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Abstract: Histoplasma capsulatum affects healthy and immunocompromised individuals, sometimes
causing a severe disease. This fungus has two morphotypes, the mycelial (infective) and the yeast
(parasitic) phases. MicroRNAs (miRNAs) are small RNAs involved in the regulation of several
cellular processes, and their differential expression has been associated with many disease states. To
investigate miRNA expression in host cells during H. capsulatum infection, we studied the changes
in the miRNA profiles of differentiated human macrophages infected with yeasts from two fungal
strains with different virulence, EH-315 (high virulence) and 60I (low virulence) grown in planktonic
cultures, and EH-315 grown in biofilm form. MiRNA profiles were evaluated by means of reverse
transcription-quantitative polymerase chain reaction using a commercial human miRNome panel.
The target genes of the differentially expressed miRNAs and their corresponding signaling pathways
were predicted using bioinformatics analyses. Here, we confirmed biofilm structures were present
in the EH-315 culture whose conditions facilitated producing insoluble exopolysaccharide and
intracellular polysaccharides. In infected macrophages, bioinformatics analyses revealed especially
increased (hsa-miR-99b-3p) or decreased (hsa-miR-342-3p) miRNAs expression levels in response
to infection with biofilms or both growth forms of H. capsulatum yeasts, respectively. The results of
miRNAs suggested that infection by H. capsulatum can affect important biological pathways of the
host cell, targeting two genes: one encoding a protein that is important in the cortical cytoskeleton;
the other, a protein involved in the formation of stress granules. Expressed miRNAs in the host’s
response could be proposed as new therapeutic and/or diagnostic tools for histoplasmosis.
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1. Introduction

Histoplasmosis is an important systemic mycosis caused by the dimorphic ascomycete
Histoplasma capsulatum. This pathogen can infect immunocompetent hosts exposed to
infective propagules in highly contaminated places or cause an opportunistic infection in
immunosuppressed individuals [1–4]. The highest occurrence of histoplasmosis is reported
in hyper-endemic areas in North, Central, and South America, but it is also significant in
Asia, Africa, and Australia [5].

Conidia and small hyphal fragments of the H. capsulatum mycelial phase constitute the
major aerosolized infectious propagules found in the environment, which can be inhaled
by susceptible hosts. Once in the host’s respiratory compartments are at 37 ◦C, the mycelial
propagules convert to the parasitic yeast phase in approximately 1–3 h [6]. This facilitates
an infection that can lead to a localized pulmonary disease or to a disseminated disease.
Indeed, it is known that the transition from the mycelial phase to the parasitic yeast phase
is required for H. capsulatum pathogenicity, and that the virulence of the fungal strains is
associated with genes that are only expressed in the yeast phase [7–11].

The pathogenesis of histoplasmosis is relevant due to multiple virulence factors and
the potential existence of fungal biofilm structures on medical devices or surgical implants,
which could be associated with the detection of H. capsulatum infections in individuals with
nosocomial risk factors, particularly in patients with endovascular histoplasmosis who
have received vascular implants [12,13]. It is known that medical devices are subjected
to the development of biofilms, which are multicellular communities held together by a
self-produced extracellular matrix (ECM) [14]. Biofilm formation can facilitate pathogen
infection, and those related to H. capsulatum infection have been recently investigated
and partially characterized. The ability of this fungus to grow in biofilm form was firstly
described by Pitangui et al. [15] by growing the yeast phase on an abiotic surface. Scanning
electron microscopy revealed that H. capsulatum biofilm was a complex micro-organization
with extracellular material linking several yeasts, resulting in a compact structure that
persistently adhered to polystyrene plates. Furthermore, their particular metabolic activity
was measured through the reduction of XTT tetrazolium salt (2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium-hydroxide) to XTT formazan [15],
and proteomic analyses detected different protein patterns when comparing H. capsulatum
in planktonic and biofilm conditions [16]. The susceptibility of the biofilm forms of H.
capsulatum yeasts against an in vitro synergy of the N’-(1-phenylethylidene) isonicotino-
hydrazide compound and amphotericin B was evaluated by the checkerboard method,
which revealed that mature biofilms were inhibited, approximately 50%, after treatment
with the compound alone (100 × Minimal Inhibitory Concentration (MIC), 50× MIC, or
25× MIC, indistinctly). The combination formed by the compound (100× MIC) plus am-
photericin B showed the best results, by allowing for the reduction of approximately 80%
of mature biofilms [17]. Additionally, it was reported that mature biofilms were tested
in vitro against antifungal agents such as itraconazole, amphotericin B, and farnesol. At
lower concentrations (1.25× MIC), the antifungal drugs itraconazole and amphotericin B
caused 20% and 15% inhibition, respectively, while farnesol caused the most pronounced
inhibition (96%) of the biofilm metabolic activity [18].

There are many distinct molecules that can play regulatory roles in the host-pathogen
interplay. Non-coding RNAs (ncRNAs) have been identified in several biological processes
and diseases, mainly regulating gene expression [19–23]. Among the various types of
ncRNAs, microRNAs (miRNAs) exhibit well-established regulatory functions by affecting
mRNA stability [24], and their differential expression in host cells infected with H. capsu-
latum yeasts either in planktonic or biofilm growth forms could be used to understand
the pathogenesis of histoplasmosis. MiRNAs are single-stranded RNA molecules of 19–23
nucleotides, generally originating in the cell nucleus. Once they reach the cytoplasm, they
are targeted by complementary sequences in mRNAs transcripts, inducing cleavage or
repressing post-transcriptional processing [25,26].
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A few studies have explored the changes in miRNA expression in response to fungal
infections. MiRNAs with significantly altered expression levels were reported in respiratory
epithelial cells and murine macrophages infected with Candida albicans and in human
monocytes and dendritic cells (DCs) infected with Aspergillus fumigatus [27–30]. Chen
et al. [31] identified seven miRNAs in the THP-1 human monocyte cell line that were
significantly upregulated in cells exposed for 6 h to Cryptococcus neoformans in comparison
to cells at the starting point of the infection. In addition, De Lacorte Singulani et al. [32]
identified eight miRNAs as novel biomarkers for paracoccidioidomycosis using reverse
transcription-quantitative polymerase chain reaction (RT-qPCR). These circulating miRNAs,
involved in the cellular processes of apoptosis and immune response, were differentially
expressed in the serum of patients diagnosed with paracoccidioidomycosis.

Studies published by our research team have established a correlation between the
infection mode of the H. capsulatum yeasts and biofilm formation [15,16,33]. Based on these
previous findings, the aim of the present study was to detect differences in the miRNA
expression between host cells infected with H. capsulatum yeasts from planktonic or biofilm
cultures. Such findings could contribute to the development of future strategies in the
elimination of this fungus from host tissues.

2. Materials and Methods
2.1. H. capsulatum Strains

The EH-315 strain, originally classified as a lone lineage by Kasuga et al. [34] and
renamed by Teixeira et al. [35] as BAC1 phylogenetic species, was isolated from the intestine
of an infected Mormoops megalophylla bat randomly captured in a cave in the state of
Guerrero, Mexico. This bat species is not in danger of extinction; the procedures strictly
complied with Mexican regulations on bat species protection, capture, and handling,
and adhered to the ethical recommendations and guidelines of the American Society
of Mammalogists published by Gannon and Sikes [36] for the use of wild mammals in
research. This H. capsulatum strain was deposited in the H. capsulatum Culture Collection of
the Fungal Immunology Laboratory, in the Department of Microbiology and Parasitology,
at the School of Medicine of the National Autonomous University of Mexico (UNAM)
(www.facmed.unam.mx/histoplas-mex/), and it was used solely for research purposes.
This collection is registered in the World Federation for Culture Collections database
under number LIH-UNAM WDCM817 (http://www.wfcc.info/ccinfo/index.php/strain/
display/817/fungi/). The 60I strain was isolated from a mucocutaneous lesion in a human
patient with a disseminated clinical form and it was deposited in the collection of the
Clinical Mycology Laboratory of the Faculty of Pharmaceutical Sciences, UNESP, Brazil.

H. capsulatum yeasts were grown in a brain-heart infusion (BHI) broth (Difco Labora-
tories, Detroit, MI, USA) supplemented with 0.1% L-cysteine and 1% glucose at 37 ◦C for
24 h using rotary agitation (100 rpm).

Based on the determination of the lethal dose 50% (LD50) in six-week-old male inbred
BALB/c mice, the EH-315 strain exhibited higher virulence (LD50 = 3 × 105 cells/mL) than
the 60I strain (LD50 = 3 × 108 cells/mL) under controlled in vivo experimental conditions.
These data were validated by an in vitro intracellular replication assay using the A549
pneumocyte cell line infected with the same H. capsulatum strains, where the number of
viable intracellular yeasts was determined by a colony counting [Colony Forming Units
(CFU)/mL ± standard deviation (SD)]. The results were: 5375 ± 1034, 11,667 ± 1527,
and 64,200 ± 7116 for the EH-315 strain; and 3557± 1200, 7625 ± 2961, and 20,400 ±
600 CFU/mL for the 60I strain, considering 24, 48, and 72 h post-infection time points,
respectively (ML Taylor, personal communication).

2.2. Ethics Statement

The experimental procedures with animals were approved by the Research and Ethics
Committee of the Research Division at the UNAM. Protocol number-FM/DI/099/2017 was
followed, in accordance with UNAM’s Animal Care and Use Committee recommendations

www.facmed.unam.mx/histoplas-mex/
http://www.wfcc.info/ccinfo/index.php/strain/display/817/fungi/
http://www.wfcc.info/ccinfo/index.php/strain/display/817/fungi/
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and the Mexican Official Guide (NOM 062-ZOO-1999). Additionally, mice infection with
H. capsulatum was approved by the School of Medicine Research and Ethics Committee
(Project REF, PAPIIT-IN217418, 01/01/2018).

2.3. H. capsulatum Planktonic Cultures and Biofilm Formation

EH-315 and 60I yeasts were grown in a supplemented BHI broth in a 15 mL conical
centrifuge tube (Falcon, BD Discovery Labware, Bedford, MA, USA) and incubated at 37 ◦C
for 24 h with rotary agitation (100 rpm). Yeasts were harvested by low-speed centrifugation
for 1 min at 600× g to remove large yeast clumps, suspended in 2 mL 0.01 M phosphate-
buffered saline (PBS), pH 7.2, and a standard suspension of single yeasts was separated and
adjusted to 5 × 106 yeasts/mL, by counting in a Neubauer hemocytometer [33]. Afterwards,
they were cultured in planktonic and biofilm growth forms.

For the planktonic growth form, yeasts were cultured in 250 mL Erlenmeyer flasks
containing 100 mL fresh BHI broth, incubating them at 80 rpm in an orbital shaker at 37 ◦C,
for 72 h. Finally, an infective inoculum was prepared using a yeast suspension adjusted to
5 × 106 yeasts/mL in RPMI-1640 medium (Gibco, Life Technologies, Carlsbad, CA, USA).

For the biofilm formation, only the EH-315 yeasts were used. Biofilms were prepared
according to Peeters et al. [37] with minor modifications by Pitangui et al. [15]. Initially,
500 µL of the single yeasts’ standard suspension (5 × 106 yeasts/mL) was added to
each well of a polystyrene 24-well plate (TPP, Trasadingen, Switzerland). The plate was
incubated in an orbital shaker at 80 rpm, at 37 ◦C for 7 h for biofilm preadhesion. After,
2000 µL of the supplemented BHI broth were added to the wells, and the plate was
incubated for 72 h for biofilm maturation. To prepare the infective inoculum from the
biofilm growth form, yeasts were detached by means of surface scraping and harvested
from each well of a single plate, washed in 0.01 M PBS, suspended in RPMI-1640 medium
(Gibco), and adjusted to 5 × 106 yeasts/mL.

2.4. Polysaccharide Extraction and Quantification

Production of soluble and insoluble exopolysaccharides (EPS and EPI) as well as
intracellular polysaccharides (IP) was evaluated according to Da Silva et al. [36]. Briefly,
H. capsulatum yeasts (5 × 106 yeasts s/mL) were cultured in planktonic (EH-315 and 60I)
and biofilm (EH-315) forms. Equivalent dry weight amounts of yeasts grown in planktonic
form, mature biofilms, and supernatants of the biofilms were washed twice and transferred
to plastic tubes containing PBS; each sample was then sonicated at 7 W for 30 s, centrifuged
at 10,000× g for 5 min at 4 ◦C, and the supernatant containing the EPS fraction was collected.
The pellet was treated with 1 M NaOH to extract the EPI fraction, which is vortexed for
15 min and centrifuged, after which the supernatant was collected. Finally, 1 M NaOH
was added to the last residual pellet to extract IPs, the samples were heated at 100 ◦C
for 15 min and centrifuged, and the supernatant was collected [38]. Three volumes of
ice-cold ethanol were added to tubes containing EPS, EPI, and IP fractions. The tubes were
frozen for 30 min at −20 ◦C and centrifuged, and the pellets were washed twice with cold
75% ethanol. Precipitated polysaccharides were suspended in 1 M NaOH [38]. The total
carbohydrate amount was estimated by the phenol sulfuric method [39], using glucose as a
standard. Color development was read spectrophotometrically at 490 nm.

