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The release of biomolecules critically affects all pathogens and their establishment

of diseases. For the export of several biomolecules in diverse species, the use of

extracellular vesicles (EVs) is considered to represent an alternative transport mechanism,

but no study to date has investigated EVs from dermatophytes. Here, we describe

biologically active EVs from the dermatophyte Trichophyton interdigitale, a causative

agent of mycoses worldwide. EV preparations from T. interdigitale were examined

using nanoparticle-tracking analysis, which revealed vesicular structures 20–380 nm

in diameter. These vesicles induced the production of proinflammatory mediators by

bone marrow-derived macrophages (BMDMs) and keratinocytes in a dose-dependent

manner, and an addition of the EVs to BMDMs also stimulated the transcription of

the M1-polarization marker iNOS (inducible nitric oxide synthase) and diminished the

expression of the M2 markers arginase-1 and Ym-1. The observed M1 macrophages’

polarization triggered by EVs was abolished in cells obtained from knockout Toll-like

receptor-2 mice. Also, the EVs-induced productions of pro-inflammatory mediators were

blocked too. Furthermore, the EVs from T. interdigitale enhanced the fungicidal activity of

BMDMs. These results suggest that EVs from T. interdigitale can modulate the innate

immune response of the host and influence the interaction between T. interdigitale

and host immune cells. Our findings thus open new areas of investigation into the

host-parasite relationship in dermatophytosis.

Keywords: Trichophyton interdigitale, extracellular vesicles, innate immunity, fungal infection, macrophages,

keratinocytes, nanoparticle-tracking analysis

INTRODUCTION

Dermatophytosis is the most common type of superficial mycosis in humans (1). Over the past
few years, increasing numbers of dermatophytosis cases have been linked to diabetes or aging or
to patients being immunocompromised (2). Trichophyton rubrum and Trichophyton interdigitale
have been described as the most common causative agents of mycoses worldwide (3, 4); the two
fungi infect keratinized structures in the host, such as skin and nails, and cause dermatophytoses
or tineas, which are commonly known as athlete’s foot, onychomycosis, ringworm, and jock itch
(3, 5–7). These infections are typically chronic and produce mild symptoms because of the adaptive
mechanisms developed by the fungi to evade the host immune response (8).
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All pathogens and their ability to establish diseases are
critically affected by the secretion of diverse biomolecules
(9, 10), and certain studies have shown that fungi release
several virulence factors into the extracellular space by using
extracellular vesicles (EVs) (11–15). These EVs transport
numerous molecules and thereby contribute to fungal virulence
and the modulation of the host immune-response profile
(16–21).

EVs, which are produced by eukaryotes, bacteria, and archaea
(22), are spherical, lipid-bilayered membrane structures that
range in diameter from 20 to 500 nm. The EV cargo includes
proteins, nucleic acids, lipids, pigments, polysaccharides, and
toxins, and thus these vesicles play essential roles in microbial
structure and pathogenesis (10, 15). Fungal EVs were first
isolated and characterized in 2007 from the pathogenic fungus
Cryptococcus neoformans (11), and, since then, the research
on fungal EVs has increased considerably and EVs have
been purified and characterized from culture supernatants in
numerous studies (12–14, 17, 23). These studies characterizing
EVs and their immunomodulatory activity contribute toward our
understanding of the role of EVs in host-pathogen interactions.
However, no study to date has focused on isolating and describing
EVs from dermatophytes.

Here, we report for the first time that a dermatophyte
produces EVs. We found that T. interdigitale culture
supernatants contained vesicles, and by using various methods,
we demonstrated that EVs from T. interdigitale were biologically
active; the EVs induced macrophages and keratinocytes to
release proinflammatory mediators and enhanced the fungicidal
ability of macrophages, which suggests that these EVs play
a role in fungal pathogenesis. Our findings demonstrate a
previously unrecognized phenomenon in dermatophytes—EV
production—that is relevant to aspects such as microbial
physiology and pathogenesis, and further provide new insights
into the mechanisms by which secreted molecules reach the
extracellular environment and their potential to influence the
interaction of T. interdigitale with host immune cells.

METHODS

Ethics Statement
All animal use complied with the standards described in
the Ethical Principles Guide for the Care and Use of
Laboratory Animals adopted by the Brazilian College of Animal
Experimentation. This study was approved by the Committee of
Ethics in Animal Research of the Ribeirao Preto Medical School
at the University of Sao Paulo (RPMS-USP; protocol 2.101.529).

