effects of microgravity on
virulence

Reduced virulence in both larval and adult worms in s
larval and not adult worms in clinorotation all compar

C. albicans N2 Bristol L4 worms Hypoxia (1% oxygen) Enhanced significant virulence (p < 0.001) leading to
compared with controls

C. albicans AU37 (glp-4; sek-1)
worms

Limiting phospholipid synthesis Approximately 23%–38% virulence reduction in muta
compared with control

C. albicans glp-4; sek-1 adult worms Transcription coactivator SPT20 Attenuated virulence. Absence of hyphae filamentatio
as against visible hyphae protrusion recorded in appr
by both wild-type and reintegrated strains at 48 h

C. albicans N2 young adult worms [helix–loop–helix/leucine zipper
(bHLH/Zip)] transcription factor
CaRTG3

Significant increased survival rate (p < 0.05) of worms
(43.3%) compared with the wild-type (6.6%) and reve

C. albicans + Staphylococcus
epidermidis

glp-4; sek-1 L3 and L4
worms

Biofilm and hyphal filamentation Significantly reduced survival rate (p < 0.05) of coinfe
single infection by C. albicans hyphae (63%) and yea

C. albicans glp-4; sek-1 adult worms Iron-sulfur subunit of succinate
dehydrogenase SDH2

More than 85% mortality of worms infected with wild
visible hyphae) compared with 0% mortality and total
infected with mutant (sdh2D/D) at 120 h

C. albicans N2 L4 worms Proton pump V-ATPase The tetR-VMA2 mutant was avirulent
C. albicans glp-4; sek-1 L4 worms Molecular chaperone Hsp104 Significant increase in survival rate (p < 0.05) in Hsp1

(17.2%) relative to heterozygous mutant (12.9%), wild
(9.3%) strains by Day 7

C. albicans N2 Bristol and CB767 [bli-
3(e767)I] worms from egg
stage

Transcription factor Cap1
required for countering reactive
oxygen species (ROS)a stress

Cap1 is required for virulence of C. albicans in nemat
induced Dar phenotype less frequently with attenuate
type strain. Worms that could not produce ROS due
showed early signs of disease and succumbed to an
mutant

C. albicans N2 L4 worms Magnesium deprivation 20% worm survival after 8 days of treatment compar
without treatment
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The drug resistance threat of Candida species, similar to most
other pathogens, is constantly increasing, leading to increased
incidences of mortality and morbidity (Sanguinetti et al., 2015;
Popp et al., 2017; Popp et al., 2019; Prasad et al., 2019). C. elegans
has also proven to be an effective in vivo model for studying the
infection of several azole-resistant C. albicans (Chang et al., 2015;
Sun et al., 2018) and C. auris (Eldesouky et al., 2018a; Eldesouky
et al., 2018b) strains. Studies have demonstrated the in vivo
efficacy of some bioactive compounds applied singly or in
combination with initially resistant antifungal drugs in the
treatment of infected nematodes (Table 3).

Compounds such as 2-(5,7-dibromoquinolin-8-yl)oxy)-N
′-(4-nitrobenzylidene) acetohydrazide (Elghazawy et al., 2017;
Mohammad et al., 2018) and phenylthiazole small molecules
(Mohammad et al., 2019) are among the recently demonstrated
effective compounds with good outcomes in nematode
candidiasis (with effective dose concentrations of ≥4 and ≥5
µg/ml, respectively) against fluZ-resistant C. albicans and/or
C. auris (Table 3). The combination of caffeic acid phenethyl
ester (CAPE) and fluZ (Sun et al., 2018) as well as the
sulfamethoxazole and voriconazole (voZ) combination
(Eldesouky et al., 2018a) effectively rescued C. elegans worms
infected by azole-resistant C. albicans and C. auris, respectively
(Table 3).

The search for alternative treatment drugs with new
inhibition mechanisms against pathogenic fungi such as
C. albicans is a pressing need. Obtaining effective compounds
that may not necessarily have a direct effect on Candida
planktonic cells but affect critical virulence factors has recently
been made possible by evaluating the efficacy of the compounds
in a C. elegans infection model (Graham et al., 2017;
Subramenium et al., 2017; Manoharan et al., 2018) (Table 4).

Remarkably, some compounds such as loureirin A (Lin et al.,
2019), camphor, and fenchyl alcohol (Manoharan et al., 2017b)
are effective compounds protecting infected worms at
concentration doses less than the in vitro MICs (Table 4).
Cascarilla bark oil, a-longipinene, linalool (Manoharan et al.,
2018), and Enterococcus faecalis bacteriocin (EntV) (Graham
et al., 2017) were reported to be quite potent in rescuing infected
worms at low effective concentration doses, such as ≥0.001% for
cascarilla bark oil, a-longipinene and linalool and 0.1 nM for
EntV (Table 4).

These compounds usually rescue infected nematodes through
other pathways such as direct effects on cardinal virulence factors
and/or by stimulating/enhancing the immune responses of the
host against pathogens (Okoli et al., 2009; Peterson and Pukkila-
Worley, 2018; Ahamefule et al., 2020b). Such compounds may
only be screened and identified through in vivo assays since they
usually show little or no antimicrobial activities in in vitro assays.
The adoption of simple in vivo models such as C. elegans
significantly supports the screening and identification of more
such compounds, which may expand the narrative of the usual
antifungal therapies that primarily address direct effects on
causative pathogens.

