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The incidence of life-threatening infections by intracellular
eukaryotic pathogens has risen sharply as a result of modern
medical care that diminishes immunity in patients, such as
invasive catheters, chemotherapy, and steroids, as well as
the increased incidence of immunosuppressive diseases,
such as those due to the human immunodeficiency virus
(HIV). For example, Cryptococcus neoformans is responsi-
ble for between ~180,000 and 600,000 deaths annually,
primarily in sub-Saharan Africa and principally in indi-
viduals with HIV [1, 2]. Thus, there is an urgent need
for new and deeper insights into the pathobiology of
these diverse intracellular invaders’ mechanisms for viru-
lence including their strategies to evade or subvert host
immune defenses.

Host-pathogen interactions are complex, dynamic, and
multifactorial processes. In order to survive and proliferate
within the host, eukaryotic pathogens must be able to sense
different host microenvironment signals and regulate tran-
scription and translation reprogramming resulting in meta-
bolic adaptations, alterations in cellular morphology, and
adjustments and remodeling of their surface envelope (cell
wall/plasmatic membrane), among other processes. For
example, signals derived through the binding of the fungal

cell wall by antibody can result in alterations of gene activa-
tion [3] or protein loading in released extracellular
vesicles [4]. Osmotic changes can lead to dramatic alter-
ations in protein regulation, such as in Paracoccidioides
lutzii [5]. In this special issue, areas that are discussed
include the dynamics of phase variation in response to
stressors, regulation of enzyme secretion, and consider-
ations of metabolic routes as drug targets. In this special
issue, E. Camacho and G. A. Niño-Vega detail virulence
factors that facilitate the survival of Paracoccidioides spp.
The pathway to the identification and development of
new antifungal drugs through studies on antifungal resis-
tance and metabolism is thoroughly addressed in an article
by J. A. Parente-Rocha et al.

On the other hand, effective host responses require the
ability of the host to recognize and respond to the patho-
gen employing several mechanisms to eradicate and/or
control the pathogen through the activation of an efficient
immune response. The host defense mechanisms include
harnessing the functions of macrophages, dendritic cells,
T cells, B cells, Th1, Th2 & Th17 responses, antibody,
and complement as well as the engagement of such cells
through recognition receptors such as TLRs, Dectin-1,
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complement, mannose & other lectin receptors, scavenger
receptors, IL-1 receptor, E-cadherein, EGFR-HER2, Gp96,
CD14, CD44, and CDw17. For example, dectin-1 is
required for the upregulation of miR155 in macrophages
challenged with Candida albicans [6] and NLRP3 inflam-
masome activation by Paracoccidioides brasiliensis is linked
to a protective response against this pathogen [7]. This
special edition will examine cellular and humoral systems
in responding to intracellular eukaryotic pathogens. Addi-
tionally, issues on how vaccination (both with pathogen
products or primed cells, such as dendritic cell) can alter
the host-pathogen dynamic will be explored. The interplay
between the host and pathogen will be highlighted by a
focus on the ability of microbes to undergo morphogenesis
as a means to escape immune surveillance. For example,
the topic of fungal dimorphism and virulence will be care-
fully detailed at the molecular level by G. M. Gauthier.

Understanding of the interplay between intracellular
eukaryotic pathogens and host cells requires dissection at
the levels of both pathogen and host. Dynamic ongoing shifts
in responses within both the invader cells and the host cells
dictate the outcome of the interaction, to the benefit or
detriment of each party. The overall complexity of the pro-
cesses occurring in such struggles is daunting, yet major
insights into the pathobiology of these diseases have been
achieved. With this special issue, we have provided a plat-
form that presents significant findings that offer insights into
host-pathogen interactions.

Anamélia Lorenzetti Bocca
Célia Maria de Almeida Soares

Joshua D. Nosanchuk
Ildinete Silva-Pereira
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Lymphotoxin β receptor (LTβR) signaling plays an important role in efficient initiation of host responses to a variety of pathogens,
encompassing viruses, bacteria, and protozoans via induction of the type I interferon response. The present study reveals that after
Toxoplasma gondii infection, LTβR−/− mice show a substantially reduced survival rate when compared to wild-type mice. LTβR−/−

mice exhibit an increased parasite load and a more pronounced organ pathology. Also, a delayed increase of serum IL-12p40 and a
failure of the protective IFNγ response in LTβR−/− mice were observed. Serum NO levels in LTβR−/− animals rose later and were
markedly decreased compared to wild-type animals. At the transcriptional level, LTβR−/− animals exhibited a deregulated
expression profile of several cytokines known to play a role in activation of innate immunity in T. gondii infection. Importantly,
expression of the IFNγ-regulated murine guanylate-binding protein (mGBP) genes was virtually absent in the lungs of LTβR−/−

mice. This demonstrates clearly that the LTβR is essential for the induction of a type II IFN-mediated immune response against
T. gondii. The pronounced inability to effectively upregulate host defense effector molecules such as GBPs explains the high
mortality rates of LTβR−/− animals after T. gondii infection.

1. Introduction

Core members of the tumor necrosis factor (TNF)/TNF
receptor (TNFR) superfamily such as TNF and lymphotoxin
(LT) β and their receptors TNFRp55 and LTβR are impor-
tant mediators of innate immune responses and are consid-
ered to be essential for controlling pathogens [1–6]. It has
been demonstrated that LTα, TNF, and TNFRp55 but not
TNFRp75 are vital for host defense against the intracellular
parasite Toxoplasma gondii [2, 7, 8]. Although the LTβR
has been shown to play an important role in the defense
against Listeria monocytogenes and Mycobacterium tubercu-
losis [5] as well as CMV [9], it is still unclear, however,
whether signaling via the LTβR also contributes to an effec-
tive host response to T. gondii. T. gondii, a member of the
phylum Apicomplexa, is an obligate intracellular parasite
[7, 10]. Definitive hosts in which sexual reproduction occurs

are felids. Due to low host specificity, T. gondii is able
to infect most warm blooded mammals and prevalence
in humans is estimated 30–70% throughout the world
[11, 12]. In immune competent hosts, T. gondii infection
elicits a protective immune response that may initially, in
the acute phase, cause mild flu-like symptoms which then
resolve [13]. As specific host immune mechanisms set in, T.
gondii forms tissue cysts (stage conversion), in humans and
mice preferably in brain and muscle tissue, and transition
into the symptomless, chronic form of toxoplasmosis is
effected, in which cysts persist lifelong [14]. In immune
incompetent hosts, primary T. gondii infection may have
severe and sometimes lethal consequences such as
pneumonia or encephalitis [13, 15]. Furthermore, existing,
chronic T. gondii infection may be reactivated in
immunocompromised hosts such as AIDS patients or
recipients of immunosuppressive drugs with similar
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repercussions [16, 17]. In addition, primary infection
during pregnancy may, via placental transmission of
the parasite, lead to fetal pathology, including irreversible
neurological defects and, in the worst case, termination
of pregnancy [13, 18, 19]. It has been demonstrated that
innate immune responses are vital for the efficient con-
trol of T. gondii [20–22]. Although T. gondii lacks clas-
sical viral and bacterial pathogen-associated molecular
patterns, unique protozoan-associated molecules such as
GPI-anchors and profilin are recognized via toll like
receptors (TLRs) [23–25]. TLR2 and TLR4-mediated
signaling induces secretion of IL-12 and TNF by macro-
phages, and TLR11 or TLR12-mediated signaling induces
secretion of IL-12 by CD8α+ dendritic cells (DC) [22].
IL-12 in turn induces secretion of IFNγ by NK cells
[26, 27]. Besides being required for the induction of T
cell responses, IFNγ mediates various innate effector
mechanisms such as induction of IDO and production
of reactive oxygen species and NO in T. gondii infection

[28–31]. Another important effect of IFNγ is the induc-
tion of IFNy-inducible genes such as immunity-related
GTPases (IRGs) and guanylate-binding proteins (GBPs)
[32–34]. It has been demonstrated in mouse models that
murine (m)GBPs, a family of 65 kDa guanylate-binding
proteins, play an important role in host defense against
intracellular pathogens such as T. gondii [35–37] and
Neospora caninum [38]. mGBPs are highly induced via
IFNγ after infection and are localized in intracellular
vesicle-like structures. mGBP1, mGBP2, mGBP3, mGBP6,
mGBP7, and mGBP9 relocate to the parasitophorous
vacuole of T. gondii after entry of the pathogen into
the cell [35]. The importance of mGBPs for the efficient
control of T. gondii is underscored by findings that mice
deficient for mGBP2 or showing a deletion of a cluster
of mGBPs (1, 2, 3, 5, and 7) are more susceptible to
T. gondii infection [35–37, 39]. The present study
demonstrates that LTβR-deficient mice likewise show
dramatically reduced survival after T. gondii infection,

Table 1: Primer and probe sequences for RT-PCR.

Target Primers Probe

β-Actin
5′TGACAGGATGCAGAAGGAGA
3′CGCTCAGGAGGAGCAATG

a106

mGBP1
5′CAGACTCCTGGAAAGGGACTC

3′CTTGGACCTGGAACATTCACTGAC
a41

mGBP2
5′TGAGTACCTGGAACATTCACTGAC

3′AGTCGCGGCTCATTAAAGC
a17

mGBP3
5′GGCTGAGGACTGTCCCTGT
3′CATGGTCCACTCGGAAGC

a21

mBGP4
5′GCCAAGATCAAGACCCTCAG
3′CCACGTAGGTTGTCACCAGA

a48

mGBP5
5′TCACTGAAGCTGAAGCAAGG
3′GCGTCAAAAACAAAGCATTTC

a48

mGBP6
5′ATATTTCAACATTTTTTGTTCCTTGT

3′GAAATGGGAGAAAAAATAAATGAAGC FAM-AGTCATGTTCAATCTTCTCCCTCTTGTCC-DB

mGBP7
5′GCAGAGAATCCGGTGCAG

3′TTTCCACTAGGCACACAGGA
a93

mGBP8
5′AAGAAGCTGAAGGAACAAAAGGC

3′GAAATGGGAGAAAAAATAAATGAAGC FAM-TGTTTCAGTTGCTGTATCTCTCCGTCCA-TMR

mGBP9
5′TTCCAAAACTTTCTCCAGTCACAGTA

3′GGCACGCTCCTCTGCAA FAM-CCAGCAGTGAGGGCTCTATCTGCCT-TMR

GTPBP1
5′GGTGCAGAGCAAAGATGATG
3′ATCTGGAATATCGGGCACAT

a75

IL-4
5′CATCGGCATTTTGAACGAG
3′CGAGCTCACTCTCTGTGGTG

a2

IL-12p40
5′GATTCAGACTCCAGGGGACA

3′TGGTTAGCTTCTGAGGACACATC
a27

iNOS
5′CTTTGCCACGGACGAGAC

3′TCATTGTACTCTGAGGGCTGAC
a13

LTα
5′TCCCTCAGAAGCACTTGACC
3′GAGTTCTGCTTGCTGGGGTA

a62

LTβ
5′CCTGGTGACCCTGTTGTTG
3′TGCTCCTGAGCCAATGATCT

a76

IFNβ
5′CAGGCAACCTTTAAGCATCAG
3′CCTTTGACCTTTCAAATGCAG

a95

aNumbers identify probes obtained from the Roche Universal ProbeLibrary (Roche).
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most probably due to an inability to induce appropriate
IFNγ responses and a marked failure to adequately
upregulate mGBPs.

2. Materials and Methods

2.1. Animals. This study was carried out in strict accor-
dance with the German Animal Welfare Act. The protocol
was approved by the North Rhine-Westphalia State
Agency for Nature, Environment and Consumer Protection
(Permit number 84-02.04.2011.A394). All efforts were
made to minimize suffering of laboratory animals. LTβR−/−

mice were generated as described previously [40] and had
been backcrossed for at least 10 generations onto a
C57BL/6 background. Wild-type (WT) littermates were
used as controls. Mice were housed under specified
pathogen-free conditions in the animal facility of theHeinrich
Heine University of Düsseldorf and were between 10 and
12 weeks of age at the time of infection. T. gondii strain
ME49 was used for all experiments and maintained in
the CD1 mouse strain purchased from Charles River
Breeding Laboratories.

2.2. T. gondii Infection. ME49 cysts were isolated from CD1
mice 6 weeks after infection as described previously [41].
Briefly, the murine cerebrum was homogenized by passaging
through successively thinner cannulas. A first centrifugation
step (5min, 60×g, 22°C) removed cell debris. The pellet was
then resuspended in PBS (Invitrogen, Karlsruhe, Germany),
and an underlayer of Ficoll Paque™ Plus (GE Healthcare,
Munich, Germany) was added before centrifugation
(500×g, 25min, 22°C, without brakes). The pelleted cysts
were counted and resuspended in the appropriate amount
of PBS. Infections were carried out by intraperitoneally
injecting either 20 or 40 cysts (as indicated) of T. gondii
ME49 in a volume of 0.2mL PBS.

2.3. Blood and Tissue Processing. Mice were anaesthetized
with 100mg/kg Ketamin and 10mg/kg Xylazine (both
Vétoquinol GmbH, Ravensburg, Germany) and bled via the
vena cava inferior on the days post infection (p.i.) as indi-
cated. Serum was obtained by coagulating the blood (30min
at room temperature) and collecting the serum after two cen-
trifugation steps (10min, 8000×g). The brain, lung, liver, and
spleen were removed, rinsed in PBS, and weighed. To deter-
mine cell numbers, spleens were collected, digested with col-
lagenase D (Sigma-Aldrich, Taufkirchen, Germany) for
30min in DMEM/10% FCS, and passed through a 40μm cell
strainer (BD Biosciences, Heidelberg) before lysis of red
blood cells with Erylysis buffer (Morphisto, Frankfurt am
Main, Germany).

2.4. Histology. Formalin-fixed and paraffin-embedded tissue
blocks of the isolated organs were collected; 1μm sections
were cut, transferred onto glass slides, and stained with a
standard hematoxylin/eosin protocol.

2.5. Serum Biochemistry and Cytokine Quantification. Serum
was tested for concentrations of aspartate transaminase
(AST), bilirubin, and lactate dehydrogenase (LDH) using
the automated biochemical analyzer Spotchem EZ SP-4430
(Arkray, Amstelveen, Netherlands) and the Spotchem EZ
Reagent Strip Liver-1 (Arkray). Commercially available
ELISA kits were used to quantify serum TNF, IL-4, IFNγ
(R&D Systems, Minneapolis, MN), and IL-12p40 (BioSci-
ences, Heidelberg, Germany) levels. NO concentrations were
analyzed using the Total Nitric Oxide and Nitrate/Nitrite Kit
from R&D Systems.

2.6. Quantitative RT-PCR. Total RNA from single cell sus-
pensions of lung tissue was isolated using TRIzol reagent
(Invitrogen Life Technologies) according to the manufac-
turer’s protocol. First-strand cDNA synthesis was performed
using 3μg of total RNA with Moloney murine leukemia virus
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Figure 1: LTβR−/− animals show significantly reduced survival after infection with T. gondii (ME 49) cysts compared toWT animals. WT and
LTβR−/− animals were infected i.p. with (a) 20 cysts (WT: n = 10, LTβR−/−: n = 10) or (b) 40 cysts (WT: n = 12, LTβR−/−: n = 22) of T. gondii
(ME49) freshly isolated from the brains of CD1 mice. ∗p < 0 05, ∗∗∗p < 0 001.
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Figure 2: Continued.
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Figure 2: LTβR−/− animals show more and larger inflammatory areas in the (a) lung and (b) liver 7 and 21 days after infection with T. gondii
(ME49) cysts compared to WT animals. The lung and liver were isolated from uninfected control mice 7 and 21 days after i.p. infection with
40 T. gondii (ME49) cysts and fixed in formalin. Tissues were embedded in paraffin, 10μm sections were generated, and HE staining was
performed. Original magnification as indicated. 3 animals were analyzed for each time point, and a representative section from one organ
is shown in each case. Arrows indicate small, dense lymphocyte infiltrates that are considered part of the basal LTβR−/− phenotype.
Arrowheads indicate inflammatory infiltrates seen in infected animals.
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reverse transcriptase and oligo (dT) primer (both Invitrogen
Life Technologies). RT-PCR (40 cycles) was performed in
triplicate. Primer and probe sequences (listed in Table 1)
were synthesized by Metabion (Martinsried, Germany) and
based on the conventional TaqMan Probe finder software
(TIB MOLBIOL, Berlin, Germany) for mGBP6, mGBP8,
and mGBP9 and the Universal ProbeLibrary (Roche,
Mannheim, Germany) for all other genes. The PCR primer
sets used spanned at least one intron to avoid detection of
genomic DNA. Results are expressed relative to expression
in uninfected WT mice and normalized to β-actin (2−ΔΔCT).

2.7. Statistical Analysis. Quantifiable data are expressed as
means± SD. Statistical analysis was performed using the
GraphPad Prism 5.01 software for Student’s t-test.

3. Results

3.1. LTβR−/− Mice Show Increased Susceptibility to Infection
with T. gondii (ME49). It has been demonstrated that the
LTβR plays a role in controlling infections with intracellular
pathogens such as M. tuberculosis and L. monocytogenes [5].
To determine whether the LTβR is also required to contain
infections with T. gondii, LTβR−/− mice were infected with
20 or 40 cysts of the ME49 strain of T. gondii (Figure 1). Ini-
tially, mice were challenged with 20 cysts (i.p.) and signifi-
cantly decreased survival could be observed (Figure 1(a)).
Interestingly, LTβR−/− mice survived the acute phase of
infection and only started succumbing to the infection in
the early chronic phase on day 19 with an overall survival
of 30%. WT littermates started dying considerably later
(day 32) and showed an overall survival rate of 80%. After

infection with 40 cysts of T. gondii ME49, LTβR−/− mice
started to succumb to infection by day 12 and overall survival
was 9.1%. In contrast, WT mice did not show earlier onset of
death (day 34) and an overall survival rate of 90%
(Figure 1(b)). These data clearly indicate that the LTβR plays
a major role in surviving T. gondii infections.

3.2. LTβR−/− Mice Show Marked Exacerbation of Organ
Pathology. To analyze tissue pathology, formalin-fixed,
paraffin-embedded, and HE-stained tissue sections (10μm)
from the lung and liver were assayed for inflammatory
infiltrates (Figure 2). It is important to note that in unin-
fected/untreated LTβR−/− animals, lymphocyte infiltrates
have been described in the kidneys, lungs, liver, pancreas,
submandibular glands, mesenterium, cortex of the suprarenal
glands, and fatty tissue of the mediastinum [40] and could
accordingly be observed in the lungs (Figure 2(a)) of unin-
fected LTβR−/−animals. In addition to these small infiltrates,
LTβR−/− lungs showed large inflammatory infiltrates on days
7 and 21 after infection. In contrast, only very few such
inflammatory infiltrates could be found in the lungs of WT
littermates on days 7 and 21 and they tended to be consider-
ably smaller and less dense (Figure 2(a)). Similarly, the livers
of uninfected LTβR−/−mice were characterized by small lym-
phocyte infiltrates which could not be found in WT livers
(Figure 2(b)). On day 7 p.i., the LTβR−/− livers show amarked
increase of infiltrates, whereas in the livers of WT mice, the
number of inflammatory infiltrates is much lower. By day
21, the LTβR−/− livers still showed considerable number of
inflammatory infiltrates, while these have disappeared from
the livers ofWTmice. These findings are quantified and sum-
marized in Table 2, showing that in the lungs of WT animals,
inflammatory infiltrates could mainly be observed on days 7
and 12. In contrast, these infiltrates are much more persistent
in LTβR−/−mice: they were observed from day 3 through day
36 in the lungs. Findings were similar in the livers: infiltrates
were detected in WT animals mainly on days 7 and 12, while
they could be observed in LTβR−/− animals from day 5
through day 14. Thus, organ pathology was much more pro-
nounced and persisted for a longer period of time in LTβR−/−

compared to WT animals.

3.3. LTβR−/− Animals Have Higher and More Persistent
Cyst Count. To determine whether LTβR−/− mice showed
differences in the progression into and through the
chronic phase of T. gondii infection, bradyzoite containing

Table 2: Inflammatory infiltrates in the lung and liver.

Organ Genotype
Days p.i.

0 3 5 7 12 14 21 30 36

Lung WT − − − + ++ − (+) − −
aLTβR−/− − +++ +++ +++ +++ +++ +++ +++ ++

Liver WT − − − ++ ++ − + − −
aLTβR−/− − − ++ ++ +++ + − − −

The number of inflammatory infiltrates per visual field were scored in HE-stained sections, at least 10 visual fields were evaluated per slide. No infiltrates: −; 1–3
infiltrates: (+); 4–8 infiltrates: +; 9–12 infiltrates: ++; 13–18 infiltrates: +++. aInfiltrates considered to be part of the basal LTβR−/− phenotype were not included
in the scoring.

Table 3: Cyst count in the liver and lung.

Organ Genotype
Days p.i.

0 3 5 7 12 14 21 30 36

Lung WT — — — — — 2 — — —

LTβR−/− — — 0.5 1 2 1 — — —

Liver WT — — — 3 2.5 — — — —

LTβR−/− — — — 2.5 2 6 — — —

Brain WT — — — — — 0.5 1 1.5 3

LTβR−/− — — — — — 2.5 2.5 10.5 16.5

Organ sections from 3 animals per time point were evaluated, except on day
30 and day 36 from LTβR−/− animals, where only 2 animals were evaluated.
The number of cysts per organ section was counted.
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cysts were counted in HE sections of liver, lung, and brain
(Table 3). Cysts first appeared in the lungs of LTβR−/−

mice on day 5 and could be observed on days 7, 12, and
14. In contrast, in the lungs of WT mice cysts could only
be found on day 14. While cysts appeared in the liver in
both genotypes on day 7 and persisted only slightly longer
in LTβR−/− animals compared to WT animals (days 14
and 12, respectively), the number of cysts was elevated
in the LTβR−/− mice. Differences in cyst counts were most
obvious in the brain. While cysts appeared at the same
time after infection (day 14), actual numbers were much
higher in LTβR−/− animals than in WT animals (13–18

versus 2–5, respectively, on day 36). The increased pres-
ence of cysts in the brain of LTβR−/− mice was confirmed
by isolating and counting cysts from the brains (Figure 3(a)).
Formalin-fixed, paraffin-embedded, and HE-stained tissue
sections also showed an increased presence of cysts in brains
of LTβR−/− mice (Figure 3(b)). While disease progression
(entry into the acute phase and progression into the chronic
phase) apparently occurred within a similar time frame in
both genotypes, LTβR−/− animals were less able to contain
reproduction of the parasites, leading to a more pronounced
tissue pathology, higher cyst numbers, and longer persistence
of cysts.
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Figure 3: Analysis of parasite burden in the brain of WT and LTβR−/− animals. Animals were infected i.p. with 40 cysts of T. gondii (ME49),
sacrificed on the days indicated, and the brains were prepared. One hemisphere was used for isolation of cysts, which were isolated by mincing
the tissue with a scalpel and then passing it through consecutively higher gauge cannulas, followed by two centrifugation steps to first remove
pelleted cells and tissue debris and then pellet the cysts. One half of the second hemisphere was used to generate HE stains from paraffin
sections after formalin fixing of tissue. (a) Cysts per brain were calculated by multiplying cyst number counted in one hemisphere
by two (n = 3 in all cases, except day 30 and day 36 from LTβR−/− animals, where only 2 animals were analyzed). (b) Cysts
(arrows) in HE-stained brain sections 60 days after i.p. infection with T. gondii (ME49) are shown. One representative section of
brain tissue from one of three animals is shown. Original magnifications as indicated. ∗p < 0 05, ∗∗p < 0 01.
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3.4. LTβR−/− Mice Do Not Show Splenic Enlargement and
Increase in Splenic Cell Count after Infection with T. gondii.
To assess the inflammatory response in LTβR−/− mice after
T. gondii infection, spleen weight was analyzed. In WT mice,
a roughly twofold increase of spleen weight during acute
infection could be found which returned to preinfection
levels by day 36. In contrast, in LTβR−/− mice, spleen weight
increased only marginally during acute infection and
returned to physiological levels by day 21 (Figure 4(a)).
Splenic cell counts peaked on day 14 both in WT and
LTβR−/− animals, but were significantly lower in the latter
(Figure 4(b)).

3.5. LTβR−/− Mice Show Minor Alterations in Various Tissue
Injury Parameters. Alanine transaminase (ALT) levels were
measured to determine liver stress after T. gondii infection
(Figure 5(a)). In WT animals, ALT levels rose quickly until
day 7 p.i., then gradually dropped to preinfection levels by
day 60 p.i. ALT levels of LTβR−/− animals progressed in a
similar manner, except for a marked but not significant tran-
sient increase on day 14. On day 60, ALT levels were signifi-
cantly higher in LTβR−/− compared toWT animals. Bilirubin
is also considered to indicate liver damage. Interestingly, after
infection with T. gondii, bilirubin levels did not markedly
change early during infection (Figure 5(b)), although levels
were slightly but significantly increased in LTβR−/− animals
on day 5 p.i. Later in infection (days 21 and 30), an increase
in bilirubin levels could be observed in both genotypes. On
day 60, LTβR−/− animals again show a significant increase
in bilirubin compared to WT animals. Since increased LDH
is an indicator of cell destruction, LDH levels were deter-
mined. Only a slight increase in LDH levels was measured
in WT animals throughout the course of infection, with
the exceptions of day 7 and day 30 p.i., when a moderate
increase occurred. LDH levels of LTβR−/− animals tended

to be higher, with a significant increase on days 14, 21,
and 60 (Figure 5(c)).