The polysaccharide content of the EPS, EPI, and IP fractions was analyzed using
the Prism 7.0 software (GraphPad Software Inc., La Jolla, CA, USA), and results were
presented as mean values ± SD. Data were normalized by means of the Shapiro-Wilk test
and analyzed using a one-way analysis of variance (ANOVA) followed by the Bonferroni’s
multiple comparison test. Differences with p < 0.05 were considered statistically significant.

2.5. THP-1 Cell Culture and Differentiation

The THP-1 human monocyte cell line (ATCC TIB-202) was cultured in RPMI-1640
medium (Gibco), containing 10% fetal bovine serum (FBS), 5 mM glucose, 2 mM L-
glutamine, 50 mg/mL gentamycin, and 20 mM HEPES (Sigma Chemical Co., St. Louis,
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MO, USA), at 37 ◦C and 5% CO2. To induce mature macrophages, herein called THP-1
Mø-like cells, a concentration of 5 × 105 THP-1 cells/mL was treated with 30 ng/mL
phorbol 12-myristate 13-acetate (PMA) (Sigma) for 24 h. Differentiated THP-1 Mø-like
cells were washed with RPMI-1640 medium and incubated for 48 h in the same medium
without PMA.

2.6. THP-1 Mø-Like Cell Viability Assay after H. capsulatum Yeast Infection

THP-1 Mø-like cells were infected with the EH-315 strain cultured in planktonic form
and incubated at 37 ◦C for 5 h. The multiplicity of infection (MOIs) ratios were 10:1, 1:1, 1:10,
and 1:100 yeasts:host cells, corresponding to concentrations of 5 × 106, 5 × 105, 5 × 104, and
5 × 103 yeasts/mL, respectively. To measure the viability of infected THP-1 Mø-like cells,
the Live/Dead kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used
following the manufacturer’s recommendations. Solutions of calcein AM and ethidium
homodimer (EthD-1) were prepared and added to culture plates containing the infected
THP-1 Mø-like cells. The plate was incubated for 30–45 min at room temperature and
the images were acquired using the IN-Cell Analyzer 2000 apparatus (GE Healthcare Bio-
Sciences Corp., Piscataway, NJ, USA). Cell viability was measured using the fluorescence
of THP-1 Mø-like cells labeled with the Live/Dead kit and analyzed with the IN-Cell
Investigator 1000 Workstation software (GE Healthcare Bio-Sciences Corp.). Statistical
analyses were performed using the Prism 7.0 software. All assays were set up in triplicates,
using duplicate samples per assay.

2.7. THP-1 Cells Infection

Differentiated THP-1 Mø-like cells were infected with a suspension of H. capsulatum
yeasts, using an MOI of 10:1 with the EH-315 or 60I strains grown in planktonic cultures,
and the EH-315 strain harvested from the biofilm culture. Uninfected cells were used
as controls.

2.8. Determination of Infected THP-1 Mø-Like Cells Using Flow Cytometry

The number of THP-1 Mø-like cells infected with H. capsulatum was determined using
the two different yeast growth forms of the EH-315 strain and the planktonic yeasts culture
of the 60I strain. Yeasts were labeled with 5(6)-carboxy fluorescein diacetate N-succinimidyl
ester (CFSE; Sigma); yeast suspensions were incubated with CFSE at 37 ◦C for 30 min.
Monolayer cultures of THP-1 Mø-like cells were infected with an MOI of 10:1. The infected
cells were incubated at 37 ◦C and 5% CO2 for 5 h. After incubation, the supernatant
was removed and the infected cultures were trypsinized and resuspended in RPMI-1640
supplemented with FBS. Positive fluorescent-stained cells (with CFSE) were used to observe
fungal cells that infected the THP-1 Mø-like cells. Size forward scatter (FSC), granularity
side scatter (SSC), and fluorescence values were obtained by flow cytometry (FACSCantoTM,
Becton & Dickinson, San Diego, CA, USA) with 10,000 THP-1 Mø-like cells per tube. The
raw fluorescence intensity (FI) data of yeasts labeled with CFSE were analyzed using the
FACSDivaTM software version 6.1.3 (Becton & Dickinson). Uninfected THP-1 Mø-like
cells, as well as labeled and unlabeled yeasts, were used as controls. The assay was set
up in triplicates using duplicate samples per assay, and mean values from all the data
were used for further analyses. Statistical analyses were conducted using the Prism 7.0
software and the results are presented as mean values ± SD. Data were normalized using
the Shapiro-Wilk test and analyzed using ANOVA, followed by the Bonferroni’s multiple
comparison test. Differences with p < 0.01 were considered statistically significant.

2.9. Total RNA Isolation, Quantification, and Integrity Assessment

The THP-1 Mø-like cells were lyzed with 2 mL of Trizol (Invitrogen, Carlsbad, CA,
USA) and stored at −80 ◦C for RNA extraction. Total RNAs from infected and uninfected
THP-1 Mø-like cells were extracted using the RNeasy Plant Mini kit (QIAGEN, Valencia,
CA, USA), following the manufacturer’s instructions. RNA samples were quantified using
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a NanoDrop (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) spec-
trophotometer.

The RNA extracted from THP-1 Mø-like cells interacting with different strains and
growth forms of H. capsulatum yeasts and from uninfected cells was analyzed for integrity
using the Agilent RNA 6000 Nano Kit on a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) considering an RNA integrity number (RIN) of ≥ 8, according to the
manufacturer’s recommendations.

2.10. qRT-PCR

For screening differentially expressed miRNAs in infected and uninfected THP-1
Mø-like cells, we implemented a qRT-PCR using human miRNome panels. The cDNA
synthesis was performed using the Universal cDNA Synthesis kit II Exiqon (Exiqon A/S,
Vedbaek, Denmark). The reaction was conducted in a thermocycler with one cycle of 60 min
at 42 ◦C and 5 min at 95 ◦C. All generated cDNAs were stored at −20 ◦C until required.

Commercial 384-well plates were used for screening 752 human miRNAs available in
human miRNome panels (microRNA Ready-to-Use PCR, Human panels I and II version 4,
Exiqon A/S). Reaction mixtures containing cDNA, SYBR green qPCR Mastermix (Exiqon
A/S), and RNase-free water were prepared and aliquoted in each well of the panels. Each
sample was tested using panel I and panel II plates in triplicates, enabling the screening of
the major known human miRNAs. The qRT-PCR analysis was performed using the ViiA™
7 Real Time PCR System (Applied Biosystems), with one cycle of 10 min at 95 ◦C, followed
by 45 amplification cycles of 10 s at 95 ◦C and 1 min at 60 ◦C for the determination of the
melting curve. The expression levels of all miRNAs were calculated according to the ∆∆Cq
method [40], and the global normalization method was used to standardize the raw Cq
values for each sample. Data were processed with the DataAssist version 3.01 software
(Applied Biosystems) to determine miRNAs that were differentially expressed.

2.11. Bioinformatics and Statistical Analyses

All data generated from miRNA screening were analyzed using bioinformatics tools in
order to identify functions and targets of the differentially expressed miRNAs. Comparative
analyses were done using the five sets of pair comparisons, mentioned in the “differential
microRNA expression” subsection of the Results section. Data analysis using the DataAssist
version 3.01 software showed that the differences in miRNAs expression profiles between
infected THP-1 Mø-like cells and uninfected controls were statistically significant, with
p < 0.05. DataAssist was also used for the construction of volcano plots for each of the
comparative cell pairs in order to spot differences in miRNA expressions. A volcano
plot is a scatter plot ionized to quickly identify changes in large data sets from replicate
measurements; it plots significance on the y-axis versus fold change measured by relative
quantification (RQ) on the x-axis.

For all differentially expressed miRNAs identified, in silico analyses allowed the
recognition of cellular pathways in which they may participate and also the target genes
that may be regulated by them. Pathway analyses were performed using the miRPath
2.0 software (http://diana.cslab.ece.ntua.gr/?sec=home) [41], which is a computational
tool that identifies molecular pathways potentially altered by the expression of single or
multiple miRNAs and the MIRSystem software (http://mirsystem.cgm.ntu.edu.tw/) [42],
which simultaneously predicts target genes and their associated pathways for many miR-
NAs. In addition, analyses of the validated target genes regulated by the differentially
expressed miRNAs were performed using miRWalk (http://www.umm.uni-heidelberg.
de/apps/zmf/mirwalk/) [43], which is a complete database that provides information on
human, mice, and rat miRNAs and validates target genes’ binding sites using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. Finally, association networks of
miRNAs and their target genes were constructed using the Navigator software version 2.2
(Krembil Research Institute, Toronto, ON, Canada).

http://diana.cslab.ece.ntua.gr/?sec=home
http://mirsystem.cgm.ntu.edu.tw/
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/
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3. Results
3.1. Polysaccharide Matrix from H. capsulatum Yeasts

We quantified the total content of polysaccharide in samples from planktonic yeast
cultures, mature biofilms, and biofilm supernatants. Results showed that the EPS content
was similar among all samples, with no statistical differences. Concerning the EPI fraction,
EH-315 yeasts grown in biofilm form had a statistically significant production (p < 0.0001),
when compared to their planktonic cultures. The highest levels of IP were also produced by
the EH-315 strain in biofilm form and were statistically significant (p < 0.0001) in relation
to the IP produced by the EH-315 and 60I strains, under planktonic conditions (Figure 1).
The quantification of polysaccharides in biofilm supernatants revealed the lowest levels of
EPI and IP productions (Figure 1).

J. Fungi 2020, 6, x FOR PEER REVIEW 7 of 27 

of miRNAs and their target genes were constructed using the Navigator software version 2.2 
(Krembil Research Institute, Toronto, ON, Canada). 

3. Results 

3.1. Polysaccharide Matrix from H. capsulatum Yeasts 

We quantified the total content of polysaccharide in samples from planktonic yeast cultures, 
mature biofilms, and biofilm supernatants. Results showed that the EPS content was similar among 
all samples, with no statistical differences. Concerning the EPI fraction, EH-315 yeasts grown in 
biofilm form had a statistically significant production (p < 0.0001), when compared to their planktonic 
cultures. The highest levels of IP were also produced by the EH-315 strain in biofilm form and were 
statistically significant (p < 0.0001) in relation to the IP produced by the EH-315 and 60I strains, under 
planktonic conditions (Figure 1). The quantification of polysaccharides in biofilm supernatants 
revealed the lowest levels of EPI and IP productions (Figure 1). 

 
Figure 1. Polysaccharide matrix samples from H. capsulatum yeasts growing in planktonic culture and 
mature biofilm, and from the biofilm supernatant. a: p < 0.01, insoluble exopolysaccharides (EPI) 
produced by the EH-315 strain in planktonic culture vs. EPI produced by the EH-315 strain in biofilm 
form; b: p < 0.001, EPI produced by the 60I strain in planktonic culture vs. EPI produced by the EH-
315 strain in biofilm form; c: p < 0.001, intracellular polysaccharides (IP) produced by the EH-315 strain 
in planktonic culture vs. IP produced by the EH-315 strain in biofilm form; d: p < 0.001, IP produced 
by the 60I strain in planktonic culture vs. IP produced by the EH-315 strain in biofilm form. 

3.2. Viability of Infected THP-1 Mø-Like Cells 

Figure 2 shows labeling data generated by the Live/Dead® kit after the infection of THP-1 Mø-
like cells with a suspension of H. capsulatum EH-315 yeasts at different MOIs. The images obtained 
with the IN-Cell Analyzer for all the MOIs, showed that most THP-1 Mø-like cells had an integral 
membrane and were stained in a green color, representing cell viability due to intracellular esterase 
activity (Figure 2A). The high viability of these cells was confirmed by fluorescence quantification: 
over 93.79% for all MOIs tested, with no statistical differences between the MOIs or between infected 
and uninfected controls (93.96%). Therefore, all of the employed MOIs were considered harmless as 
they produced THP-1 Mø-like cell viability values similar to those of the uninfected controls (Figure 
2B). 