The application of live biotherapeutic products (LBPs)
consisting mainly of probiotics is another alternative approach
for the treatment of nematode candidiasis. Such alternative
T

A
B
LE

1
|
C
on

tin
ue

d

C
an

d
id
a
sp

p
.

C
.e

le
g
an

s
st
ra
in

us
ed

Id
en

ti
fi
ed

vi
ru
le
nc

e
fa
ct
o
rs
/c
o
nd

it
io
ns

E
ffe

ct
o
n
ho

st
R
ef
er
en

ce
s

C
.a

lb
ic
an

s,
C
.d

ub
lin
ie
ns

is
,

C
.g

la
br
at
a,

C
.k

ru
se
i,

C
.m

et
ap

si
lo
si
s,

C
.

or
th
op

si
lo
si
s,

an
d
C
.

pa
ra
ps

ilo
si
s

gl
p-
4;

se
k-
1
L4

w
or
m
s

H
yp

ha
e
fi
la
m
en

ta
tio

n,
hy
dr
ol
yt
ic

en
zy
m
es

C
.a

lb
ic
an

s
an

d
C
.k

ru
se
iw

er
e
th
e
m
os

t
vi
ru
le
nt

w
ith

su
rv
iv
al
ra
te

of
9%

by
12

0
h.

A
t
72

h,
C
.p

ar
ap

si
lo
si
s
ga

ve
a
re
du

ce
d
vi
ru
le
nc

e
(w
ith

no
si
gn

ifi
ca

nt
di
ffe
re
nc

e
[p

=
0.
42

9]
fro

m
th
at

of
C
.g

la
br
at
a)

w
ith

su
rv
iv
al
ra
te

of
76

%
co

m
pa

re
d
w
ith

59
%

an
d
57

%
of

C
.

m
et
ap

si
lo
si
s
an

d
C
.o

rt
ho

ps
ilo
si
s,

re
sp

ec
tiv
el
y.

C
.d

ub
lin
ie
ns

is
ga

ve
th
e
le
as
t
m
or
ta
lit
y

(4
1%

)b
y
th
e
en

d
of

th
e
as
sa
y.

In
vi
vo

hy
ph

ae
de

ve
lo
pm

en
t
w
as

ob
se
rv
ed

on
ly
in

in
fe
ct
ed

w
or
m
s
w
ith

C
.a

lb
ic
an

s
an

d
C
.k

ru
se
i

O
rt
eg

a-
R
iv
er
os

et
al
.(
20

17
)

C
.g

la
br
at
a,

C
.n

iv
ar
ie
ns

is
,

an
d
C
.b

ra
ca

re
ns

is
gl
p-
4;

se
k-
1
L4

w
or
m
s

N
on

e
C
.g

la
br
at
a
A
TC

C
90

03
0,

N
C
P
F
32

03
;C

.n
iv
ar
ie
ns

is
C
EC

T
11

99
8,

C
B
S
99

84
;a

nd
C
.

br
ac

ar
en

si
s
N
C
Y
C
31

33
,N

C
Y
C
33

97
ga

ve
va
ry
in
g
vi
ru
le
nc

e
w
ith

su
rv
iv
al
ra
te
s
of

40
.3
%
/

26
.5
%
,6

5.
4%

/4
5.
%
1;

72
.9
%
/6
5.
3%

,7
5%

/7
3%

;8
9.
4%

/8
9.
4%

,a
nd

97
.6
%
/7
0.
8%

in
th
e

ab
se
nc

e/
pr
es
en

ce
of

D
M
S
O

(1
%
),
re
sp

ec
tiv
el
y
at

12
0
h

H
er
na

nd
o-
O
rt
iz
et

al
.(
20

20
)

C
.t
ro
pi
ca

lis
gl
p-
4;

se
k-
1
L4

w
or
m
s

H
yp

ha
lfi
la
m
en

ta
tio

n
an

d
bl
as
to
co

nd
ia

Th
e
m
or
ta
lit
y
ra
te

of
th
e
40

st
ra
in
s
fro

m
bo

th
hu

m
an

s
an

d
ve
te
rin

ar
y
ra
ng

ed
fro

m
31

%
to

98
%

by
98

h.
N
o
si
gn

ifi
ca

nt
m
or
ta
lit
y
ra
te

di
ffe
re
nc

e
(p

=
0.
05

)b
et
w
ee

n
th
e
hu

m
an

(8
6.
07

±
3.
42

)a
nd

ve
te
rin

ar
y
(7
9.
8
±
14

.9
)s

tr
ai
ns

B
ril
ha

nt
e
et

al
.(
20

16
)

C
.p

ar
ap

si
lo
si
s
(s
en

su
st
ric
to
),

C
.o

rt
ho

ps
ilo
si
s,

C
.m

et
ap

si
lo
si
s

gl
p-
4;

se
k-
1
w
or
m
s

D
ev
el
op

a
C
.e

le
ga

ns
-C

an
di
da

pa
ra
ps

ilo
si
s
in
fe
ct
io
n
m
od

el
Th

e
3
C
an

di
da

sp
p.

ca
us

ed
up

to
50

%
m
or
ta
lit
y
of

w
or
m
s
ra
ng

in
g
fro

m
4
to

6
da

ys
.