3.6. LTβR−/− Mice Show Lacking or Delayed Cytokine
Responses after Infection with T. gondii. Secretion of IL-12
by macrophages and DC is one of the initial steps in the
innate immune response to T. gondii and induces release of
IFNγ by NK and T cells [7]. Compared to LTβR−/− animals,
WT animals were observed to have significantly increased
levels of serum IL-12p40 by day 5, whereas LTβR−/− animals
exhibited this increase two days later (Figure 6(a)). Interest-
ingly, although slightly higher amounts of IFNγ could be
found in LTβR−/− compared to WT animals before infection,
these amounts did not increase after infection, as seen in WT
animals, where levels rose about 4-fold (Figure 6(b)). Despite
this marked increase, the difference was not significant, prob-
ably due to the high variance found in LTβR−/− animals. TNF
is another cytokine that is secreted by macrophages early in
infection [7]. While WT animals showed a marked increase
of TNF already on day 7 p.i., LTβR−/− animals initially exhib-
ited significantly lower TNF levels which reached WT levels
only on day 14 p.i. (Figure 7(a)). As NO produced by maco-
phages is considered to be an important microbicidal mech-
anism in the innate immune response to T. gondii [42], total
NO in serum of WT and LTβR−/− mice was analyzed.
Figure 7(b) reveals a strong and transient increase of serum
NO inWT on day 7 p.i. For the remainder of the observation
period, serum NO levels remain moderately elevated in WT
animals. In contrast, LTβR−/− animals showed a delayed
and reduced increase of serum NO levels on day 12 p.i. and
an additional similar peak on day 30 p.i. that could not be
detected in WT animals.

3.7. Differential Expression of Genes Involved in Early Innate
Immune Response to T. gondii. Expression levels of IL-12p40,
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Figure 4: Splenomegaly is observed only inWT but not in LTβR−/− animals after infection with T. gondii (ME49). Mice were infected with 40
cysts and sacrificed on the days indicated. Controls were uninfected animals. (a) Spleens were isolated and weighed. (b) Cell numbers were
determined by mincing and homogenizing the spleen, passing the obtained cell supension through a 40μm cell strainer and counting live
cells (n = 3 in all cases except day 30 and day 36 from LTβR−/− animals, where only 2 animals were analyzed). ∗p < 0 05, ∗∗p < 0 01.
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IFNγ, GTP-binding protein 1 (GTPBP1), IL-4, IFNβ, LTα,
and LTβ in the lungs of WT and LTβR−/− animals after T.
gondii infection were compared. Expression levels for IL-
12p40 decreased in WT animals by day 7 p.i, whereas
LTβR−/− animals showed much lower expression levels com-
pared to WT animals before infection, but a transient
increase in IL-12p40 expression on day 14 p.i. (Figure 8(a)).
7 days after infection with T. gondii, IFNγ expression levels
increased dramatically in WT animals, returned to normal
by day 12, and showed only a mild increase during the fur-
ther course of infection (Figure 8(b)). In contrast, in
LTβR−/− animals, IFNγ levels did not increase until day 14,
but then reached levels comparable to WT animals. Also,
IFNγ levels remained high at least up to day 40 p.i. and only
returned to slightly higher than normal levels by day 60. On
the other hand, expression of induced nitric oxide synthase
(iNOS) was much lower in LTβR−/− animals compared to
WT animals before infection and did not increase markedly

after infection (Figure 8(c)). In WT animals, iNOS expres-
sion decreased after infection and remained at low levels at
least until day 60 p.i. Expression of GTPBP1 increased tran-
siently but markedly in WT animals on day 12 p.i and then
remained at slightly elevated levels (Figure 8(d)). LTβR−/−

animals did not exhibit such a distinct increase p.i.; GTPBP1
expression levels were only moderately increased during the
course of infection. WT animals showed only a slight
(around 2-fold) and transient increase of IL-4 expression 7
days p.i. (Figure 8(e)). Of note, IL-4 expression in LTβR−/−

animals was increased more than 10-fold before infection
when compared to WT animals and this expression
decreased markedly early after infection (days 7 and 12),
followed by a distinct but transient increase on day 14 p.i.
IFNβ expression levels in WT animals showed a 20-fold
increase on day 12 p.i. (Figure 8(f)). Then levels dropped
again, but rose about 70-fold between days 30 and 60 levels.
In LTβR−/− animals, INFβ levels remained low until day
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Figure 5: Serum parameters in WT and LTβR−/− animals. Mice were infected with 40 cysts of T. gondii (ME49) and sacrificed on the days
indicated. Controls were uninfected animals. Serum was obtained by accessing the vena cava inferior, bleeding the animals, and removing
cells by centrifugation after allowing a suitable time for clotting. Analysis was performed on a Spotchem 4430. (a) ALT, (b) bilirubin, and
(c) LDH (n = 3 in all cases except day 30 and day 36 from LTβR−/− animals, where only 2 animals were analyzed). ∗p < 0 05, ∗∗p < 0 01,
and ∗∗∗p < 0 001.
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12, but steeply increased on day 14 (60-fold), remained at
this level until day 30, but then dropped to normal titers
again by day 60. Expression patterns of LTα and LTβ were
similar (Figures 8(g) and 8(h)): expression in WT animals
exhibited a distinct peak on day 12 (approximately 8-fold
for LTα and approximately 80-fold for LTβ), whereas
expression in LTβR−/− animals was only moderately
increased.

3.8. IFNγ-Induced Expression of mGBPs Is Strikingly Reduced
in LTβR−/− Animals. mGBPs play an important role in the
immune defense against T. gondii and are prominent IFNγ-
induced genes [35]. Analysis of mGBP expression in the lung
after T. gondii infection revealed a consistent picture

(Figure 9). Generally, mGBP expression before infection
tended to be lower in LTβR−/− animals. Early after infection,
expression of most mGBPs was increased transiently, but
markedly in WT animals. Exceptions were mGBP1
(Figure 9(a)), where a second increase of expression could
be observed later in infection and mGBP7 (Figure 9(g))
where no increase of expression levels could be observed. In
contrast, the expression of mGBPs in LTβR−/− animals either
remained more or less at levels before infection (mGBP2,
mGBP4, mGBP5, mGBP6, and mGBP9) or the increase was
much lower (mGBP3 and mGBP8) or lower and delayed
(mGBP1) when compared to WT animals. Similar to WT
animals, no expression of mGBP7 could be observed in
LTβR−/− animals. Analysis of spleen tissue showed a similar
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Figure 7: Compared to WT animals, LTβR−/− animals show delayed increase of TNFα in the serum in the acute phase of infection with T.
gondii. 50μL of murine serum was collected from uninfected and infected WT and LTβR−/− animals, TNFα levels were determined by ELISA
(a), and nitric oxide levels were determined by colorimetric detection of nitrite after conversion of nitrate to nitrite (b). (n = 3 in all cases
except d 0 (both genotypes) and d 14 (LTβR−/−), where only 2 animals were analyzed). ∗p < 0 05, ∗∗p < 0 01.
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Figure 6: Cytokine production is disturbed in LTβR−/− animals. 50 μL of murine serum was collected from uninfected and infected WT and
LTβR−/− animals (T. gondii (ME49), 40 cysts) on the days indicated. (a) IL-12p4 and (b) IFNγ amounts were determined by ELISA. (n = 3 in
all cases except day 30 and day 36 from LTβR−/− animals, where only 2 animals were analyzed). ∗p < 0 05.
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absence of mGBP expression in LTβR−/− animals compared
to WT animals after T. gondii infection (data not shown).
Taken together, these results strongly suggest that LTβR-ini-
tiated upregulation of immune relevant genes, most notably
mGBPs, is essential for the survival of T. gondii infection.

4. Discussion

To date, there has been no evidence for a role of the LTβR in
the immune defense to T. gondii. The present study clearly
demonstrates substantially reduced overall survival of T. gon-
dii infection in LTβR−/−mice which begins to succumb to the
infection around day 12. Around 50% of the LTβR-deficient
animals survive the acute phase of the T. gondii infection and
are able to progress into the chronic phase of the disease

before survival rates drop again. LTβR−/− mice fail to induce
IFNγ, and mGBPs are subsequently not upregulated, leading
to a breakdown of the antitoxoplasma immune response.
These results point towards a major role for the LTβR in an
efficient immune response to T. gondii and are in accordance
with other studies suggesting that the LTβR acts as an impor-
tant immune regulator, not only in bacterial infection models
for listeriosis or tuberculosis [5, 43, 44] but also in intracellu-
lar parasite infectionmodels for malaria [45, 46] or leishman-
iasis [47–50]. The role of the LTβR in these disease models is
quite diverse. In infection models with L. monocytogenes and
M. tuberculosis, LTβR−/−mice not only show a delayed/abro-
gated activation of the innate immune response [5, 44] but
also an absence of specific T cell responses [43]. In cutaneous
leishmaniasis, the presence of peripheral lymph nodes (LN)
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Figure 8: LTβR−/− animals show differential expression of immune relevant genes in the lung in comparison to WT animals after infection
with T. gondii (ME49). Mice were sacrificed, RNA was isolated from the lungs from uninfected and infected WT and LTβR−/− animals on the
days indicated, and expression levels were determined via quantitative RT-PCR. (a) IL-12p40, (b) IFNγ, (c) iNOS, (d) GTPBP1, (e) IL-4,
(f) IFNβ, (g) LTα, and (h) LTβ. (n = 3 in all cases except day 30 and day 36 from LTβR−/− animals, where only 2 animals were analyzed).
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is essential for driving a TH1 response and the absence of all
LN in LTβR−/− mice leads to a marked susceptibility to the
disease [48], whereas in visceral leishmaniasis, signaling
through the LTβR is protective via promoting DC develop-
ment and maturation [47]. The current model is that the
immune response to T. gondii is initiated by activation of
DCs via TLR11/12 MyD88 interaction after recognition of
the protozoan profilin-like protein [51]. Downstream signal-
ing via the canonical NFκB pathway then leads to secretion of
IL-12 by DCs which in turn induces NK cells to release IFNγ.
Since LTβR signaling occurs via the classic and the alterna-
tive NFκB signaling pathway, it might be envisaged that
LTβR−/− animals show delay in IL-12p40 secretion. Interest-
ingly, Xu et al. [49] have demonstrated that blocking of LTβR
signaling via HVEM-Ig or LTβR-Ig leads to defective

IL12p40 production and increased susceptibility to Leish-
mania major infection. It can be speculated therefore that
cooperation of LTβR and TNFRp55 signaling pathways is
required for an efficient immune response to T. gondii. Since
LTα1β2

−/− mice do not succumb to L. major infection, LIGHT
seems to be the relevant LTβR ligand in this case. Therefore,
the susceptibility of TNFRp55−/−, LIGHT−/−, and functional
LTβR/TNFRp55 doubly deficient mice to T. gondii is being
studied to evaluate to what extent either pathway and which
ligands are required for an efficient immune response. Fur-
thermore, imperfect DC differentiation might be responsible
for a diminished IL-12 production (see below) in LTβR−/−

mice [52]. Interestingly, expression of the LTβR is essential
for the development of experimental cerebral malaria
(ECM) after infection with Plasmodium berghei ANKA and
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Figure 9: LTβR−/− animals show abrogated or delayed expression of mGBP genes in comparison toWT animals after infection with T. gondii
(ME49). Mice were sacrificed, RNA was isolated from lungs from uninfected and infected WT and LTβR−/− animals on the days indicated,
and expression levels were determined via quantitative RT-PCR. (a) mGBP1, (b) mGBP2, (c) mGBP3, (d) mGBP4, (e) mGBP5, (f)
mGBP6, (g) mGBP7, (h) mGBP8, and (i) mGBP9 (n = 3 in all cases except day 30 and day 36 from LTβR−/− animals, where only 2
animals were analyzed).
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prolongs survival in LTβR−/−-deficient mice due to their
inability to generate an effective (CD8+) T cell response,
which is responsible for ECM pathophysiology [53, 54].
These findings are explained by the role that LTβR signaling
plays in the development and homeostasis of the secondary
lymphoid organs [40], its essential role in optimizing DC
maturation and function, in supporting CD4 T cell matura-
tion, and its ability to polarize T cells [52, 55]. IFN type I
and type II have been shown to be important for survival of
viral and nonviral infections [31, 56]. In the defense against
MCMV, LTβR signaling has been demonstrated to initiate
the type I IFN response [57, 58]. In listeria and mycobacteria
infections, LTβR signaling has been shown to induce IFN
type I and type II responses [5, 22, 44, 49, 59]. In
toxoplasmosis, recognition of parasitic profilin via toll like
receptors 11 and 12 is one of the major signals triggering
IL-12 production in DC which in turn induces IFNγ produc-
tion by NK cells [22, 60–62]. Here, in T. gondii infected
LTβR−/− mice, a delayed increase of serum IL-12p40 and a
failure to upregulate serum IFNγ levels could be demon-
strated. IFNγ signaling is essential for an efficient antitoxo-
plasma immune response since neither IFNγ−/− nor
IFNγR−/− mice are able to efficiently contain T. gondii
infections and die early during the acute phase [62, 63]. IFNγ
triggers several antiparasitic mechanisms including the
induction of iNOS which leads to elevated levels of microbi-
cidal NO and the induction of mGBP expression, both of
which play an important role in the host defense against
T. gondii [22, 35, 36, 64, 65]. LTβR−/− mice show a delayed
increase of serum NO levels. Compared to WT mice, induc-
tion of mGBPs was virtually absent. Recently, members of the
mGBP family have been shown to be important for survival
after T. gondii infection [35–37, 39]. Interestingly, mGBPs
are IFNγ and, to a lesser degree, IFN type I responsive genes
[35]. Most mGBP proteins are rapidly recruited to the T. gon-
dii parasitophorous vacuole in T. gondii-infected cells, and
expression of at least mGBP2 is required for efficient elimina-
tion of the parasite [36, 39]. The marked failure of mGBP
family member induction in LTβR−/− mice therefore
provides an explanation for the high mortality observed. In
addition, WTmice exhibit splenomegaly due to increased cell
numbers in the spleen. In contrast, spleen weights and cell
numbers increase to a significantly lesser degree in LTβR−/−

mice. It has been described previously that LTα/β-LTβR
signaling is activated in T. gondii-infected WT mice and
may, at least in part, be responsible for modulating spleen
architecture and organization via chemokine modulation
[66]. It has been shown that in LTβR−/− mice, peripheral
lymphoid organs, Peyer’s patches, and gut-associated lym-
phoid tissue are absent [40]. Furthermore, dendritic cell
(DC) maturation is impaired in these animals [52, 67, 68].
To address the question whether the susceptibility of
LTβR−/− mice to T. gondii infection is due to the lack of ade-
quate priming of immature T cells by DC, further studies are
required, for example, using bone marrow chimera models
[69]. In addition, since LTβR−/− animals also lack B cell folli-
cles in the spleen [40, 70], it will be interesting to see whether
these mice are able to mount a T. gondii-specific antibody
response and develop an antigen-specific T cell response.

The failure to mount an effective specific T and B cell
response against T. gondii and the possible inability to drive
the parasite into its chronic stage and/or to prevent reactiva-
tion of chronic toxoplasmosis might explain the higher para-
site numbers observed in the brains of LTβR−/− animals and
concurs with the increased parasitemia described in LTβR−/−

animals in the ECM model by other groups [53, 54]. Taken
together, this underscores the importance of LTβR signaling
in innate as well as adaptive immunity. We therefore
speculate that LTβR signaling is necessary for either driving
T. gondii infection into the chronic stage or maintaining this
chronic stage, and further analysis of the role of the LTβR in
this context may lead to a better understanding of the
mechanisms of T. gondii stage conversion.

5. Conclusions

These data demonstrate that beyond being responsible for the
development of secondary lymphatic organs, which provide
the environment required to mount an efficient adaptive
immune response, LTβR signaling modulates these responses
which are important for establishing and maintaining
chronic toxoplasmosis and the LTβR is necessary, via induc-
ing an IFN type II response, for initiating innate effector
mechanisms essential for containing acuteT. gondii infection.
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Candida glabrata is a facultative intracellular opportunistic fungal pathogen in human infections. Several virulence-associated
attributes are involved in its pathogenesis, host-pathogen interactions, modulation of host immune defenses, and regulation of
antifungal drug resistance. This study evaluated the in vitro antifungal susceptibility profile to five antifungal agents, the
production of seven hydrolytic enzymes related to virulence, and the relationship between these phenotypes in 91 clinical strains
of C. glabrata. All C. glabrata strains were susceptible to flucytosine. However, some of these strains showed resistance to
amphotericin B (9.9%), fluconazole (15.4%), itraconazole (5.5%), or micafungin (15.4%). Overall, C. glabrata strains were good
producers of catalase, aspartic protease, esterase, phytase, and hemolysin. However, caseinase and phospholipase in vitro
activities were not detected. Statistically significant correlations were identified between micafungin minimum inhibitory
concentration (MIC) and esterase production, between fluconazole and micafungin MIC and hemolytic activity, and between
amphotericin B MIC and phytase production. These results contribute to clarify some of the C. glabrata mechanisms of
pathogenicity. Moreover, the association between some virulence attributes and the regulation of antifungal resistance encourage
the development of new therapeutic strategies involving virulence mechanisms as potential targets for effective antifungal drug
development for the treatment of C. glabrata infections.

1. Introduction

Candida glabrata is a facultative intracellular opportunistic
fungal pathogen, with the ability to survive and replicate in
several cell types, such as osteoblasts [1], neutrophils [2],
and macrophages [3]. This yeast can be isolated from differ-
ent areas of the human body such as mouth, gastrointestinal
tract, and vaginal mucosa, without causing disease in most
individuals [4]. Nevertheless, due to the increased use of
immunosuppressive drugs and the advent of AIDS, the fre-
quency of C. glabrata infections has significantly increased
worldwide in the last years [5–8].

In the last decade, two new species phenotypically related
to C. glabrata have been described in the literature: Candida
nivariensis and Candida bracarensis. These three species are
phenotypically indistinguishable, but genetically heteroge-
neous [9, 10]. It is necessary to periodically monitor the C.
glabrata species complex in order to determine the frequency
of these clinically relevant Candida species, their geographi-
cal distribution, their virulence attributes, and their propen-
sity to harbor antifungal resistance mechanisms [11, 12].

The therapeutic and prophylactic use of azole antifungals
administered for prolonged periods to invasive candidiasis
treatment, especially in immunocompromised patients, has
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contributed to the increase phenomenon of resistance in C.
glabrata [5, 7, 13]. The echinocandins have emerged as pre-
ferred agents for most episodes of candidemia and invasive
candidiasis according to the recent guideline for the manage-
ment of candidiasis [14]. Nevertheless, echinocandin resis-
tance is increasing in C. glabrata [15], including among
fluconazole-resistant isolates [5, 15, 16].

The pathogenicity of Candida spp. is facilitated by
expression on several virulence-associated factors, especially
the adherence to host cells, the ability to form biofilms, the
resistance to hydrogen peroxide and derivatives, and the
capacity to produce and secrete hydrolytic enzymes, particu-
larly proteases, phospholipases, and hemolysins [17, 18]. In
comparison with C. albicans, there are fewer studies about
the potential virulence attributes produced by C. glabrata.

The present study aimed to evaluate the in vitro antifungal
susceptibility profile, the production of hydrolytic enzymes,
and the relationship between these phenotypes in a collection
ofC. glabrata clinical strains isolated fromBrazilian hospitals.

2. Materials and Methods

2.1. Fungal Strains. A total of 91 yeast strains, collected
between 1998 and 2015 in two tertiary hospitals located in
Rio de Janeiro, Brazil, and preliminarily identified by the
API 20C AUX (bioMérieux, France) as C. glabrata, were
included in this study. Strains were isolated from several clin-
ical specimens, such as gastric aspirate (n = 1); renal abscess
secretion (n = 1); pleural fluid (n = 1); secretion of surgical
drain (n = 1); secretion of postoperative wound (n = 1); ascitic
fluid (n = 2); abdominal secretion (n = 3); peritoneal fluid
(n = 4); sputum (n = 4); venous catheter (n = 4); bronchoalve-
olar lavage (n = 5); vaginal secretion (n = 7); feces (n = 9); tra-
cheal secretion (n = 10); urine (n = 13); and blood (n = 25).
Before the experiments, these clinical strains were recovered
from storage (−20°C) and grown on SabouraudDextroseAgar
and CHROMagar Candidamedium (both at 37°C for 48 h) in
order to evaluate their viability and purity, respectively. The
phenotypic confirmation of the species after storage was
achieved by a biochemical analysis with the Vitek 2 system
(bioMérieux, Marcy-L’Etoile, France) using the YST card
according to the manufacturer’s guidelines. In addition, C.
glabrata ATCC 2001 type strain was included as a control
strain in all experiments.

2.2. Molecular Identification. Yeast cells obtained from pure
colonies were recovered from Sabouraud Dextrose Agar
and used for DNA extraction with the Gentra® Puregene®
Yeast and G+ Bacteria Kit (Qiagen®). The strains were
identified by sequencing the ITS1-5.8S-ITS2 region of the
rDNA as previously described [9], using the primers
ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′). Sequences were edited
using the Sequencher™ version 4.9 and compared by BLAST
with sequences available from the NCBI/GenBank database.

2.3. Antifungal Susceptibility Testing. In vitro antifungal sus-
ceptibility testing was performed according to the recommen-
dations proposed by the Clinical and Laboratory Standards

Institute (CLSI) M27-A3 protocol [19]. Amphotericin B
(AMB), fluconazole (FLC), itraconazole (ITC), micafungin
(MCF), and 5-flucytosine (5-FC) (Sigma-Aldrich Chemical
Corporation, St. Louis, MO, USA) were tested. Briefly,
RPMI 1640 medium with L-glutamine and without bicar-
bonate (Gibco BRL, Life Technologies, Woerden, The
Netherlands), buffered with 0.165M 3-N-morpholinepro-
panesulfonic acid (MOPS), pH7.0, was used for the broth
microdilution test. Two-fold dilutions of the drugs were
performed and distributed in 96-well flat bottom plates
in concentrations ranging from 64–0.125μg/mL for FLC
and 5-FC, 8–0.015μg/mL for AMB and ITC, or 4–
0.008μg/mL for MCF. The fungal inoculum was prepared
from a 24h Sabouraud Dextrose Agar culture incubated at
35°C; the cells were harvested in RPMI medium and
diluted to about 1–5× 103 cells/mL. The plates were incu-
bated at 35°C for 24 h. The minimal inhibitory concentra-
tions (MIC) of the drugs were determined according to
the CLSI M27-A3 recommendations [19]; and the MIC
values for AMB, ITC, and 5-FC were interpreted following
the CLSI M27-S3 protocol; and the MIC values for FLC
and MCF were interpreted according to the CLSI M27-
S4 protocol [20, 21]. MICs were validated after a second
experiment performed under the same conditions with
the same MIC value verified for each strain.

2.4. Production of Hydrolytic Enzymes. The production of
hydrolytic enzymes was carried out in agar plate assays as
described previously by Price et al. [22]. Briefly, the aspartic
protease activity was determined using 1.17% yeast carbon
base medium supplemented with 0.2% bovine serum albu-
min according to Rüchel et al. [23]. Caseinase activity was
assessed using Sabouraud Dextrose Agar provided with 1%
casein as previously described by Ziccardi et al. [24]. The
determination of phospholipase activity was performed using
the egg yolk agar plate method (2% glucose, 1% peptone,
0.5% yeast extract, 4% NaCl, 0.074% CaCl2, 1.5% agar, then,
2% of fresh egg yolk was added to the medium) as previously
described by Price et al. [22]. The esterase production was
assayed using the Tween agar plate (0.5% yeast extract, 1%
peptone, 0.01% CaCl2, 1.5% agar, and 0.1% Tween 80,
pH7.0) according to Aktas et al. [25]. Phytase activity was
evaluated using the calcium phytate agar (1% glucose,
0.05% (NH4)2SO4, 0.02% KCl, 0.01% MgSO4·7H2O, 0.2%
calcium phytate, 0.05% yeast extract, 0.0005% MnSO4,
0.0005% FeSO4, and 1.5% agar, pH7.0) according to Tsang
[26]. The hemolytic activity was evaluated in a commercial
blood agar plate assay (Plast Labor, Brazil). To determine
enzymatic activities, aliquots (10μl) of 48 h old cultured fun-
gal cells (107 cells) were spotted on the surface of each agar
medium and incubated at 37°C for up to 7 days. The colony
diameter (a) and the diameter of the colony plus the precip-
itation zone (b) were measured by a graduated ruler, and the
enzymatic activities were expressed as Pz value (a/b) as previ-
ously described [22]. The Pz value was scored into four cate-
gories: Pz of 1.0 indicated no enzymatic activity; Pz between
0.999 and 0.700 indicated weak producers; Pz between 0.699
and 0.400 corresponded to good producers; and Pz lower
than 0.399 meant excellent producers [22].
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Determination of catalase activity was performed using a
semiquantitative assay with slight modifications according to
Metchock et al. [27]. In brief, screw-cap tubes containing
Sabouraud Dextrose Agar medium were inoculated with
200μL of a suspension of C. glabrata cells corresponding to
the 0.5 McFarland standard and incubated at 37°C for 48h.
After this incubation, 1mL of a freshly prepared 1 : 1 mixture
of 10% Tween 80 and 30% hydrogen peroxide was added to
the cultures. The column bubble was measured in millime-
ters after 5min at room temperature. Uninoculated medium
was used as a negative control. A column of bubbles of
<45mm was classified as low catalase producers, while a
column bubble of >45mm was classified as high catalase
producers [27].

Since media and conditions may play a key role in
the gene expression of the enzymes studied, all enzymatic
tests were performed with culture media prepared from a
single bottle and tested using the same equipment. Moreover,
all the tests for the determination of production of hydrolytic
enzymes were performed in duplicate, and results of
enzymatic activities are presented as mean± standard
deviation (SD).

2.5. Statistical Analysis. The statistical analyses were per-
formed with the GraphPad Prism 5 computer software®.
The correlation between MIC values and the enzymatic
activity was performed using the Spearman’s rank correla-
tion, since the variables do not meet the bivariate normal
distribution assumption. The strength of the relationship
between paired data was interpreted through the Spearman’s
correlation coefficient (rs) analysis, where the closer rs is to
±1, the stronger the relationship. Additionally, strains were
grouped according to their susceptibility profile (suscepti-
ble-dose dependent/resistant for FLC; susceptible/nonsus-
ceptible for other drugs), and the median value of the
enzymatic activity of each group was compared using the
Mann–Whitney U test. P values of 0.05 or less were consid-
ered to be statistically significant in all tests.