Figure 1. Polysaccharide matrix samples from H. capsulatum yeasts growing in planktonic culture
and mature biofilm, and from the biofilm supernatant. a: p < 0.01, insoluble exopolysaccharides (EPI)
produced by the EH-315 strain in planktonic culture vs. EPI produced by the EH-315 strain in biofilm
form; b: p < 0.001, EPI produced by the 60I strain in planktonic culture vs. EPI produced by the
EH-315 strain in biofilm form; c: p < 0.001, intracellular polysaccharides (IP) produced by the EH-315
strain in planktonic culture vs. IP produced by the EH-315 strain in biofilm form; d: p < 0.001, IP
produced by the 60I strain in planktonic culture vs. IP produced by the EH-315 strain in biofilm form.

3.2. Viability of Infected THP-1 Mø-Like Cells

Figure 2 shows labeling data generated by the Live/Dead® kit after the infection of
THP-1 Mø-like cells with a suspension of H. capsulatum EH-315 yeasts at different MOIs.
The images obtained with the IN-Cell Analyzer for all the MOIs, showed that most THP-1
Mø-like cells had an integral membrane and were stained in a green color, representing
cell viability due to intracellular esterase activity (Figure 2A). The high viability of these
cells was confirmed by fluorescence quantification: over 93.79% for all MOIs tested, with
no statistical differences between the MOIs or between infected and uninfected controls
(93.96%). Therefore, all of the employed MOIs were considered harmless as they produced
THP-1 Mø-like cell viability values similar to those of the uninfected controls (Figure 2B).
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Figure 2. Viability of THP-1 Mø-like cells infected with H. capsulatum EH-315 yeasts 5 h after infection.
(A) IN-Cell Analyzer images illustrating viable cells labeled by calcein AM (green) and dead cells
labeled by EthD-1 (red). (B) Viability of the labeled cells obtained with the Live/Dead kit. Analyses
were conducted with the IN-Cell Investigator 1000 Workstation software. Control = uninfected cells.

3.3. Determination of Infected THP-1 Mø-Like Cells

The percentage of infected cells was estimated by analyzing the FI emitted by yeasts
adhered to the THP-1 Mø-like cell membrane as well as by intracellular yeasts. Figure 3
shows the cytometric profiles generated by H. capsulatum yeasts from biofilm (Figure 3A,
EH-315) and planktonic growth forms (Figure 3B, EH-315; Figure 3C, 60I) during the inter-
action with THP-1 Mø-like cells. Negative controls were unlabeled yeasts and uninfected
cells, while positive controls contained fluorescently labeled cultured yeasts. According to
the infection rate data (Figure 3D), the sampled H. capsulatum yeasts (EH-315 and 60I grown
in planktonic cultures, as well as EH-315 grown in biofilms) yielded a significant percentage
of infected THP-1 Mø-like cells 5 h after infection: 93.36 ± 1.89%, 95.74 ± 1.49%, and 97.38
± 0.90%, respectively. In order to assess whether the different yeast strains and growth
forms (planktonic or biofilm) of H. capsulatum might interfere with the FI of the infected
cells, we implemented an additional analysis of the flow cytometry data. Results showed
that the absolute FI mean values were different for the cells infected with the planktonic
and biofilm yeast cultures from the EH-315 strain, and for those infected with the yeast
planktonic culture from the 60I strain. Specifically, the FI mean values 5 h after infection
were 6831 for cells infected with yeasts from the EH-315 strain grown in planktonic form
and 5907 for cells infected with yeasts resulting from its biofilm, as well as 5434 for cells
infected with yeasts from the 60I strain cultured in planktonic form (Figure 3E).
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Figure 3. Analysis of THP-1 Mø-like cells-H. capsulatum yeasts interaction using flow cytometry. Flow cytometry profiles illustrating the fluorescence intensity (FI) of THP-1 Mø-like cells
infected with (A) the EH-315 strain in biofilm cultures, (B) the EH-315 strain in planktonic cultures, and (C) the 60I strain in planktonic cultures 5 h after infection. Negative controls were
uninfected cells (THP-1 cells population) and unlabeled yeasts (CFSE negative), while positive controls were fluorescently labeled yeasts (CFSE positive). THP-1 + Fungi represent the
merged double population (THP-1 cells plus the fungal-stained CFSE). (D) Infection percentage and (E) FI (FITC-A mean) values demonstrate the interaction profile between THP-1
Mø-like cells and the EH-315 strain in biofilm and planktonic cultures or the 60I strain in planktonic cultures. The analyses were performed using a FACSCanto flow cytometer. The FI
values were obtained from CFSE-labeled yeasts 5 h post-infection, by measuring 10,000 cells per tube, and they were analyzed using the FACSDiva software. Statistical data in graph E: (a)
p < 0.01, THP-1 Mø-like cells infected with the EH-315 strain in planktonic cultures vs. THP-1 Mø-like cells infected with the EH-315 strain in biofilm cultures; (b) p < 0.0001, THP-1 Mø-like
cells infected with the EH-315 strain in planktonic cultures vs. THP-1 Mø-like cells infected with the 60I strain in planktonic cultures.
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3.4. Quantification and Assessment of RNA Samples

Spectrophotometric analyses indicated that each RNA sample was obtained at a high
concentration with a degree of purity consistent with standard values (A260/A280 1.8–2.0).
The analysis of RNA integrity was satisfactory, presenting RINs greater than 8. Details
on RNA concentrations, purity, and integrity are available in the supplementary material
(Table S1; Figure S1).

3.5. Differential microRNA Expression

To generate as much information as possible and to compare the differences between
overexpressed and repressed miRNAs, miRNAs expression profiles were analyzed between
the following cell pairs: (1) THP-1 Mø-like cells infected with the EH-315 strain grown
in planktonic form vs. uninfected THP-1 Mø-like cells; (2) THP-1 Mø-like cells infected
with the 60I strain grown in planktonic form vs. uninfected THP-1 Mø-like cells; (3) THP-1
Mø-like cells infected with the EH-315 strain grown in biofilm form vs. uninfected THP-1
Mø-like cells; (4) THP-1 Mø-like cells infected with the EH-315 strain grown in biofilm form
vs. THP-1 Mø-like cells infected with the EH-315 strain grown in planktonic form; and (5)
THP-1 Mø-like cells infected with the EH-315 strain vs. THP-1 Mø-like cells infected with
the 60I strain, both grown in planktonic form.

Considering p = 0.05 as the cut-off value for significant differences, miRNAs with
increased expression levels in the tested sample compared to the controls, indicated by
RQ values ≥ 2 were considered upregulated, whereas miRNAs with decreased expression
levels in relation to their controls, indicated by RQ < 1, were considered downregulated.
Figure 4 shows a volcano plot of differential analyses performed for each set of pair
comparisons, identifying miRNAs with a significantly altered expression in the tested
samples compared to their respective controls. Six miRNAs were differentially expressed
in cells infected with EH-315 in planktonic form as compared to the uninfected controls,
of which two (hsa-miR-32-5p and hsa-miR-193a-3p) were upregulated and four (hsa-miR-
342-3p, hsa-miR-23a-3p, hsa-miR-218-5p, and hsa-miR-223-3p) were downregulated (p ≤
0.05). Regarding the infection with the 60I strain in planktonic form, THP-1 Mø-like cells
overexpressed three miRNAs (hsa-miR-623, hsa-miR-1270, and hsa-miR-590-3p) compared
to the uninfected controls (p ≤ 0.05). Cells infected with EH-315 in biofilm form exhibited
six differentially expressed miRNAs, of which three (hsa-miR-148b-3p, hsa-miR-99b-3p,
and hsa-miR-320b) were upregulated and the other three (hsa-miR-342-3p, hsa-miR-7-2-
3p, and hsa-let-7i-5p) were downregulated when compared to the uninfected controls
(p ≤ 0.05).

Analysis of differential miRNAs expression profiles in THP-1 Mø-like cells infected
with EH-315 in biofilm or planktonic forms revealed significant overexpression (p ≤ 0.05) of
four miRNAs (hsa-miR-23a-3p, hsa-miR-374a-5p, hsa-miR-128-3p, and hsa-miR-15b-5p). In
addition, from the comparison between miRNAs expression profiles of cells infected with
planktonic forms of the EH-315 and 60I yeasts, eight miRNAs with statistically significant
differential expressions (p ≤ 0.05) were identified, of which one (hsa-miR-379-3p) was
overexpressed and seven (hsa-miR-590-3p, hsa-miR-650, hsa-miR-502-3p, hsa-miR-675-3p,
hsa-miR-374a-5p, hsa-miR-216a-5p, and hsa-miR-138-2-3p) were repressed in THP-1 Mø-
like cells infected with the EH-315 strain compared to the 60I strain. Table 1 shows all the
differentially expressed miRNAs for each cell pair comparison, as well as their RQ values
and biological functions. The levels of all differentially expressed miRNAs identified in the
five sets of THP-1 Mø-like cell pairs analyzed were plotted as RQ in a log2 ratio scale and
are shown in Figure 4.
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Figure 4. Volcano plot and fold change plot of miRNA regulation detected in THP-1 Mø-like cells infected with H. capsulatum
yeasts. Differential analyses were performed between: (A,B) THP-1 Mø-like cells infected with the EH-315 strain grown in
planktonic form vs. uninfected THP-1 Mø-like cells (control); (C,D) THP-1 Mø-like cells infected with the 60I strain grown
in planktonic form vs. uninfected THP-1 Mø-like cells (control); (E,F) THP-1 Mø-like cells infected with the EH-315 strain
grown in biofilm form vs. uninfected THP-1 Mø-like cells (control); (G,H) THP-1 Mø-like cells infected with the EH-315
strain grown in biofilm form vs. THP-1 Mø-like cells infected with the EH-315 strain grown in planktonic form; and (I,J)
THP-1 Mø-like cells infected with the EH-315 strain vs. THP-1 Mø-like cells infected with the 60I strain, both grown in
planktonic form. In the volcano plot, the x-axis shows the relative quantification (RQ) of each miRNA expression between
each tested sample and its respective control in a log2 scale, while the y-axis shows the p-value for each miRNA adjusted
in a log10 scale. Dots above the horizontal grey line indicate statistical significance (p ≤ 0.05). Spots in green indicate
downregulated miRNAs and spots in red indicate upregulated miRNAs. The fold change plot shows RQ values of miRNAs
expressed in the described samples and analyzed with the DataAssist version 3.01 software using the comparative method
of Cq (∆∆Cq). Twenty-seven miRNAs exhibited significant differential expression (p ≤ 0.05).
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Table 1. Differentially expressed miRNAs in infected and uninfected THP-1 Mø-like cells. Relative quantification (RQ)
values of miRNAs were determined with the DataAssist v3.01 software from triplicate measurements using the ∆∆Cq
method. RQ from downregulated miRNAs are shown in green and RQ from upregulated miRNAs are shown in red.

MiRNA ID Fold Change
(RQ) p Value Process or Function Categories Involved References

THP-1 Mø-like cells infected with the EH-315 strain vs. uninfected cells
hsa-miR-193a-

3p 3961.50 0.0199 Inhibits cellular transformation [44,45]

hsa-miR-32-5p 5.50 0.0373 Regulation of apoptosis [46]

hsa-miR-223-3p 0.25 0.0078 Monocyte-macrophage differentiation; cell
proliferation; Induction of apoptosis [47,48]

hsa-miR-218-5p 0.24 0.0119 Inhibits cell cycle proliferation; induction of apoptosis [49]
hsa-miR-23a-3p 0.24 0.0068 T-cell signaling; regulation of apoptosis [50]
hsa-miR-342-3p 0.01 0.0297 Inflammation; pain signaling [51]

THP-1 Mø-like cells infected with the 60I strain vs. uninfected cells
hsa-miR-590-3p 128.33 0.01 Regulation of apoptosis [52]
hsa-miR-1270 21.65 0.03 Regulation of IFNα1 [53]

hsa-miR-623 6.69 0.009 Cell proliferation, migration, and invasion of
tumorous tissues [54]

THP-1 Mø-like cells infected with EH-315 strain biofilms vs. uninfected cells
hsa-miR-99b-3p 69.97 0.02 Cell proliferation [55]
hsa-miR-148b-

3p 5.78 0.008 Induce cell apoptosis and inhibiting cell invasion [56]

hsa-miR-320b 3.65 0.04 Proliferation and cell invasion [57]
hsa-miR-7-2-3p 0.29 0.03 Overexpression inhibits cell growth in lung cells line [58]

hsa-let-7i-5p 0.18 0.02 Induces sensitivity to antineoplastic agents [59]
hsa-miR-342-3p 0.07 0.01 Inflammation; pain signaling [51]

THP-1 Mø-like cells infected with EH-315 strain biofilms vs. cells infected with the EH-315 strain
hsa-miR-374a-

5p 38.54 0.01 Hypoxia; Reduction of vascular permeability of lung
tissue [60,61]

hsa-miR-23a-3p 5.32 0.0001 T-cell signaling; regulation of apoptosis [50]
hsa-miR-128-3p 4.99 0.03 Proliferation and cell invasion; apoptosis [62]
hsa-miR-15b-5p 4.46 0.04 Downregulation of TNFα levels; apoptosis [63]