W
or
m
s
in
fe
ct
ed

by
th
e
3
C
an

di
da

sp
p.

in
th
e
liq
ui
d
as
sa
y
w
er
e
su

sc
ep

tib
le
to

fl
uc

on
az
ol
e

(fl
uZ

)a
nd

ca
sp

of
un

gi
n
(C
A
S
)a

nd
co

ul
d
m
ou

nt
an

im
m
un

e
re
sp

on
se

S
ou

za
et

al
.(
20

18
)

C
.a

lb
ic
an

s
N
2
yo

un
g
ad

ul
t
w
or
m
s

A
dh

es
io
n/
co

lo
ni
za
tio

n
In
cr
ea

se
d
m
or
ta
lit
y
ra
te

(<
10

%
)c

om
pa

re
d
w
ith

th
e
ne

ga
tiv
e
co

nt
ro
lf
ed

w
ith

th
e

Es
ch

er
ic
hi
a
co

li
O
P
50

(O
P
50

)(
˃7
0%

)b
y
D
ay

9.
P
riy
a
an

d
P
an

di
an

(2
02

0)

C
.a

lb
ic
an

s,
C
.g

la
br
at
a,

an
d

C
.t
ro
pi
ca

lis
L4

w
or
m
s

C
ol
on

iz
at
io
n
an

d
bi
ofi
lm

fo
rm

at
io
n

D
ec

re
as
ed

su
rv
iv
al
lif
es
pa

n
of

w
or
m
s
in
fe
ct
ed

w
ith

C
.a

lb
ic
an

s
(1
56

h)
,C

.g
la
br
at
a
(1
80

h)
,

an
d
C
.t
ro
pi
ca

lis
(2
52

h)
co

m
pa

re
d
w
ith

O
P
50

-f
ed

co
nt
ro
lw

or
m
s
(>
31

2
h)
.

M
ut
ha

m
il
et

al
.(
20

18
)

a P
ro
du

ce
d
by

ho
st
.

October 2021 | Volume 11 | Article 751947

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


TABLE 2 | Evaluation of anticandidal bioactive compounds in the C. elegans model.

Effect Reference

n the presence of 2 µg/ml alizarin, chrysazin,
were >60%, >50%, >60%, and <50%,
o cytotoxic effect on nematodes whereas
orms survival by >60%, 35%, and >95%,

Manoharan et al. (2017a)

01) protected and increased the lifespan of
untreated worms by Day 5. The antifungal

) reduced colonization of C. albicans in the

Sun et al. (2015)

mg/ml significantly (p < 0.05) protected infected
at 2 mg/ml was significantly (p < 0.05) toxic to

Xu et al. (2019)

l rates of worms (13%–33%, 18%–33%, 12%–

h galic acid, hexyl gallate, octyl gallate, or dodecyl
as the most effective in protecting worms from
ncentrations of these compounds (60 and 120

Singulani et al. (2017)

ival time of worms (5–6 days) compared with the
owed no cytotoxicity on worms at 64 µg/ml for 2

Li et al. (2019)

the survival of infected worms compared with 1%
ted hyphae filamentation and maintained worms at
ever, CA of ≥32 µg/ml was toxic to worms

Zheng et al. (2018)

5) increased the survival rate of infected worms, de Sá et al. (2018)

nificantly (p < 0.05) reduced C. albicans load in
he untreated control groups, same as
sine (fluc) treatments

Thangamani et al. (2017)

val of infected worms compared with untreated
cytotoxic effects on nematodes by Day 4 of

Venkata et al. (2020)

he survival of infected worms at 16 µg/ml giving
the untreated control by Day 6. FC at 64 µg/ml
within 6 days

Zhang et al. (2018)

ematodes compared to untreated control within 3
duce persistence of C. albicans in worm guts.
display cytotoxic effect on worms compared to

Singh et al. (2018)
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Candida spp. C. elegans host Effective antifungal
compound/agent

Effective
concentrations

(µg/ml)

C. albicans N2 Bristol CF512
fer-15(b26); fem-1
(hc17) adult worms

Alizarin, chrysazin, and
purpurin

≥2 By Day 4, the survival rates of worms
purpurin, and fluconazole (fluZ) control
respectively. At 1 mg/ml, alizarin had n
chrysazin, purpurin, and fluZ reduced
respectively

C. albicans N2 young adults Magnolol and honokiol 16 Both compounds significantly (p < 0.0
infected worms compared with infecte
compounds also significantly (p < 0.01
nematodes

C. albicans Adult worms Coumarin 2.0 mg/ml Coumarin at concentrations of 0. 5–2.
worms from death. However, coumarin
worms

C. albicans glp-4; sek-1 L4
worms

Gallic acid, hexyl gallate,
octyl gallate, and dodecyl
gallate

1–60 Significant (p < 0.05) increased surviva
31%, and 14%–46%) when treated wi
gallate, respectively. Dodecyl gallate w
Candidal infection. However, higher co
µg/ml) were toxic to worms

C. albicans N2 worms Kalopanaxsaponin A
(KPA)

8, 16 KPA protected and increased the surv
untreated control (4 days). KPA also s
days

C. albicans glp-4; sek-1 worms Chiloscyphenol A (CA) 8, 16 CA significantly (p < 0.001) prolonged
DMSO control. CA at 16 µg/ml preven
their usual curly growth condition. How