3. Results

3.1. Phenotypic and Molecular Identification of Fungal
Strains. All the 91 clinical yeast strains produced colonies
with a coppery pigment and smooth texture on chromogenic
CHROMagar Candida medium, and contamination or
mixed colonies were not detected. According to the biochem-
ical analysis by the Vitek 2 system, these strains were identi-
fied as C. glabrata with an average probability of 98%.

Moreover, all the 91 yeast strains were identified
through sequencing of ITS1-5.8S-ITS2 region of the
rDNA. These clinical strains showed 99-100% similarity
when compared to the C. glabrata AY939793 sequence
deposited in the GenBank database, thus confirming their
identity as C. glabrata. No C. nivariensis or C. bracarensis
was found in this study. The obtained sequences to ITS1-
5.8S-ITS2 region of the clinical strains were deposited in
GenBank under the accession numbers KX450781-
KX450814, KX450816-KX450833, KX450835-KX450861,
and KX450863-KX450874.

3.2. Susceptibility of C. glabrata against Five Antifungal
Drugs. Concerning the antifungal susceptibility profile
(Table 1), all the 91 clinical strains of C. glabratawere suscep-
tible to 5-FC. However, some of these strains showed resis-
tance to AMB, FLC, ITC, or MCF. In brief, nine C. glabrata
strains (9.9%) were likely to be resistant to AMB as follows:
five strains exhibited MIC of 2μg/mL, one strain presented
MIC of 4μg/mL, and three strains exhibited MIC of 8μg/ml
to this polyene agent. FLC was the azole with the highest
number of resistant strains (MIC≥ 64μg/mL). A total of 14
strains (15.4%) were resistant to FLC, whereas five (5.5%)
presented resistance to ITC. Fourteen strains of C. glabrata
(15.4%) exhibited MIC> 0.12μg/mL to MCF.

The C. glabrata ATCC 2001 type strain was classified as
susceptible-dose dependent to FLC (MIC of 8μg/mL) and
susceptible to AMB, ITC, MCF, and 5-FC (MIC of 0.12,
0.06, 0.06, and 0.12μg/mL, resp.).

Eleven of the 91 strains tested (12.1%) were classified as
resistant to at least two antifungal drugs. Table 2 summarizes
the resistance profile of the Brazilian tested clinical strains
of C. glabrata.

Association between resistance and the clinical origin of
strains or year of isolation was not detected for any of the
tested antifungal drugs (P > 0 05).

3.3. Production of Hydrolytic Enzymes. In this set of experi-
ments, the in vitro abilities of the C. glabrata to produce pro-
teases (aspartic protease and caseinase), phospholipase,
esterase, phytase, hemolysin, and catalase were evaluated.
Phospholipase and caseinase activities were not detected
under the employed experimental conditions for any of the
tested strains. Eighty-seven strains of C. glabrata (95.6%)
were able to produce aspartic protease (Pz ranging from
0.100 to 0.583), while four strains (4.4%) showed no enzy-
matic activity for this hydrolytic enzyme (Pz= 1.0). The clin-
ical strains of C. glabrata producing aspartic protease were
classified as follows: 30 clinical strains (33.0%) were consid-
ered excellent producers (Pz ranging from 0.100 to 0.395),
and 57 clinical strains (62.6%) were classified as good pro-
ducers (Pz ranging from 0.400 to 0.583).

Esterase was detected in 51 C. glabrata strains (56.0%),
being one strain (1.1%) classified as excellent esterase pro-
ducer (Pz mean=0.393± 0.050), 48 strains (52.7%) were
considered good producers (Pz ranging from 0.414 to
0.667), and two strains (2.2%) were considered weak
producers (Pz ranging from 0.762 to 0.800).

Regarding the phytase production, all the strains were
positive (Pz ranging from 0.114 to 0.762), in which 10 strains
(11.0%) were considered excellent producers (Pz ranging
from 0.114 to 0.380), 80 strains (87.9%) were classified as
good producers (Pz ranging from 0.400 to 0.692), and one
strain (1.1%) was considered weak phytase producer (Pz
mean=0.762± 0.050).

Hemolytic activity was observed in 90 C. glabrata strains
(98.9%), being one strain (1.1%) considered excellent pro-
ducer of hemolysins (Pz mean=0.385± 0.000), 82 strains
(90.1%) classified as good producers (Pz ranging from 0.409
to 0.688), and seven strains (7.7%) were considered weak
producers (Pz ranging from 0.722 to 0.795).
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The C. glabrata ATCC 2001 type strain was considered
an excellent aspartic protease producer (Pz mean=0.357
±0.034) and a weak producer of phytase (Pz mean=0.714
±0.000). Caseinase, phospholipase, esterase, and hemolytic
activities were not detected under the employed experimental
conditions for this strain.

The activity of catalase was detected in all C. glabrata
strains studied, including C. glabrata ATCC 2001 type strain.
All the strains produced bubbles almost immediately after
hydrogen peroxide hydrolysis, and these strains were classi-
fied as high catalase producers.

The profile of hydrolytic enzymes related to virulence of
the strains was not related to the clinical origin of the strains
nor the year of strain isolation (P > 0 05).

3.4. Relationship between Antifungal Susceptibility Profile and
Virulence Attributes. Spearman’s correlation revealed signifi-
cant associations between phytase production and AMB
MIC, hemolysin production and FLC MIC, esterase produc-
tion and MCF MIC, and hemolysin production and MCF
MIC (Table 3). According to the rs analysis, phyatse Pz and
AMB MIC, hemolysin Pz and FLC MIC, hemolysin Pz and
MFC MIC have a negative monotonic correlation, whereas
esterase Pz and MCF MIC are positively monotonically cor-
related. Moreover, the strength of all negatively correlated
variables was classified as weak, and the esterase/MCF corre-
lation was classified as moderate.

Regarding the enzymatic activities of strains grouped
according to their susceptibility profile, differences in the

median production value of all studied hydrolytic enzymes
were not detected in strains of C. glabrata with different sus-
ceptibilities to AMB (P > 0 05). However, statistically signifi-
cant differences on the median esterase Pz values were
noticed between strains with different MCF susceptibility
profiles and also on the median Pz values for hemolytic activ-
ity between strains with different FLC, ITC, andMCF suscep-
tibility profiles (Figure 1).

4. Discussion

Phenotypic methods are not able to discriminate among C.
glabrata, C. nivariensis, and C. bracarensis [9, 10]. Therefore,
as suggested by others authors [9, 28], a molecular method
based on sequencing of ITS1-5.8S-ITS2 region of the rDNA
was employed to conclude the identification of the clinical
strains analyzed in this study. C. glabrata was the sole species
found. These results are in agreement with the previous stud-
ies [12, 29], showing the high prevalence of C. glabrata taken
into consideration the C. glabrata species complex. The cor-
rect identification of yeast species causing invasive mycoses is
fundamental to ensure proper management of the patient
and specific, early, and effective antifungal therapy [9, 30, 31].

Among the antifungal agents used in the management of
candidiasis, we can highlight the amphotericin B, flucona-
zole, itraconazole, voriconazole, posaconazole, isavucona-
zole, echinocandins, and 5-flucytosine [14]. Unfortunately,
only FLC and the echinocandins have clinical breakpoints
described by the CLSI to C. glabrata [21]. Although no

Table 1: In vitro antifungal susceptibility profile in 91 Brazilian clinical strains of Candida glabrata.

Antifungals
MIC (μg/mL)

CLSI interpretation
Number of strains (%)

Range MIC50/MIC90 GM S SDD or I R

Amphotericin B1 0.06–8 0.5/2 0.61 82 (90.1) — 9 (9.9)

Fluconazole2 0.5–≥64 16/64 11.23 — 77 (84.6) 14 (15.4)

Itraconazole1 0.016–4 0.25/0.5 0.22 31 (34.1) 55 (60.4) 5 (5.5)

Micafungin2 0.016–1 0.06/0.25 0.08 51 (56.0) 26 (28.6) 14 (15.4)

5-Flucytosine1 0.12 0.12/0.12 0.12 91 (100.0) — —

MIC: minimal inhibitory concentration; CLSI: clinical and laboratory standards institute; GM: geometric mean; S: susceptible; SDD: susceptible-dose
dependent; I: intermediary; R: resistant. 1Breakpoints established by M27-S3 protocol [20]. In sum, strains with amphotericin B MIC > 1 μg/mL are likely to
be resistant to this drug; itraconazole MIC ≤ 0.125 μg/mL are likely to be susceptible, 0.25 ≤MIC ≤ 0.5 μg/mL are likely to be intermediary, and MIC ≥ 1 μg/
mL are likely to be resistant to this drug; 5-flucytosine MIC ≤ 4 μg/mL are likely to be susceptible, 8 ≤MIC ≤ 16 μg/mL are likely to be intermediary, and
MIC ≥ 32 μg/mL are likely to be resistant to this drug. 2Breakpoints established by M27-S4 protocol [21]. In sum, C. glabrata strains with fluconazole
MIC ≤ 32 μg/mL are likely to be susceptible-dose dependent and MIC ≥ 64 μg/mL are likely to be resistant to this drug; C. glabrata strains with micafungin
MIC ≤ 0.06 μg/mL are likely to be susceptible, MIC = 0.12 μg/mL are likely to be intermediary, and MIC ≥ 0.25 μg/mL are likely to be resistant to this drug.

Table 2: Resistance to at least two antifungal drugs in Brazilian clinical strains of Candida glabrata.

Antifungals Number of strains (%) Clinical specimen (number of strains)

AMB and FLC 5 (5.5) Bronchoalveolar lavage (1), pleural fluid (1), blood (2), vaginal secretion (1)

AMB, FLC, and MCF 1 (1.1) Feces (1)

FLC and ITC 2 (2.2) Sputum (1), urine (1)

FLC and MCF 2 (2.2) Blood (1), vaginal secretion (1)

FLC, ITC, and MCF 1 (1.1) Vaginal secretion (1)

AMB: amphotericin B; FLC: fluconazole; ITC: itraconazole; MCF: micafungin.
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clinical breakpoints for AMB have been suggested, the CLSI
document indicates that MIC values for this antifungal drug
higher than 1μg/mL are suggestive of resistance [19], the rea-
son for the inclusion of this drug in our analysis. Clinical
breakpoints for caspofungin and C. glabrata have been
described. However, some studies have pointed that the

broth microdilution testing is not suitable for caspofungin
MIC determination, since unexplained interlaboratory dif-
ferences are very common for this drug [32–34], and there-
fore caspofungin was not included in this study. Instead,
MCF was chosen to check whether virulence attributes regu-
late echinocandins’ resistance, since this drug does not raise

Table 3: Correlation between production of five potential fungal virulence-related enzymes and minimum inhibitory concentrations of four
different antifungal drugs in 91 Brazilian clinical strains of Candida glabrata.

Antifungals
Hydrolytic enzymes, P∗ (rs)

Aspartic protease Esterase Phytase Hemolysin Catalase

Amphotericin B 0.7409 (0.04) 0.3865 (0.09) 0.0353 (−0.22) 0.1771 (−0.14) 0.2567 (0.12)

Fluconazole 0.7230 (−0.04) 0.1493 (0.15) 0.0910 (−0.18) 0.0040 (−0.30) 0.4128 (−0.09)
Itraconazole 0.6495 (0.05) 0.4667 (0.08) 0.3749 (0.09) 0.1418 (−0.16) 0.8592 (−0.02)
Micafungin 0.0559 (−0.20) <0.0001 (0.40) 0.3768 (−0.09) 0.0034 (−0.30) 0.0922 (−0.18)
∗P values of 0.05 or less (in bold) were considered statistically significant.
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Figure 1: Differential expression of hydrolytic enzymes by 91 Candida glabrata strains with different susceptibility profiles against antifungal
drugs: (a) hemolytic activity of strains regarding fluconazole susceptibility; (b) hemolytic activity of strains regarding itraconazole
susceptibility; (c) hemolytic activity of strains regarding micafungin susceptibility; and (d) esterase activity of strains regarding micafungin
susceptibility. Straight lines in each group represent the median for that group. In all the cases, differences between medians of groups
with different susceptibility profiles were statistically significant (P < 0 05).
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the same problems observed during MIC determination of
caspofungin [34].

In this study, the majority of C. glabrata strains presented
a MIC≤ 1μg/mL to AMB. Fluconazole and micafungin resis-
tance were noted among some C. glabrata strains. Similar
results were observed in a Portuguese multicenter survey
[35] and in a global study developed during the 2014
SENTRY antifungal surveillance program. [36]. However,
previous studies developed in Peru [37] and Brazil [38], with
a small number of strains (N = 8 and 15 isolates, resp.) did
not find C. glabrata strains with AMB MIC> 1μg/mL.

According to the clinical breakpoints for C. glabrata, it
was observed that the frequency of resistant strains was
higher to FLC and MCF. Moreover, some C. glabrata strains
were resistant to both FLC and MCF. Similar results were
found in other studies showing that fluconazole-resistant C.
glabrata isolates were resistant to one or more echinocandins
[5, 15]. Echinocandins’ resistance appears to be associated
with prior exposure to these drugs as well as the presence
of FKS mutations [15, 16], while azole’s resistance can be
the result of an alteration of the lanosterol 14α-demethylase
target enzyme by either overexpression or mutations in its
encoding gene ERG11 [39], or overexpression of efflux
pumps mediated by the activation of expression of ATP-
binding cassette (ABC) or major facilitator superfamily
(MFS) transporters [40–42].

In this study, flucytosine demonstrates the greatest
in vitro antifungal activity against C. glabrata clinical strains.
However, in vivo, this drug is usually given in combination
with another antifungal agent due to a high rate emergence
of resistance during monotherapy for candidiasis [14].

In addition to the CLSI method employed in this
study, the only other international standard method for
antifungal susceptibility testing of yeasts is that published
by European Committee on Antimicrobial Susceptibility
Testing (EUCAST) [43]. Pfaller et al. [44] compared these
two standardized methods for 10 antifungal agents, includ-
ing amphotericin B, fluconazole, itraconazole, micafungin,
and flucytosine against a collection of clinical isolates of
Candida albicans, C. glabrata, C. parapsilosis, C. tropicalis,
and C. krusei. The results indicate that the CLSI and
EUCAST methods produce similar results for antifungal
susceptibility testing against the five most common species
of Candida, indicating that their use should not result in
resistance profiles different enough to affect direct treat-
ment decisions.

In Candida species, extracellular hydrolytic enzymes
facilitate the nutrition, adherence, colonization, penetration
of tissues or cells, invasion, dissemination, and escape from
host immune responses [18, 45]. Moreover, secretion of
hydrolytic enzymes has the ability to regulate Candida spp.
antifungal drug resistance [46].

Aspartic proteases are enzymes with high proteolytic
activity and stability at acid pH [47]. These enzymes control
several steps in innate immune evasion, and they degrade
proteins related to immunological defense such as antibodies,
complement, and citokines, allowing the fungus to escape
from the first line of host defenses [48]. Moreover, a study
developed by Silva et al. [46] suggests that naturally resistant

Candida spp. or isolates that have developed resistance after
prolonged exposure to drugs may present an increase in the
secretion pattern and proteolytic activity of secreted aspartic
proteases (SAP), but more studies are needed to elucidate its
relation. In our study, most strains of C. glabrata were
classified as good aspartic protease producers. However,
C. glabrata does not possess classical SAP genes in its
genome [46, 49]. Probably the enzymatic degradation of
albumin verified herein may be due to the production of
yapsins. The yapsins (YPS) are a family of five nonsecreted
glycosylphosphatidyinositol-linked aspartic proteases that
have a well-known role in cell wall integrity and increase
the capacity of the fungus to survive inside human macro-
phages [50]. A study developed by Swoboda-Kopeć et al.
[51] confirmed the prevalence of three genes (YPS2,
YPS4, and YPS6) in the majority of C. glabrata strains
isolated from clinical specimens.

Casein is a mixture of phosphoproteins that can be
hydrolyzed by a series of enzymes collectively called casei-
nases. These enzymes belong most likely to the metallo and
serine protease families [52]. Caseinase activity was not
detected under the employed experimental conditions for
any of the tested C. glabrata strains. However, these results
were discordant from those found by Abbes et al. [53]
who reported caseinase activity in 16 C. glabrata isolates.
Secretion of caseinase has also been observed in Candida
parapsilosis sensu stricto [24], Candida haemulonii species
complex [54], and Yarrowia lipolytica [53]. Pärnänen et al.
[55] identified a serine protease in C. glabrata linked to
the fungal cell wall, but its role in virulence of C. glabrata
remains uncertain.

Phospholipases and esterases are extracellular lipolytic
enzymes involved in virulence of Candida spp. [24, 54]. Their
possible functions include digestion of lipids for nutrient
acquisition, adhesion to cells and tissues of the host, synergis-
tic interactions with other enzymes, nonspecific hydrolysis,
initiation of inflammatory processes by affecting cells of the
immune system, and self-defense [56]. In this work, none
of the C. glabrata strains had detectable levels of phospholi-
pase. Udayalaxmi et al. [57] also did not find phospholipase
activity in 14 C. glabrata clinical strains isolated from the
genitourinary tract. A study from Brazil detected phospholi-
pase activity by the agar plate methodology only in one C.
glabrata strain isolated from the nasolacrimal duct outlet of
a horse [58], thus confirming the low phospholipase pro-
duction in C. glabrata, especially those isolated from
human clinical specimens. In a survey among Candida
vaginal isolates from Egypt, phospholipase activity was
observed in a small number of C. glabrata strains. This
same study also detected the phospholipase PB2 gene in
a few strains studied. On the other hand, the incidence
of the phospholipase PB1 gene in the Candida population
studied was high, ranging from 87.5% to 95%, depending
on the patient history for diabetes [59].

Esterase production was the virulence-related phenotype
with more variation among the strains of this study. In a
study from Iran with eight C. glabrata strains isolated from
the oral mucosa, the esterase production showed less varia-
tion than the present work, with most strains classified as
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esterase producers [60]. On the other hand, a study from
Turkey revealed that only one from 14 C. glabrata strains
isolated from bloodstream infection was considered positive
in the esterase agar assay. These data suggest that esterase
production in C. glabrata may be highly heterogeneous
according to the source of the clinical material or the geo-
graphic region from which the strains were isolated. A major
production of esterase was observed in MCF susceptible C.
glabrata strains. Enzymes with the ability to degrade chitin
are also classified as esterases [61], and high chitin levels
are associated with a resistance to caspofungin in some
Candida species [62]. We are unaware to what extent the
esterase agar plate assay employed in this study can also
detect chitin desacetylases or if the expression of genes for
all esterase families has the same regulation in C. glabrata
strains. The Spearman’s correlation analysis revealed that as
MCF MIC increases, esterase production does not increase,
which could be the reflex of a higher chitin content in the cell
walls of resistant strains due to a lower chitin degradation.
Further studies are under way to check this hypothesis.

Phytase is a phosphohydrolase that cleaves phytate-
releasing inorganic phosphate and inositol, two essential
nutrients for all living cells [63]. In this study, phytase activity
was detected in all C. glabrata strains. Similar results have
been reported in different Candida spp., including C. glab-
rata [26], Candida parapsilosis species complex [24, 64],
and Candida haemulonii species complex [54]. In Candida
spp., the maintenance of a supply of inositol and phosphate
mediated by phytase seems to be especially important for
pathogen survival and persistence in the host [26]. It was
observed that as AMB MIC increases, phytase production
does not decrease in the C. glabrata strains of our study. To
the best of our knowledge, there are no reports of a correla-
tion between phytase production and AMB MIC. Although
we were not able to find differences between median phytase
Pz values among susceptible and resistant AMB strains,
the P value obtained by the Mann–Whitney test was low
(P = 0 07), and the difference observed between the two
statistic tests may be explained by the low number of
AMB-resistant strains in the studied population.

Iron uptake is one of the fundamental requirements for
pathogenic fungi to survive and grow into their hosts. There-
fore, their survival depends on specialized mechanisms in
order to adapt to the restrictions of micronutrients during
pathogenesis. In general, fungi have to lyse red blood cells
to assimilate the iron associated with hemoglobin [65]. Only
one of the C. glabrata strains of this study was unable to
produce hemolysins, results that agree with previous publica-
tions [66–68], reflecting the importance of this virulence
factor for this yeast. In fact, iron uptake mechanisms have
been demonstrated as necessary for virulence in C. glabrata
[69]. Iron uptake is also involved in resistance of Cryptococ-
cus neoformans [70] and Candida species [71] to FLC.
During FLC resistance acquirement by a C. glabrata strain
exposed to crescent concentrations of this azole, an enhance-
ment of hemolytic activity associated with an overexpression
of the hemolysin gene was also observed [72]. Therefore, we
would expect that azole-resistant strains would express more
hemolysins. Since low numbers of FLC and ITC cross-

resistance were observed in our study, we could speculate
that the different iron-dependent mechanisms regulate resis-
tance to the different azoles. Surprisingly, it was also noticed
that expressions of hemolysins were higher in C. glabrata
strains resistant to MCF. A synergistic effect between MCF
and deferasirox, an iron chelator, has been described for
Pythium insidiosum, suggesting that iron enhances resistance
to this echinocandin [73]. Our results support that a similar
mechanism occurs in C. glabrata. In sum, iron uptake is asso-
ciated not only to azole resistance in C. glabrata, but also to
the resistance to echinocandin drugs, such as MCF. These
results encourage the development of new therapeutic strate-
gies involving iron depletion, already described for C. albi-
cans [74], for the treatment of invasive C. glabrata infections.

Catalase was expressed by all tested strains. However, no
correlation was observed between the activity of this enzyme
and the antifungal susceptibility of these clinical isolates. C.
glabrata possesses both enzymatic and glutathione mecha-
nisms to resist to the oxidative stress induced by the host
immune defenses [75], and our results reinforce the impor-
tance of enzymatic mechanisms to maintain redox homeo-
stasis in clinical C. glabrata strains.

5. Conclusions

These findings contribute to a better understanding of the
C. glabrata pathogenesis, showing that aspartic protease,
esterase, phytase, hemolysin, and catalase are present in
strains from clinical origin. Moreover, the association
between expression of some virulence factors with the
antifungal resistance to polyenes, azoles, and echinocan-
dins encourages the development of new therapeutic syn-
ergistic strategies involving virulence mechanisms such as
hydrolytic enzymes as potential targets against drug resis-
tance in C. glabrata infections.
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Diseases caused by fungi can occur in healthy people, but immunocompromised patients are the major risk group for invasive
fungal infections. Cases of fungal resistance and the difficulty of treatment make fungal infections a public health problem. This
review explores mechanisms used by fungi to promote fungal resistance, such as the mutation or overexpression of drug targets,
efflux and degradation systems, and pleiotropic drug responses. Alternative novel drug targets have been investigated; these
include metabolic routes used by fungi during infection, such as trehalose and amino acid metabolism and mitochondrial
proteins. An overview of new antifungal agents, including nanostructured antifungals, as well as of repositioning approaches is
discussed. Studies focusing on the development of vaccines against antifungal diseases have increased in recent years, as these
strategies can be applied in combination with antifungal therapy to prevent posttreatment sequelae. Studies focused on the
development of a pan-fungal vaccine and antifungal drugs can improve the treatment of immunocompromised patients and
reduce treatment costs.

1. Introduction

Endemic mycoses as well as some other mycoses include self-
limiting cutaneous, subcutaneous, systemic, and dissemi-
nated infections. People living in areas of endemic mycosis
caused by dimorphic fungi are exposed to and can acquire
fungal infections [1–3]. Fungal infections are responsible
for morbidity and mortality which are accompanied by high
costs to the health system. Antifungal chemotherapy is gen-
erally required to treat fungal infections. Despite its modest
efficacy against fungal cells and the frequent relapse
observed, it is currently the best treatment option. Unfortu-
nately, treatment lasts several months, and the derivation of

treatment may last for up to 2 years with sulfonamides, poly-
enes, azoles, or echinocandins (reviewed in [4]).

Increasing mortality rates caused by fungal diseases,
often with the appearance of antifungal-resistant lineages,
motivates a scientific race to discover new drug targets. Fun-
gal infection can occur in patients who are immunosup-
pressed due to organ transplantation, intensive care unit
hospitalization, cancer, HIV, surgery, or leukemia as well as
in patients who use antibiotics able to modify human micro-
biota. The number of immunocompromised patients has
increased in recent decades and unfortunately continues to
grow. Cases of fungal resistance have accompanied this
growth [5]. Due to the immunological conditions of patients,
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the microorganisms grow in an environment where the cur-
rent therapeutic arsenal is not efficient because the natural
immune system is essential to assist in combating infection
[6]. The overall inefficiency and high toxicity of current anti-
fungal therapies are also noteworthy [5]. In this context, it is
very important to develop a new class of broad-spectrum
antifungal agents to circumvent these problems.

2. Antifungal Resistance Mechanisms

From a clinical perspective, drug resistance occurs when the
appropriate drug therapy is not effective, causing persis-
tence/progression of an infection [7]. However, the mole-
cular mechanisms that lead to antifungal resistance are
complex. Fungal cells must commonly adapt to the presence
of toxic drugs; the primary molecular survival strategies
include (1) mutation of drug targets that reduces its affinity
for the drug, (2) overexpression of the targeted protein by
modification of the promoter region of the gene, (3) expres-
sion of an efflux system, (4) degradation of the drugs, and
(5) pleiotropic drug responses [8]. The similarity of the biol-
ogy of the eukaryotic host and fungal pathogens has led to a
drug development focused on the specific characteristics of
fungal cells. For example, the fungal cell wall is a specific anti-
fungal drug target. In addition, ergosterol is present in fungal
membranes and can be used as a drug target, because it is
distinct from the cholesterol present in mammalian cells.
Commercial antifungal drugs that act on the cell wall or
on ergosterol include azoles, echinocandins, and polyenes.