THP-1 Mø-like cells infected with the EH-315 strain vs. cells infected with the 60I strain

hsa-miR-379-3p 903.56 0.02 Regulation of cell adhesion; therapeutic response;
drug resistance profiles [64,65]

hsa-miR-675-3p 0.21 0.04 Migration and cell invasion [66]

hsa-miR-502-3p 0.20 0.04 Inhibition of autophagy, cell growth and cell cycle
progression [67]

hsa-miR-374a-
5p 0.08 0.04 Hypoxia; reduction of vascular permeability of lung

tissue [60,61]

hsa-miR-590-3p 0.03 0.0 Regulation of apoptosis [52]

hsa-miR-650 0.02 0.0 Inhibits cell cycle progression; influences the
proliferation capacity of B cells [68]

hsa-miR-138-2-
3p 0.01 0.03

Increases the proportion of early and late apoptosis;
raises G1 phase arrest; and down-regulation of the S

stage in the cell cycle
[69]

hsa-miR-216a-
5p 0.0001 0.01 Decreases migration, invasion, cell viability and

induces cell apoptosis [70,71]

3.6. MiRNA-mRNA Interactions

Differentially expressed miRNAs were integrated with their validated target genes
using combined analyses from the miRWalk software in order to identify the regulatory
interactions between miRNAs and mRNA. We constructed miRNA-mRNA networks and
their interactions are displayed in Figure 5. Most mRNAs expressed from genes that
were targeted by a single miRNA are shown in Figure 5A,B; Figure 5C,E show mRNAs
from genes targeted by two distinct miRNAs; Figure 5E illustrates an mRNA potentially
regulated by three miRNAs. In the differential analysis of THP-1 Mø-like cells infected with
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the EH-315 strain grown in planktonic form vs. uninfected THP-1 Mø-like cells, eight genes
(DST, FOXN2, HBS1L, HIVEP1, NUFIP2, PTPN1-1, TUT1, and ZFC3H1) were potentially
regulated at the same time by two distinct miRNAs (Figure 5C). When comparing THP-
1 Mø-like cells infected with the EH-315 strain grown in biofilm form vs. uninfected
cells, nine genes (ACTG1, DNMT1, EEF2, LPHN2, RFX3, RPL27A, TACC1, TNS3, and
TOMM70A) were potentially downregulated by two miRNAs, while one gene (EPB41) was
downregulated by three different miRNAs (Figure 5E). Regarding cells infected with the
EH-315 strain grown in biofilm form in comparison to those infected with the EH-315 strain
grown in planktonic form, 10 genes (B4GALT1, CNOT1, DDX5, JAK1, KDM3B, KMT2C,
PIK3C2B, SEPT2, SERBP1, and STT3B) were potentially downregulated by two distinct
miRNAs (Figure 5D).

3.7. In Silico Recognition of Signaling Pathways Hypothetically Regulated by Differentially
Expressed miRNAs

The signaling pathways hypothetically changed in THP-1 Mø-like cells infected with
yeasts from H. capsulatum as a result of differential miRNA expression are displayed
in Table 2. According to our in silico analyses, in the cells infected with the EH-315
strain grown in planktonic form, the most relevant miRNA-affected pathways included
those related to the fungus-host cell adhesion mechanisms, polysaccharide biosynthesis,
regulation of cell structure and motility, protein degradation, response to proinflammatory
stimuli, and regulation of cellular homeostasis. Regarding the cells infected with the 60I
strain, overexpressed miRNAs could affect cell pathways associated with fungus-host
cell adhesion mechanisms, polysaccharide biosynthesis, amino acid metabolism, and
various processes regulating proliferation, apoptosis, cell differentiation, and migration.
In the infection with the EH-315 strain derived from the biofilm growth form, numerous
pathways would be changed in the infected cells (Table 2). Such pathways include fungus-
host cell adhesion mechanisms, cell-cell interactions, polysaccharide biosynthesis, amino
acid metabolism, processes regulating proliferation, apoptosis, cell differentiation and
migration, responses to proinflammatory stimuli, and regulation of cellular homeostasis.

Finally, we compared miRNA expression in THP-1 Mø-like cells infected with different
H. capsulatum strains (EH-315 vs. 60I) in planktonic cultures. The data indicated that
differential miRNA expression in the cells infected with the EH-315 strain possibly regulates
pathways related to fungus-host cell adhesion, proliferation, apoptosis, cell differentiation
and migration, polysaccharide biosynthesis, lipid metabolism, amino acid metabolism, and
protein degradation, as shown in Table 2.

3.8. In Silico Detection of Target Genes Regulated by Differentially Expressed miRNAs

To obtain target genes that were regulated in cells infected with yeasts from distinct
H. capsulatum strains grown in different forms, an miRNA-mRNA interaction network
was constructed. For this, we considered validated target genes tentatively regulated by
the miRNAs with a significant differential expression in the following pairwise analyses:
THP-1 Mø-like cells infected with yeasts from the EH-315 strain grown in planktonic form
vs. uninfected cells; cells infected with yeasts from the 60I strain grown in planktonic form
vs. uninfected cells; and cells infected with yeasts from the EH-315 strain grown in biofilm
form vs. uninfected cells. These in silico analyses allowed the identification of common
and relevant targets in the pathogenesis of histoplasmosis. The miRNA-mRNA network
depicted in Figure 6 highlights two target genes (EPB41 and NUFIP2) regulated by three
distinct miRNAs among the analyzed samples. Notably, the miRNA-mRNA interaction
network revealed that the expression of hsa-miR-148b-3p, hsa-miR-320b, and hsa-miR-
342-3p miRNAs targeted the EPB41 gene in the infected cells, whereas the expression
of hsa-miR-32-5p, hsa-miR-590-3p, and hsa-miR-193a-3p miRNAs regulated the NUFIP2
gene expression.
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Figure 5. MiRNA-mRNA interaction networks to identify regulatory interactions between miRNAs and mRNA in cells infected with yeasts from distinct H. capsulatum strains. Interaction
networks were constructed with the Navigator software v2.2 from triplicate analyses. Differentially expressed miRNAs were analyzed using the miRWalk software. MiRNAs are
represented by squares and the target genes are represented through their mRNAs by circles. The grey lines connect miRNAs to their target mRNAs. Most mRNAs (yellow circles) are
targeted by a single specific miRNA, whereas the remaining mRNAs, represented in red and dark red circles, are regulated by two or three distinct miRNAs, respectively. Analyses were
performed between (A) THP-1 Mø-like cells infected with the 60I strain grown in planktonic form vs. uninfected THP-1 Mø-like cells (control); (B) THP-1 Mø-like cells infected with the
EH-315 strain vs. THP-1 Mø-like cells infected with the 60I strain, both grown in planktonic form; (C) THP-1 Mø-like cells infected with the EH-315 strain grown in planktonic form vs.
uninfected THP-1 Mø-like cells (control); (D) THP-1 Mø-like cells infected with the EH-315 strain grown in biofilm form vs. THP-1 Mø-like cells infected with the EH-315 strain grown in
planktonic form; and (E) THP-1 Mø-like cells infected with the EH-315 strain grown in biofilm form vs. uninfected THP-1 Mø-like cells (control).
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Table 2. Pathways associated with target genes regulated by differentially expressed miRNAs in Table 1. Mø-like cells in-
fected with H. capsulatum. Data analyses used the miRPath 2.0 and MIRSystem software, along with the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database.

KEGG Pathway Number of Genes P Value

THP-1 Mø-like cells infected with the EH-315 strain from planktonic growth form vs. uninfected cells
ECM-receptor interaction 14 1.1 × 10−6

Glycosaminoglycan biosynthesis 6 1.7 × 10−12

Ubiquitin mediated proteolysis 26 0.01
Focal adhesion 32 0.01

MAPK signaling (mitogen-activated protein kinase) 35 0.02
Apoptosis 12 0.04

Gap junction 17 0.04
Regulation of actin cytoskeleton 29 0.04

THP-1 Mø-like cells infected with the 60I strain from planktonic growth form vs. uninfected cells
Glycosaminoglycan biosynthesis 7 1.9 × 10−11

ECM-receptor interaction 21 7.9 × 10−11

Lysine degradation 14 2.6 × 10−5

TGF-β signaling 21 0.0004
THP-1 Mø-like cells infected with the EH-315 strain from biofilms growth form vs. uninfected cells

Glycosaminoglycan biosynthesis 7 2.1 × 10−15

ECM-receptor interaction 19 1.8 × 10−10

Lysine degradation 14 1.2 × 10−6

TGF-β signaling 26 2.1 × 10−5

Focal adhesion 49 0.001
Wnt signaling pathway 39 0.0002

Gap junction 19 0.009
Adherence junction 17 0.01

MAPK signaling 56 0.01
Apoptosis 18 0.01

N-Glycan biosynthesis 10 0.04
p53 signaling pathway 18 0.04

THP-1 Mø-like cells infected with the EH-315 strain in biofilms growth form vs. cells infected with the EH-315
strain in planktonic growth form

Glycosaminoglycan biosynthesis 6 5.1 × 10−41

TGF-β signaling 26 3.4 × 10−7

p53 signaling pathway 22 0.0001
Wnt signaling pathway 38 0.0008

Focal adhesion 46 0.001
MAPK signaling 56 0.002

Ubiquitin mediated proteolysis 32 0.01
T cell receptor signaling pathway 25 0.02

THP-1 Mø-like cells infected with the EH-315 strain vs. cells infected with the 60I strain, both in planktonic
growth form

ECM-receptor interaction 26 2.6 × 10−9

TGF-β signaling 35 1.2 × 10−8

Glycosaminoglycan biosynthesis 7 1.5 × 10−5

Biosynthesis of unsaturated fatty acids 7 4.05 × 10−5

Lysine degradation 14 0.006
Ubiquitin mediated proteolysis 41 0.01

Valine, leucine, and isoleucine degradation 12 0.03
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Figure 6. MiRNA-mRNA interaction networks to identify target genes regulated in cells infected with yeasts from distinct H. capsulatum strains. MiRNA-mRNA interaction networks
identify target genes regulated in cells infected with different strains of H. capsulatum. The interaction network was constructed with the Navigator software v2.2 from triplicate analyses.
Differentially expressed miRNAs were analyzed using the miRWalk software. Target genes regulated by differentially expressed miRNAs were analyzed in the following pair comparisons:
THP-1 Mø-like cells infected with the EH-315 strain grown in planktonic form vs. uninfected THP-1 Mø-like cells, THP-1 Mø-like cells infected with the 60I strain grown in planktonic form
vs. uninfected THP-1 Mø-like cells, and THP-1 Mø-like cells infected with the EH-315 strain grown in biofilm form vs. uninfected THP-1 cells. MiRNAs are represented by squares. Most
genes indicated by their mRNAs (yellow circles) are targeted by a single specific miRNA, whereas the remaining genes (red and dark red circles) are simultaneously regulated by two or
three distinct miRNAs.
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4. Discussion

MiRNAs have been proposed as stable biomarkers for various diseases, including
mycoses [72]. Our results have particularly identified miRNAs involved in the regulation
of host cell mechanisms triggered by the H. capsulatum infection, which could direct
future strategies for the development of new therapeutic options and diagnostic tools
for histoplasmosis.

Even though the EH-315 and 60I H. capsulatum strains were able to form biofilms, in
accordance to Pitangui et al. [15], here, we selected the yeasts derived from the biofilm
cultures of the EH-315 strain to test their ability to regulate miRNA expression, in infected
THP-1 Mø-like cells. This selection was based on two distinctive characteristics of this strain,
its highest virulence under in vivo and in vitro conditions, and its greatest likelihood to
infect macrophages [33], both of which make this strain an optimal candidate for interacting
with host cells.

Considering that EH-315 H. capsulatum yeasts grown in biofilms were evaluated by
their interaction with macrophages, in the present study it was firstly important to confirm
the biofilm structure of this strain. To do this, we quantified the polysaccharide matrix
produced by H. capsulatum yeasts cultured in biofilm form, which reflects the amount
of ECM present in the biofilm structure. ECM has been extensively studied due to its
importance in maintaining the three-dimensional architecture of biofilms and its ability to
act as a physical barrier protecting biofilm integrity and rendering it resistant to antifungal
agents [73]. The results showed high amounts of EPI and IPs detected in the EH-315 yeasts
grown in biofilm form, which are compatible with biofilm production.