C. albicans glp-4; sek-1 young
adult worms

2,6-bis[(E)-(4-pyridyl)
methylidene]
cyclohexanone (PMC)

8 PMC treatment significantly (p < 0.001
similar to fluZ treatment at 4 µg/ml

C. albicans AU37 (sek-1; glp-4)
L4 worms

Ebselen 4, 8 Ebselen treatment at 4 and 8 µg/ml sig
infected worms when compared with t
amphotericin B (AmB), fluZ, and flucyto

C. albicans N2 L4/adult worms Vanillin (van) 125 Van protected and enhanced the survi
control within 4 days. Van also had no
treatment

C. albicans N2 young adults Floricolin C (FC) 8, 16, 32 FC significantly (p < 0.001) enhanced t
the highest survival rate compared with
had only little cytotoxic effect on worm

C. albicans N2 L4/adult worms Geraniol (Ger) 135 Ger enhanced the survival of infected n
days of assay. Ger was also able to re
Furthermore, Ger at 135 µg/ml did not
control by Day 3
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TABLE 2 | Continued

Effect Reference

-infected worms treated with C. sempervirens EO (15.62, 31.25,
on EO (125, 250, and 500 µg/ml) or gallic acid (15.62, 31.25, and
only treatment group with C. sempervirens EO sustained a higher
˃60%). C. krusei-infected worms treated with L. cubeba EO
µg/ml) or gallic acid (62.5, 125, and 250 µg/ml) did not witness
C. limon EO treatment (125 and 500 µg/ml) of C. tropicalis-
0% and 10%–15% worm survival rate, respectively. While C.
ent (15.62–62.5 µg/ml) of C. orthopsilosis-infected worms

to 80%–85% Day 4 postinfection. C. sempervirens and L. cubeba
) as well as gallic acid (15.62–250 µg/ml) were not toxic to worms
ed control. Additionally, C. limon EO at 125 µg/ml was not toxic
significant toxic at higher concentrations of 250 µg/ml (p < 0.05)
001) compared with untreated control

Pedroso et al. (2019)

nged infected nematodes with survival rates of 80% and 75% at
pectively, compared with untreated control with 16% survival by
e persistence of C. albicans in the intestines of worms was
s also not toxic to C. elegans at 350 µg/ml after 7 days of

Ansari et al. (2018)

001) protected and prolonged the lifespan of infected C. elegans
DMSO control, inhibiting the hyphal filamentation of C. albicans in
6 of postinfection. Moreover, SG was not toxic to worms at 64
bation

Li et al. (2015)

ore survival rate of infected worms than the untreated infected
stinfection. THP was able to drastically lower the persistence of C.
ut. Additionally, THP did not show any toxicity at 1.6 mg/ml
ed control for 6 days of treatment

Singh et al. (2020)

< 0.01) increased the survival rate and mean lifespan (10.5 ± 0.4
gans compared with untreated infected worms (6.1 ± 0.5 days)
ction. Thymol elicited important immunomodulatory response of
lbicans thus significantly (p < 0.01) reduced fungal burden in
compared with untreated control

Shu et al. (2016)

nd prolonged the lifespan of infected worms with >70% survival
atment but became toxic at higher concentration of 50 µg/ml
ed control

Ganesh Kumar et al.
(2019)
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Candida spp. C. elegans host Effective antifungal
compound/agent

Effective
concentrations

(µg/ml)

C. glabrata, C. krusei,
C. tropicalis, and
C. orthopsilosis

AU37 late L4
worms

Cupressus sempervirens
essential oil (EO), Citrus
limon EO, gallic acid, and
Litsea cubeba EO

Varied with pathogen
and effective
compounds

Among the C. glabrata
and 62.5 µg/ml), C. lim
62.5 µg/ml) for 4 days
survival rate of worms
(31.25, 62.5, and 125
cure from candidiasis.
infected worms gave 4
sempervirens EO treat
increased survival rate
EOs (31.25–125 µg/m
compared with untrea
to worms but became
and 500 µg/ml (p < 0.

C. albicans N2 L4/young adult
worms

Monoterpenoid perillyl
alcohol (PA)

175 and 350 PA enhanced and pro
175 and 350 µg/ml, re
Day 7 postinfection. Th
reduced by PA. PA wa
incubation

C. albicans glp-4; sek-1 worms Solasodine-3-O-b-D-
glucopyranoside (SG)

≥8 SG significantly (p < 0
compared with the 1%
infected worms by Da
µg/ml in 2 days of incu

C. albicans N2 L4/young adult
worms

Theophylline (THP) 1,600 THP gave over 50% m
control after 6 days po
albicans in nematode
compared with untrea

C. albicans N2 and several
mutanta worms

Thymol 64 mg/ml Thymol significantly (p
days) of infected C. ele
within 10 days postinfe
C. elegans against C.
treated infected worm

C. albicans Young adult worms Sesquiterpene compound ≥10 Sesquiterpene compo
rate up to 20 µg/ml tre
compared with untrea

aKU25/pmk-1(km25) IV, AU1/sek-1(ag1) X, FK171/mek-1(ks54) X, AU3/nsy-1(ag3) II, and DA1750/adEx1750[PMK-1::GFP+rol 6(su10
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TABLE 3 | Evaluation of effective agents against drug-resistant Candida species in a C. elegans model.