2.1. Fungal Resistance to Azoles. In the last 25 years, several
azole drugs (including imidazoles and triazoles) have been
used against fungal diseases. These drugs target lanosterol
demethylase (cytochrome P450), which has evolved to par-
ticipate in ergosterol biosynthesis. This enzyme is encoded
by the ERG11 gene; its inactivation prevents ergosterol pro-
duction, leading to the accumulation of methylated sterols
such as the toxic 14-α-methyl-ergosta-8-ene-3,6-diol in the
fungal cell [9]. The resistance mechanisms to these drugs
are complex. The mutations in the genes CYP51A and
CYP51B (homologous to ERG11) are described as reducing
the interaction of the drug with the genetic product. The sub-
stitutions G54, P216, F219, M220, and G448 have been
described as conferring azole resistance [10]. The efflux of
azoles has also been reported and is performed by an ATP-
binding cassette (ABC) transporter. In Saccharomyces cerevi-
siae, PDR5 and PDR15 transporters are overexpressed in
azole-resistant strains and are described as conferring azole
resistance through efflux [11]. In the last ten years, azole
resistance caused by environmental exposure has been stud-
ied extensively. This resistance is likely the result of a TR
motif (a tandem repeat motif with at least 34-base TR) in
the promoter region of CYP51A and amino acid mutation,
which is well characterized in Aspergillus fumigatus, that
leads to overexpression of the drug protein target. It is estab-
lished that this resistance mechanism was developed after
exposure of fungal cells to azoles [12]. Recently, the TR34
motif was found associated with the sterol regulatory
element-binding protein (SREBP) SrbA and the CCAAT-

binding complex (CBC), which is related to repression of ste-
rol synthesis [13]. In this case, the azole tolerance is the result
of CBC repression that increases sterol synthesis. In Crypto-
coccus neoformans, the exposure of infected mice to a low
dose of fluconazole increases the minimum inhibitory con-
centration (MIC) of colonies recovered from animals and
increases the melanization and capsule size, which are classi-
cal virulence factors in this fungus, showing that previous
exposure to antifungals leads to different resistance mecha-
nisms in different fungal species [14]. The degradation of
azoles is not well characterized, but studies performed with
A. fumigatus correlate the mitochondrial complex I with
metabolism of azoles, causing drug resistances, as mutants
of this complex lost azole resistance [15]. Multidrug resis-
tance (MDR) can also lead to azole resistance and includes
the phenotype achieved by interactions between transcrip-
tional activators, mediator complexes, and efflux pumps act-
ing as a network in response to several molecules. Azole
resistance caused by MDR is described in S. cerevisiae and
includes the expression of genes regulated by two homolo-
gous transcriptional factors PDR1 and PDR3 [16]. Azole
resistance related to the MDR efflux system is also reported
in the economically important plant pathogen Zymoseptoria
tritici, because overexpression of the MgMSF1 transporter
was detected in azole-resistant strains [17].

The fluconazole resistance was reported in the dimorphic
fungus Histoplasma capsulatum, causing treatment failure in
HIV patients. In this case, itraconazole was more effective for
treatment [18].

2.2. Fungal Resistance to Echinocandins. The echinocandins
(lipopeptide molecules) are one of few new classes of antifun-
gals to reach the clinic in the last decade. This class includes
caspofungin, micafungin, and anidulafungin. These lipopep-
tides act on fungal cell walls by specific inhibition of 1,3-β-D-
glucan synthase, which is responsible for the biosynthesis of
β-1,3-glucan, the key fungal cell wall component [19]. The
enzyme consists of three FKS subunits, called FKS1, FKS2,
and FKS3 [20]. Resistance is often acquired during therapy
by modifying amino acid residues in the FKS1 and FKS2 sub-
units of β-1,3-glucan synthase. [21–23]. The function of the
FKS3 subunit remains unclear [23–25].

The mutations in FKS1 and FKS2 that code for catalytic
subunit genes can be amino acid substitutions that increase
MIC levels accompanied by a dramatic reduction in glucan
synthase activity [26–28]. For example, substitutions related
to the FKS1 gene in residues Phe641, Pro649, and Arg1361
(C. albicans homolog) have been described [29, 30]. For the
FKS2 subunit, the substitutions Ser641 and Ser645 strongly
reduce enzyme activity, causing a pronounced resistance
phenotype [20, 31]. The FKS1 and FKS2 amino acid residue
substitutions can vary depending on fungal species but also
cause echinocandin resistance [32–34].

β-1,3-glucan synthase echinocandin inhibition leads to
cell wall defects, which in turn cause cellular stress, and
several genes are expressed to adapt to this stress condition.
The signaling pathway driven by protein kinase C (PKC)
alters the biosynthesis of various carbohydrates related to
the cell wall, HOG (high-osmolarity glycerol) [35] and chitin
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biosynthesis [36, 37]; higher chitin levels are correlated with
echinocandin tolerance [38–40]. Altogether, these salvaging
pathway phenomena can help the fungus in adaptive cell wall
remodeling that enables the cells to survive, even with greater
echinocandin doses.

Dimorphic fungi have a natural resistance to echinocan-
dins during the pathogenic phase, but the resistance mecha-
nisms of the β-glucan synthase inhibitors are currently
unknown [41].

2.3. Fungal Resistance to Polyenes. Polyenes are fungicidal
and act on the membrane. These molecules are natural fer-
mentation products of Streptomyces, and the most used poly-
ene drug is amphotericin B (used in systemic mycoses). For
many years, it was believed that polyenes (amphipathic
drugs) bind strongly to ergosterol, destroying the proton gra-
dient and allowing leakage of ions [42]. Today, it is known
that drug-lipid complexes extract ergosterol from phospho-
lipid in the membrane, depleting ergosterol in the cell [43].
Amphotericin B is refractory to the development of resis-
tance, despite its use for 50 years in clinical treatment. In
Candida tropicalis, low ergosterol content in the membrane
is associated with reduced susceptibility to amphotericin
B [44]. Because amphotericin B increases the level of reactive
oxygen species (ROS) in fungal cells [45], amphotericin
B-resistant C. tropicalis produces less ROS and alters mito-
chondrial activity [46]. In Aspergillus terreus, the oxidative
damage caused by amphotericin B is more important in
causing cell injury than membrane permeation [47].

3. Metabolic Routes as Antifungal Drug Targets

In recent decades, the ability of researchers to identify and
validate antifungal targets has significantly improved due to
improvements in genetic tools for manipulation of fungal
pathogens, which lead to a wave of data arising from omics
studies and the standardization of animal models for fungal
infection. This research progress has begun to allow rational
drug design, which creates more efficient antifungal effects
with high specific toxicity [48]. In the pipeline for novel
investigation of new molecular targets, the following major
concerns should be taken into account: (1) the fungicidal
target must be essential for fungal survival throughout
the infectious process; (2) as mammalian and fungi share
basic eukaryotic characteristics, the target or inhibitor
must present highly selective toxicity to provide a favorable
therapeutic-toxic ratio; and (3) widespread targets among
the fungal pathogens must be economically attractive. In
addition, the new drug must be safe for use in fragile patients
with fungal infections.

3.1. Trehalose Metabolism Enzymes as Targets. In the search
for new antifungal drugs, the trehalose [α-D-glucopy-
ranosyl-(1→ 1)-α-D-glucopyranoside] biosynthetic pathway
arises as a potential target. Trehalose is a simple nonreducing
disaccharide containing two glucose units and plays critical
roles in general stress adaptation in fungi, as well as energy
reserves in certain fungi that might be used for ATP produc-
tion under certain stresses [49–51]. Trehalose can interact

with proteins and phospholipids to protect cell structures
such as the plasma membrane from degradation, along with
denaturation of intracellular proteins. This cell stress protec-
tant has been shown to be important in fungal adaptation to
mammalian body temperatures. In addition, studies with
human pathogens suggest that trehalose is a reactive oxygen
species scavenger and may protect against host oxidative
burst [48]. During central nervous system infection, C. neo-
formans expresses high amounts of trehalose synthase 1 gene
(tps1). Consistent with this result, cryptococcomas accumu-
lates considerable quantities of this disaccharide. Moreover,
functional studies with C. neoformans and C. gattii tps1
mutants revealed that this gene is important for growth at
37°C. However, deletion of tps1 has a fungicidal effect in host
tissues. Thus, such evidence strongly indicates that trehalose
counteracts host-imposed stresses other than temperature.
This hypothesis was validated when cryptococcal Δtps1 was
found to be severely attenuated in nematode and zebrafish
models, in which temperatures fell below mammalian tem-
peratures [52, 53]. TPS2 is a very specific phosphatase with
no characteristics that suggest it as a promiscuous phosphate
enzyme target. The trehalose phosphate synthase 2 is essen-
tial to keep C. neoformans growing at human body tempera-
ture; furthermore, its absence substantially impairs fungal
virulence. This enzyme is a broad-spectrum target, as strains
of C. albicans and A. fumigatus lacking its activity also exhibit
decreased virulence. Trehalases degrade trehalose in glucose
via a fuel-providing mechanism in fungi [54]. Although neu-
tral trehalase genes do not have an impact on C. albicans and
C. neoformans, an acidic enzyme influences C. albicans path-
ogenesis [55]. Validamycin A, a trehalase inhibitor, has a lim-
ited effect as an antifungal on C. albicans infection [56]. Thus,
trehalases are still not potential targets due to the presence of
multiple enzymes and different impacts on fungal cells. There
is no data indicating them as a broad-spectrum target. Future
efforts are encouraged to explore the impact of trehalose
metabolism on fungal biology and virulence.

3.2. Amino Acid Metabolism-Related Targets. Amino acid
biosynthetic routes have been shown as druggable targets,
because during infection, fungi are exposed to nutritional
stresses that require amino acid metabolism and present
fungus-specific enzymes/processes. Evidence shows that effi-
cient responses to amino acid starvation and requirements
are important for fungal pathogenicity; the absence of CpcA,
a transcriptional activator in amino acid starvation, and
AreA, a nitrogen metabolic repressor activated when
preferable nitrogen sources are not available, impairs A.
fumigatus virulence in a murine model of pulmonary
aspergillosis [57, 58]. Growing knowledge suggests that
biosynthetic pathways have purposes beyond nutritional
requirements; additional functions may exists that could
be even more important for pathogenicity [59]. During
fungal infection, the microorganism encounters specific
niches with variable amounts of amino acids/nitrogen
sources. Consequently, different infection models or routes
may interfere in the essentiality of a specific amino acid
biosynthesis in infection. A. fumigatus that lacks the HscA
gene (homocitrate synthase) required for lysine biosynthesis
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revealed that spores, but not hyphae, need free lysine to grow,
while hyphae use proteases to harvest lysine. Infection experi-
ments additionally demonstrated that in inhalation and
disseminated models, mutants presented avirulence and full
virulence, respectively, indicating differential availability of
lysine in these host niches [60]. More congruent niche-
specific phenotypes were observed in isoleucine/valine auxo-
trophic A. fumigatus strain, which lacks dihydroxy-acid
dehydratase (ilv3A); Δilv3A cells were avirulent in systemic
infection but only slightly attenuated in pulmonary infection.
Interestingly, the depletion of the paralogue ilv3B resulted
in fungal avirulence in any infection model [61]. However,
some biosynthetic pathways rise as niche-independent
routes that are essential for fungal pathogenicity. The A.
fumigatus HisB (imidazoleglycerol phosphates dehydroge-
nase) null mutant is unable to grow in blood agar and
hydrolyzed BSA as a nitrogen source in vitro; thus, it is
unable to establish infection in the lungs and bloodstream,
which suggests that those niches are unable to provide suffi-
cient amounts of histidine to support fungal growth.

Some amino acid biosynthetic genes are essential for
fungi. For instance, A. fumigatusmutants that exhibit auxot-
rophy for the three aromatic amino acids are impossible to
obtain. In addition, the AroM (dehydroquinate hydrolyase)
mutant could not be generated because of its essentiality.
As a result, a conditional promoter strategy driving the
expression of AroB (chorismate synthase) was used to obtain
aromatic amino acid auxotroph strain, which was unable to
grow in medium containing the three aromatic amino acids
and displayed attenuated virulence in pulmonary and
systemic murine infection models. This fact could be
explained by the accumulation of toxic chorismatic acid,
a mitochondrial function inhibitor [62]. Tryptophan bio-
synthetic genes of C. neoformans seem to be essential for this
fungus; however, exogenous supplementation with trypto-
phan, in nitrogen-depressed conditions (using proline as a
nitrogen source), partially restored growth [63]. Conditional
threonine mutants of C. neoformanswere more susceptible to
growth at human body temperature, but growth was partially
rescued when threonine dipeptides were offered [64].
Although biosynthesis of amino acids has been explored in
A. fumigatus and C. neoformans, knowledge of those path-
ways in dimorphic fungi such as Blastomyces dermatitidis,
H. capsulatum, Penicillium marneffei, and Paracoccidioides
is still poor. Based on our current knowledge, amino acid
biosynthetic routes are suitable targets for antifungal
development, because they are essential for fungal patho-
gens and have enzymes not found in humans. However,
some aspects must be considered in targeting amino acid
pathways: auxotrophy for certain amino acids can be
restored by uptake of exogenous molecules from proteo-
lytic products of fungal proteases and the niche-specific
requirement varies dramatically [59]. Thus, the generation
of conditional expressing mutants appears to be the best
strategy to analyze in vivo amino acid acquisition, when
null mutants are not obtainable.

3.3. Mitochondrial Proteins as Antifungal Targets. Compari-
son of mitochondrial genomes across databases resulted in

evidence that some mitochondrial protein complexes may
present species-specific proteins. Further, analysis of fungal
mitochondrial proteins identified both conserved and
fungus-specific molecules, among them were potential tar-
gets for the development of antifungal therapies. However,
functional assays will be required to determine their role in
pathogenesis. Current data from functional studies show a
correlation of defects in mitochondrial function with viru-
lence attenuation in C. albicans. The Ras1-Cyr-PKA signal-
ing pathway controls fungal virulence and filamentation.
The optimal functioning of this pathway requires a high cell
energy status. The RAS pathway interacts with complexes I
and IV but not with complex II or alternative oxidase [65].
Nuo1 and Nuo2 are NADH:ubiquinone oxidoreductase
proteins that were identified as nonmammalian complex I
proteins and are broadly conserved among fungi. The
mutants for these molecules presented low ATP synthesis
and respiration, defects in complex I assembly, and avirulence
in a mouse model, which confirm these two proteins as
interesting targets for antifungal development [66, 67]. Mito-
chondrial biogenesis includes the SAM (sorting and assembly
machinery) and ERMES (ER-mitochondria encounter struc-
ture) protein complexes, which are crucial for the import of
proteins into the intermembrane space and then to thematrix
with joint action of the membrane transporters. The disrup-
tion of Sam57 orMmm1, belonging to SAMandERMES com-
plexes, respectively, resulted in avirulent C. albicans strains
[68, 69].Another fungal-specific protein from theERMES sys-
tem is the GTPase Fzo. The lack of this protein is related to
increased hydrogen peroxide and azole susceptibility, proba-
bly due to the energy-dependent drug effluxpumps [66]. Some
studies have identified fission/fusion mitochondrially related
genes in the pathogen A. fumigatus. The fusion genesMgm1,
Ugo1, and Fzo1 play roles in fungal viability and virulence in
a galleriamodel. In contrast,fissionmutants showed impaired
sporulation and are not essential for virulence [70]. A recent
investigation identified a broad-spectrum antifungal candi-
date with activity againstCandida,Aspergillus, andCryptococ-
cus, namely, ilicicolin. This natural polyketide inhibits the
cytochrome Bc1 reductase of complex III and has no effect
on the mammalian enzyme [71–73]. Thus, several fungal-
specific mitochondrial proteins are promising because inhibi-
tion of these genes/proteins abrogates fungal pathogenicity.

3.4. Alternative Carbon Source Pathways. Carbon sources
may vary and fungal nutritional requirement differs through-
out the course and site of infection. In addition to the above-
mentioned amino acid-related attenuation of virulence,
nonmammalian carbon metabolizing pathways have been
described as important pieces of the fungal virulence arsenal.
Transcription profile studies indicate that C. albicans
downregulates glycolytic genes and upregulates glyoxylate
cycle genes, which facilitate the assimilation of two carbon
compounds with generation of anaplerotic oxaloacetate to
gluconeogenesis. Further studies showed that yeasts use
the glyoxylate cycle and gluconeogenesis when inside the
phagosome, while the glycolysis supports survival in tissues
[74–76]. However, other pathogenic fungi are not strictly
dependent on the glyoxylate cycle for successful colonization;
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A. fumigatus strains tested for the impact of isocitrate lyase
(ICL) resulted in no virulence attenuation [77]. Similar
results for ICL mutants were observed in C. neoformans
[78]. Differently, A. fumigatus relies more on the methylci-
trate cycle (MCC) for survival in mammalian hosts [79].
Experimental infections with a methylcitrate synthase
mutant showed that efficient degradation of propionyl-CoA
is required for pathogenicity in a murine model of disease
and, furthermore, the fungal cells were cleared from host
tissues [80]. In this respect, transcriptional and proteomic
analyses support the hypothesis that dimorphic fungi
may rely on the MCC to adapt to carbon sources in host
niches. The mRNA and protein of MCC-specific genes
accumulate in infection-like conditions and during
mycelium-to-yeast differentiation [81–85]. Additionally, B.
dermatitidis cells recovered from mouse lungs show
increased levels of mRNAs encoding MCC genes, indicating
that fungal cells are exposed to propionyl-CoA-generating
compounds [86].

3.5. Vitamin Synthesis, Ergosterol Metabolism, and Cell Wall
as Targets for the Development of New Antifungals. Proteins
involved in de novo vitamin biosynthesis are also suitable tar-
gets for antimycotic therapies. Unlike C. albicans and A.
fumigatus, H. capsulatum is strongly dependent on phago-
cytes. This fungus is able to survive and grow inside phago-
somes of the host’s immune cells. H. capsulatum strains
with interrupted biosynthesis of panthothenate and ribofla-
vin were unable to proliferate in macrophage phagosomes
and revealed attenuated virulence in vivo [87]. Thus, as these
routes compose the set of metabolic adaptation to host
conditions and are absent in humans, their components are
strong candidates for antifungal therapy.

The metabolic processes of ergosterol biosynthesis, mem-
brane stability and maintenance, cell wall remodeling, and
folate synthesis are long-established drug targets. Although
the existing antifungal agents used to inhibit the abovemen-
tioned targets exhibit toxicity for patients and resistant
strains are often identified, these pathways are still consid-
ered to be in the pipeline for antifungal drug development,
because they are absent in mammals and important for
virulence. Polyoxins are peptide-derived compounds from
Streptomyces that inhibit chitin synthesis and consequently
are a promising therapy option. Drug repositioning and
rational design strategies are used to elaborate new fungicidal
compounds. The azole class of antifungals is a great option to
manage mycoses; nonetheless, drugs that stick to heme-
binding site of Erg11 also target host cytochromes, resulting
in liver toxicity. Recently, the compound VT-1161, a new
azole, was rationally designed to have low affinity to mamma-
lian proteins and high efficiency against C. albicans and
Coccidioides [88, 89]. This promising antifungal has recently
entered clinical trials [90]. Repositioning of anticancer drugs
rendered the identification of AR-12, an antimicrobial com-
pound that is highly potent against fungi. AR-12 inhibits
acetyl-CoA synthetase, an essential fungal enzyme [90], and
is effective against a broad collection within the kingdom of
fungi, including the dimorphic clade [91].

4. Strategies to Develop New Antifungal Agents

Fungal infections represent an important medical issue
particularly for immunocompromised patients, such as those
with organ transplants or suffering from cancer and HIV
infection, for whom fungal infections are frequently life-
threatening [92–96]. The rate of these fungal infections has
increased significantly in recent decades; pathogenic fungi
are responsible for approximately 1.5 million cases of infec-
tion per year [92–96]. Despite these alarming statistics, the
impact of fungal infections on human health has generally
been neglected [97].

Although drugs with antifungal properties are available,
they are limited when compared to antibacterial drugs. While
the discovery of drugs based on polyenes, azoles, and allyla-
mines may represent significant advances in the field of anti-
fungal agent research, several challenges common to other
pathogenic organisms such as side effects, narrow spectrum
of activity, and the development of drug-resistant fungi must
be overcome [98, 99]. The majority of antifungal drugs,
except for amphotericin B, have a fungistatic effect [100].
However, the use of amphotericin B is restricted due to its
side effects [100, 101]. Moreover, fungi are eukaryotic para-
sites that colonize a eukaryotic host, and the narrow range
of physiologic differences between the host and colonizer
may represent hurdles to developing safe and wide-ranging
antifungal agents.

Several strategies may be employed to develop drugs; one
of the foremost requirements for drug development is identi-
fication of relevant cellular targets to test these therapies. In
this regard, identification and development of novel antifun-
gal agents that have minimal toxicity to the host, as well as
identification of fungal-specific molecular targets, are essen-
tial. Notably, distinct strategies can be applied to develop
new antifungal agents to circumvent fungal resistance or pro-
mote a better quality of life for patients affected by fungal
infections. One of the most employed methods for the devel-
opment of new therapeuticals involves identifying bioactive
compounds present in plants, animals, and microorganisms
[99, 102–106]. In addition, a recent approach applies bioin-
formatics analysis to search in genomic databases for peptide
sequences that have the physical-chemical characteristics of
the antifungal drugs [107–109]. This may employ the use of
several methodologies, including global approaches such as
transcriptomic and proteomic methods that may contribute
to the understanding of the mechanism of action of these
new drugs [110, 111]. The next sections describe different
approaches that could lead to the development of new anti-
fungal compounds.

4.1. Identification of Bioactive Compounds. Natural com-
pounds are widely used to identify antifungal molecules,
and several natural compounds from various classes such as
essential oils [112], lignan (reviewed in [113]), and curcumin
(reviewed in [114]) have been studied.

Screening of libraries of synthetic small molecules or
natural products is one of the most employed methods to
identify drugs [99, 102, 103] and represents the vast majority
of the available antibiotics for clinical use [99, 115–117].
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Studies performed by Shi and colleagues characterized
two acetophenone derivatives, 2-hydroxy-4,6-dimethoxyace-
tophenone and 2,4-dihydroxy-5-methylacetophenon, as
plant antifungal agents [118]. These compounds were iso-
lated fromMelicope borbonica and Polyporus picipes, respec-
tively, and were demonstrated to be effective in Cytospora sp.,
Glomerella cingulata, Pyricularia oryzae, Botrytis cinerea, and
Alternaria solani [118]. Therefore, this strategy may be
employed to screen for antifungal agents against human
pathogenic fungi.

In fact, the antifungal agents, echinocandins and poly-
enes, were discovered through screening of natural products
[119–121], and recently, Hein and colleagues reported the
isolation of psoriasin from lesional psoriasis scale extracts.
They identified this molecule as a potent fungicidal protein
active against Trichophyton rubrum and A. fumigatus. The
proposed mechanism of action is chelation of free intracel-
lular zinc, which leads to fungal apoptosis [122]. It is impor-
tant to note that biofilms are important in clinical settings
mainly because they are associated with high drug resis-
tance [123–126]. Recently, Seleem et al. demonstrated the
effect of lichochalcone-A, a natural compound found in lic-
orice roots of Glycyrrhiza species, on biofilms produced by
C. albicans [127]. In this work, the authors showed that
lichochalcone-A reduces C. albicans biofilm and decreases
the proteolytic enzymatic activities of proteinases and phos-
pholipases secreted by this fungus. Most importantly, mice
treatedwith lichochalcone-A exhibited a significant reduction
in fungal load five days postinfection, suggesting that this
compound may be a candidate for a preclinical trial [127].

Despite the promise of these strategies, a problem
encountered in the use of these molecules, which is in the
majority of peptides, is their poor stability when applied
in vivo. Peptides belonging to the most bioactive compounds
were explored as antifungal agents. They can be obtained as
metabolites of plants, insects, animals, and microorganisms
[104, 105, 107] as the first-line arsenal to combat infections.
These molecules are attracted to act against fungi because
of a conformational structure that generally interacts with
the fungal membrane causing an imbalance in the cell.

In general, the ability of antimicrobial peptides (AMPs)
to destabilize microbial membranes is due to the conforma-
tion of these molecules that are approximately 50 amino acid
residues long, with an overall residual positive charge and
hydrophobic residues that provide an amphiphilic three-
dimensional structure [107, 128]. Unlike most classic
antifungal agents, their mechanism of action involves inter-
ruption of ergosterol biosynthesis. AMPs directly disrupt
membrane integrity, culminating in cell death. Experimental
data suggest that the mechanism of action of peptide-like
lactoferrin B (Lfcin B) on biological membranes (using lipo-
somes as a membrane model) is the formation of pores that
results in loss of cell components [129].

Two cathelicidins (a LL-37 linear alpha-helical cationic
peptide identified in the human vaginal tract and the bovine
ortholog BMAP-28 peptide) were evaluated in vitro against
Candida spp. isolated from patients. The mechanism of
action for cathelicidins is to target the cell membrane, which
causes its disruption and release of the intracellular

components [125, 130]. They showed equal or better activity
against biofilms formed by Candida albicans SC5314 com-
pared to the antifungal agents, miconazole and amphotericin
B (AMB). It was also observed that pH influenced the bioac-
tivity of these peptides [125].

Oguro and colleagues demonstrated that a defensin
(which is approximately 50 amino acid residues long and is
frequently rich in cysteine) from Brassica juncea is capable
of causing permeabilization and production of reactive oxy-
gen species (ROS) in C. albicans by binding to sphingolipid
glucosylceramide [131]. Generally, these molecules interact
with membranes, inducing oxidative damage by an excessive
increase in ROS [132].

The histatins are another group of amphipathic AMPs
with helical structure that is important for their antifungal
activity. Histatin 5 is found in human saliva and is toxic to
fungal cells but causes low toxicity to human cells. It binds
to fungal cell wall proteins, causing the release of intracellular
ATP-activating P2X receptors in membranes forming ion
channels [49, 50]. Because this molecule is capable of pre-
venting biofilm formation caused by C. albicans [133], its
hybridization with other molecules [134] has been used to
improve the effect of these AMPs, which could possibly be
applied in formulations to treat oropharyngeal candidiasis.