Mice and T. interdigitale Isolates
We used 8-12-week-old male C57BL/6 (wild-type, WT), TLR2
Knockout (TLR2−/−), and TLR4 Knockout (TLR4−/−) mice.
The animals were housed in the animal facility of the RPMS-USP,
under optimized hygienic conditions.

T. interdigitale experiments were conducted using the strain
H6 (ATCCMYA3108) (4, 24); this clinical isolate was maintained
by subcultivation in malt-extract agar [2% glucose, 2% malt
extract, 0.1% peptone (w/v), pH 5.7] for 21 days at 28◦C.

We prepared suspensions of conidia from 21-day-old culture
plates that were flooded with sterile 0.9% NaCl, and then filtered
the suspensions through fiberglass to remove mycelium debris.
The concentration of conidia in the filtrate was estimated using a
Neubauer chamber.

EV Isolation
EVs were isolated as previously described for C. neoformans (11),
with slight modifications. We cultivated 106 conidia in minimal
medium (25) containing dextrose [55mM] and NaNO3 (70mM)
for 3 days at 28◦Cwith continuous shaking, and then sequentially
centrifuged the culture medium at 6,000 × g and 15,000 ×

g to obtain separated supernatants. The pellets were discarded
and the supernatants were concentrated using a 100-kDa-cutoff
Amicon ultrafiltration system (Millipore, Billerica, MA, USA),
and the obtained material was ultracentrifuged at 100,000 × g
for 1 h at 4◦C. The supernatants were discarded, and the pellets
were washed thrice with PBS by repeatedly resuspending and
centrifuging them at 100,000× g for 1 h at 4◦C.

Nanoparticle-Tracking Analysis (NTA)
Size-distribution analysis and quantification of EV preparations
were performed on a NanoSight NS300 (Malvern Instruments,
Malvern, UK) equipped with fast video capture and particle-
tracking software. Purified vesicles from T. interdigitale were
diluted into 1mL of PBS and disaggregated using a syringe
and needle (1-mL 29-gauge × ½), and each sample was then
injected into a NanoSight sample cubicle. Both scatter and
fluorescence-capture settings (such as focus, camera, and gain
settings) were optimized to make particle tracks visible, and then
measurements were obtained in triplicate and analyzed using
NanoSight software (version 3.2.16). The data on the sizes of EVs
from T. interdigitale are expressed as the calculated means ± SD
of size distribution.

Preparation of BMDMs and Keratinocytes
BMDMs were generated as previously described (26), with slight
modifications (27). Bone marrow cells were collected from the
femurs and tibias of 8–12-week-old (adult) C57BL/6 (wild-
type, WT), TLR2 Knockout (TLR2−/−), and TLR4 Knockout
(TLR4−/−) mice by flushing with RPMI 1640 medium to release
the cells, which were then cultured for 6 days in RPMI 1640
medium supplemented with 20% fetal cow serum and 30% L-
929 cell-conditionedmedium. Non-adherent cells were removed,
and the adherent cells (majority macrophages) were collected
and washed twice with cold PBS. Cell concentrations were
determined using a Neubauer chamber, and the cells were plated
in RPMI 1640 medium containing 10% fetal bovine serum
(FBS) and 5% L-929 cell-conditioned medium and used for
cytokine-detection assays (1.5 × 106/mL; 7.5 × 105 cells/well;
48-well plates) or quantitative reverse-transcription-PCR (qRT-
PCR) analysis [2× 106/mL; 1× 106 cells/well; 24-well plates].

For the keratinocyte experiments, we used the human
keratinocyte cell lineHaCaT; the cells were cultured inDulbecco’s
modified Eagle medium (DMEM; Gibco, New York, NY, USA)
supplemented with 10% FBS and penicillin-streptomycin (100
U/mL) at 37◦C in a humidified 5% CO2 balanced air incubator.
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HaCaT cells were plated at 3 × 105 cells/well in 6-well plates,
and 24 h later, the medium was changed to serum-free DMEM
containing EVs at various concentrations.