In this study, we identified changes in the miRNAs expression profiles of THP-1
human macrophages infected with EH-315 or 60I H. capsulatum yeasts in planktonic form
and EH-315 yeasts grown as biofilm. Based on volcano plot analyses, the THP-1 Mø-like
cells infected with H. capsulatum strains in planktonic (EH-315 and 60I) and in biofilm
form (EH-315) had different miRNAs expression profiles when compared to the controls
of uninfected cells. Interestingly, our data suggest that even though the infection rates
were similar in the EH-315 or 60I yeasts from planktonic cultures, each strain induced a
particular gene regulation mechanism mediated by distinct miRNAs in the infected cells.
Thus, we hypothesized that strain virulence could be directly related to the ability to induce
changes in the expression of a specific miRNA. The present results highlighted the dramatic
increases or decreases in host cell miRNAs when infected with different strains and growth
forms of H. capsulatum.

A novel finding, not yet reported in systemic fungal infections, was associated with
the hsa-miR-342-3p miRNA that was rapidly downregulated at 5 h after infection with
either planktonic or biofilm cultures of the H. capsulatum EH-315 strain. Our analyses
showed that hsa-miR-99b-3p was the only miRNA that was highly upregulated in cells
infected with the EH-315 strain in biofilm form but not in planktonic form. Previous data
published by Singh et al. [74] pointed to the role of miRNAs in Mycobacterium tuberculosis
infection and pathogenesis, where miR-99b was substantially upregulated in infected DCs
and macrophages. This strategy was adopted by M. tuberculosis to evade host immune
responses, controlling TNF-α production and its survival within phagocytes. Additional
assays confirmed that DCs treated with anti-miR-99b antagomirs showed a significant
reduction in bacterial burden 48 h after infection when compared to the controls (74).
Located in chromosome 19q13.41, the miR-99b gene produces the mature forms miR-99b-3p
and miR-99b-5p, which are involved in several cellular activities such as cell proliferation,
differentiation, and invasion [75]. Thus, we suggest that hsa-miRNA-99b-3p could be
recommended as a new therapeutic target and as an important diagnostic tool for infections
with H. capsulatum yeasts in biofilm form.

Usually, the regulatory effect of miRNAs on biological processes is attained by groups
of these ncRNAs acting in a coordinated way. To understand the impact of the miRNAs
disclosed in this study, it was necessary to identify cell pathways potentially affected by
their differential expression. In fact, a great diversity of cellular pathways was tentatively
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regulated in THP-1 Mø-like cells after infection with H. capsulatum yeasts resulting from
biofilms, thus highlighting the relevance of these yeast communities in the host intracel-
lular microenvironment for histoplasmosis progression. Our data suggest that the Wnt
and p53 signaling pathways might be affected by the differentially expressed miRNAs
only in cells infected by H. capsulatum EH-315 grown as biofilms. Lina et al. [76] revealed
the crucial role of the Wnt signaling pathway in the inhibition of lysosomal fusion and
autolysosomal destruction in host cells infected with Ehrlichia chaffeensis, an obligate in-
tracellular pathogen. Their findings demonstrate that E. chaffeensis exploits evolutionarily
conserved Wnt signaling to inhibit autolysosome generation and autophagic destruction,
promoting its intracellular survival. Here, we suggest that H. capsulatum yeasts organized
in a biofilm structure induced the differential expression of miRNAs, affecting the Wnt
signaling pathway as a strategy to evade the host immune defenses. Additionally, the p53
signaling pathway was also tentatively changed by the infection with H. capsulatum EH-315
yeasts in biofilm form. This pathway coordinates the cellular response to several types of
stress, such as DNA damage and hypoxia, and its downstream signals allow for apoptosis,
senescence, and cell cycle arrest [77,78]. Therefore, we suggest that the p53 pathway could
be involved in infection progression since it could activate DNA repair proteins, induce
cell cycle arrest, and initiate apoptosis if the infection caused irreparable cell damage.

Interestingly, infection of THP-1 Mø-like cells with the most virulent H. capsulatum
strain (EH-315) affected the unsaturated fatty acids biosynthesis pathway. Lipid mediators
are bioactive molecules produced in mammalian cells that can have anti-inflammatory
roles, participate in inflammasome activation and cellular homeostasis regulation [79]. In
the present study, our data suggest that the EH-315 strain induces a differential expression
of miRNAs in THP-1 Mø-like cells that might affect fatty acid biosynthesis, possibly
contributing to an alteration in the host immune response.

In general, the potentially affected pathways of THP-1 Mø-like cells in response to H.
capsulatum yeast infection are related to fungus-host cell adhesion, as well as to the host’s
inflammatory response and cell death, highlighting the ability of the yeasts to promote
changes in the fundamental machineries of these phagocytic cells, and suggesting the
involvement of fungal components or mechanisms in the pathogenesis of histoplasmosis.

The in silico analysis showed that the set of differentially expressed miRNAs identified
in cells infected with the fungal strains grown in planktonic (EH-315 and 60I) or biofilm
(EH-315) forms had two potential gene targets.

The first target gene, named EPB41 (erythrocyte protein band 4.1), encodes the 4.1
protein, which is a component of the cortical cytoskeleton related to the cell membrane.
Proteins of the 4.1 family are involved in the organization of cell polarity, as well as in
cell adhesion and motility; they also play roles in transmembrane transport and in the
response to growth factors. These proteins perform diverse functions because they connect
components of the cortical cytoskeleton, such as actin, with transmembrane adhesion pro-
teins, receptors, and transporters [80]. Here, we showed that infection with H. capsulatum
yeasts induced the expression of the hsa-miR-148b-3p, hsa-miR-320b, and hsa-miR-342-3p
miRNAs in the THP-1 Mø-like cells, efficiently and specifically regulating EPB41. This
gene may contribute to the reorganization of the cytoskeleton, as well as to the regulation
of yeast adhesion to the cell membrane and the components of the extracellular matrix,
which are fundamental mechanisms in the pathogenesis of histoplasmosis.

The other target gene, NUFIP2, which encodes a nuclear fragile X mental retardation-
interacting protein 2, is possibly regulated by the expression of hsa-miR-32-5p, hsa-miR-
590-3p, and hsa-miR-193a-3p miRNAs through the infection of THP-1 Mø-like cells with H.
capsulatum yeasts. According to Bish et al. [81], NUFIP2 is localized within stress granules
in the cell cytosol after exposure to stress. Stress granules are dense ribonucleoprotein
aggregates composed of translationally arrested mRNAs, ribosomal subunits, and proteins.
These granules are generated as a result of different forms of cellular stress, including
oxidative stress, heat shock, or nutrient deprivation, and they regulate mRNA stability and
translation [82].
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Overall, our data showed that THP-1 Mø-like cells infected with different H. capsulatum
strains in different growth forms displayed specific miRNA signatures. These miRNAs are
involved in the fate of the infected cells, since they can negatively regulate the expression
of target genes at the mRNA level and interfere with several host cell pathways that
participate in the pathogenesis of histoplasmosis.

We must underscore today’s prominence of technology that administers an interfer-
ing RNA (RNAi) to regulate or mimic the function of an miRNA in vivo, and which is
based on the use of the so-called antagomirs or mimics. Antagomirs are characterized
as single stranded antisense oligonucleotides used to inhibit miRNA’s function. This
tool has demonstrated in vivo efficacy while acting on a miRNA and preventing a gene
repression activity through the perfect complementarity between the oligonucleotide se-
quence administered and the target miRNA. Instead, therapeutic options using miRNAs
are based on the synthetic delivery of a mimic miRNAs. Mimics are short double-stranded
oligonucleotides, recognized and transported to the RNA-induced silencing complex in
the cell cytoplasm, where the oligonucleotide can act as an endogenous miRNA by raising
the level of the miRNA of interest and potentially blocking the expression of the target
gene [83]. Studies using RNAi to identify virulence factors expressed by a particular target
gene were improved in different microorganisms; of particular interest were those reports
on H. capsulatum using RNAi to block genes associated with some virulence factors [84–87].

Finally, the participation of miRNAs generated by infected host cells in the control
of host immune response was recently suggested as an immunotherapy tool for fungal
infections [88].

5. Conclusions

In conclusion, we highlight the importance of a differentially expressed miRNA (hsa-
miR-342-3p) in response to infection with both growth forms of H. capsulatum (planktonic
and biofilm), and of another miRNA (hsa-miR-99b-3p) significantly overexpressed after
infection with yeasts in biofilm form. These miRNAs could be recommended as new
therapeutic and/or diagnostic tools in H. capsulatum infections displaying different clinical
forms. The roles of these miRNAs in H. capsulatum infections of human patients should be
further explored in order to better understand the pathogenesis of histoplasmosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/2309-608
X/7/1/60/s1, Figure S1: Electropherogram of RNA integrity. The analyses were performed by capil-
lary electrophoresis on the Agilent 2100 Bioanalyzer® system and the integrity of the RNA extracted
from THP-1 Mø-like cells interacting with different strains and growth forms of H. capsulatum yeasts
were evaluated and expressed as RIN values. RIN values of RNA extracted fromTHP-1 Mø-like
cells infected with the H. capsulatum yeasts from EH-315 (A–C) and 60I (D–F) strains in planktonic
growth cultures. RIN values of RNA extracted from THP-1 Mø-like cells infected with yeasts from
EH-315 biofilms culture (G–I). RIN values of RNA extracted from uninfected THP-1 Mø-like cells
used as control (J–L). All assays were performed in triplicate. Table S1: RNA concentration and purity.
RNAs extracted from THP-1 Mø-like cells interacting with different strains and growth forms of H.
capsulatum yeasts (planktonic cultures of the EH-315 and 60I strains, biofilms of the EH-315 strain),
and uninfected THP-1 Mø-like cells (control), using the RNeasy Plant Mini Kit® were quantified with
a NanoDrop®. Data generated from single (*), duplicate (**), and triplicate (***) assays are shown.

Author Contributions: Conceptualization, N.d.S.P., J.d.L.S., F.J.E., M.L.T., M.J.S.M.-G., and A.M.F.-A.;
methodology, N.d.S.P., J.d.L.S., J.d.C.O.S., P.C.d.S., G.R.-A., B.E.G.-P., F.R.P., M.L.T., M.J.S.M.-G., and
A.M.F.-A; software, N.d.S.P., J.d.L.S., and F.J.E.; validation, N.d.S.P., J.d.L.S., M.L.T., and A.M.F.-A.;
formal analysis, N.d.S.P., M.L.T., and A.M.F.-A.; investigation, N.d.S.P., J.d.L.S., M.L.T., and A.M.F.-A.;
resources, N.d.S.P., M.L.T., M.J.S.M.-G., and A.M.F.-A.; data curation, N.d.S.P., J.d.L.S., M.L.T., and
A.M.F.-A.; writing—original draft preparation, N.d.S.P., M.L.T., and A.M.F.-A.; writing—review and
editing, N.d.S.P., M.L.T., and A.M.F.-A.; visualization, N.d.S.P., J.d.L.S., J.d.C.O.S., M.L.T., M.J.S.M.-G.,
and A.M.F.-A.; supervision, M.L.T., M.J.S.M.-G., and A.M.F.-A. All authors have read and agreed to
the published version of the manuscript.

https://www.mdpi.com/2309-608X/7/1/60/s1
https://www.mdpi.com/2309-608X/7/1/60/s1


J. Fungi 2021, 7, 60 20 of 23

Funding: This research was funded by grants from the following Brazilian institutions: Fundação
de Amparo à Pesquisa do Estado de São Paulo (FAPESP 2013/05853-1 http://www.fapesp.br/),
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq 480316/2012-0 http://www.
cnpq.br/), and Programa de Apoio ao Desenvolvimento Científico (PADC) da Faculdade de Ciências
Farmacêuticas, UNESP—Universidade Estadual Paulista. In addition, a grant from “Programa de
Apoyo a Proyectos de Investigación e Innovación Tecnológica-Dirección General de Asuntos del Personal
Académico”, UNAM-Mexico (PAPIIT-DGAPA/UNAM-MX, Reference Number-IN217418) generated
the financial support for H. capsulatum virulence determination, using in vivo and in vitro assays.
N.d.S.P. had a fellowship from Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES http://www.capes.gov.br/).