Despite the antimicrobial potential of these classes of bio-
molecules, they may be unstable when in biological media.
For example, when exposed to pH values, which are not ideal
for a structural conformation that presents antifungal activ-
ity, they may no longer be efficient. In addition, the histatins
are amphipathic AMPs with helical structure that is impor-
tant for their antifungal activity. Microorganisms can induce
the production of metabolites by the host affecting AMP
activity [135]. C. albicans can degrade LL-37 peptide by
expressing secreted aspartic protease (SAP) family [136].

While these AMPs identified in natural sources are good
candidates to be used in the development of new antifungal
drugs, they must be chemically synthesized with various
changes in their structure to improve their activity. López-
Abarrategui et al. [106] presented a good example of changes
in cationicity and hydrophobicity properties and Boman
index in a peptide extracted from a mollusk. In this study, a
more than three-fold increase in AMP activity against C.
albicans was observed, compared to that in the wild-type
peptide [106].

Based on the properties described for AMP, computa-
tional programs have been developed to identify AMP-
similar sequences by exploring the genomic databases of
sequenced organisms. Amaral et al. reported the identifica-
tion of four peptide sequences, two in the human genome
and two in the Paracoccidioides brasiliensis transcriptome,
which are potential candidates as antifungal agents [107].

However, peptides often do not present the expected
activity in vivo even when they present good in vitro results
for several reasons, including enzymatic degradation or pep-
tide structure destabilization [137]. A possible alternative to
solve these issues is by incorporating these molecules into
nanostructured drug delivery systems [138]. Such systems
are prepared using nanotechnological approaches that allow
rational delivery of bioactive compounds, such as AMP.

6 Mediators of Inflammation



4.2. Nanostructured Antifungals. According to some studies,
nanotechnology is capable of improving antifungal activity
for both conventional drugs [139] and bioactive molecules
[140]. These improvements may be attributed to nanoscale
properties that allow biomolecule protection against bio-
degradation. Association of AMP with a nanoparticle-
based drug delivery system can increase its delivery to
the site of action.

d’Angelo et al. developed a nanostructured system for the
delivery of colistin, a cationic AMP within poly(lactic-co-
glycolic acid) (PLGA) nanoparticles engineered with
mucoadhesive chitosan [137]. In addition to allowing the
protection of peptides against degradation, this approach
also permits more effective targeting to the site of action.

Nanotechnology has also been applied to exploit the anti-
microbial properties of certain nanomaterials such as silver
nanoparticles, which are naturally effective against microor-
ganisms by destabilizing their membrane through electro-
static interactions [138]. However, these nanoparticles also
exhibit high toxicity to mammalian cells, which can compro-
mise their use. One way to avoid or reduce this undesirable
effect is by incorporating AMP onto the surface of these
nanoparticles, decreasing the toxicity against erythrocytes
[141]. This combination increased AMP efficiency and
further increased its stability compared to the AMP without
complexation with nanoparticles. Silver nanoparticles coated
with a peptide had diminished cytotoxicity against erythro-
cytes [141].

Nanotechnology properties are also used to enhance the
activity of classic antifungals, especially when the aim is to
reduce their unwanted toxic effects, such as in amphotericin
B (AMB), which is considered one of the front lines in anti-
fungal therapy [139, 142]. A classic nanostructured formula-
tion for AMB is AmBisome®, a liposomal formulation that
minimizes unwanted toxic effects of this potential drug.

Amaral et al. developed a nanoformulation containing
AMB within PLGA and functionalized with dimercaptosuc-
cinic acid (DMSA), which presents a tropism to the lungs.
The formulation showed no genotoxicity and its therapeutic
effect was better than that observed in vivo for AMB deoxy-
cholate in a chronic paracoccidioidomycosis murine model
[139]. The authors suggested that the effect might be due to
DMSA, which drives the entire nanostructure toward the
lungs, guiding the drug to the site of action.

Xu and colleagues also tested another polymeric formula-
tion for AMB using α-butyl-cyanoacrylate in experimental
meningitis caused by C. neoformans [143]. In this study,
the AMB in brain tissue was detected 0.5 hours after injection
into animals and a maximum AMB concentration was
detected within 3 hours when compared to that in the ani-
mals treated with conventional AMB. In addition, animals
with cryptococcal meningitis treated with the formulation
showed a high survival rate [143]. This nanoformulation
was first developed by the same research group that demon-
strated the potential of nanoparticles containing AMB coated
with polysorbate 80 to deliver this drug across blood brain
barrier when compared to the conventional formulation for
AMB [144]. Thus, nanoformulations could be used to deliver
toxic drugs, such as AMB, in cases of antimicrobial resistance

to less toxic drugs, such as azoles, used mainly by immuno-
compromised patients.

4.3. Drug Repositioning. Although the approaches described
above are important for antifungal drug development, it is
important to emphasize that the process of drug discovery
and development requires 10–17 years on average and the
success rate is lower than 10%. A repositioning approach is
based on previous research and development of conventional
medications that have already been tested in humans in
terms of toxicology and pharmacology [145–149]. In this
context, drug-repositioning screening may be a valid and
affordable alternative method to obtain antifungal drugs. In
fact, this strategy has been employed to expedite identifica-
tion of new therapeutic applications and has been success-
fully used in therapy of parasitic diseases [150] and several
types of cancer [151, 152].

Sun and colleagues, using high-throughput assays,
screened approved drugs to identify potent effects against
Exserohilum rostratum infections [153]. They identified
bithionol (antiparasitic drug), tacrolimus (immunosuppres-
sive agent), and floxuridine (antimetabolite) as anti-E. rostra-
tum agents, confirming that drug repositioning can be
performed [153].

Another approach using repositioning drugs as antifun-
gal agents has been performed. In addition to identifying a
drug that has an antifungal effect individually, researchers
are working to identify compounds that may synergize with
available antifungal drugs. An outstanding example of this
approach was performed by Robbins et al. [154]. In this
work, a library of compounds was evaluated in combination
with subinhibitory concentrations of known antifungals such
as amphotericin B, fluconazole, terbinafine, caspofungin,
benomyl, and cyprodinil. Remarkably, this approach led
to the identification of a synergistic effect with clofazimine
(an antimycobacterial drug not reported as antifungal) with
caspofungin and posaconazole, indicating that this may
represent a potential therapeutic approach against diverse
fungal pathogens.

5. Vaccine Development against
Fungal Diseases

The immune response against microorganisms such as fungi
consists of two major systems: the innate and adaptive
immune responses. The adaptive immune response is consti-
tuted by cellular and humoral immune responses. The innate
response is the first pathway for fungal detection. Immune
cells recognize fungal pathogen-associated molecular pat-
terns (PAMP) through pattern recognition receptors (PRR)
present in host cells. After invasion by pathogens and recog-
nition, cells are recruited and stimulated to the infection site,
such as monocytes, neutrophils, macrophages, natural killer
cells, and dendritic cells, which develop an important role
to link and stimulate the adaptive immune response
(reviewed in [155, 156]).

When activated, those cells secrete soluble molecules that
participate in effector mechanisms for fungal clearance.
Among these molecules, there are complement proteins,
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antimicrobial peptides, costimulatory molecules, chemo-
kines, and cytokines. Phagocytic cells are sufficient to trigger
all effector mechanisms. Phagocytosis initiates a signaling
pathway, and this microenvironment determines the cyto-
kine pattern and antimicrobial functions that will be devel-
oped. Both innate and adaptive immune responses will
work together. Furthermore, the effective mechanism to
adaptive immune response is based on innate response
(reviewed in [155, 156]).

There are different classes of cytokines as proinflam-
matory (IL-1, IL-6, IL-17, IFN-γ, and TNF-α), anti-
inflammatory (IL-4, IL-13, and TGF-β), and immune
regulatory (IL-10). When proinflammatory cytokines are
prevalent, cellular immunity mediated by CD4+ T cells (Th1
and Th17) is stimulated, whereas when these cytokines are
downregulated, humoral immunity takes place (CD4+ T
cells—Th2, or regulatory T cells (Treg)). Both types of cyto-
kines stimulate antibody production, fungal killing, transcrip-
tion factors such asNF-κB. It is widely accepted that induction
of Th1-/Th17-type cellular response is crucial for the defense
against fungal infection. Th2 humoral response is usually con-
sidered not protector, since it stimulates antibody switching to
nonopsonizing isotypes. The isotype IgG2a is considered the
most protective antibody for fungal infection because it
induces a cross-talking with effector molecules of cellular
response. Cytotoxic T cells (CD8+ T cells) are the major pro-
ducers of IFN-γ, TNF-α, and IL-2. These cells naturally occur
in the host response to fungal pathogens in the lungs. In con-
clusion, the interactionof fungalderivativeswith immunecells
depends on the nature of compounds for yeasts/filamentous
and is developedby the complexmicroenvironment (reviewed
in [155, 156]).

The use of vaccine strategies that can be applied
together with drug therapy could reduce treatment times,
reestablish a protective immune response, and prevent post-
treatment sequelae [157]. In the past decade, researchers
have been investigating vaccine development against the
major human and veterinary fungal pathogens. Most studies
are focused on protection against the pathogenic fungi
Aspergillus spp. [158], Candida spp. [159], B. dermatitidis
[160],Cryptococcus spp. [161],Coccidioides spp.,Histoplasma
capsulatum [162],Microsporum canis [163], Paracoccidioides
spp. [164], Pneumocystis jirovecii [165], Sporothrix spp. [166],
and Talaromyces (Penicillium) marneffei [167, 168], which
cause cutaneous, subcutaneous, and systemic mycoses in
all regions of the world and account for millions of new
infections per year. The development of safe and efficacious
vaccines against fungi is still a challenge due to our lack
of knowledge about immunity against fungal infection.
However, the use of animal models is helping us to better
understand the interaction between the immune system
and fungi [169].

There is no doubt that CD4+ T cells play a major role in
mediating resistance against fungal infection in immuno-
competent and immunosuppressed patients [170]. The
mechanism of resistance conferred by CD4+ T cells occurs
through secretion of T-helper 1 (Th1) or Th17 cytokines
such as IFN-γ, TNF-α, GM-CSF, and IL-17A, which activate
various cell populations including neutrophils, macrophages,

and dendritic cells. Natural killer cells and natural killer T
cells also play an important role in fungal control by modu-
lating immune response through the production of proin-
flammatory cytokines such as IFN-γ and TNF-α [171–174].
The function of B cells and production of protective antibod-
ies were once controversial. However, today, it is known that
the protective function of antibodies depends on various fac-
tors [175–177]. Although CD4+ T cells play a major role in
fungal control, mediation of protective immunity by CD8+

T cells against fungal infection has been documented. The
studies involving CD8+ T cells as vaccine strategies gain spe-
cial importance in patients with impaired CD4+ T cells as
occurring under HIV infection [169, 178].

Protective immunity mediated by CD8+ T cells has been
documented in different fungal infections such as aspergillo-
sis, histoplasmosis, cryptococcosis, blastomycosis, paracocci-
dioidomycosis, pnemocystosis, and mucosal candidiasis.
Usually, antifungal CD8+ T cells are elicited by cross-
presentation of fungal peptides by MHC class I. Antifungal
immunity in the absence of the CD4+ T cell can be mediated
by cytotoxic type I CD8+ T cells, which secrete IFN-γ, TNF-
α, and GM-CSF, as well as by the cytotoxic factors perforin,
granulysin, and granzyme K or IL-17/IFN-γ double-
producing CD8+ T cells [169]. Nanjappa et al. showed that
even in the absence of CD4+ T cells, vaccinated mice with
105-106 yeast of attenuated B. dermatitidis induced IL-17
producing CD8+ T cell, which conferred resistance against
B. dermatitidis infection [179]. Although there is no licensed
vaccine for humans, the results of experimental models are
promising and can indicate candidates for clinical trials.
Below, we will discuss some vaccine models in development
against endemic fungal infections.

5.1. P. brasiliensis and P. lutzii. A main candidate for a vac-
cine against P. brasiliensis is the P10 peptide, whose sequence
is QTLIAIHTLAIRYAN. CD4+ T cell modulation with a sig-
nificant increase in IL-12 and IFN-γ and a decrease in IL-4
and IL-10 was observed in mice immunized with P10 alone
or in association with antifungal drugs [180]. Another anti-
genic protein from P. brasiliensis, rPb27, showed protective
results in an experimental model using mice [181]. The
immunization of BALB/c mice with radioattenuated yeast
cells of P. brasiliensis promoted long-lasting protection
against an infective yeast form [182]. The passive transfer
of monoclonal antibodies against the 43 kDa glycoprotein
gp43 [183] or gp70 [184] from P. brasiliensis was shown to
be protective against experimental infection of P. brasiliensis.
Monoclonal antibodies generated against the heat shock pro-
tein 60 from H. capsulatum also interact with P. lutzii yeast
cells and enhance phagocytosis by macrophage cells. The
passive transfer of 7B6 and 4E12 mAbs against Hsp60 was
protective and reduced the fungal burden in the lungs of
BALB/c mice intratracheally infected with P. lutzii [175].

5.2. H. capsulatum. Vaccination with recombinant HSP60
from H. capsulatum is able to elicit protection mediated by
CD4+ T cells and induces IFN-γ production [185]. Immuni-
zation with apoptotic phagocytes containing heat-killed H.
capsulatum efficiently activated CD8+ T cells, whose
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contribution was equal to that of CD4+ T cells in protecting
against Histoplasma challenge [186]. Treatment of mice with
a monoclonal antibody against HSP60 before infection
reduced the fungal burden in the lungs [175].

5.3. Coccidioides posadasii and C. immitis. The first vaccine
tested against endemic mycosis using a killed spherule vac-
cine failed during a phase 3 clinical trial [169]. A decapeptide
agonist of the biologically active C-terminal region of the
human complement component C5a, termed EP67, was con-
jugated with lysine residues on the surface of live arthroconi-
dia. The use of the EP67 vaccine induced phagocytosis and
antigen presentation. BALB/c mice immunized with conju-
gated EP67 increased survival and reduced inflammatory
pathology and fungal burden. This protection was mediated
by augmenting the T-helper 1 (Th1) and Th17 responses
[187, 188]. Whole glucan particles prepared from Saccharo-
myces cerevisiae conjugated with BSA induced significant
protection in CD-1 mice [189]. A recombinant Ag2/
PRA106+CSA chimeric fusion protein vaccine in ISS/Mon-
tanide adjuvant administered intramuscularly showed prom-
ising results in adult female cynomolgus macaques
challenged with C. posadasii [190]. Synthetic peptides corre-
sponding to the five selected epitopes from fungal aspartyl
protease, alpha-mannosidase, and phospholipidase B were
incorporated into the vaccine with synthesized CpG ODN
in incomplete Freund’s adjuvant. Mice vaccinated and chal-
lenged intranasally with C. posadasii showed reduced fungal
burden and infiltration of activated T-helper 1 (Th1), Th2,
and Th17 cells, as well as elevated IFN-γ and IL-17 [2].

5.4. Sporothrix brasiliensis and S. schenckii. The passive
transfer of monoclonal antibody P6E7 (which recognizes a
70 kDa glycoprotein—gp70—an important factor of viru-
lence) reduced the fungal burden of mice infected with some
but not all Sporothrix isolates tested. Protection was detected
during the early stages and relapse in the final period of infec-
tion (21 days) [191].

Serum from mice immunized with a 44 kDa (peptide
hydrolase) and 47 kDa (enolase) Sporothrix schenckii cell wall
protein (predicted to be an adhesein) in aluminum hydroxide
was used in a passive transfer to mice systemically infected
with S. schenckii and resulted in protection. In vitro assays
with yeast cells opsonized with serum from immunized ani-
mals increased phagocytosis and inhibited the adhesion of
the fungi to the fibroblasts [192].

5.5. B. dermatitidis. Virulence-attenuated yeast cells of B.
dermatitidis (strain 55) were injected subcutaneously into
C57Bl/6 mice. Animals were challenged by intratracheal
infection with wild-type B. dermatitidis 26199 yeasts.
Vaccine-induced protection requires dectin-2 to promote
differentiation of activated T-helper 1 (Th1) and Th17 cells
[160]. A genetically engineered live-attenuated strain of B.
dermatitidis lacking the major virulence factor BAD-1 was
shown to be protective against lethal experimental infection
in mice [193]; vaccine immunity in endemic dimorphic
fungal infection is primarily mediated by T-helper 1
(Th1) and Th17 cells, but not by antibodies as observed

in the experimental model using mice [194]. The use of
BAD-1-deficient B. dermatitidis has also been investigated
as a pan-fungal vaccine against endemic mycosis in North
America (C. posadasii, H. capsulatum, and B. dermatitidis).
This vaccine induced Th17 and was sufficient to protect
against all fungi tested. The protection was mediated by
Th17 cells, which recruited and activated neutrophils and
macrophages to the alveolar space [162].

5.6. Aspergillus spp. and Candida spp. There are no licensed
vaccines against Aspergillus. The literature described four
Aspergillus vaccine categories: pan-fungal, crude, subunit,
and therapeutic. All candidates for Aspergillus vaccines are
being tested in an experimental mice model. A pan-fungal
vaccine has advantages when compared with other categories
of vaccines (reviewed in [195]). A conjugated β-1,3-D-glucan
to diphtheria toxin has been shown to be immunogenic, and
antibodies were protective as an immunoprophylactic vac-
cine against systemic and vaginal Candida albicans and A.
fumigatus [196]. On the other hand, subcutaneous mice vac-
cination with heat-killed Saccharomyces cerevisiae yeast pro-
tected against Aspergillus, Coccidioides, or Candida challenge
[158]. Using transgenic CD4+ T cells, a sequence of amino
acids was identified within chaperone calnexin that is con-
served in phylum Ascomycota. Vaccine-conjugated recombi-
nant calnexin protein or calnexin peptide with different
adjuvants induced resistance to lethal challenge against B.
dermatitidis, H. capsulatum, and C. posadasii. Although this
vaccine has not been tested against Aspergillus and Candida,
proteomic studies found potential [197]. The other catego-
ries, such as live or killed A. fumigatus (crude); recombinant
proteins Asp f3, Gel1, Asp f9 (Crf1), Asp f16, and Pep1(subu-
nit); or adoptive transfer of Aspergillus-specific CD4+ T cells
(therapeutic), showed to be potential candidates for a human
vaccine [195]. Due to the importance of both Candida spp.
and Aspergillus spp. infections, there are several vaccine for-
mulations in development. The most common protocols
include the following: live-attenuated C. albicans strain, puri-
fied protein (Sap2p and Als3p), HSP90p, Hyr1p (glycosyl-
phosphatidylinositol- (GPI-) anchored mannoprotein on
the cell wall), cell wall extract (β-mercaptoethanol extract),
glycoconjugated vaccines (polysaccharide as a carrier), β-
mannan and peptide conjugates, and β-glucan conjugate
with MF59 adjuvant. Although most experiments reported
protection in murine models, there is no knowledge yet if
these vaccines will be effective for human protection [198].

6. Concluding Remarks

It is possible that fungal infection will continue to rise as a
result of increased numbers of immunocompromised
patients. The development of new tools to treat patients with
fungal infection is a priority. In addition to the discovery of
new antifungal drugs, vaccines are an important alternative
to be used alone or in combination with antifungal drugs.
Researchers and the pharmaceutical industry are currently
investing in the development of a pan-fungal vaccine to reach
the largest number of patients.
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The thermally dimorphic fungi are a unique group of fungi within the Ascomycota phylum that respond to shifts in temperature by
converting between hyphae (22–25°C) and yeast (37°C). This morphologic switch, known as the phase transition, defines the
biology and lifestyle of these fungi. The conversion to yeast within healthy and immunocompromised mammalian hosts is
essential for virulence. In the yeast phase, the thermally dimorphic fungi upregulate genes involved with subverting host
immune defenses. This review highlights the molecular mechanisms governing the phase transition and recent advances in how
the phase transition promotes infection.

1. Introduction

The ability for fungi to switch between different morphologic
forms is widespread throughout the fungal kingdom and is a
fundamental part of their biology. A small subset of fungi
within the Ascomycota phylum is considered dimorphic,
which refers to capacity to convert between two specific
morphologic forms, yeast and hyphae. These fungi are
capable of infecting mammals, plants, and insects, and
can be subdivided into thermal and nonthermal dimorphic
fungi [1]. Thermally dimorphic fungi infect humans and
other mammals such as dogs, cats, armadillos, and rodents
(Table 1) [2–8]. The thermally dimorphic fungi are unique
among fungal pathogens because they can infect humans
with normal and impaired immune defenses. This includes
the etiologic agents for blastomycosis, histoplasmosis, coccid-
ioidomycosis, paracoccidioidomycosis, and sporotrichosis. In
contrast, penicilliosis and emmonsiosis occur in persons with
long-standing HIV infection that has progressed to AIDS
(CD4+ T lymphocytes ≤ 200 cells/mm3) or have impaired
cell-mediated immunity for other reasons (e.g., solid organ
transplant) [9–11]. Nonthermal dimorphic fungi can also
cause human infection (e.g., Malassezia furfur) [12] but

are more typically phytopathogenic or entomopathogenic.
For example, Ophiostoma novo-ulmi, the etiologic agent
of Dutch elm disease, has destroyed millions of elm trees
in Europe and United States [13]. The “zombie ant” fungus,
Ophiocordyceps unilateralis, secretes metabolites to alter the
behavior of infected ants [14]. This review will focus on
how the morphologic switch between hyphae and yeast
contributes to virulence with an emphasis on thermally
dimorphic fungi relevant to human health.

2. The Phase Transition

The reversible morphologic transition between hyphae and
yeast, which is known as the phase transition, is fundamental
feature of the biology and lifestyle of the dimorphic fungi [1].
In the soil (22–25°C), these fungi grow as septate hyphae that
produce conidia. Disruption of soil by human activities such
as construction or natural disasters can aerosolize conidia
and hyphal fragments. When inhaled into the warm lungs
of a mammalian host (37°C), these infectious propagules
convert into pathogenic yeast (or spherules for Coccidioides)
to cause pneumonia [1]. Once infection is established in the
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lungs, the yeast (or spherules) can disseminate to other
organs such as the skin, bone, or brain.

Although temperature is the predominate stimulus that
influences the phase transition—hyphae at 22–25°C and
yeast at 37°C, additional stimuli that impact the dimorphic
switch include carbon dioxide (CO2) tension, exogenous
cysteine, and estradiol. Elevated CO2 tension (5% CO2) is
required for the arthroconidia of Coccidioides spp. to ger-
minate into spherules at 37°C and for optional growth of
Histoplasma capsulatum yeast [15, 16]. In the human lung,
CO2 tension is approximately 150-fold higher than ambient
air, which provides an optimal amount of CO2 for phase
transition [17]. In response to an upshift in temperature,
mitochondrial respiration ceases in Histoplasma, Blasto-
myces, and Paracoccidioides [18, 19]. To reactivate respiration
and complete the morphologic switch to yeast, the uptake of
exogenous cysteine is required [18, 19]. The production of
17β-estradiol by humans influences the morphologic shift
and growth of Coccidioides and Paracoccidioides, which
in turn, modulates the severity of infection in women. In
the presence of 17β-estradiol, the growth of Coccidioides
spherules at 37°C is accelerated, which may explain the
increased risk for disseminated coccidioidomycosis in preg-
nant women [20, 21]. Moreover, in vitro analysis has
demonstrated that Coccidioides spherules exhibit saturable
binding of 17β-estradiol [21]. In contrast to Coccidioides,
the morphologic switch from hyphae or conidia to yeast
in Paracoccidioides is blocked by 17β-estradiol [22, 23].
In a murine model of pulmonary infection, the conversion
of conidia to yeast is impaired in female, but not in male
mice [24]. In humans, the incidence of paracoccidioido-
mycosis is 11–30-fold higher in adult males than in adult
females despite similar frequency of Paracoccidioides expo-
sure. Prior to puberty, the male-to-female ratio is 1 : 1 [25].

These observations have prompted investigation to the
mechanisms by which estradiol and gender influence fungal
development and the host response. Gene expression micro-
array analysis of P. brasiliensis strain Pb01 demonstrated that
impaired conversion to yeast at 37°C in the presence of 17β-
estradiol reduced the transcription of genes involved with cell
signaling (small GTPase RhoA, palmitoyltransferase), heat
shock (HSP40, HSP70, and HSP90), chitin synthesis (chitin
synthase), and glucan remodeling (β-1,3-glucan synthase,
α-1,3-glucan synthase) [25]. When stimulated with para-
coccin, a lectin-binding protein with chitinase activity,

female mice exhibit a stronger Th1 cytokine response with
increased production of tumor necrosis factor alpha (TNF-α),
interferon gamma (INF-γ), and interleukin 12 (IL-12),
along with increased macrophage fungicidal activity when
compared to male mice [26]. Following oophorectomy
and treatment with testosterone, the cytokine response
shifted from Th1 to Th2 in female mice. Castration of
male mice coupled with estradiol therapy favored a Th1
cytokine response instead of a Th2 cytokine response [26].
Collectively, these findings highlight the importance of sex
steroid hormones and gender on fungal development and
host susceptibility.

3. Yeast-Phase Virulence Factors and
Subversion of Host Immune Defenses

Once inhaled into the lungs, conidia are ingested by mac-
rophages, where they germinate into yeast (or spherules
for Coccidioides) and replicate. Histoplasma capsulatum,
Coccidioides immitis and posadasii, Sporothrix schenckii,
Paracoccidioides brasiliensis and lutzii, and Talaromyces
marneffei replicate inside and outside of innate immune
cells [27–31]. Traditionally, Blastomyces spp. were thought
to be exclusively extracellular; however, recent research
demonstrates that B. dermatitidis conidia ingested by mac-
rophages survive and convert to yeast [32].