Time of
einfection
(min)

Effect Reference

90 Compound 4b exhibited broad-spectrum antifungal activity towards species
pf Candida, Cryptococcus, and Aspergillus at a concentration of 0.5 µg/ml,
as well as enhanced survival of C. elegans infected with fluz-resistant C.
albicans. This compound targets metal ion homeostasis

Elghazawy et al. (2017)
and Mohammad et al.
(2018)

120 CAPE plus fluZ synergistically increased the survival rate of infected worms
significantly compared with single treatment with either CAPE or fluZ. CAPE
plus fluZ also significantly (p < 0.01) reduced C. albicans burden in
nematode intestines compared with just CAPE, fluZ, or the untreated
control (all at 2 µg/ml)

Sun et al. (2018)

90 Compound 1 (at 5 and 10 µg/ml) enhanced the survival of C. albicans-
infected nematodes, giving >70% survival rate (just like 5 µg/ml of 5-
fluorocytosine control) by Day 3 postinfection compared with 0% of
untreated infected worms. Similarly, Compound 1 (at 10 µg/ml) prolonged
C. auris-infected worms giving ~70% survival by Day 4 compared with 0%
of untreated infected worms

Mohammad et al. (2019)

120 PYR rescued and prolonged infected nematodes in a dose-dependent
manner with 4 µg/ml giving ~50% survival rate after 5 days of treatment

Chang et al. (2015)

180 Sulfa (10 × MICb) and fluZ (10 µg/ml) combinations gave a significant (p <
0.05) reduction of C. albicans burden in infected worms (which is
comparable with 5-fluorocytosine control) after 24 h treatment compared
with fluZ and the DMSO-untreated controls. There was no significant
difference among the activities of the 4 sulfa with fluZ combinations

Eldesouky et al. (2018b)

30 The combination of sulfamethoxazole (128 µg/ml) with voZ (0.5 µg/ml)
prolonged the life of infected worms by ~70% as against only
sulfamethoxazole, voZ, or untreated control which could not keep worms
alive till Day 5

Eldesouky et al. (2018a)

), or sulfamethoxypyridazine (SMP). bMICs of SMX, SDX, and SMP = 512 µg/ml, while MIC of SDM = 1,024 µg/ml.
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Candida spp. C. elegans
host

Kind of drug
resistance and MIC

Antifungal
compound/agent p

C. albicans AU37 L4
worms

fluZ 2-(5,7-Dibromoquinolin-8-yl)
oxy)-N′-(4-nitrobenzylidene)
acetohydrazide (4b)

C. albicans N2 worms fluZ 256 µg/ml Caffeic acid phenethyl ester
(CAPE) and fluZ

C. albicans
and C. auris

AU37 L4
worms

fluZ >64 µg/ml Phenylthiazole small molecule
(compound 1)

C. albicans glp-4; sek-1
worms

fluZ >128 µg/ml Pyridoxatin (PYR)

C. albicans AU37 L4
worms

fluZ >64 µg/ml; itraconazole
(itZ) and voZ >16 µg/ml

Sulfa drugsa + fluZ

C. auris AU37 L4
worms

Azole resistant; fluZ
>128 µg/ml; voZ = 16 µg/ml;
itZ = 2 µg/ml

Sulfamethoxazole + voZ

MIC, minimum inhibition concentration. aSulfamethoxazole (SMX), sulfadoxine (SDX), sulfadimethoxine (SDM
r
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TABLE 4 | C. elegans model demonstrating alternative inhibition mechanisms against Candida species.

Effect Reference

e of >40% while the positive control (fluZ) gave >60% by Day
of survival rates compared with the untreated control (8%).

xicity on worms with 22% survival rate compared with 55%
infected worms by preventing hyphal filamentation through
and biofilm-related genes

Manoharan et al. (2018)

d the virulence of C. albicans in infected worms, giving them
atode food E. coli OP50. sEntV68 had no effect on the viability
preventing hyphal morphogenesis.

Graham et al. (2017)

-longipinene, and linalool resulted in a significant (p < 0.05)
matodes just like fluZ treatment (all at 0.01%) compared with
ntifungal compounds only became toxic at >0.5% (v/v) to the
linalool protected infected worms by preventing hyphal
s planktonic cells

Manoharan et al. (2017c)

d nematodes compared with the DMSO control in 144 h.
activity against the worms at 160 µg/ml. At effective in vivo
it the growth of C. albicans but suppressed virulence trait
amentation

Lin et al. (2019)

nfection in a dose-dependent manner leading to a significant
ine did not result in cytotoxity at sub-BIC, BIC, and 2 × BIC in
rough hindering C. albicans colonization in nematode intestine
ecific genes but not affecting the growth and metabolism of

Priya and Pandian (2020)

f worms infected by C. albicans, C. glabrata, and C.
ith 156, 180, and 252 h of untreated infected worms,
formation and colonization of yeast pathogens in worms

Muthamil et al. (2018)

nd fenchyl alcohol significantly (p < 0.05) increased the
>50%, respectively, compared with 5% untreated control.
rvival and viability at concentrations of 0.05% and 0.1% in 4
0.05) at 0.5%. Camphor and fenchyl alcohol at BIC
n C. albicans biofilm and hyphal filamentation but not on the

Manoharan et al. (2017b)

n treated with 5HM2F (120 h) compared with 96 h of
effect on worms by120 h. 5HM2F below 500 µg/ml does
pt on some virulence factors such as biofilm formation,
creted hydrolases