Acknowledgments: M.L.T., M.J.S.M.-G., and A.M.F.-A. thank the Bilateral Collaboration Agreement
between Universidad Nacional Autónoma de México (UNAM)-Mexico (15090-563-24-V-04) and São
Paulo State University (UNESP)-Brazil (000528/04/01/2005).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Reyes-Montes, M.R.; Valle, M.B.-D.; Martínez-Rivera, M.A.; Rodríguez-Arellanes, G.; Maravilla, E.; Sifuentes-Osornio, J.; Tay-

lor, M.L. Relatedness Analyses of Histoplasma capsulatum Isolates from Mexican Patients with AIDS-Associated Histoplasmosis
by Using Histoplasmin Electrophoretic Profiles and Randomly Amplified Polymorphic DNA Patterns. J. Clin. Microbiol. 1999, 37,
1404–1408. [CrossRef]

2. Taylor, M.L.; Ruíz-Palacios, G.M.; Reyes-Montes, M.R.; Rodríguez-Arellanes, G.; Carreto-Binaghi, L.E.; Duarte-Escalante, E.;
Hernández-Ramírez, A.; Pérez, A.; Suã¡rez-Alvarez, R.O.; Suárez-Alvarez, N.Y.A.; et al. Identification of the infectious source of
an unusual outbreak of histoplasmosis, in a hotel in Acapulco, state of Guerrero, Mexico. FEMS Immunol. Med. Microbiol. 2005,
45, 435–441. [CrossRef]

3. Samayoa, B.; Medina, N.; Chiller, T.; Lau-Bonilla, D.; Cleveland, A.A.; Gómez, B.L.; Arathoon, E.; Roy, M.; Scheel, C.M. High
Mortality and Coinfection in a Prospective Cohort of Human Immunodeficiency Virus/Acquired Immune Deficiency Syndrome
Patients with Histoplasmosis in Guatemala. Am. J. Trop. Med. Hyg. 2017, 97, 42–48. [CrossRef] [PubMed]

4. Damasceno, L.S.; Teixeira, M.D.M.; Barker, B.M.; Almeida, M.A.; Muniz, M.D.M.; Pizzini, C.V.; Mesquita, J.R.L.; Rodríguez-
Arellanes, G.; Ramírez, J.A.; Vite-Garín, T.; et al. Novel clinical and dual infection by Histoplasma capsulatum genotypes in HIV
patients from Northeastern, Brazil. Sci. Rep. 2019, 9, 1–12. [CrossRef] [PubMed]

5. Antinori, S. Histoplasma capsulatum: More Widespread than Previously Thought. Am. J. Trop. Med. Hyg. 2014, 90, 982–983.
[CrossRef] [PubMed]

6. Suã¡rez-Alvarez, R.O.; Sahaza, J.H.; Berzunza-Cruz, M.; Becker, I.; Curiel-Quesada, E.; Pérez-Torres, A.; Reyes-Montes, M.D.R.;
Taylor, M.L. Dimorphism and Dissemination of Histoplasma capsulatum in the Upper Respiratory Tract after Intranasal Infection
of Bats and Mice with Mycelial Propagules. Am. J. Trop. Med. Hyg. 2019, 101, 716–723. [CrossRef]

7. Medoff, G.; Maresca, B.; Lambowitz, A.M.; Kobayashi, G.; Painter, A.; Sacco, M.; Carratù, L. Correlation between pathogenicity
and temperature sensitivity in different strains of Histoplasma capsulatum. J. Clin. Investig. 1986, 78, 1638–1647. [CrossRef]

8. Nemecek, J.C. Global Control of Dimorphism and Virulence in Fungi. Science 2006, 312, 583–588. [CrossRef]
9. Nguyen, V.Q.; Sil, A. Temperature-induced switch to the pathogenic yeast form of Histoplasma capsulatum requires Ryp1, a

conserved transcriptional regulator. Proc. Natl. Acad. Sci. USA 2008, 105, 4880–4885. [CrossRef]
10. Mittal, J.; Ponce, M.G.; Gendlina, I.; Nosanchuk, J.D. Histoplasma Capsulatum: Mechanisms for Pathogenesis. Fungal Physiol.

Immunopathogenesis 2018, 422, 157–191. [CrossRef]
11. Ray, S.C.; Rappleye, C.A. Flying under the radar: Histoplasma capsulatum avoidance of innate immune recognition. Semin. Cell

Dev. Biol. 2019, 89, 91–98. [CrossRef] [PubMed]
12. Isotalo, P.; Chan, K.L.; Rubens, F.; Beanlands, D.S.; Auclair, F.; Veinot, J. Prosthetic valve fungal endocarditis due to histoplasmosis.

Can. J. Cardiol. 2001, 17, 297–303. [PubMed]
13. Carreto-Binaghi, L.E.; Damasceno, L.S.; Pitangui, N.S.; Almeida, A.M.F.; Mendes-Giannini, M.J.S.; Zancopé-Oliveira, R.M.;

Taylor, M.L. CouldHistoplasma capsulatumBe Related to Healthcare-Associated Infections? BioMed. Res. Int. 2015, 2015, 1–11.
[CrossRef] [PubMed]

14. Costa-Orlandi, C.B.; Sardi, J.C.O.; Pitangui, N.S.; De Oliveira, H.C.; Scorzoni, L.; Galeane, M.C.; Medina-Alarcón, K.P.;
Melo, W.C.M.A.; Marcelino, M.Y.; Braz, J.D.; et al. Fungal Biofilms and Polymicrobial Diseases. J. Fungi 2017, 3, 22. [CrossRef]
[PubMed]

15. Pitangui, N.; Sardi, J.; Silva, J.; Benaducci, T.; Da Silva, R.M.; Rodríguez-Arellanes, G.; Taylor, M.; Mendes-Giannini, M.; Fusco-
Almeida, A.M. Adhesion ofHistoplasma capsulatumto pneumocytes and biofilm formation on an abiotic surface. Biofouling 2012,
28, 711–718. [CrossRef] [PubMed]

http://www.fapesp.br/
http://www.cnpq.br/
http://www.cnpq.br/
http://www.capes.gov.br/
http://dx.doi.org/10.1128/JCM.37.5.1404-1408.1999
http://dx.doi.org/10.1016/j.femsim.2005.05.017
http://dx.doi.org/10.4269/ajtmh.16-0009
http://www.ncbi.nlm.nih.gov/pubmed/28719316
http://dx.doi.org/10.1038/s41598-019-48111-6
http://www.ncbi.nlm.nih.gov/pubmed/31409874
http://dx.doi.org/10.4269/ajtmh.14-0175
http://www.ncbi.nlm.nih.gov/pubmed/24778192
http://dx.doi.org/10.4269/ajtmh.18-0788
http://dx.doi.org/10.1172/JCI112757
http://dx.doi.org/10.1126/science.1124105
http://dx.doi.org/10.1073/pnas.0710448105
http://dx.doi.org/10.1007/82_2018_114
http://dx.doi.org/10.1016/j.semcdb.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29551572
http://www.ncbi.nlm.nih.gov/pubmed/11264563
http://dx.doi.org/10.1155/2015/982429
http://www.ncbi.nlm.nih.gov/pubmed/26106622
http://dx.doi.org/10.3390/jof3020022
http://www.ncbi.nlm.nih.gov/pubmed/29371540
http://dx.doi.org/10.1080/08927014.2012.703659
http://www.ncbi.nlm.nih.gov/pubmed/22784100


J. Fungi 2021, 7, 60 21 of 23

16. Sardi, J.D.C.O.; Pitangui, N.D.S.; Rodríguez-Arellanes, G.; Taylor, M.L.; Fusco-Almeida, A.M.; Giannini, M.J.S.M. Highlights in
pathogenic fungal biofilms. Rev. Iberoam. Micol. 2014, 31, 22–29. [CrossRef]

17. Cordeiro, R.D.A.; Marques, F.J.D.F.; Da Silva, M.R.; Malaquias, A.D.M.; De Melo, C.V.S.; Mafezoli, J.; Oliveira, M.D.C.F.;
Brilhante, R.S.N.; Rocha, M.F.G.; Bandeira, T.D.J.P.G.; et al. Synthesis and Antifungal Activity In Vitro of Isoniazid Derivatives
against Histoplasma capsulatum var. capsulatum. Antimicrob. Agents Chemother. 2014, 58, 2504–2511. [CrossRef] [PubMed]

18. Brilhante, R.S.N.; De Lima, R.A.C.; Marques, F.J.D.F.; Silva, N.F.; Caetano, É.P.; Castelo-Branco, D.D.S.C.M.; Bandeira, T.D.J.P.G.;
Moreira, J.L.B.; Cordeiro, R.D.A.; Monteiro, A.J.; et al. Histoplasma capsulatum in planktonic and biofilm forms: In vitro
susceptibility to amphotericin B, itraconazole and farnesol. J. Med. Microbiol. 2015, 64, 394–399. [CrossRef]

19. Garofalo, M.; Di Leva, G.; Croce, C. microRNAs as Anti-Cancer Therapy. Curr. Pharm. Des. 2014, 20, 5328–5335. [CrossRef]
20. Leung, A.; Natarajan, R. Noncoding RNAs in vascular disease. Curr. Opin. Cardiol. 2014, 29, 199–206. [CrossRef]
21. Liu, A.M.; Xu, Z.; Shek, F.H.; Wong, K.-F.; Lee, N.P.; Poon, R.T.; Chen, J.; Luk, J.M. miR-122 Targets Pyruvate Kinase M2 and

Affects Metabolism of Hepatocellular Carcinoma. PLoS ONE 2014, 9, e86872. [CrossRef] [PubMed]
22. Rebane, A.; Akdis, C.A. MicroRNAs in Allergy and Asthma. Curr. Allergy Asthma Rep. 2014, 14, 424. [CrossRef] [PubMed]
23. Teng, Y.; Cao, X.; Li, Y. Roles of microRNAs in allergic airway diseases. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 2014, 36, 114–118.

[PubMed]
24. O’connell, R.M.; Rao, D.S.; Chaudhuri, A.A.; Baltimore, D. Physiological and pathological roles for microRNAs in the immune

system. Nat. Rev. Immunol. 2010, 10, 111–122. [CrossRef] [PubMed]
25. Chitwood, D.H.; Timmermans, M.C.P. Target mimics modulate miRNAs. Nat. Genet. 2007, 39, 935–936. [CrossRef] [PubMed]
26. Costa, M.C.; Leitão, A.L.; Enguita, F.J. Biogenesis and Mechanism of Action of Small Non-Coding RNAs: Insights from the Point

of View of Structural Biology. Int. J. Mol. Sci. 2012, 13, 10268–10295. [CrossRef] [PubMed]
27. Monk, C.E.; Hutvagner, G.; Arthur, J.S.C. Regulation of miRNA Transcription in Macrophages in Response to Candida albicans.

PLoS ONE 2010, 5, e13669. [CrossRef]
28. Das Gupta, M.; Fliesser, M.; Springer, J.; Breitschopf, T.; Schlossnagel, H.; Schmitt, A.-L.; Kurzai, O.; Hünniger, K.; Einsele, H.;

Loeffler, J. Aspergillus fumigatus induces microRNA-132 in human monocytes and dendritic cells. Int. J. Med. Microbiol. 2014,
304, 592–596. [CrossRef]

29. Muhammad, S.A.; Fatima, N.; Syed, N.-I.-H.; Wu, X.; Yang, X.F.; Chen, J.Y. MicroRNA Expression Profiling of Human Respiratory
Epithelium Affected by Invasive Candida Infection. PLoS ONE 2015, 10, e0136454. [CrossRef]

30. Agustinho, D.P.; De Oliveira, M.A.; Tavares, A.H.; Derengowski, L.; Stolz, V.; Guilhelmelli, F.; Mortari, M.R.; Kuchler, K.;
Silva-Pereira, I. Dectin-1 is required for miR155 upregulation in murine macrophages in response toCandida albicans. Virulence
2017, 8, 41–52. [CrossRef]

31. Chen, H.; Jin, Y.; Chen, H.; Liao, N.; Wang, Y.; Chen, J. MicroRNA-mediated inflammatory responses induced by Cryptococcus
neoformans are dependent on the NF-κB pathway in human monocytes. Int. J. Mol. Med. 2017, 39, 1525–1532. [CrossRef]
[PubMed]

32. Singulani, J.D.L.; Silva, J.D.F.D.; Gullo, F.P.; Costa, M.C.; Fusco-Almeida, A.M.; Enguita, F.J.; Giannini, M.J.S.M. Preliminary
evaluation of circulating microRNAs as potential biomarkers in paracoccidioidomycosis. Biomed. Rep. 2017, 6, 353–357. [CrossRef]
[PubMed]

33. Pitangui, N.D.S.; Sardi, J.D.C.O.; Evoltan, A.R.; Santos, C.T.E.; Silva, J.D.F.D.; Da Silva, R.A.M.; Souza, F.O.; Soares, C.P.;
Erodríguez-Arellanes, G.; Taylor, M.L.; et al. An Intracellular Arrangement of Histoplasma capsulatum Yeast-Aggregates
Generates Nuclear Damage to the Cultured Murine Alveolar Macrophages. Front. Microbiol. 2016, 6, 1526. [CrossRef] [PubMed]

34. Kasuga, T.; White, T.J.; Koenig, G.; McEwen, J.; Restrepo, A.; Castañeda, E.; Lacaz, C.D.S.; Heins-Vaccari, E.M.; De Freitas, R.S.;
Zancopé-Oliveira, R.M.; et al. Phylogeography of the fungal pathogen Histoplasma capsulatum. Mol. Ecol. 2003, 12, 3383–3401.
[CrossRef] [PubMed]