During the phase transition, the thermally dimorphic
fungi upregulate yeast-phase specific genes including Blas-
tomyces adhesion-1 (BAD-1), calcium-binding protein-1
(CBP1), yeast-phase specific-3 (YPS3), and spherule outer
wall glycoprotein (SOWgp) to actively subvert host immune
defenses. B. dermatitidis and B. gilchristii express BAD1
(formerly WI-1), a 120 kDA secreted, multifunctional pro-
tein serves as an adhesion and immune evasin [33–38].
Secreted BAD1 binds back to the yeast cell surface via
interactions with chitin and also remains soluble in the extra-
cellular milieu [33–35]. Cell surface-bound BAD1 binds yeast
to host cells via complement receptors (CR3, CD14) and
heparan sulfate to promote yeast cell adhesion to host cells.
BAD-1 bound to the yeast cell surface inhibits production
of TNF-α by macrophages and neutrophils in a transforming
growth factor-β (TGF-β) dependent manner [33, 36–38]. In
contrast, soluble BAD-1 blocks TNF-α production indepen-
dent of TGF-β [36]. TNF-α is a critical cytokine for proper
host defense against the dimorphic fungi. Neutralization of
TNF-α in a murine model of infection results in progressive
pulmonary blastomycosis [37]. Moreover, in 2008, the
Food and Drug Administration (FDA) issued a warning of
increased risk for histoplasmosis, blastomycosis, and coccid-
ioidomycosis for persons on TNF-α inhibitors for treatment
of autoimmune disorders (e.g., rheumatoid arthritis and
Crohn’s disease) [39]. In addition to affecting TNF-α pro-
duction, BAD1 also impairs the adaptive immune response
by inhibiting the activation of CD4+ T lymphocytes, which
decreases IL-17 and INF-γ production [33]. The adhesion
and immunomodulatory activities of BAD1 are essential
for Blastomyces pathogenesis. Deletion of BAD1 renders
Blastomyces yeast avirulent in murine model of pulmonary
infection [40]. In addition to BAD1, Blastomyces dermatitidis

Table 1: Thermally dimorphic fungi pathogenic to humans
and mammals.

Fungus Clinical Disease

Blastomyces dermatitidis and gilchristii Blastomycosis

Histoplasma capsulatum Histoplasmosis

Coccidioides immitis and posadasii Coccidioidomycosis

Paracoccidioides brasiliensis and lutzii Paracoccidioidomycosis

Sporothrix schenckii Sporotrichosis

Talaromyces marneffei Penicilliosis

Emmonsia spp. Emmonsiosis

Lacazia loboi Lacaziosis
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secretes a dipeptidyl-peptidase IVA (DppIVA) to modulate
host immunity. DppIV is a serine protease that cleaves
GM-CSF, a potent cytokine that activates macrophages
and neutrophils to kill fungi [41]. Silencing DppIVA by
RNA interference (RNAi) reduces survival of B. dermatiti-
dis yeast cocultured with GM-CSF-activated macrophages
and neutrophils [41]. Moreover, DppIVA-RNAi strains
have attenuated virulence during pulmonary infection [41].
In contrast to B. dermatitidis, H. capsulatum DppIVA is
not detected extracellularly and does not contribute to
virulence [42, 43].

Analogous to BAD1, Coccidioides SOWgp is localized to
the spherule cell surface and an important virulence factor.
SOWgp facilitates binding of spherules to host extracellular
matrix (ECM) proteins including laminin, fibronectin, and
collagen [44]. Deletion of SOWgp (SOWgpΔ) in Coccidioides
impairs spherule adherence to ECM proteins and results
in attenuated virulence in a murine model of pulmonary
infection [44].

InH. capsulatum, CBP1 is a secreted virulence factor that
promotes intracellular replication of yeast [45, 46]. CBP1
binds calcium, exists as homodimer, is resistant to protease
degradation, and is structurally related to a group of mem-
brane lipid-binding proteins known as saposins [47, 48].
CBP1 secreted by intracellular H. capsulatum yeast induces
macrophage apoptosis and lysis by inducing transcription
of host cell caspases, transcription factors (NUPR1/p8,
TRB3), and genes involved with endoplasmic reticulum (ER)
stress [46]. Thus, macrophage lysis is an active process
directed by the fungus and not due to high intracellular fungal
burden. Similar toBAD1,CBP1 is an essential virulence factor.
CBP1nullmutants (CBP1Δ) are unable to inducemacrophage
apoptosis and are avirulent in murine model of pulmonary
infection [45, 46]. In addition toCBP1,H. capsulatum secretes
YPS3, which binds back to chitin in the yeast cell wall and
facilitates extrapulmonary dissemination to the liver and
spleen [49].

During the morphologic switch from hyphae to yeast
or conidia to yeast, dimorphic fungi undergo extensive
remodeling of the cell wall including glucan composition.
Reorganization of glucan content has the potential to
impede recognition of pathogen-associated molecular pat-
terns (PAMPs) by host immune cells. During the morpho-
logic switch, the amount of β-(1,3)-glucan in the cell wall
of Blastomyces and Paracoccidioides declines from ≈40%
in hyphae to ≈5% in yeast [50, 51]. The reduction of β-
(1,3)-glucan in the yeast cell wall may limit its recognition
by dectin-1 on innate immune cells and mannose-binding
lectins [17, 52]. In contrast, H. capsulatum does not
reduce β-(1,3)-glucan in yeast cells, but rather it uses α-
(1,3)-glucan as a “shield” to block dectin-1 recognition of
β-(1,3)-glucan [53]. Thus, the dimorphic fungi utilize
multiple strategies including secreted virulence factors
and modification of the yeast cell wall to subvert host
immune defenses to establish infection including in per-
sons with intact immune systems.

The ability of thermally dimorphic fungi to subvert host
immune defenses is not 100% effective. The host can mount
an immune response to halt the progression of infection.

Epidemiologic studies have demonstrated that ≈50% of
persons exposed to Blastomyces spp. develop symptomatic
infection, whereas ≈50% have asymptomatic or subclinical
infection [54, 55]. Similarly, inhalation ofHistoplasma capsu-
latum, Coccidioides spp., and Paracoccidioides spp. results in
symptomatic infection in <10%, 33–50%, and <5% of healthy
persons, respectively [56–58]. Intact innate and adaptive
immune defenses along with the ability to “wall-off” yeast
in granulomas are critical for host defense against infection.
Following the conversion of conidia to yeast, dendritic cells
and macrophages interact with and engulf yeast cells. Gene
expression analysis of dendritic cells that have phagocytozed
P. brasiliensis yeast demonstrated upregulation of transcripts
involved with generating a protective immune response
including TNF-α, IL-12, and chemokines (CCL22, CCL27,
and CXCL10) [59]. In addition, the dectin-1 receptor was
upregulated, which induces phagocytosis, generation of
reactive oxygen species, and proinflammatory cytokines
and chemokines in response to binding β-(1,3)-glucan
[59, 60]. Chemokines promote leukocyte migration to sites
of infection [59]. Similarly, macrophages infected with P.
brasiliensis also induce a proinflammatory response with
upregulationofTNF-α, chemokines (CCL21,CCL22,CXCL4,
CXC11, and CXCL14), and kinases (IRAK2) [61]. These
findings highlight the ability of the immune defenses to
limit the impact of fungal virulence factors.

4. Regulation of the Phase Transition

The transition from hyphae or conidia to yeast at 37°C is
essential for virulence. The discovery of a hybrid histidine
kinase encoded by DRK1 in Blastomyces and Histoplasma
provided the first genetic proof that the morphologic
switch to yeast is directly linked to virulence [62]. DRK1
null (DRK1Δ), insertional mutants, and RNA interference-
(RNAi-) silenced strains grow as hyphae at 37°C instead of
yeast, fail to upregulate yeast-phase specific virulence factors
such as BAD1 and CBP1, and are avirulent in a murine model
of infection [62]. The function of DRK1 is conserved among
the thermally dimorphic fungi. In T. marneffei, DRKA (a
DRK1 homolog) is critical for the conversion of conidia to
yeast in macrophages [63]. In Sporothrix, Paracoccidioides,
and T. marneffei, the transcript abundance of DRK1 is higher
in yeast (37°C) than in hyphae (25°C) [63–65]. DRK1 is
predicted to function as part of the high-osmolarity glycerol
(HOG) signaling cascade, which facilitates adaptation to
osmotic, oxidative, and temperature stresses [17]. Accord-
ingly, DRK1 transcription is also upregulated in response to
osmotic stress in Paracoccidioides and T. marneffei [63, 65].
In addition to facilitating adaptation to temperature and
osmotic stress, DRK1 also influences the integrity of the cell
wall [62, 63].

Regulation of the morphologic shift is complex and not
limited to DRK1. The transcription factors encoded by
RYP1-4 (required for yeast phase) also govern the phase
transition and regulate a set of yeast-phase specific genes
involved in virulence at 37°C. These transcription factors
are upregulated at 37°C and are conserved among dimorphic
and filamentous fungi [66–68]. RYP1 is a homolog of the
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master regulator WOR1 in C. albicans, whereas RYP2 and
RYP3 are part of the velvet complex, VosA and VelB,
respectively. RYP4 is a Zn(II)2Cys6 zinc binuclear cluster
domain protein that is homologous to A. nidulans FacB;
however, it does not appear to be involved acetate utiliza-
tion [68]. These transcription factors form an integrated
network in which they directly bind and regulate a common
set of core genes including those important for virulence such
as CBP1 and YPS3 [68]. Silencing RYP1-4 transcription
results in cells that fail to properly undergo the phase transi-
tion and grow as hyphae at 37°C [66–68].

The morphologic switch in the opposite direction, yeast
to hyphae, is also important for pathogenesis. Growth as
hyphae promotes survival in the environment, generation
of conidia to facilitate transmission to new hosts, and genetic
diversity through mating [1]. B. dermatitidis SREB and H.
capsulatum SRE1 encode a GATA transcription factor
that governs the transition to hyphae following a drop
in temperature from 37°C to 22–25°C [69–71]. SREB null
mutants (SREBΔ) and SRE1-RNAi strains fail to complete
the conversion to hyphae [69–71]. The role of this GATA
transcription factor on temperature adaptation is conserved
in other fungi. A homolog of SREB and SRE1 in C. neofor-
mans, CIR1, is essential for thermotolerance at 37°C [72].
In B. dermatitidis, the defect in the morphologic switch
corresponds to a decrease in the biosynthesis of neutral lipids
(ergosterol, triacylglycerol) and lipid droplets [70]. Supple-
mentation with exogenous saturated fatty acids (palmitic
acid, 16 : 0, and stearic acid, 18 : 0) partially corrected the
defects in morphogenesis and lipid droplet formation [70].
This suggests that neutral lipid metabolism has to potentially
influence the phase transition to hyphae at ambient temper-
ature. SREB and SRE1 also act as negative regulators of genes
involved with siderophore biosynthesis and iron uptake;
however, this role appears to be independent of the phase
transition [69, 70]. In H. capsulatum, deletion of VMA1,
which encodes a vacuolar ATPase involved with intracellular
iron homeostasis, results in cells that fail to convert to hyphae
at 25°C. This indicates the potential for iron metabolism not
regulated by SREB to affect the temperature-dependent
morphologic switch [73]. In T. marneffei, conversion to
hyphae and maintenance of filamentous morphology at
25°C is governed by transcription factors encoded by HGRA
and TUPA, respectively [74, 75]. In addition to transcrip-
tional regulators, N-acetylglucosamine (GlcNAc) accelerates
the conversion from yeast to hyphae in B. dermatitidis
and H. capsulatum via NGT1 and NGT2 transmembrane
transporters [76].

5. In Vivo Transcriptional Profiling

The use of forward genetic strategies such as insertional
mutagenesis has substantively advanced the field of medical
mycology as related to the thermally dimorphic fungi. This
has led to the discovery of novel genes and gene networks
that regulate the phase transition (e.g., DRK1, RYP1-3, and
SREB). In the age of genome-wide association studies, an
untapped reservoir for uncovering novel genes or gene
networks in the dimorphic fungi is transcriptional profiling

of yeast during infection. To identify genes important for
pathogenicity, in vivo transcription profiling was performed
for Blastomyces dermatitidis strain 26199 using a murine
model of pulmonary infection [77, 78]. A novel, 2-step
technique was developed to efficiently separate B. dermatiti-
dis yeast from murine lung tissue to obtain high-quality
RNA for RNA-sequencing (RNA-Seq) [77]. To identify B.
dermatitidis genes with altered transcription independent of
temperature or other conditions, the transcriptional profile
of yeast isolated from mouse lungs was compared to yeast
cocultured with macrophages at 37°C, yeast grown in vitro
without bone marrow-derived macrophages at 37°C, and
hyphae at 22°C using K-means cluster analysis [78]. This
analysis identified 72 genes that were upregulated in vivo
>2-fold and independent of temperature, macrophage
cocultivation, and media conditions. A subset of these genes
included those that encode proteins secreted into the extra-
cellular milieu, metal cation uptake and transport, and amino
acid metabolism [78].

Genes involved with zinc acquisition are upregulated
by B. dermatitidis yeast during pulmonary infection. This
includes a zincophore (PRA1/ZPS1), high-affinity zinc trans-
porter (ZRT1), and low affinity zinc transporter (ZRT2) [78].
In Candida albicans, PRA1 is secreted in the extracellular
environment to bind zinc and deliver it to the fungus via its
interaction with ZRT1 at the cell surface [79]. In C. albicans,
Aspergillus fumigatus, and Ustilago maydis, PRA1 and ZRT
are coregulated and syntenic. Although PRA1 and ZRT1
appear to be coregulated in Blastomyces, these genes are not
syntenic. Surprisingly, PRA1 is not well conserved among
the dimorphic fungi and is absent in the genomes of H. cap-
sulatum, Paracoccidioides spp., and Emmonsia; however,
homologs are present in Coccidioides. In C. albicans, PRA1
is postulated to impact pathogenesis. Deletion of PRA1
results in mutants that have reduced ability to lyse endothe-
lial cells under zinc-deplete conditions [79]. The impact of
PRA1 during in vivo infection has not yet been investigated.

In addition to upregulating zinc-scavenging mechanisms
in vivo, B. dermatitidis increases the transcription of NIC1,
which encodes a nickel transporter [78]. Nickel is required
for the proper function of urease, an enzyme that catalyzes
the conversion of urea to ammonia and CO2. Urea is found
in mammalian tissues as a product of purine nucleotide catab-
olism [80]. In Coccidioides, urease is released from spherules
during replication and damages tissue through production of
ammonia, which alkalinizes the microenvironment [81].
Deletion of the urease gene (UREΔ) in C. posadasii results
in attenuated virulence in murine model of pulmonary
infection. At sites of pulmonary infection, UREΔ cells are
unable to catabolize urea in lung tissue and fail to lower
the pH (tissue pH7.2 for UREΔ versus pH7.7 for wild
type). Moreover, mice infected with the null mutant exhib-
ited a more organized immune response with well-formed
granulomas encasingUREΔ cells [81]. In Cryptococcus neofor-
mans, NIC1 and URE1 contribute to invasion of the brain.
Deletion of either gene results in decreased ability for NIC1Δ
and URE1Δ yeast cells to penetrate the central nervous system
[82]. URE1 also contributes to the pathogenesis of Crypto-
coccus gattii, which primarily causes pulmonary infection
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without an increased predilection for CNS invasion in ani-
mal models [83, 84]. C. gattii URE1Δ have attenuated vir-
ulence during pulmonary infection, reduced capacity to
disseminate to the bloodstream, and impaired intracellular
replication within macrophages [83].

During pulmonary infection, B. dermatitidis upregulates
dioxygenases involved in the catabolism of amino acids
[78]. This includes 4-hydroxyphenylpyruvate dioxygenase
(4-HPPD, HpdA), homogentisate 1,2-dioxygenase (HmgA),
indoleamine 2,3-dioxygenase (IDO), and cysteine dioxygen-
ase (CDG). HpdA and HmgA are conserved among the
dimorphic fungi and are localized on a gene cluster [85].
Although the precise role for HpdA and HmgA is not known
in B. dermatitidis, research on T. marneffei has illuminated
how these genes involved with tyrosine catabolism influence
pathogenesis. HpdA and HmgA null mutants are hypersensi-
tive to oxidative stress and have impaired spore germination
to yeast in murine and human macrophages [85]. Inhibi-
tion of 4-HPPD activity appears to be important for the
temperature-dependent morphologic shift. Chemical inhi-
bition of 4-HPPD by NTBC (2-(2-nitro-4-trifluoromethyl-
benzoyl)-cyclohexane-1, 3-dione) in T. marneffei and P.
brasiliensis blocks the conversion of conidia or hyphae
to yeast following an increase in temperature from 25°C
to 37°C [85, 86].

The role of fungal IDO on tryptophan degradation is
poorly understood; however, tumor cells upregulate IDO to
degrade tryptophan in the microenvironment to evade host
immune cells [87]. Pulmonary infection with H. capsulatum
and P. brasiliensis induces host IDO, which reduces fungal
growth, inhibits Th17 T lymphocyte differentiation, and
limits excessive tissue inflammation [88, 89].

In addition to cysteine dioxygenase (CDG), B. dermatiti-
dis upregulates cysteine synthase A (CSA) and a sulfite efflux
pump (SSU1) during pulmonary infection [78]. CSA encodes
an enzyme involved with the biosynthesis of L-cysteine from
acetyl-L-serine. CDG breaks down L-cysteine to L-cysteine
sulfonic acid which can be further catabolized to pyruvate
and sulfite. The accumulation sulfite is potentially toxic to
cells and is secreted via an efflux pump encoded by SSU1.
In C. albicans, deletion of CDG1 and SSU1 impairs hyphal
development in the presence of cysteine and CDG1Δ, but
not SSU1Δ, and attenuates virulence during murine infection
[90]. In dermatophytes such as Arthroderma benhamiae, the
catabolism of cysteine to sulfite by CDO1 followed by efflux
of sulfite into the extracellular environment by SSU1 is postu-
lated to promote breakdown of keratin to facilitate fungal
growth [91]. A. benhamiae CDO1 and SSU1 null mutants
have impaired ability to grow on keratin-rich substrates such
as hair and nails [91]. On the basis of these data, there is
potential that the breakdown of cysteine and sulfite secretion
could promote the growth of Blastomyces yeast in skin,
which is abundant in keratin and the most common site
for extrapulmonary dissemination.

6. Conclusions

The thermally dimorphic fungi are a unique group of
ascomycetes that are capable of infecting persons with intact

and impaired immune defenses. Their ability to adapt to core
body temperature (37°C) and transition to yeast morphology
is essential for virulence. The morphologic switch to yeast is
associated with the upregulation of specific virulence factors
that promote adhesion to host tissues, growth in and lysis
of macrophages, blunt proper cytokine responses, and impair
cell-mediated immunity. The regulation of the reversible
transition between hyphae and yeast requires these fungi to
adapt and respond to numerous stimuli including tempera-
ture, CO2 tension, and sex hormones. In vivo transcriptional
profiling has begun to uncover previously unrecognized
genes important for propagation and virulence in the
mammalian host.
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Paracoccidioides spp. are dimorphic fungal pathogens responsible for one of the most relevant systemic mycoses in Latin America,
paracoccidioidomycosis (PCM). Their exact ecological niche remains unknown; however, they have been isolated from soil samples
and armadillos (Dasypus novemcinctus), which have been proposed as animal reservoir for these fungi. Human infection occurs by
inhalation of conidia or mycelia fragments and is mostly associated with immunocompetent hosts inhabiting and/or working in
endemic rural areas. In this review focusing on the pathogen perspective, we will discuss some of the microbial attributes and
molecular mechanisms that enable Paracoccidioides spp. to tolerate, adapt, and ultimately avoid the host immune response,
establishing infection.

1. Introduction

Paracoccidioides spp. are causative agents of paracoccidioi-
domycosis (PCM), a human systemic mycosis endemic to
Latin America and one of the most prevalent deep mycoses
of the region. PCM can go from an acute/subacute clinical
type to a chronic progressive disease [1, 2]. Brazil accounts
for over 80% of all reported cases, followed by Venezuela,
Colombia, Ecuador, Bolivia, and Argentina [1].

To date, the genus Paracoccidioides have been reported as
constituted by two species: Paracoccidioides lutzii, compose
of a single monophyletic population so far found in Central
West of Brazil and present in Ecuador [3–5], and Paracocci-
dioides brasiliensis, which comprises a complex of at least
four cryptic species, namely, S1 (present in Southeast and
Central West of Brazil, as well as Argentina), PS2 (found
in Southeast Brazil and Venezuela), PS3 (restricted to
Colombia), and PS4 (only found in Venezuela) [5–8]. Both
species are thermodimorphic, growing as yeast-like multi-
budding cells, both in cultures at 37°C and in infected

tissues, and as mycelium at temperatures of 20–23°C, which
has been regarded as its environmental morphotype.

PCM is acquired by inhalation of conidia [9], and all
Paracoccidioides species can cause both acute/subacute and
chronic diseases although some differential clinical features
have been observed in patients infected with either P. lutzii
or the P. brasiliensis species complex [8, 10]. Indeed,
infections reported in endemic areas of P. lutzii frequently
present lymphatic-abdominal clinic manifestation, which
are not reported in areas endemic for the P. brasiliensis
species complex [10]. Also, sera recovered from patients
infected with P. lutzii are not recognized by P. brasiliensis
antigens and conversely [8, 11–13].

The interaction between Paracoccidioides spp. and its
extracellular environment, either in their free-living stages
or inside the host, has driven the molecular evolution of these
fungi, particularly in the microbial components involved in
virulence [14]. However, virulence is not an independent
microbial property because it cannot be defined indepen-
dently from a host. Virulence is the outcome of the interaction
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between a host and a microbe, whereas the host aims to
effectively control the pathogen causing little or nontissue
damage. Thusly, in the context of the “damage-response
framework,” a virulence factor is a microbial component
that can damage a susceptible host [15]. Furthermore,
the successful microbial clearance after a microbial invasion
into a mammalian host relies on the host cellular immunity,
mediated by the cells of the innate and adaptive systems. An
initial response involves dendritic cells’ and macrophages’
recognition and presentation of fungal antigens (e.g., chi-
tin, β-glucans, and mannans), to T-lymphocytes (reviewed
by [16]). Those fungal antigens are known as pathogen-
associated molecularpatterns (PAMPs),whichare recognized
by the cells of the innate immune system through recep-
tors, namely, pattern recognition receptors (PRRs), such
as Toll-like receptors (TLR), nucleotide-binding oligomeri-
zation domain- (NOD-) like proteins, and C-type lectin
receptors (CLRs) (reviewed by [17]). During a later stage,
an effective T-cell response must lead to the generation
of Th1 cytokines, such as tumor necrosis factor (TNF-α)
and interferon gamma (IFN-γ), resulting in a classic acti-
vation of macrophages to produce reactive oxygen species
(ROS) and reactive nitrogen species (RNS) that kill fungi
or inhibit their growth [16, 18].

Colonization and invasion of the host is based on a
myriad of fungal components and strategies to bypass host
defense mechanisms. Indeed, microbial attributes that confer
Paracoccidioides spp. the potential to become pathogens are
intimately related to escape strategies to avoid clearance
and bypass host defense mechanisms. Identification of genes
related to fungal virulence factors has occurred mainly using
molecular tools to genetically manipulate these organisms.
Functional analyses in the genus Paracoccidioides are still
hindered by the highly complex task of achieving viable
and stable mutants. In this review, we discuss some of
the tools and strategies developed by Paracoccidioides spp.
to efficiently evade/manipulate the host immune response,
occasionally based on studies performed in other endemic
dimorphic fungi (Blastomyces dermatitidis, Histoplasma cap-
sulatum), where there is deeper understanding of the molec-
ular mechanisms associated with key microbial components.

2. Adaptation

2.1. Morphogenesis. In Paracoccidioides spp., once conidia or
hyphal fragments are inhaled into the lung alveoli, the
morphological switch to multibudding yeast cells is a
requirement for the disease to be established [19]. Therefore,
the mechanisms involved in this morphological change are
potential targets for the development of antifungal drugs
against these dimorphic fungi. One of those mechanisms
studied in Paracoccidioides spp. is the synthesis of poly-
amines, a metabolic process that has been related to the
dimorphic change of some fungi [20]. These are micromole-
cules required for cellular growth and differentiation in
eukaryotic systems and originated by the decarboxylation of
ornithine by ornithine decarboxylase (ODC), which gives
rise to putrescine, the first polyamine in the metabolic
pathway. In P. brasiliensis, high levels of ODC activity are

induced at the onset of the budding process during the
yeast growth and during the mycelium-to-yeast transition
in vitro [21, 22]. Also, the dimorphic transition can be
repressed by the addition of the ODC inhibitor 1,4-diamino-
2-butanone (DAB) [22].

In other fungi, at least three signaling pathways that
induce dimorphic switching and yeast growth at 37°C have
been identified: (a) the two-component signaling, (b) hetero-
trimeric G protein and Ras signaling, and (c) calcium signal-
ing (reviewed by [23]). The two-component signaling system
is regulated through DRK1 (dimorphism-regulating histidine
kinase 1). Reports in B. dermatitidis and H. capsulatum
showed that DRK1 mutants are avirulent in a murine model
of infection. These mutant strains fail to convert to the
pathogenic yeast form and grow as mycelia at 37°C [24]. In
Paracoccidioides spp., an ortholog DKR1 is highly expressed
in the virulence phase and is fundamental in the mycelia-
to-yeast transition [25, 26]. Ras GTPases are shown to
control multiple processes including cAMP signaling, mor-
phogenesis, differentiation, cell cycle progression, and fungal
pathogenic gene expression [23]. Evidences that a heterotri-
meric G protein and the Ras signaling pathway influence
dimorphic switching in Paracoccidioides spp. were shown
by Nunes et al. [27] and Fernandes et al. [28]. α and β
subunits of heterotrimeric G proteins are induced during
the mycelium-to-yeast switch, and farnesyltransferase inhib-
itors (which disrupt Ras protein function by avoiding its
correct membrane association) promote yeast-to-mycelium
transition, respectively. Thermal dimorphism in P. brasilien-
sis is also found to be closely associated with the calcium
signaling pathway through the heat shock protein 90
(HSP90), which binds and stabilizes calcineurin, thus
controlling the cell differentiation [29]. Pbhsp90 is a single-
copy gene that reaches a 25-fold relative induction at one
hour after mycelium-to-yeast transition, indicative of its
participation upon a thermo-dependent response. Its expres-
sion was also found to be strongly induced under oxidative
stress. Treatment with geldanamycin and radicicol, specific
HSP90 inhibitors that affect the protein’s ATPase activity,
was shown lethal to the yeast cell in a dose-responsive
manner, enforcing the potential of HSP90 as a target for
novel antifungal therapies [30]. Further work using antisense
technology demonstrated that PbHsp90 function is essential
to Paracoccidioides physiology [31]. PbHSP90 plays a rele-
vant role not only upon oxidative injury but also during
growth in acid environment, which correlated with yeast cell
viability 3 h postinteraction with activated macrophages,
indicating that this protein increases the fungus’ capability
to adapt to the host.