Subramenium et al. (2017)

, biofilm inhibition concentration; MBIC, minimum biofilm inhibitory concentration.
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Candida spp. C. elegans host Effective
antifungal agent

Effective
concentrations

(µg/ml)

C. albicans N2 Bristol CF512
fer-15; fem-1 adult
worms

7-Benzyloxyindole 0.05 mM 7-Benzyloxyindole gave nematode survival ra
4, both showed significant (p < 0.05) increas
7-Benzyloxyindole at 0.1 mM showed mild to
survival by fluZ. 7-Benzyloxyindole protected
downregulation of important hyphae-specific

C. albicans glp-4; sek-1 young
adult worms

Enterococcus
faecalis bacteriocin
(EntV)

0.1 nM Synthetic EntV (sEntV68) completely abrogate
lifespan similar to control worms fed with nem
of C. albicans but protected the nematode b

C. albicans fer-15; fem-1 adult
worms

Cascarilla bark oil,
a-longipinene, and
linalool

≥0.001% Separate treatments with cascarilla bark oil, a
increase in survival rate (>90%) of infected ne
the negative control (<5%) by Day 4. These a
worms. Cascarilla bark oil, a-longipinene, and
filamentation but no direct effect on C. albica

C. albicans glp-4; sek-1 adult
worms

Loureirin A (Lou A) 40 Lou A significantly (p < 0.05) protected infect
More so, Lou A did not display any cytotoxic
concentration of 40 µg/ml, Lou A did not inh
such as adhesion, colonization, and hyphal fi

C. albicans N2 young adult
worms

Piperine ≥BIC (32) Piperine treatment helped worms to combat
(p < 0.05) reduction in C. albicans load. Pipe
worms. Piperine in vivo efficacy was mainly th
by downregulating some important hyphae-s
the pathogen

C. albicans,
C. glabrata, and
C. tropicalis

L4 worms Quinic acid and
undecanoic acid
(QA-UDA)

BICa (100) QA-UDA at BIC increased the survival rates o
tropicalis to 216, 384, and 348 h compared
respectively. QA-UDA reduced in vivo biofilm

C. albicans fer-15; fem-1 adult
worms

Camphor and
fenchyl alcohol

0.01% Treatment of infected worms with camphor a
survival rates of infected worms to >70% and
These compounds had no effect on worm su
days, but they became significantly toxic (p <
(approximately 50 times the MIC) had effect o
planktonic cells

C. albicans L4 worms 5-Hydroxymethyl-2-
furaldehyde
(5HM2F)

MBIC (400) Increased survival time of infected worms wh
control group. 5HM2F displayed no cytotoxic
not have antifungal effect on C. albicans exce
morphological transition, and production of s

aBICs for C. albicans, C. glabrata, and C. tropicalis in combination with QA/UDA were 100/5, 100/10, and 200/20 µg/ml, respectively. BI

243
t
e

y

n
e

ib
l
i
r

p

w

e

e

C

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Ahamefule et al. Caenorhabditis elegans as an Infection Model for Fungi
therapy is an interesting and promising option since pathogenic
fungi are currently developing resistance to the few clinically
available antifungal drugs (Sanguinetti et al., 2015; Prasad et al.,
2019). Several species of Lactobacillus such as L. rhamnosus
(Poupet et al., 2019a; Poupet et al., 2019b) and L. paracasei (de
Barros et al., 2018) as well as probiotic yeasts—Saccharomyces
cerevisiae and Issatchenkia occidentalis (Kunyeit et al., 2019)—
have demonstrated efficient rescue of worms infected with a
number of Candida species. These therapeutic microorganisms
drastically reduced the burden of the pathogens in the C. elegans
intestine approximately 2 to 4 h postinfection treatment
(Table 5).

The efficacy of these LBPs in reducing and/or eliminating
fungal burden implies the future potential of LBPs in addressing
the fungal menace. The demonstrated significant increase
(p < 2 × 10−16) in worm mean lifespan (Poupet et al., 2019a;
Poupet et al., 2019b) is so high that it has not been reported in
any potent bioactive compounds or even established antifungal
drugs. The fact that most of these LBPs are already established
probiotics is yet another important parameter that would
advance future research beyond nematode models.

The in vivo efficacy of known antifungal drugs and a number
of repurposed drugs have also been applied in the treatment of
nematode candidiasis. Several azoles (Souza et al., 2018;
Hernando-Ortiz et al., 2020), echinocandins (Souza et al.,
2018), polyenes—particularly amphotericin B (Hernando-Ortiz
et al., 2020), and b-lactam antibiotics (in combination with
vancomycin) (De Aguiar Cordeiro et al., 2018) have been
evaluated for their in vivo efficacy at varying effective
concentrations in rescuing worms infected with Candida
species (Table 6). Synthesized azole drugs, such as 1-(4-
cyclopropyl-1H-1,2,3-triazol-1-yl)-2-(2,4-difluorophenyl)-3-
(1H-1,2,4-triazol-1-yl) propan-2-ol, have also been evaluated for
both efficacy and cytotoxicity in a C. elegans model (Chen
et al., 2017).