35. Teixeira, M.D.M.; Patané, J.S.L.; Taylor, M.L.; Gómez, B.L.; Theodoro, R.C.; De Hoog, S.; Engelthaler, D.M.; Zancopé-Oliveira, R.M.;
Felipe, M.S.S.; Barker, B.M. Worldwide Phylogenetic Distributions and Population Dynamics of the Genus Histoplasma. PLoS
Negl. Trop. Dis. 2016, 10, e0004732. [CrossRef]

36. Gannon, W.L.; Sikes, R.S. Guidelines of the American Society of Mammalogists for the Use of Wild Mammals in Research. J.
Mammal. 2007, 88, 809–823. [CrossRef]

37. Peeters, E.; Nelis, H.J.; Coenye, T. Comparison of multiple methods for quantification of microbial biofilms grown in microtiter
plates. J. Microbiol. Methods 2008, 72, 157–165. [CrossRef]

38. Da Silva, W.J.; Gonçalves, L.M.; Seneviratne, J.; Parahitiyawa, N.; Samaranayake, L.P.; Cury, A.A.D.B. Exopolysaccharide matrix
of developed Candida albicans biofilms after exposure to antifungal agents. Br. Dent. J. 2012, 23, 716–722. [CrossRef]

39. Dubois, M.Y.; Gilles, K.; Hamilton, J.K.; Rebers, P.A.; Smith, F.G. A Colorimetric Method for the Determination of Sugars. Nat.
Cell Biol. 1951, 168, 167. [CrossRef]

40. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 2001, 25, 402–408. [CrossRef]

41. Vlachos, I.S.; Kostoulas, N.; Vergoulis, T.; Georgakilas, G.; Reczko, M.; Maragkakis, M.; Paraskevopoulou, M.D.; Prionidis, K.;
Dalamagas, T.; Hatzigeorgiou, A.G. DIANA miRPath v.2.0: Investigating the combinatorial effect of microRNAs in pathways.
Nucleic Acids Res. 2012, 40, W498–W504. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.riam.2013.09.014
http://dx.doi.org/10.1128/AAC.01654-13
http://www.ncbi.nlm.nih.gov/pubmed/24514090
http://dx.doi.org/10.1099/jmm.0.000030
http://dx.doi.org/10.2174/1381612820666140128211346
http://dx.doi.org/10.1097/HCO.0000000000000054
http://dx.doi.org/10.1371/journal.pone.0086872
http://www.ncbi.nlm.nih.gov/pubmed/24466275
http://dx.doi.org/10.1007/s11882-014-0424-x
http://www.ncbi.nlm.nih.gov/pubmed/24504527
http://www.ncbi.nlm.nih.gov/pubmed/24581140
http://dx.doi.org/10.1038/nri2708
http://www.ncbi.nlm.nih.gov/pubmed/20098459
http://dx.doi.org/10.1038/ng0807-935
http://www.ncbi.nlm.nih.gov/pubmed/17660806
http://dx.doi.org/10.3390/ijms130810268
http://www.ncbi.nlm.nih.gov/pubmed/22949860
http://dx.doi.org/10.1371/journal.pone.0013669
http://dx.doi.org/10.1016/j.ijmm.2014.04.005
http://dx.doi.org/10.1371/journal.pone.0136454
http://dx.doi.org/10.1080/21505594.2016.1200215
http://dx.doi.org/10.3892/ijmm.2017.2951
http://www.ncbi.nlm.nih.gov/pubmed/28440395
http://dx.doi.org/10.3892/br.2017.849
http://www.ncbi.nlm.nih.gov/pubmed/28451399
http://dx.doi.org/10.3389/fmicb.2015.01526
http://www.ncbi.nlm.nih.gov/pubmed/26793172
http://dx.doi.org/10.1046/j.1365-294X.2003.01995.x
http://www.ncbi.nlm.nih.gov/pubmed/14629354
http://dx.doi.org/10.1371/journal.pntd.0004732
http://dx.doi.org/10.1644/06-MAMM-F-185R1.1
http://dx.doi.org/10.1016/j.mimet.2007.11.010
http://dx.doi.org/10.1590/S0103-64402012000600016
http://dx.doi.org/10.1038/168167a0
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1093/nar/gks494
http://www.ncbi.nlm.nih.gov/pubmed/22649059


J. Fungi 2021, 7, 60 22 of 23

42. Lu, T.-P.; Lee, C.-Y.; Tsai, M.-H.; Chiu, Y.-C.; Hsiao, C.K.; Lai, L.-C.; Chuang, E.Y. miRSystem: An Integrated System for
Characterizing Enriched Functions and Pathways of MicroRNA Targets. PLoS ONE 2012, 7, e42390. [CrossRef] [PubMed]

43. Dweep, H.; Gretz, N. miRWalk2.0: A comprehensive atlas of microRNA-target interactions. Nat. Methods 2015, 12, 697. [CrossRef]
[PubMed]

44. Iliopoulos, D.; Rotem, A.; Struhl, K. Inhibition of miR-193a Expression by Max and RXR Activates K-Ras and PLAU to Mediate
Distinct Aspects of Cellular Transformation. Cancer Res. 2011, 71, 5144–5153. [CrossRef] [PubMed]

45. Wang, X.-W.; Wu, Y.; Wang, D.; Qin, Z. MicroRNA network analysis identifies key microRNAs and genes associated with
precancerous lesions of gastric cancer. Genet. Mol. Res. 2014, 13, 8695–8703. [CrossRef] [PubMed]

46. Köpke, S.; Buhrke, T.; Lampen, A. miRNA Expression in Human Intestinal Caco-2 Cells is Comparably Regulated by cis- and
trans -Fatty Acids. Lipids 2015, 50, 227–239. [CrossRef]

47. Cook, J.R.; MacIntyre, D.A.; Samara, E.; Kim, S.H.; Singh, N.; Johnson, M.R.; Bennett, P.R.; Terzidou, V. Exogenous oxytocin
modulates human myometrial microRNAs. Am. J. Obstet. Gynecol. 2015, 213, 65.e1–65.e9. [CrossRef]

48. Xie, Y.; Shu, R.; Jiang, S.; Liu, D.L.; Zhang, X. Comparison of microRNA profiles of human periodontal diseased and healthy
gingival tissues. Int. J. Oral Sci. 2011, 3, 125–134. [CrossRef]

49. He, X.; Dong, Y.; Wu, C.W.; Zhao, Z.; Ng, S.S.M.; Chan, F.K.L.; Sung, J.J.Y.; Yu, J. MicroRNA-218 Inhibits Cell Cycle Progression
and Promotes Apoptosis in Colon Cancer by Downregulating BMI1 Polycomb Ring Finger Oncogene. Mol. Med. 2012, 18,
1491–1498. [CrossRef]

50. Heikham, R.; Shankar, R. Flanking region sequence information to refine microRNA target predictions. J. Biosci. 2010, 35, 105–118.
[CrossRef]

51. Fourie, N.H.; Peace, R.M.; Abey, S.K.; Sherwin, L.B.; Rahim-Williams, B.; Smyser, P.A.; Wiley, J.W.; Henderson, W.A. Elevated
circulating miR-150 and miR-342-3p in patients with irritable bowel syndrome. Exp. Mol. Pathol. 2014, 96, 422–425. [CrossRef]
[PubMed]

52. Brogaard, L.; Larsen, L.E.; Heegaard, P.M.H.; Anthon, C.; Gorodkin, J.; Dürrwald, R.; Skovgaard, K. IFN-λ and microRNAs are
important modulators of the pulmonary innate immune response against influenza A (H1N2) infection in pigs. PLoS ONE 2018,
13, e0194765. [CrossRef] [PubMed]

53. Kimura, T.; Jiang, S.; Yoshida, N.; Sakamoto, R.; Nishizawa, M. Interferon-alpha competing endogenous RNA network antagonizes
microRNA-1270. Cell. Mol. Life Sci. 2015, 72, 2749–2761. [CrossRef] [PubMed]

54. Wei, S.; Zhang, Z.-Y.; Fu, S.-L.; Xie, J.-G.; Liu, X.-S.; Xu, Y.-J.; Zhao, J.-P.; Xiong, W. Retracted Article: Hsa-miR-623 suppresses
tumor progression in human lung adenocarcinoma. Cell Death Dis. 2016, 7, e2388. [CrossRef]

55. Kang, J.; Lee, S.Y.; Lee, S.Y.; Kim, Y.J.; Park, J.Y.; Kwon, S.J.; Na, M.J.; Lee, E.J.; Jeon, H.S.; Son, J.W. microRNA-99b acts as a tumor
suppressor in non-small cell lung cancer by directly targeting fibroblast growth factor receptor 3. Exp. Ther. Med. 2011, 3, 149–153.
[CrossRef]

56. Zhang, J.G.; Shi, Y.; Hong, D.F.; Song, M.; Huang, D.; Wang, C.Y.; Zhao, G. MiR-148b suppresses cell proliferation and invasion in
hepatocellular carcinoma by targeting WNT1/β-catenin pathway. Sci Rep. 2015, 5, 8087. [CrossRef]

57. Zhou, J.; Zhang, M.; Huang, Y.; Feng, L.; Chen, H.; Huarong, C.; Chen, H.; Zhang, K.; Zheng, L.; Zheng, S. MicroRNA-320b
promotes colorectal cancer proliferation and invasion by competing with its homologous microRNA-320a. Cancer Lett. 2015, 356,
669–675. [CrossRef]

58. Rai, K.; Takigawa, N.; Ito, S.; Kashihara, H.; Ichihara, E.; Yasuda, T.; Shimizu, K.; Tanimoto, M.; Kiura, K. Liposomal Delivery of
MicroRNA-7–Expressing Plasmid Overcomes Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor-Resistance in Lung
Cancer Cells. Mol. Cancer Ther. 2011, 10, 1720–1727. [CrossRef]

59. Weng, L.; Ziliak, D.; Lacroix, B.; Geeleher, P.; Huang, R.S. Integrative “Omic” Analysis for Tamoxifen Sensitivity through Cell
Based Models. PLoS ONE 2014, 9, e93420. [CrossRef]

60. Adyshev, D.M.; Elangovan, V.R.; Moldobaeva, N.; Mapes, B.; Sun, X.; Garcia, J.G. Mechanical stress induces pre-B-cell colony-
enhancing factor/NAMPT expression via epigenetic regulation by miR-374a and miR-568 in human lung endothelium. Am. J.
Respir. Cell Mol. Biol. 2014, 50, 409–418.

61. Looney, A.-M.; Walsh, B.H.; Moloney, G.M.; Egrenham, S.; Fagan, A.; O’Keeffe, G.W.; Clarke, G.; Cryan, J.F.; Dinan, T.G.;
Boylan, G.B.; et al. Downregulation of Umbilical Cord Blood Levels of miR-374a in Neonatal Hypoxic Ischemic Encephalopathy.
J. Pediatr. 2015, 167, 269–273.e2. [CrossRef] [PubMed]

62. Yu, D.; Green, B.; Marrone, A.; Guo, Y.; Kadlubar, S.; Lin, D.; Fuscoe, J.; Pogribny, I.; Ning, B. Suppression of CYP2C9 by MicroRNA
hsa-miR-128-3p in Human Liver Cells and Association with Hepatocellular Carcinoma. Sci. Rep. 2015, 5, srep08534. [CrossRef]
[PubMed]

63. Ye, E.-A.; Steinle, J.J. miR-15b/16 protects primary human retinal microvascular endothelial cells against hyperglycemia-induced
increases in tumor necrosis factor alpha and suppressor of cytokine signaling 3. J. Neuroinflammation 2015, 12, 44–48. [CrossRef]
[PubMed]

64. Haenisch, S.; Laechelt, S.; Bruckmueller, H.; Werk, A.; Noack, A.; Bruhn, O.; Remmler, C.; Cascorbi, I. Down-Regulation of
ATP-Binding Cassette C2 Protein Expression in HepG2 Cells after Rifampicin Treatment Is Mediated by MicroRNA-379. Mol.
Pharmacol. 2011, 80, 314–320. [CrossRef]