On the other hand, several studies have shown that
estrogens, specifically 17β-estradiol (E2), impairP. brasiliensis
morphological transformation of the mycelial to the yeast
form, whichmay explain the strong gender differences among
adult population [32–35]. The exact mechanism involved in
such modulation remains unclear; however, further analysis
of this phenomenon using microarray technology revealed
a correlation between estradiol, cell wall remodeling, energy
metabolism, and cell signaling during the mycelium-to-yeast
transition [36]. This study showed that as a response to
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overcome the presence of E2, the fungus delays or alters
normal cellular responses triggered by high temperature,
thus affecting subsequent morphological changes that com-
promised fungal adaptation and pathogenesis.

Simultaneously to the thermotolerance dimorphism,
pioneer studies analyzing expressed sequence tags (ESTs) of
cDNA libraries from Paracoccidioides spp. allowed to iden-
tify differently expressed genes during the mycelium-to-
yeast transition and various host-interaction conditions, thus
revealing the genus Paracoccidioides’ specific metabolic
adaptations intimately related to its environment [27, 37–
40]. Moreover, initial proteomic approaches performed in
the members of the Paracoccidioides spp. [41–43] character-
ized proteins expressed at their morphological phases and
upon interaction with macrophages, reinforcing the complex
multifaceted response mount by these fungi to facilitate their
survival within the host and even modulate macrophages. As
might be expected during the dimorphic transition [41],
these authors showed preferential expression of proteins
involved in the metabolism of amino acids, nitrogen, signal
transduction, and several heat shock/stress-related proteins,
including HSP88, HSP90, and isoforms of HSP70, consistent
with the previous transcriptional analysis [27]. Notably, the
enzymes transaldolase and transketolase are induced during
the mycelium-to-yeast transition, indicating an upregulation
of the pentose phosphate pathway, linked to the production
of intermediates (fructose 6P and glyceraldehyde 3P) and
recycling of NADP+ to NADPH, which are subsequently
used by the yeast cell to produce ATP under anaerobic con-
ditions. Altogether, these transcriptional and proteomic
analyses set a starting point for integrative approaches on
infection mimicking conditions to gain better knowledge
about the interplay between the expression of microbial
components, focusing on adapting/tolerating a harsh envi-
ronment, and the host immune system (mainly macro-
phages), which produces profuse ROS and RNS activating
antimicrobial activities to kill the fungal pathogen.

It is known that in the lungs, inhaled microorganisms
are quickly phagocytized by macrophages supported by
neutrophils and dendritic cells. Particularly, macrophages
are considered a glucose- and amino acid-depleted environ-
ment; thereby, Paracoccidioides spp. have evolved defense
mechanisms to survive under nutrient deprivation. Lima

et al. [44] determined P. lutzii response in the absence of
glucose performing a high-resolution transcriptomics and
proteomic approach on cultured yeast cells and recovered
yeast cells after macrophage internalization. The tran-
scriptome analysis showed that under carbon starvation
stress (6 h of carbon starvation), abundance of specific trans-
porters such as those for copper, hexoses, and monosaccha-
rides was augmented, indicating that carbohydrate, amino
acid, and metal uptake processes are required for survival.
Additionally, the ability to respond to oxidative stress was also
demonstrated under carbon deprivation, since cellular
responses against ROS such as superoxide dismutase,
catalase, and cytochrome c peroxidase were elevated. In agree-
ment with the transcriptome analysis, the proteomic response
to carbon starvation involved an increase of proteins associ-
ated with metabolism (amino acid degradation, ß-oxidation,
and ethanol production) and reduction of those related to core
cellular processes (fatty acid biosynthesis). This study demon-
strated how carbon-starved yeast cells modulate their metab-
olism by induction or repression of cellular activities. Overall
data presented by these authors reveals thatP. lutziiundergoes
a global metabolic switch towards gluconeogenesis and
ethanol production supported by precursors (acetyl-CoA,
pyruvate, oxaloacetate, and succinate) from ß-oxidation,
tricarboxylic acid (TCA), and glyoxylate cycles as a mecha-
nism to adapt to carbon-starving conditions and survive in
the hostile environment during macrophage infection.

Also, P. brasiliensis overcome the cell-mediated immune
system by regulating morphogenesis. This can be achieved by
a fungal Rho GTPase, Cdc42, which is involve in controlling
actin-mediated polarized growth and supports the large size
of the yeast cell and its multibudding state, a morphology
that inhibits phagocytosis [45]. Indeed, RNAi cdc42 strains
are more efficiently phagocytosed by macrophages and
display decreased pathogenicity [45].

2.2. Changes in Cell Wall Polysaccharide Composition.
Paracoccidioides spp. are characterized by a distinctive struc-
ture and chemical differentiation in its cell wall components
per the morphological phase in which it stands at a given
moment. While the mycelial phase cell wall has β-1,3-glucan
as the main neutral glucose polymer, the multibudding yeast-
like phase reduces this polysaccharide to a minimum and

Table 1: Relative content of the main polysaccharides present in the yeast cell wall of different strains of Paracoccidioides brasiliensis. Strains
belonging to at least three different cryptic species were grown at 37°C on RPMI 1640 (Gibco) liquid medium, buffered with 0.165M
morpholinepropanesulfonic acid (MOPS) to pH 7.0 for 4 days.

Morphological phase Polysaccharide
Polysaccharide content per P. brasiliensis strain (cryptic species)

Pb73 (PS3) Pb300 (PS4) Pb377 (PS4) Pb444 (PS4) Pb381 (S1)

M

α-(1,3)-Glucan 1.06± 0.5 tr tr tr 7.0± 0.3
β-(1,3)-Glucan 31.4± 0.4 25.4± 0.1 27.7± 0.2 20.2± 1.3 22.2± 1.1

Chitin 13.2± 0.7 17.3± 0.4 12.6± 0.6 8.6± 0.2 13.5± 0.5

Y

α-(1,3)-Glucan 22.4± 0.9 23.7± 0.2 23.8± 0.4 24.1± 0.8 32.6± 1.0
β-(1,3)-Glucan 10.6± 0.6 6.8± 0.5 3.9± 0.2 8.6± 0.4 6.3± 0.3

Chitin 35.1± 1.3 31.4± 0.6 18.0± 0.2 26.6± 0.8 23.5± 0.8
tr stands for traces.
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substitutes it by α-1,3-glucan (Table 1; [46]), a change that
has been correlated with pathogenicity, since spontaneous
loss of the polysaccharide correlated with decreased virulence
[47]. This initial observation relating α-(1,3)-glucan as a
fungal virulence factor was demonstrated 30 years later in
H. capsulatum [48]. The presence of α-(1,3)-glucan in the
outermost layer of the cell wall of H. capsulatum yeast masks
β-(1,3)-glucan, an immunogenic component of fungal cell
walls, avoiding its recognition from pattern recognition
receptors (PRR) found on host phagocytic cells [48]. Distur-
bance of the α-(1,3)-glucan synthesis by depletion of the
H. capsulatum α-(1,4)-amylase (AMY1) transcript, which
is involved in priming the oligosaccharide synthesis,
reduces cell wall α-(1,3)-glucan content and fungal viru-
lence [49, 50]. Preliminary data from immunofluorescence
and biochemical studies after silencing P. brasiliensis
AMY1 (PbAMY1) showed 60% reduction of the α-(1,3)-
glucan content on AS-amy1 yeast cell wall, indicating that
indeed PbAMY1p plays a relevant role in the Paracocci-
dioides spp. α-(1,3)-glucan synthesis (Figure 1). In yeast
cells, the drastic reduction of the immunogenic polysaccha-
ride β-(1,3)-glucan in its cell wall, and its substitution by α-
(1,3)-glucan as an outermost layer when compared to the
mycelial phase [51], might be an evolutive feature, hamper-
ing the recognition of the yeast cell by the phagocytic cells
of the host, as in H. capsulatum and, therefore, acting as a
protective shield against host defense.

It has been reported for P. brasiliensis that the relative
content of cell wall polysaccharide is not a constant when
different strains are compared and could vary not only with
culture conditions but also among isolates [52–54]. However,
common features still stand: in the mycelial phase, β-1,3-
glucan is present as the mayor structural polysaccharide
in different strains, regardless of the phylogenetic group
to which each strain belongs, while in the yeast form, α-
(1,3)-glucan is present as the mayor neutral polysaccharide
and chitin as the mayor structural polysaccharide (Table 1).

These features also apply to a single strain growing on
different culture media (Table 2).

Furthermore, it is also well known that long periods of
successive subculturing of Paracoccidioides spp. lead to atten-
uation or loss of virulence due to compositional changes of
the cell wall [55, 56], which can be re-establish after passage
in animals [47], or epithelial culture cells [57] or by sup-
plementing culture media with growth factors such as fetal
calf serum [52]. Nevertheless, a biochemical study of P.
brasiliensis and P. lutzii cell wall composition in the pres-
ence of horse serum showed interesting differences among
them (Table 3). P. lutzii showed no increase in its α-(1,3)-
glucan content after growth in the presence of horse
serum while P. brasiliensis did, reinforcing the role of
molecular evolution in microbial attributes associated with
virulence of these two organisms.

Cell wall turnover during infection after morphological
switching is a survival strategy used by dimorphic fungi to
avoid recognition by the PRRs of the host phagocytic cells.
Dectin-1, a PRR present on the surface of host phagocytic
cells, recognizes fungal cell wall β-(1,3)-glucan and triggers
phagocytosis, respiratory burst, and release of cytokines such
as TNF-α, IL-12, and other interleukins. The spatial arrange-
ment of the yeast cell wall α-(1,3)-glucan in Paracoccidioides
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Figure 1: Silencing of PbAMY1 reduces α-(1,3)-glucan of P. brasiliensis yeast cell. (a) Semiqualitative estimation of α-(1,3)-glucan on
Paracoccidioides yeast cells by immunofluorescence. Pseudocolor mask for saturation (ImageJ). (b) Quantification of α-(1,3)-glucan in
Paracoccidioides yeast cells by anthrone assay. ∗∗∗∗P < 0 00001, Welch’s test.

Table 2: Relative content of the main polysaccharides present in
the yeast cell wall of Paracoccidioides brasiliensis strain Pb73 yeast
cells, grown on different culture media for 4 days at 37°C. HS,
horse serum.

Cell wall
polysaccharide content

P. brasiliensis strain Pb73, yeast phase
Grown on

RPMI YPD YPD+ 5%HS

α-(1,3)-Glucan 22.4± 0.9 17.91± 0.17 32.52± 1.05
β-(1,3)-Glucan 10.6± 0.6 5.83± 0.28 5.14± 0.07
Chitin 35.1± 1.3 15.75± 0.27 12.87± 0.32
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spp. andH. capsulatum, present as an outermost layer, cover-
ing the immune stimulatory PAMP β-(1,3)-glucan, could
actively interfere with these events (Figure 1(a)). A molecular
study made for H. capsulatum revealed that silencing macro-
phage Dectin-1 gene expression suppressed the production
of proinflammatory TNF-α by phagocytes, suggesting that
α-(1,3)-glucan effectively shields β-(1,3)-glucan from innate
immune recognition by the Dectin-1 receptor [48, 52]
(Figure 2(a)). Additionally, a recent study in α-glucan-
containing Histoplasma strains showed that yeast cells of this
organism secrete an endo-β-(1,3)-glucanase, Eng1, which
plays a role in fine scale hydrolysis of cell wall β-glucans
[58]. Eng1 acts trimming β-glucan segments exposed on
the fungal cell surface further minimizing potential Dectin-
1 recognition, decreasing production of proinflammatory
cytokines by phagocytes thereby enhancing Histoplasma
ability to escape detection by host phagocytes. Interestingly,
two endoglucanases associated with P. brasiliensis extracellu-
lar proteome have been reported [59]; however, none shows
homology to Histoplasma Eng1.

3. Adhesion and Invasion

As the infection process advances through the respiratory
pathway, Paracoccidioides spp. are required to cross tissue
planes aiming their intracellular persistence within the
host; therefore, the fungus initially invades normally non-
phagocytic host cells such as epithelial cells and endothe-
lial cells inducing their own uptake and causing host cell
apoptosis [60–62].

3.1. Adhesins. At this stage, Paracoccidioides spp. surface
proteins known as adhesins play a critical role in the estab-
lishing of the infection by interacting with the host cells to
promote successful colonization and/or dissemination of
the fungi into the host organism [63]. Adhesins mediate
fungal cell binding to host extracellular matrix (ECM)
components (mainly fibronectin, laminin, fibrinogen, type
I and IV collagen, and plasminogen) as well as to epithelial
lung cells [64]. Differences in adhesion capacity to Vero
cells [65], pneumocytes, and ECM components [66] have
been observed for Paracoccidioides spp., which might also
be attributable to changes in the cell wall composition
[67]. Several studies have allowed to identify a diverse
number of adhesins in Paracoccidioides spp., which are
involved in the interaction with host cells and in the
in vitro biofilm formation, revealing this fungus a high

level of adaptability to a new environment (reviewed by
[68]) [63, 69, 70].

A surface glycoprotein of 43 kDa, the first adhesin
described in P. brasiliensis known as gp43, showed adhesion
to laminin and fibronectin [71, 72]. It was the first adhesin
to be reported as enhancer of pathogenesis in this fungus.
Gp43 inhibits both phagocytosis and fungal intracellular
killing [73], may induce protection depending on the route
of infection [74], and strongly induces in vitro granuloma-
like formation by B-1 cells and macrophages [75]. Downreg-
ulation of PbGP43 correlated with reduced fungal burden in
the lungs of the infected BALB/c mice [76]. Gp43 is likely to
be found within vesicles [59] and also happens to be the
predominant antigen used for immune detection of P. brasi-
liensis [2]. In the case of P. lutzii, a gp43 ortholog, named
Plp43, shares only few epitopes in common; therefore,
gp43 should not be used in the diagnosis of PCM patients
infected with P. lutzii [77]. PbHad32p, a 32 kDa protein
member of the hydrolase family, able to bind to laminin,
fibronectin, and fibrinogen, has been shown to be important
in the initial attachment of the infectious particles to the
lungs [78–81]. Once into the host, Paracoccidioides spp.
infective propagules switch to yeast cells, which manage to
ease their invasion into pulmonary epithelial cells and kera-
tinocytes by altering the host cell cytoskeleton structure, a
process that is promoted by gp43, which acts as an adher-
ence receptor in the internalization of the yeast into the host
cell (Figure 2(b)). When into the pulmonary epithelial cell,
the fungus induces cytokeratin degradation and apoptosis
of the host cells [61, 67].

A phospholipase B (PLB), involved in the early fungus-
macrophage interaction, has been reported crucial during
the invasion of the host byParacoccidioides spp. and suggested
to possibly modulate the innate immune response [82]. Many
other potential adhesins, previously described as upregulated
genes in yeast cells derived from models of infection, have
been uncovered by a comparative transcriptome analysis of
annotated ESTs during in vitro adherence assays to type I
collagen and fibronectin, including C-5 sterol desaturase,
cap20 protein, high-affinity copper transporter, hexokinase,
and transketolase [37, 39, 83].

Another set of surface adhesins well characterized as
moonlighting proteins in Paracoccidioides spp. includes
enolase (ENO), fructose 1,6 bisphosphate aldolase (FBA),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), trio-
sephosphate isomerase (TPI), malate synthase (MLS), isoci-
trate lyase (ICL), and aconitase (ACO) (reviewed by [69]).
These are multifunctional proteins that can perform

Table 3: Biochemical study of P. brasiliensis and P. lutzii cell wall composition in the presence of horse serum. Yeast cells were grown on
YPD or YPD supplemented with 5% horse serum for 4 days at 37°C. HS, horse serum.

Cell wall polysaccharides content
P. brasiliensis strain Pb73, yeast phase

Grown on
P. lutzii strain Pb01, yeast phase

Grown on
YPD YPD+ 5%HS YPD YPD+ 5%HS

Chitin 15.7± 0.3 12.8± 0.3 21.1± 0.7 21.4± 1.0
α-(1,3)-Glucan 17.9± 0.2 32.5± 1.1 25.7± 0.4 25.2± 0.3
β-(1,3)-Glucan 5.8± 0.3 5.1± 0.1 3.8± 0.3 2.3± 0.3
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several additional functions, besides their role in chemical
metabolic reactions. Most likely, moonlighting proteins act
as enzymes constitutively expressed at low levels, but when
performing moonlighting functions, they are expressed at
high levels [84].

Paracoccidioides spp. ENO, FBA, GAPDH, and TPI are
glycolysis enzymes that have been detected in the fungus
surface as well as in the vesicle proteome [59], in addition
to their conventional cytoplasmic localization. ENO is a
54 kDa protein that binds to laminin, fibronectin, plasmin-
ogen, and type I and IV collagen [85, 86]. PbEno expres-
sion reported a 10-fold increment on yeast cells derived
from the lungs, livers, and spleen of mice after 7 days. Het-
erologous expression of Paracoccidioides enolase (rPbEno)
allowed to evaluate its role in the infection of host cells,
suggesting that rPbEno promoted an increase in the associ-
ation (adhesion/invasion) of Paracoccidioides spp. with
host cells in ex vivo models of infection [87]. PbEno’s abil-
ity to bind plasminogen seems to favor the yeast cell
attachment and internalization to host tissues by modifying
the surface of host cells (degradation of fibronectin), there-
fore playing a key role in the establishment of PCM [83, 87].
The enolase plasminogen-binding ability and its role in the
degradation of host tissues and ECM components also
have been related to the invasion process in Plasmodium
parasites and other pathogens [88]. A proteomic analysis
of P. lutzii secretome allowed the identification of fifteen
plasminogen-binding proteins, among them is FBA [89].

FBA’s ability to bind plasminogen increased fibrinolytic
capacity of the fungus, as demonstrated in the fibrin degrada-
tion assay. Its participation in the host-pathogen interaction
was also evaluated using recombinant protein or anti-FBA
antibody in which reduction of adherence/internalization
by macrophages was demonstrated [89]. The GADPH binds
to laminin, fibronectin, and type I collagen. Its expression is
increased during the mycelium-to-yeast transition and para-
sitic yeast phase; thus, it seems to be involved at the early
stages of the fungal infection promoting adhesion to host
tissues. In vitro assays treating Paracoccidioides spp. yeast
cells with polyclonal anti-GAPDH antibody or pneumocytes
with the recombinant protein demonstrated reduced interac-
tion between the host and fungus [90, 91]. TPI was initially
described as a fungal antigen able to react with the sera of
PCM patients [92]. Further characterization and production
of an antirecombinant TPI (rPbTPI) polyclonal antibody
showed TPI role as an adhesin, which binds preferentially
to laminin, and it is involved in the initial fungal adherence
and invasion [93].

MLS and ICL are key enzymes of the glyoxylate cycle
required for fungal virulence [94]. In Paracoccidioides spp.,
their transcript levels are induced during the mycelium-to-
yeast transition and the yeast cell [25, 95], particularly during
nutritional stress conditions. MLS is upregulated in yeasts
during phagocytosis by macrophages [96], while ICL during
the fungus-macrophage interaction upon carbon starvation
[44], suggesting their relevance for infection. MLS also
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Figure 2: Diagram of proposed Paracoccidioides spp. immune-evasion mechanisms. (a) Shielding of stimulatory PAMPs. The cell wall
beta-glucan present in the fungus saprophytic forms (conidia and mycelia) is recognized by the macrophage Dectin-1 receptor; however,
pathogenic yeast cell α-(1,3)-glucan masks β-(1,3)-glucan, avoiding its recognition. (b) Intracellular survival. Paracoccidiodes spp. use
several strategies to overcome the host harsh environment, among them are the following: (1) promoting invasion to the pulmonary
epithelial cells by altering their cytoskeleton structure, a process assisted by gp43; (2) avoiding phagocytosis by displaying an enlarged
multibudding morphology, boosted by Cdc42 expression, which physically impairs engulfment by macrophages; and (3) adapting to the
host environment. The phagocytosed fungus shifts its metabolism to tolerate macrophage stress conditions and even modulate host
apoptosis enabling fungal killing. (c) Altering T-cell repertoire. During acute fungal infections, yeast cells invade the thymus altering its
epithelial cells’ spatial arrangement crucial for T-cell differentiation and pathogen-specific immune response.
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participates in the allantoin degradation pathway, which
allows the cells to use purine as a nitrogen source [97].
PbMLS also showed differential accumulation and reactiv-
ity on Paracoccidioides spp. surface and cytoplasm of
budding cells, respectively, and not in the mother cell, indi-
cating that this enzyme is metabolically relevant and
mainly synthesized by young cells. The recombinant pro-
tein demonstrated ability to recognize fibronectin and type
I and IV collagen, as well as pulmonary epithelial cells,
implying PbMLS involvement in the interaction of the fun-
gus with host components [98]. ICL binds fibronectin, type
IV collagen, and epithelial cells; it is also secreted to the
fungal surface [99], supporting the protein relevance during
the host-pathogen interaction. Notably, PbICL is regulated
by carbon sources, and its inhibition by argentilactone, a
natural drug previously used in the experimental treat-
ment of cutaneous leishmaniasis, can affect cell growth and
differentiation [100].

ACO is involved in energy generation catalyzing the
isomerization of citrate to isocitrate in both the TCA cycle
and the glyoxylate cycle. Paracoccidioides spp. ACO (PbACO)
is a 80 kDa protein found in the extracellular fluid, prefer-
entially expressed in yeast cells associated with cell wall,
mitochondria, cytosol, and peroxisomes. PbACO protein
levels in yeast cells were induced when fungal growth used
potassium acetate or ethanol as carbon sources and in the
presence of high-iron concentrations, indicating a potential
role in iron metabolism [101].

Furthermore, a 30 kDa adhesin also identified as a 14-3-3
glycoprotein might also be considered a moonlighting
protein in Paracoccidioides spp. [102]. Initial studies of P.
brasiliensis 14-3-3 protein showed that it preferentially binds
to laminin and presented evidence that adhesion capacity
could be related to virulence [57]. 14-3-3 is localized in both
the cytoplasm and the cell wall [59]; however, its concentra-
tion on the cell wall largely increased during infection,
stressing that 14-3-3 plays an essential role in the host-
pathogen interaction [103]. Functional analysis of Pb14-3-3
in Saccharomyces cerevisiae partially complemented Bmh1p
and Bmh2p proteins supporting the role as an adhesin and
demonstrating reduced susceptibility to fluconazole in S. cer-
evisiae transformants [104]. This study shows that Pb14-3-3
might be involved in the ergosterol biosynthesis revealing a
potential new drug target. Recent work silencing Pb14-3-3
distinctly altered the yeast morphology and hampered the
morphological switching without affecting cell vitality or
viability [105]. Additionally, these authors demonstrated that
binding of the Pb14-3-3 mutant to laminin and fibrinogen
was reduced compared to that of the control, which corre-
lated with a significant reduction of the virulence phenotype
in the invertebrate infection model Galleria mellonella.
This study established multifaceted roles of Pb14-3-3 in
morphology, attachment/infection to host components,
and virulence, therefore supporting the previous report
that suggested 14-3-3 as interesting therapeutic target for
the treatment of PCM. Further intracellular survival and
dissemination of Paracoccidioides spp. is accomplished by
modulating programmed cell death of macrophages and
epithelial cells, through expression of caspase-2, caspase-3,

and caspase-8, strongly influenced by the 30 kDa 14-3-3
and gp43 adhesins [106, 107].

4. Defenses to Host Environment Stressors

Upon successful invasion of the mammalian host and reach-
ing an intracellular niche, Paracoccidioides spp. require to
overcome environmental stressors, persist intracellularly,
and manipulate the progression of disease in the host. Other
microbial determinants of Paracoccidioides spp. that play a
relevant role in their pathogenesis are the following.

4.1. Melanin. Melanin pigments are remarkable substances
present in all biological kingdoms, which have been associ-
ated with myriad functions based upon their unique physico-
chemical properties (reviewed by [108]) [109]. Melanins are
polymers of phenolic and/or indolic compounds, negatively
charged, hydrophobic in nature, and with high molecular
weight and unknown structure [110]. Most fungi, bacteria,
and helminths synthesize melanin via the polyketide synthase
pathway or catalyze it by phenoloxidases (reviewed by [111]).
Particularly in the field of fungal pathogenesis, their role in
virulence has been well established (reviewed by [112–115]).
In Paracoccidioides spp., melanin characterization was first
described by Gomez et al. [116]. These authors revealed
P. brasiliensis’ ability to produce melanin when recovering
dark particles that retained the size and shape of conidia
or yeast, after enzymatic digestion and harsh acid treatment.
Interestingly, melanized conidia were obtained after growing
mycelia on water agar, while melanized yeasts were observed
during growth in minimal media supplemented with L-3,4-
dihydroxyphenylalanine (L-DOPA) and also recovered from
infected mouse tissue, indicating the fungus capacity to
synthesize melanin in the absence or presence of L-DOPA.
Data also demonstrated that melanized yeast cells, either
grown in vitro or recovered from infected tissue, were
reactive to melanin-binding monoclonal antibodies (MAbs)
isolated from Cryptococcus neoformans [117], showing
consistency with in vivo melanization. Analysis by electron
spin resonance (ESR) spectroscopy of Paracoccidioides spp.
melanin recovered from yeast cells demonstrated a strong
signal characteristic of a stable free-radical population, a
key criterion in defining a melanin. Moreover, melanin syn-
thesis by yeast cells was supported by the presence of laccase
activity in cytoplasmic extracts. Additionally, upregulation of
genes related to melanin synthesis such as tyrosinase and
aromatic L-amino acid decarboxylase was shown in infected
mice [37].