Given that decades of searching for new antifungal agents
have not truly resulted in new antifungal drugs, drug
repurposing is a less expensive and welcome research prospect.
The C. elegans infection model for evaluating the efficacy of
repurposed drugs on candidiasis has attracted attention
(Eldesouky et al., 2020b; Singh et al., 2020) (Table 6) due to
the advantages of saving extensive time, cumbersome labor, and
enormous cost of searching and obtaining new antifungal drugs.

C. elegans and Pathogenic Molds
The deadly opportunistic mold pathogen, A. fumigatus, ranks as
the number 1 aetiological agent for aspergilloses in
immunocompromised patients (Snelders et al., 2009; Fang and
Latgé, 2018; Geißel et al., 2018) with an almost 100% mortality
rate in some groups of patients (Darling andMilder, 2018; Geißel
et al., 2018; Linder et al., 2019). This pathogen had not been well
studied in C. elegans until recently. Okoli and Bignell (2015) were
the first to demonstrate the possibility of adopting C. elegans for
A. fumigatus infection. They set up the nematode model to study
the pathogenicity of the clinical strain A. fumigatus Af293 for 72
h postinfection after an initial preinfection of 12 h. We recently
reported a breakthrough in overcoming some of the challenges
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9244
usually encountered in the C. elegans-mold infection system, one
of which is removing spores that were not ingested by worms
through a hand-made filter with a membrane-attached-on-tube.
We were able to develop a stable and consistent C. elegansmodel
for evaluating the virulence of A. fumigatus mutant strains that
had previously been studied in other established models,
including mice and insects. We also successfully demonstrated
the possibility of in vivo testing of antifungal agents on nematode
aspergillosis using the established model (Ahamefule
et al., 2020a).

The established C. elegans-A. fumigatus model clearly
demonstrated the progression of aspergillosis infection in
nematodes using the A. fumigatus fluorescence strain, Af293-
dsRed, showing that hyphal filamentation could actually
emanate from any part of the infected worms against the
previously reported concept of mainly the tail region (Okoli
and Bignell, 2015; Ahamefule et al., 2020a). Our worm model
was able to identify important virulence factors of A. fumigatus
such as a-(1,3)-glucan synthase, melanin pigmentation, iron
transporter, Zn2Cys6-type transcription factor, and
mitochondrial thiamine pyrophosphate transporter, as mutant
strains without these components (triple agsD, pksPD, DmrsA,
DleuB, and DtptA, respectively), all of which gave significantly
attenuated virulence compared with the A. fumigatus parent
strain KU80D. These reduced virulence patterns obtained by our
C. elegans model were similar to previously reported attenuated
virulence patterns of these A. fumigatus mutants in both
vertebrate and insect models. The nematode model was also
demonstrated to be an easy in vivo system to evaluate antifungal
drug efficacy thus presenting the model as a desired platform for
screening antifungal agents against A. fumigatus in the future
(Ahamefule et al., 2020a).
CHALLENGES OF C. elegans
APPLICATIONS IN MODELING
PATHOGENIC MOLD

One of the biggest challenges usually encountered in the
applications of the C. elegans model for filamentous fungal
infection is the difficulty in infecting the worms through
conidia. Worms usually avoid eating conidia unless they starve
with no other option (Okoli and Bignell, 2015). This avoidance is
unlike the case of dimorphic fungal and bacterial pathogens,
where infection is never much of a problem as worms easily feed
on the cells of these pathogens when they replace or are mixed up
with nematode choice food (E. coli OP50 or HB101) (Breger
et al., 2007; Johnson et al., 2009; Kirienko et al., 2013; Okoli and
Bignell, 2015).

Giving the worms more time to starve and more access to the
conidia (placed at four cardinal points) for ingestion is very
important for establishing mold preinfection assays. Okoli and
Bignell (2015) adopted a 12-h preinfection technique, while we
modified to 16 h (Ahamefule et al., 2020a). The fact is that worms
must be given such ample time to “force” them to ingest the mold
conidia in a preinfection system since coinfection approach
October 2021 | Volume 11 | Article 751947
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(which is usually adopted for most dimorphic fungi modeling)
cannot work well for mold pathogens (Okoli et al., 2009;
Okoli and Bignell, 2015; Ahamefule et al., 2020a). As conidia
germinate very fast even before the worms have ingested enough
spores in killing assay medium, a relatively less nutritious
medium was adopted for pre-infection assay to avoid the quick
growth and flooding of hyphal filaments in the rich killing assay
medium (brain heart infusion medium); otherwise later
experimental procedures will be severely limited (Okoli and
Bignell, 2015; Ahamefule et al., 2020a).

Another challenging aspect in setting up the C. elegans-mold
model is the separation of noningested conidia from worms
after pre-infection stage. Failure at this stage leads to the
germination of unseparated spores in killing or antifungal
screening media thus obstructing experimental progress.
Although our designed membrane-attached-on-tube filter (with
a 35-µm pore diameter) was able to remove a great deal of
noningested conidia, the separation was not 100% efficient.
Modifying the membrane pore size to an appropriate diameter
should help improve the filtration efficiency by allowing faster
and better removal of conidia while keeping the preinfected L4/
young adult worms (Figure 1). Even though the separation
efficiency of noningested spores becomes 100% or close to it,
hyphae growth in killing medium would still not be completely
eliminated, particularly if the experiment is scheduled to go
beyond 72 h postinfection. This is because we have discovered
that some conidia could be egested out of the nematode intestine
into the killing medium and still retain their viability of
germinating to hyphae, which is a big challenge to tackle and
severely affect the experiment.