65. Cazzoli, R.; Buttitta, F.; Di Nicola, M.; Malatesta, S.; Marchetti, A.; Rom, W.N.; Pass, H.I. microRNAs Derived from Circulating
Exosomes as Noninvasive Biomarkers for Screening and Diagnosing Lung Cancer. J. Thorac. Oncol. 2013, 8, 1156–1162. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0042390
http://www.ncbi.nlm.nih.gov/pubmed/22870325
http://dx.doi.org/10.1038/nmeth.3485
http://www.ncbi.nlm.nih.gov/pubmed/26226356
http://dx.doi.org/10.1158/0008-5472.CAN-11-0425
http://www.ncbi.nlm.nih.gov/pubmed/21670079
http://dx.doi.org/10.4238/2014.October.27.10
http://www.ncbi.nlm.nih.gov/pubmed/25366760
http://dx.doi.org/10.1007/s11745-015-3988-x
http://dx.doi.org/10.1016/j.ajog.2015.03.015
http://dx.doi.org/10.4248/IJOS11046
http://dx.doi.org/10.2119/molmed.2012.00304
http://dx.doi.org/10.1007/s12038-010-0013-7
http://dx.doi.org/10.1016/j.yexmp.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24768587
http://dx.doi.org/10.1371/journal.pone.0194765
http://www.ncbi.nlm.nih.gov/pubmed/29677213
http://dx.doi.org/10.1007/s00018-015-1875-5
http://www.ncbi.nlm.nih.gov/pubmed/25746225
http://dx.doi.org/10.1038/cddis.2016.260
http://dx.doi.org/10.3892/etm.2011.366
http://dx.doi.org/10.1038/srep08087
http://dx.doi.org/10.1016/j.canlet.2014.10.014
http://dx.doi.org/10.1158/1535-7163.MCT-11-0220
http://dx.doi.org/10.1371/journal.pone.0093420
http://dx.doi.org/10.1016/j.jpeds.2015.04.060
http://www.ncbi.nlm.nih.gov/pubmed/26001314
http://dx.doi.org/10.1038/srep08534
http://www.ncbi.nlm.nih.gov/pubmed/25704921
http://dx.doi.org/10.1186/s12974-015-0265-0
http://www.ncbi.nlm.nih.gov/pubmed/25888955
http://dx.doi.org/10.1124/mol.110.070714
http://dx.doi.org/10.1097/JTO.0b013e318299ac32


J. Fungi 2021, 7, 60 23 of 23

66. Lv, J.; Ma, L.; Chen, X.-L.; Huang, X.; Wang, Q. Downregulation of LncRNAH19 and MiR-675 promotes migration and invasion
of human hepatocellular carcinoma cells through AKT/GSK-3β/Cdc25A signaling pathway. Acta Acad. Med. Wuhan 2014, 34,
363–369. [CrossRef]

67. Chen, S.; Li, F.; Chai, H.; Tao, X.; Wang, H.; Ji, A. miR-502 inhibits cell proliferation and tumor growth in hepatocellular carcinoma
through suppressing phosphoinositide 3-kinase catalytic subunit gamma. Biochem. Biophys. Res. Commun. 2015, 464, 500–505.
[CrossRef]

68. Mraz, M.; Dolezalova, D.; Plevova, K.; Kozubik, K.S.; Mayerova, V.; Cerna, K.; Musilova, K.; Tichy, B.; Pavlova, S.; Borsky, M.; et al.
MicroRNA-650 expression is influenced by immunoglobulin gene rearrangement and affects the biology of chronic lymphocytic
leukemia. Blood 2012, 119, 2110–2113. [CrossRef]

69. Zhu, Y.; Shi, L.-Y.; Lei, Y.-M.; Bao, Y.-H.; Li, Z.-Y.; Ding, F.; Zhu, G.-T.; Wang, Q.-Q.; Huang, C.-X. Radiosensitization effect of
hsa-miR-138-2-3p on human laryngeal cancer stem cells. PeerJ 2017, 5, e3233. [CrossRef] [PubMed]

70. Zhang, D.; Zhao, L.; Shen, Q.; Lv, Q.; Jin, M.; Ma, H. Down-regulation of KIAA1199/CEMIP by miR-216a suppresses tumor
invasion and metastasis in colorectal cancer. Int. J. Cancer 2017, 140, 2298–2309. [CrossRef] [PubMed]

71. Zeng, X.; Liu, Y.; Zhu, H.; Chen, D.; Hu, W.; Nie, X.; Zheng, X.; Huang, S.; Zhou, P. Downregulation of miR-216a-5p by long
noncoding RNA PVT1 suppresses colorectal cancer progression via modulation of YBX1 expression. Cancer Manag. Res. 2019, 11,
6981–6993. [CrossRef] [PubMed]

72. Croston, T.L.; Nayak, A.P.; Lemons, A.R.; Goldsmith, W.T.; Gu, J.K.; Germolec, D.R.; Beezhold, D.H.; Green, B.J. Influence
ofAspergillus fumigatusconidia viability on murine pulmonary microRNA and mRNA expression following subchronic inhalation
exposure. Clin. Exp. Allergy 2016, 46, 1315–1327. [CrossRef] [PubMed]

73. Seneviratne, C.J.; Jin, L.; Samaranayake, L.P. Biofilm lifestyle of Candida: A mini review. Oral Dis. 2008, 14, 582–590. [CrossRef]
[PubMed]

74. Singh, Y.; Kaul, V.; Mehra, A.; Chatterjee, S.; Tousif, S.; Dwivedi, V.P.; Suar, M.; Van Kaer, L.; Bishai, W.R.; Das, G. Mycobacterium
tuberculosisControls MicroRNA-99b (miR-99b) Expression in Infected Murine Dendritic Cells to Modulate Host Immunity. J. Biol.
Chem. 2013, 288, 5056–5061. [CrossRef] [PubMed]

75. He, K.; Tong, D.; Zhang, S.; Cai, D.; Wang, L.; Yang, Y.; Gao, L.; Chang, S.; Guo, B.; Song, T.; et al. miRNA-99b-3p functions as a
potential tumor suppressor by targeting glycogen synthase kinase-3β in oral squamous cell carcinoma Tca-8113 cells. Int. J. Oncol.
2015, 47, 1528–1536. [CrossRef] [PubMed]

76. Lina, T.T.; Luo, T.; Velayutham, T.-S.; Das, S.; McBride, J.W. Ehrlichia Activation of Wnt-PI3K-mTOR Signaling Inhibits Autolyso-
some Generation and Autophagic Destruction by the Mononuclear Phagocyte. Infect. Immun. 2017, 85, e00690-17. [CrossRef]

77. Almazov, V.P.; Kochetkov, D.V.; Chumakov, P.M. The use of p53 as a tool for human cancer therapy. Mol. Biol. 2007, 41, 947–963.
[CrossRef]

78. Xu, D.; Du, Q.; Han, C.; Wang, Z.; Zhang, X.; Wang, T.; Zhao, X.; Huang, Y.; Tong, D. p53 signaling modulation of cell cycle arrest
and viral replication in porcine circovirus type 2 infection cells. Veter Res. 2016, 47, 1–11. [CrossRef]

79. Chakraborty, T.; Thuer, E.; Heijink, M.; Tóth, R.; Bodai, L.; Vágvölgyi, C.; Giera, M.; Gabaldón, T.; Gácser, A. Eicosanoid
biosynthesis influences the virulence of Candida parapsilosis. Virulence 2018, 9, 1019–1035. [CrossRef]

80. Schulz, W.A.; Ingenwerth, M.; Djuidje, C.; Hader, C.; Rahnenfuehrer, J.; Engers, R. Changes in cortical cytoskeletal and extracellular
matrix gene expression in prostate cancer are related to oncogenic ERG deregulation. BMC Cancer 2010, 10, 505. [CrossRef]

81. Bish, R.; Cuevas-Polo, N.; Cheng, Z.; Hambardzumyan, D.; Munschauer, M.; Landthaler, M.; Vogel, C. Comprehensive Protein
Interactome Analysis of a Key RNA Helicase: Detection of Novel Stress Granule Proteins. Biomolecules 2015, 5, 1441–1466.
[CrossRef] [PubMed]

82. Buetepage, M.; Eckei, L.; Verheugd, P.; Lüscher, B. Intracellular Mono-ADP-Ribosylation in Signaling and Disease. Cells 2015, 4,
569–595. [CrossRef] [PubMed]

83. Van Rooij, E.; Marshall, W.S.; Olson, E.N. Toward MicroRNA–Based Therapeutics for Heart Disease. Circ. Res. 2008, 103, 919–928.
[CrossRef] [PubMed]

84. Rappleye, C.A.; Engle, J.T.; Goldman, W.E. RNA interference in Histoplasma capsulatum demonstrates a role for α-(1,3)-glucan
in virulence. Mol. Microbiol. 2004, 53, 153–165. [CrossRef] [PubMed]

85. Bohse, M.L.; Woods, J.P. RNA Interference-Mediated Silencing of the YPS3 Gene of Histoplasma capsulatum Reveals Virulence
Defects. Infect. Immun. 2007, 75, 2811–2817. [CrossRef]

86. Dubois, J.C.; Smulian, A.G. Sterol Regulatory Element Binding Protein (Srb1) Is Required for Hypoxic Adaptation and Virulence
in the Dimorphic Fungus Histoplasma capsulatum. PLoS ONE 2016, 11, e0163849. [CrossRef]

87. Dade, J.; Dubois, J.C.; Pasula, R.; Donnell, A.M.; Caruso, J.A.; Smulian, A.G.; Deepe, G.S. HcZrt2, a zinc responsive gene, is
indispensable for the survival of Histoplasma capsulatum in vivo. Med. Mycol. 2016, 54, 865–875. [CrossRef]

88. Pakshir, K.; Badali, H.; Nami, S.; Mirzaei, H.; Ebrahimzadeh, V.; Morovati, H. Interactions between immune response to fungal
infection and microRNAs: The pioneer tuners. Mycoses 2019, 63, 4–20. [CrossRef]

http://dx.doi.org/10.1007/s11596-014-1284-2
http://dx.doi.org/10.1016/j.bbrc.2015.06.168
http://dx.doi.org/10.1182/blood-2011-11-394874
http://dx.doi.org/10.7717/peerj.3233
http://www.ncbi.nlm.nih.gov/pubmed/28533948
http://dx.doi.org/10.1002/ijc.30656
http://www.ncbi.nlm.nih.gov/pubmed/28213952
http://dx.doi.org/10.2147/CMAR.S208983
http://www.ncbi.nlm.nih.gov/pubmed/31440087
http://dx.doi.org/10.1111/cea.12783
http://www.ncbi.nlm.nih.gov/pubmed/27473664
http://dx.doi.org/10.1111/j.1601-0825.2007.01424.x
http://www.ncbi.nlm.nih.gov/pubmed/19076549
http://dx.doi.org/10.1074/jbc.C112.439778
http://www.ncbi.nlm.nih.gov/pubmed/23233675
http://dx.doi.org/10.3892/ijo.2015.3135
http://www.ncbi.nlm.nih.gov/pubmed/26315788
http://dx.doi.org/10.1128/IAI.00690-17
http://dx.doi.org/10.1134/S0026893307060015
http://dx.doi.org/10.1186/s13567-016-0403-4
http://dx.doi.org/10.1080/21505594.2018.1475797
http://dx.doi.org/10.1186/1471-2407-10-505
http://dx.doi.org/10.3390/biom5031441
http://www.ncbi.nlm.nih.gov/pubmed/26184334
http://dx.doi.org/10.3390/cells4040569
http://www.ncbi.nlm.nih.gov/pubmed/26426055
http://dx.doi.org/10.1161/CIRCRESAHA.108.183426
http://www.ncbi.nlm.nih.gov/pubmed/18948630
http://dx.doi.org/10.1111/j.1365-2958.2004.04131.x
http://www.ncbi.nlm.nih.gov/pubmed/15225311
http://dx.doi.org/10.1128/IAI.00304-07
http://dx.doi.org/10.1371/journal.pone.0163849
http://dx.doi.org/10.1093/mmy/myw045
http://dx.doi.org/10.1111/myc.13017

	Introduction 
	Materials and Methods 
	H. capsulatum Strains 
	Ethics Statement 
	H. capsulatum Planktonic Cultures and Biofilm Formation 
	Polysaccharide Extraction and Quantification 
	THP-1 Cell Culture and Differentiation 
	THP-1 Mø-Like Cell Viability Assay after H. capsulatum Yeast Infection 
	THP-1 Cells Infection 
	Determination of Infected THP-1 Mø-Like Cells Using Flow Cytometry 
	Total RNA Isolation, Quantification, and Integrity Assessment 
	qRT-PCR 
	Bioinformatics and Statistical Analyses 

	Results 
	Polysaccharide Matrix from H. capsulatum Yeasts 
	Viability of Infected THP-1 Mø-Like Cells 
	Determination of Infected THP-1 Mø-Like Cells 
	Quantification and Assessment of RNA Samples 
	Differential microRNA Expression 
	MiRNA-mRNA Interactions 
	In Silico Recognition of Signaling Pathways Hypothetically Regulated by Differentially Expressed miRNAs 
	In Silico Detection of Target Genes Regulated by Differentially Expressed miRNAs 

	Discussion 
	Conclusions 
	References