Fungal melanin distribution varies among species, for
example, Candida albicansmelanin can be found in the outer
part of the cell wall and/or clustered on the cell wall surface
[118], while in C. neoformans, melanin is first detectable close
to the plasmatic membrane and fills throughout the cell wall
over time [113]. Using transmission electron microscopy,
Paracoccidioides spp. melanin was shown as electron-dense
granules distributed on the yeast cell surface as well as in
the cytoplasm [119]. Latest studies about cryptococcal mela-
nin revealed that this polymer is composed of granular parti-
cles with an average size of 75nm in diameter [120, 121].
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Moreover, melanin synthesis takes place within laccase-
containing vesicles known as fungal melanosomes [122],
whichmight interact with cell wall components such as chitin
to facilitatemelanin deposition within the cell wall [123–126].

MAbs against Paracoccidioidesmelanin have been gener-
ated [127]. This study reported that the melanin-binding
MAbs (IgG and IgM) successfully labeled conidia from
mycelial cultures grown in water and yeasts grown in the
presence of L-DOPA, as well as condium-infected mouse
lung tissue. Melanin production during PCM was demon-
strated by the detection of IgG Abs in serum specimens from
patients; however, sera from patients with different mycoses
displayed cross-reactivities against a wide spectrum of fungal
melanin types, which supports the hypothesis that melanin
may represent a “common” or immunological target for
pathogenic fungi [128]. Antibodies to fungal melanin have
provided protection against C. neoformans [129] and Fonse-
caea pedrosoi [130].

Initial studies concerning melanin capacity to protect
P. brasiliensis yeast cells from the host immune system
reported that mannan can partially inhibit phagocytosis
and that melanized cells were more resistant than nonmela-
nized cells to fungicidal and fungistatic effects of macro-
phages; however, increased macrophage uptake of opsonized
yeast cell was documented when adding complement and/or
antibody against melanin [119]. Further analyses on this area
investigated the effect of P. brasiliensis melanized yeast cells
on antimicrobial oxidants and phagocytosis using carbohy-
drates and monoclonal antibody to CD18 [131]. This study
showed significant reduction in the phagocytosis ofmelanized
yeast cells by macrophages, previously treated with mannan
or laminarin; moreover, phagocytosis was virtually abolished
when phagocytic cells were treated with mannan and N-
acetylglucosamine in the presence of anti-CD18 antibodies,
suggesting that macrophage internalization of melanized
yeasts requires multiple receptors. In vitro analyses dem-
onstrated that melanized cells were less susceptible to
chemically generated nitric oxide, oxygen-derived oxidants,
chloride-free sodium hypochlorite, and to killing by hydro-
gen peroxide than nonmelanized cells. These data correlated
with an infection in a murine model, which resulted in
increased fungal burden in the lungs by melanized yeast
compared to nonmelanized cells, most likely attributable to
reduced internalization by phagocytic cells and enhanced
resistance to intracellular death. Therefore,melanin promotes
fungal virulence by inhibiting phagocytosis and neutralizing
oxidative radicals generated in the host effector cells.

Furthermore, in search for an alternative treatment to
PCM skin lesions and oral mucosa, the influence of melanin
produced by sixteen isolates of the Paracoccidioides spp.
complex on the effects of treatment with antimicrobial
photodynamic inhibition (aPI) and antifungal drugs was
evaluated [132]. These authors demonstrated that aPI can
reduce the viability of Paracoccidioides spp.; however, mela-
nized yeast cells were more resistant than nonmelanized cells,
which was attributable to lower levels of ROS and RNS due to
melanin interference with the absorbance peak of toluidine
blue. In addition, MIC data showed that melanized yeast cells
were less susceptible to amphotericin and itraconazole, while

in the previous study, da Silva et al. [119] found no
differences between melanized and nonmelanized yeast cells.
Nevertheless, studies from da Silva et al., using an antifungal
killing assay for melanized yeast cells of Paracoccidioides
spp., revealed increased resistance to antifungal drugs mainly
amphotericin B and less pronounced with ketoconazole,
fluconazole, itraconazole, and sulfamethoxazole, which could
be thought to be attributable to reduced cell wall permeability
or that melanin quenched free radicals released by cell mem-
brane damaged by drugs [133].

Interestingly, studies by Baltazar et al. [132] showed that
melanin can interact with amphotericin, itraconazole, and
toluidine blue, consequently changing their antifungal activ-
ities. Other authors have demonstrated that melanin binds
amphotericin and not itraconazole by analyzing the elemen-
tal composition of C:N:O after incubation of these drugs with
melanin [134], suggesting that melanin alters the drug com-
position; however, Baltazar et al. reported that melanin might
physically block itraconazole entrance to the yeast thus
reducing its activity, while decrease in the antifungal activity
of amphotericin is due to the alteration of the drug structure
that reduces its affinity for ergosterol. Altogether, these data
confirm that melanization contributes to virulence by acting
as a ROS scavenger and through binding to antifungal drugs,
thereby altering their activities [119, 131, 132].

4.2. Extracellular Vesicles. Fungal extracellular vesicles
(EVs) resembling mammalian exosomes have been reported
(reviewed by [135–139]). So far it is known that EVs, using a
noncannonical pathway of secretion, are able to cross the cell
wall and transport molecules that play a role in nutrient
acquisition, cell defense, and even modulation of the host
immune defense; however, many questions about their
biogenesis, mechanisms through which EV transverse the
cell wall and reach the extracellular space, and how they
modulate host interactions remain to be elucidated. Never-
theless, the compositional analysis of such EVs present in
the fungal pathogens C. neoformans, H. capsulatum, C.
albicans, Candida parapsilosis, and Sporothrix schenckii sug-
gests that they might act as “virulence bags” [140]. In fact, it is
reported that in C. neoformans, glucoronoxylomannan
(GXM), the major capsular polysaccharide, is transported
within vesicles to the extracellular space where it is released
and reincorporated into the cell surface as an alternative
pathway for capsule growth [141]. These extracellular com-
partments composed of lipid bilayers have the potential to
regulate key pathogenic steps during fungal infections.
Particularly in the genus Paracoccidioides, a pioneer study
characterized EVs isolated from culture supernatants of P.
brasiliensis yeast cells cultivated in defined media [42]. This
study demonstrated that the fungus EVs carry antigenic
components bearing highly immunogenic α-galactopyrano-
syl (α-Gal) epitopes, which were found both at the vesicle
surface and at the lumen. Both PCM and chagasic anti-α-
Gal IgG reacted intensely with EVs, in contrast with the slight
reaction evoked by natural anti-α-Gal antibodies, thereby
suggesting that in Paracoccidioides spp., there is a high
variety of nonreducing terminal α-linked galactopyranosyl
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epitopes that may resemble those found in Trypanosoma
cruzi mucins.

Furthermore, a unique proteomic analysis of EVs and
vesicle-free released proteins from Paracoccidioides spp.
pathogenic yeast phase provided a comparative analysis with
other pathogenic fungi EV proteomes [59]. This study
identified 205 and 260 proteins in vesicle and vesicle-free
preparations, respectively. According to their sequences,
almost 70% of them were predicted secretory, mostly
involved in nonclasical secretory pathways. The comparative
analysis of Paracoccidioides EV proteins with orthologs
present in vesicles from C. neoformans, H. capsulatum, and
Saccharomyces cerevisiae revealed that 63% of the Paracocci-
dioides vesicle-associated sequences had orthologs in other
fungal extracellular vesicles, and among them, 72 were com-
mon to Paracoccidioides spp. in at least two other species,
while 26 were identified in all four species analyzed. Some
of these proteins might have clear roles during infection,
for instance, superoxide dismutase, mitochondrial peroxire-
doxin, and thioredoxin, which are involved in the ROS
homeostasis and promote fungal intracellular survival. Inter-
estingly, this analysis also revealed that the composition of
the secretome is strongly affected by the growth conditions,
suggesting that adaptation and survival to certain environ-
ments are closely associated with the profile of released
proteins. Overall, it was reinforced with this study that EV
cargo is complex, and it might involve proteins with diverse
physiological functions from signaling to cell division to
response to stress.

Concerning the complexity of fungal EVs, da Silva
et al. [142] demonstrated that mannose and N-acetylgluco-
samine residues are found in Paracoccidioides EV surface,
which are recognized by the innate immune system receptors
DC-SIGN and DC-SIGNR, but not Dectin-1 or Dectin-2.
Moreover, the influence of EVs produced by P. brasiliensis
yeast cells on the host immune cells was evaluated [143].
These authors showed that incubation during 48h of EVs
and murine peritoneal macrophages induced the release of
proinflammatory mediators such as NO, IL-12p40, IL-
12p70, IL-6, TNF-α, IL-1α, and IL-1ß in a dose-dependent
manner. Similarly, it was shown that EVs promote a proin-
flammatory profile in murine macrophage J774A.1 cells.
Additionally, it was demonstrated with this study that EVs
favor the development of macrophages towards the “classi-
cal” M1 activation phenotype, and even more, Paracocci-
dioides EVs can stimulate macrophage switching from an
M2 towards an M1 phenotype. Remarkably, EV-stimulated
macrophages, during 24 h, exhibited a higher fungicidal
activity than those macrophages activated with IFN-γ, which
was evident by the lower recovery of yeast CFU from lysed
macrophages. Therefore, this study suggests that EV compo-
nent from Paracoccidioides spp. can modulate the host
immune response and affect the interplay of fungus-host
immune cells.

4.2.1. How Paracoccidioides Spp. OvercomeHost Environmental
Stressors? Macrophage oxidative burst is characterized by
increased oxygen uptake and ROS production that along
the release of hydrolytic enzymes and toxic metabolites

inside the phagolysosome intend to kill fungal pathogens.
Nitrosative molecules (such as nitric oxide), produced
mainly by INF-γ-activated macrophages, are fungicidal to
Paracoccidioides spp. [144, 145]. Paracoccidioides complex
initiates a metabolic switch to tolerate the macrophages’
carbon-depleted environment, particularly by activating the
pentose phosphate pathway, which additionally provides a
defensive mechanism to the yeast cells against sulfhydryl
groups and oxygen radicals from the host bymaintaining glu-
tathione in a reduced state [146]. Moreover, high-throughput
transcriptional and proteomic analysis studies in Paracoc-
cidioides spp. revealed that upon macrophage phagocyto-
sis [147, 148], mimicking oxidative stress by exposure of
yeast cells to H2O2 [149], or inducing nitrosative stress
to yeast cells by incubation with S-nitrosoglutathione
(GSNO) [150], which produces RNS, the fungus can cope
with oxidative and nitrosative stress. In response to H2O2,
Paracoccidioides spp. present a prominent activation of anti-
oxidant enzymes (catalases, cytochrome c peroxidase, thiore-
doxin, and superoxide dismutases) and induce a metabolic
shift to the pentose phosphate pathway, characterized by
increased NADPH production in the cytoplasm as an elec-
tron source for glutathione peroxidase system, in order to
restore the cellular redox potential [149]. This data corre-
lates with the upregulation of transcripts of genes encoding
peroxisomal catalase and Mn superoxide dismutase in
yeast cells infecting macrophages associated with glucose
and amino acid limitation [147]. Other studies evaluated
the role of an alternative respiratory chain (AOX) in Paracoc-
cidioides spp. during host-pathogen interaction [151, 152],
which has been shown to be involved in the control of ROS
and other oxidative molecules [153, 154]. Through genera-
tion of a knockdown strain PbAOX-aRNA, these authors
demonstrated reduced fungal viability during infection of
alveolar macrophages, particularly during the morphological
transition, thus decreased fungal burden in the lungs of
infected mice and increased survival rate. These data support
that PbAOX is essential during the establishment of the fun-
gal infection, possibly by assisting redox balancing during cell
growth and themorphological switch of Paracoccidioides spp.

Understanding Paracoccidioides yeast cell behavior to
nitrosative stress was achieved by identifying genes and
proteins that might contribute to this response; this study
demonstrated reduced levels of enzymes related to aerobic
respiration (specifically cytochromes, succinate dehydroge-
nase, and ATP synthases), indicative of reduced activity of
the mitochondrial electron transport chain [150]. In the
presence of GSNO, these authors also reported alterations
in lipids and branched chain amino acid metabolism and
noticed increased expression of the enzymes cytochrome C
peroxidase (CCP) and superoxide dismutase (SOD), which
have been involved in Paracoccidioides spp. oxidative stress
response [149]. Consequently, the overlapping role of CCP
and SOD in both stress responses was confirmed by knock-
down approaches [148, 150, 155]. Paracoccidioides spp.
ccp-aRNA strains are more sensitive to RNS [150] and
mitochondrial-generated ROS stress [148], suggesting that
CCP avoids cell damage caused by nitrosative and oxida-
tive stress. Additionally, these authors reported that CCP
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silencing promoted a reduction in the number of recovered
fungi in macrophages and in an animal model, thereby
CCP can be considered a virulence factor since it is relevant
for the establishment of the infection by Paracoccidioides
spp. [148]. Another study has reported Paracoccidioides
spp. ability to reduce nitric oxide (NO) levels by secreting
the adhesin gp43, which prevents the release of NO from
macrophages and stimulates the release of IL-10, hence
reducing the iNOS expression and its enzymatic activity [73].

Concerning SOD role in the response to oxidative stress,
Tamayo et al. [155] identified and characterized six isoforms
encoded in the P. brasiliensis genome, among which PbSOD1
and PbSOD3 expressions were increased during the mor-
phological switching to the pathogenic yeast phase, as well
as under treatment with oxidative agents and during interac-
tion with phagocytic cells (PMNs and alveolar macrophages).
Interestingly, as shown by these authors, silencing of PbSOD1
and PbSOD3 genes has no detrimental effect on yeast cells’
growth rate; however, both knockdown strains were similarly
susceptible to H2O2- and menadione-induced oxidative
stress, while PbSod3p was required for virulence. This study
propose a well-coordinated response to oxidative stress in
Paracoccidioides spp., in which intracellular Sods (mostly
Sod1p) defense against endogenous-produced ROS while
Sod3p, supported by its extracellular activity and cell surface
localization, assists in combating the superoxide radicals
generated during the host-pathogen interaction.

Furthermore, Tamayo et al. [156] recently identified
and characterized the three members of the catalase
(CAT) gene family in different fungal strains of Paracocci-
dioides spp., covering each phylogenetic lineage, as well as
in other Onygenales. This study revealed that Coccidioides
and dermatophyte genomes do not encode the extracellular
catalase CATB, suggesting that Onygenales may have evolved
different mechanisms to counteract oxidative stress via cata-
lases. Moreover, in correlation with the SOD study [155],
yeast cells from P. brasiliensis showed higher expression of
CATP than those of P. lutzii. Having a similar experimental
strategy as in the SOD analysis, these authors demonstrated
that PbCATA and PbCATB play a major role in endogenous
ROS homeostasis in yeast cells, whereas PbCATP is mainly
triggered in the presence of exogenous ROS and the reduced
expression of this isoform negatively affected fungal virulence
in a mouse model. The data shows that Paracoccidioides spp.
rely on CAT isoforms to control ROS homeostasis along the
different stages of the infectious process to promote fungal
survival and virulence [155].

Iron and zinc are essential micronutrients in fungi, due to
their participation as cofactors in many biological processes
inside the cell. Therefore, host cells impede intracellular
microbial proliferation by restraining access to iron through
its sequestration by high-affinity iron-binding proteins, such
as transferrin and ferritin. Particularly, under iron starvation
conditions, a proteomic analysis of Paracoccidioides spp.
yeast cells grown in media supplemented with the iron chela-
tor bathophenanthrolinedisulfonate (BPS) showed potential
repression of the TCA cycle which is mediated by enzymes
containing Fe/S clusters, reduced expression of enzymes
involved in the glyoxylate pathway and methylcitrate cycle,

downregulation of the electron transport chain, and
decreased in oxidative phosphorylation thus lowering ATP
production. Overall, these data revealed that in response to
iron deprivation, the fungus adjusts their energy metabolism
to iron-independent pathways by increasing glycolytic
activity thus compensating for the decrease of aerobic path-
ways [157]. Furthermore, in Paracoccidioides spp., it has been
shown that host hemoglobin and siderophore production
and transport are iron sources for the fungus [158, 159].
Hemoglobin uptake is mediated by the hemoglobin fungal
receptor ortholog, Rbt5 [158]. A rbt5 knockdown strain of
Paracoccidioides spp. showed a lower survival rate inside
macrophages and lower fungal burden in vivo in a mouse
model of infection, a result which suggests Rbt5 as a virulence
factor and a possible way to overcome low levels of iron by a
highly effective iron uptake by the fungus [158]. Another way
to accumulate intracellular iron, described in Paracocci-
dioides spp., is a nontraditional reductive iron assimilation
(RIA) pathway, involving iron reduction and zinc-regulated
transporter homologs (Zrt1 and Zrt2), able to transport zinc
and iron inside the fungal cell [160, 161]. This would suggest
that under stress conditions, like those found inside the
macrophage, those Paracoccidioides spp. yeast cells success-
fully phagocyted by macrophages, could shift to a starvation
mode, and activate highly effective iron and zinc uptake
pathways, in order to persist inside the microenvironmental
conditions of phagocytic cells.

It is established that in inflamed tissues, oxygen supply is
limited by the high volume of host phagocytic cells or the
microbe itself at blood vessels. Paracoccidioides spp. must
tolerate and overcome stress conditions caused by low oxy-
gen levels. Characterization of P. lutzii hypoxia response by
a proteomic approach revealed differential protein expres-
sion for 134 and 154 proteins at 12 and 24 hours under
hypoxy conditions when compared to the control [162]. At
12 hours under hypoxia, 50% of the proteins showing differ-
ential expression were increased, while the same percentage
was decreased when compared to control cells, while at
24 hours under hypoxia, around 66% of proteins showing
differential expression were increased, while around 33%
were decreased. An evaluation of mitochondrial activity
showed a lower activity at the first 12 hours under hypoxia,
and restoration of activity at 24 hours, in agreement with
the proteomic results, showing the potential for adaptation
of this fungus under low oxygen levels [162]. The same work
revealed that P. lutzii contains homologs of SrbA, a sterol
regulatory element binding protein (SREBP) and key regula-
tor of hypoxia adaptation in fungi [162]. Functional comple-
mentation of an Aspergillus fumigatus srbA null mutant by
the Paracoccidioides srbA (PbsrbA) gene restored the null
mutant hyphal growth under hypoxia, which suggests that
PbsrbA may promote adaptation to hypoxic microenviron-
ments. Furthermore, this study also showed that Paracoc-
cidioides SrbA is likely involved in azole drug resistance
responses. Perhaps this resistance could be achieved by
regulating brassicasterol biosynthesis, which is found in
Paracoccidioides spp. yeast cells’ cytoplasmic membranes,
instead of ergosterol [163], compensating the effects on
membrane fluidity due to low oxygen levels.
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5. Dissemination

On the last stage of the infectious process, the ability to
establish the fungal infection in distant niches through
biofilm formation represents a critical virulence factor in

Paracoccidioides spp. A recent report showed that P. brasi-
liensis can colonize surfaces and form biofilms in its yeast
phase [70]. The fungus biofilm consisted of a dense network
of yeast cells characterized by the expression of genes
encoding adhesins (gp43, GAPDH) and hydrolytic enzymes

Table 4: Paracoccidioides spp. genes shown by functional molecular studies using antisense technology to be involved in virulence and/or
immune-evasion strategies from the host.

Gene Encodes Biological role References

PbCDC42 Rho GTPase
(i) Coordination of cell growth/morphogenesis of

yeast cells, promoting an enhanced ability
to evade the host immune system.

[45]

PbHAD32 Hydrolase
(i) Adhesin involved in initial attachment of the infectious

particles to the lungs.
[80, 81]

PbAOX
Oxidase part of the electron transport

chain in mitochondria

(i) Essential during the establishment of the fungal infection,
possibly by assisting redox balancing during cell growth
and the morphological switch.

[151, 152, 154]

PbHSP90 Molecular chaperone

(i) Binds and stabilizes calcineurin thus controlling the
cell differentiation.

[29–31]
(ii) Essential upon thermo-dependent response and

oxidative injury promoting fungal adaptation to the host.

PbGP43 Cell-surface component

(i) Adhesin that inhibits the phagocytic and fungicidal
capacity of macrophages, through binding to mannose
receptors and inducing IL-18 production.

[73, 76, 106, 107](ii) Ability to reduce nitric oxide levels.

(iii) Adherence receptor in the internalization of the yeast
into the host cell altering its cytoskeleton structure.

(iv) Modulation of host cells apoptosis.

PbP27
Protein mainly localized in cytoplasm

and cell wall of yeast cells

(i) Involved in the yeast cellular morphological and
glucose metabolism. [173]

(ii) Possible role in promoting latency in the host.

PbRbt5
Surface glycosylphosphatidylinositol-

(GPI-) anchored protein

(i) Hemoglobin uptake as an iron source for
intracellular survival. [158]

(ii) Potential virulence factor.

PbCCP Cytochrome c oxidase

(i) Avoids cell damage caused by nitrosative and oxidative stress.

[148, 150](ii) Promote fungal survival within macrophages.

(iii) Potential virulence factor.

PbSOD1 Cytosolic superoxide dismutase (i) Defense against endogenous-produced ROS. [155]

PbSOD3 Extracellular superoxide dismutase

(i) Pronounced extracellular activity involved in combating
superoxide radicals generated during the
host-pathogen interaction. [155]

(ii) Potential virulence factor.

Pb14-3-3 30 kDa protein

(i) Adhesin able to bind laminin.

[105–107]

(ii) Critical role in attachment/infection to host components
and fungal virulence.

(iii) Involved in the morphological switching, ergosterol
biosynthesis, and modulating apoptosis of host phagocytic
and epithelial cells.

PbSCONC
Member of the Toll-like receptor family
encoding a negative regulator of the
inorganic sulfur assimilation pathway

(i) Dimorphism regulator by modulating the inorganic
sulfur metabolism and influencing virulence. [174]

(ii) Novel virulence determinant.

PbCATA
Catalases

(i) Major role in endogenous ROS homeostasis in
Paracoccidioides cells.

[156]
PbCATB

PbCATP Catalases
(i) Mainly triggered in the presence of exogenous ROS and

highly relevant for fungal virulence.
[156]
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(aspartyl proteinase), consistent with the established steps of
adhesion, invasion, and tissue destruction also reported for
C. albicans biofilms [164]. Biofilm formation by the fungus
might be a critical factor in the persistence of the fungal
infection, since it could hinder the action of antifungal drugs
and may contribute to a chronic state of the disease. Addi-
tionally, gp43 inhibits the phagocytic and fungicidal capacity
of macrophages, through binding to mannose receptors and
inducing IL-18 production [73, 165].

Particularly, a serine-thiol extracellular proteinase (PbST)
with hydrolytic activity at 37°C has been reported in the
pathogenic yeast phase of P. brasiliensis [166, 167], in line
with its transcript upregulation [38]. This serine proteinase
is involved in the cleavage of the main components of the
basal membrane in vitro, including laminin, fibronectin,
collagen type IV, and proteoglycans, suggesting a potential
role for fungal tissue invasion and dissemination. In a P.
brasiliensis vesicle proteome study, a subtilase-type protein-
ase psp3 (PADG_07422) was identified [59]. Its identity
could be PbST, since it showed a free cysteine residue
in its sequence; however, further experimental evidence is
still required.

Further escape of Paracoccidioides spp. from the immune
system is done by altering T-cell repertoire. Differentiation
andmaturation of T-cells occurs in the thymus, thus integrity
of the thymic microenvironment is crucial for the maturation
of thymocytes. Experimental data in a murine model of acute
paracoccidioidomycosis shows that infection with Paracocci-
dioides yeast cells promotes thymus atrophy as a consequence
of epithelial cell spatial disarrangement and increased gene
expression of inflammatory mediators [168, 169]. These
results suggest that a decreased differentiation of pathogen-
specific T-cells leads to host immunosuppression, favoring
Paracoccidioides spp. ability to thrive and multiply in the
thymus microenvironment (Figure 2(c)).

6. Conclusions

Recentmolecular evolutionary studies have showndifferences
in the ecoepidemiology of Paracoccidioides spp. [8, 170],
suggesting diversifying mechanisms of pathogenicity and
intracellular survival across these species that could also be
explained by the complex and stochastic adaptation process
of evolving within two particular ecological niches, the soil
and live tissues of animal hosts. Likewise, Pigosso et al. [171]
have demonstrated that the genus Paracoccidioides have
important differences in their metabolic profiles, which
must play a critical role during the host-pathogen interac-
tion at the onset of the infection. However, while there is
room for mammalian virulence adaptation in Paracocci-
dioides spp., it is important to always have in mind that
virulence is a microbial property exclusively expressed in
a susceptible host, and the outcome of this interaction is
dependent on both players [172]. PCM is mostly related
to low-income male workers on rural endemic areas of
Central and South America, which are often related to
rural poverty and malnutrition.

Over the last years, using antisense RNA technology, sig-
nificantprogresshasbeenmade toenhanceourunderstanding

of Paracoccidioides spp. host-pathogen interaction, pathogen
resistance, and fungal virulence. In Table 4, we summarized
genes shown by functional molecular studies using antisense
technology to be involved in virulence and/or immune-
evasion strategies from the host. In the near future, with the
emergence of CRISPR technology and full access to diverse
databanks (complete genomes, transcriptome, proteomic,
metabolomics, lipidomics, etc.), we will gain more knowledge
on the virulence processes that eventually should translate
into patient’s benefits.
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