Hyphal filamentation usually occurs in infected worms.
Unlike most studied dimorphic fungi whose external hyphae
protrude when worms were already dead (and could therefore be
easily transferred), numerous worms infected with filamentous
fungi such as A. fumigatus (Ahamefule et al., 2020a), A. flavus,
and some strains of Penicillium (that we have studied in our
laboratory), were discovered to still be alive with protruded
hyphae. This makes these worms stuck to the killing assay
plates and therefore difficult to remove (Ahamefule et al.,
2020a). Such filamentation usually becomes profuse, growing
and spreading very fast and may eventually obstruct visibility
and affect the experimental results. Regulating the number of
immunocompromised worms in killing assays, especially for
highly virulent pathogenic molds, is an option to ameliorate
this menace (Figure 1).
CONCLUSIONS

The tremendous health hazards of pathogenic fungi cannot be
overemphasized. Better understanding of in vivo pathogeneses
and identification of virulence factors are urgent and imperative
to fight against these fungi. Screening, identifying and
repurposing effective compounds/drugs against them as well as
obtaining and optimizing effective treatment alternatives are
desirable at this time. Therefore, developing, optimizing and
applying better modelling organisms such as C. elegans is
T
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TABLE 6 | In vivo activities of known and repurposed drugs against candidiasis in C. elegans models.

centrations
ml)

Effect Reference

MCF (4 µg/ml), CAS (4 µg/ml), AmB (1 µg/ml), and voZ (2 µg/ml), poZ (2 µg/ml) rescued
infected worms with C. glabrata ATCC 90030 with survival rates of 90.6, 89.6, 82.4, 82.1,
and 81.5%, respectively, by 120 h; higher similar rescues—96.8%, 94.6%, 91.8%, 85.2%,
83.8%, and 83.7%—were achieved for infected worms with C. glabrata

Hernando-Ortiz
et al. (2020)

uZ MIC =
= 0.5)

Worm survival rates were dependent on the drug doses. Significant (p < 0.001) increase in
survival of infected worms when treated with fluZ (≥57%) and CAS (69% and 74%) at 1 ×
MIC and 2 × MIC, respectively

Souza et al. (2018)

P
, mer, amo,
6; 33, 33, 4,
ctively

Amo treatment significantly (p < 0.05) increased the virulence of C. krusei and C. tropicalis
on the nematodes (in separate infections) at PP and 2 × PP. However, the virulence of C.
albicans, C. krusei, C. parapsilosis, and C. tropicalis were not altered by the other tested
antibiotics

De Aguiar Cordeiro
et al. (2018)

7l significantly (p <0.05) prolonged and sustained infected worms, giving 70% survival rate
compared with 60% recorded with 32 µg/ml of fluZ control

Chen et al. (2017)

THP gave over 50% more survival rate than the untreated infected control after 6 days
postinfection. THP was able to drastically lower the persistence of pathogen in nematode
gut. Additionally, THP did not show any toxicity at 1.6 mg/ml compared with untreated
control by Day 6

Singh et al. (2020)

Pit plus fluZ displayed broad spectrum activity with varying outcomes depending on fluZ
concentrations, and significantly reduced C. albicans, C. glabrata, and C. auris burden by
~82%–96%, ~84%–93% and 14%–92% compared with 233 ± 21, 344 ± 19, and 250 ±
25 CFU/ml of untreated controls, respectively

Eldesouky et al.
(2020b)

= 0.5 × MIC; fluZ = 2, 8, and 32 µg/ml.
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C. elegans sp. C. elegans host Antifungal compounds Effective co
(µg

C. glabrata,
C. nivariensis,
and
C. bracarensis

glp-4; sek-1 L4
worms

Micafugin (MCF), CAS, and fluZ
were prepared in water, AmB,
VoZ, posaconazole (PoZ), and
anidulafungin (AND) in 1% DMSO

Varying

C. parapsilosis
(sensu stricto),
C. rthopsilosis,
C. etapsilosis

glp-4; sek-1 worms fluZ and CAS ≥0.5 × MIC (
1.0; CAS MIC

C. albicans,
C. parapsilosis,
C. krusei, and
C. tropicalis

L4 worms Cefepime (cef), imipenem (imi),
meropenem (mer), amoxicillin
(amo), and vancomycin (van)

PP and 2 × P
PP of cef, im
and van = 12
and 15, resp

C. albicans glp-4; sek-1 adult
worms

1-(4-Cyclopropyl-1H-1,2,3-
triazol-1-yl)-2-(2,4-difluorophenyl)-
3-(1H-1,2,4-triazol-1-yl) propan-
2-ol (7l)

16

C. albicans N2 L4/young adult
worms

Theophylline (THP)a 1,600

C. albicans,
C. glabrata,
and C. auris

AU37 L4 worms Pitavastatin (Pit)a plus fluZ Varyingb

MIC, minimum inhibition concentration; PP, peak plasma concentration. aRepurposed drug. bPit
n
/

fl

i

e
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Ahamefule et al. Caenorhabditis elegans as an Infection Model for Fungi
meaningful not only for dimorphic fungi but also for mold
pathogens. Our review of the breakthrough applications of
C. elegans for dimorphic fungi studies and progress/
modifications of the C. elegans-mold infection model will
provide a reference for studying fungal infections and
developing antifungal agents.
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