BMDMs and HaCaT cells were incubated with different
concentrations of EVs (103-107 particles/mL), lipopolysaccharide
(LPS; 1µg/mL) plus interferon (IFN)-γ (2 ng/mL), interleukin
(IL)-4 (50 ng/mL) plus IL-10 (50 ng/mL), or the medium alone.
The BMDMs were cultured for 6 h for qRT-PCR analysis, 48 h
for determining the levels of tumor necrosis factor (TNF)-α, IL-
6, IL-1β, and nitric oxide (NO), and 4 and 48 h for quantifying
their phagocytosis and killing of T. interdigitale, respectively. The
HaCaT cells were cultured for 24 h and then used for measuring
TNF-α, IL-6, IL-1β, IL-8, and NO levels.

Determination of NO Production
The amount of NO present in BMDM and keratinocyte culture
supernatants was quantified by analyzing the accumulation of
nitrite in the monolayer supernatants by using the standard
Griess reaction (28). Briefly, 50mL of supernatant was incubated
with an equal volume of Griess reagent (1% sulfanilamide, 0.1%
naphthyl ethylenediamine dihydrochloride, 2.5% H3PO4) for
10min at room temperature, and then the 550-nm absorbance
was measured using a microplate-scanning spectrophotometer
(Power Wave-X; BioTek Instruments, Inc., Winooski, VT, USA).
The measured absorbance was converted into micromolar
concentrations of NO based on a standard curve generated using
a known concentration of NaNO2 diluted in RPMI 1640medium.

Cytokine Measurement
Supernatants of stimulated BMDMs and HaCaT cells were
used to quantify the levels of TNF-α, IL-6, IL-1β, and IL-
8. The cytokines were measured using capture enzyme-linked
immunosorbent assay (ELISA) performed with antibody pairs
purchased from BD Biosciences (Pharmingen, San Diego, CA,
USA); the ELISA was performed according to the manufacturer’s
protocol, and the concentrations were calculated from standard
curves generated by a curve-fitting program. The absorbance
was read at 450 nm in a microplate-scanning spectrophotometer
(Power Wave-X).

qRT-PCR Analysis
qRT-PCR was performed as previously described (18), with slight
modifications. BMDMs (2 × 106/mL; 1 × 106 cells/well; 24-
well plates) were stimulated for 6 h and then total RNA was
extracted from the cells by using Trizol Reagent (Invitrogen,
Life Technologies, Camarillo, CA, USA) according to the
manufacturer’s protocol. The RNA was reverse-transcribed into
cDNA by using an ImProm-II Reverse Transcription System
(Promega, Fitchburg, WI, USA) with oligo(dT). The qRT-
PCR was performed in 15-µl reactions containing SsoFastTM

EvaGreen (Bio-Rad Laboratories, Hercules, CA, USA), and a
Bio-Rad CFX96 Real-Time PCR System (Bio-Rad Laboratories)
was used for monitoring the reactions, which were under these
conditions: 50◦C for 2min, 95◦C for 10min, and 40 cycles of
95◦C for 15 s and 60◦C for 1min. All transcript levels were
quantified using the 11Ct method and normalized relative to
β-actin expression. The PCR primers used were the following:

β-actin, F: CCTAAGGCCAACCGTGAAAA / R: GAGGCATAC
AGGGACAGCACA; inducible nitric oxide synthase (iNOS),
F: CCGAAGCAAACATCACATTCA / R: GGTCTAAAGGCT
CCGGGCT; Ym-1, F: TCACAGGTCTGGCAATTCTTCTG /
R: ACTCCCTTCTATTGGCCTGTCC; and arginase-1, F: GTT
CCCAGATGTACCAGGATTC / R: CGATGTCTTTGGCAG
ATATGC.

Assays of Fungus Phagocytosis and Killing
by Macrophages
For the phagocytosis assay, BMDMs were seeded at 2 × 105

cells/well on 13-mm glass coverslips placed in 24-well plates and
cultured at 37◦C and 5% CO2 in DMEM supplemented with 10%
FBS; before adding T. interdigitale, the cells were treated with
EVs (107 particles/mL), INF-γ (50 ng/mL), or the medium alone.
The macrophages were challenged with 2 × 105 conidia from
T. interdigitale (macrophages:conidia= 1:1) in the 24-well plates
for 4 h at 37◦C, and then the glass coverslips were washed with
PBS and stained with Giemsa. An average of 100 macrophages
were counted when determining the percentage of macrophages
that had internalized at least one conidium (P) and the average
number of fungal cells in these macrophages (F). The phagocytic
index (I) was calculated as P× F (29).

The phagocytic cells obtained as described above, with slight
modifications, were used to evaluate the killing of conidia:
5 × 105 conidia from T. interdigitale (macrophages:conidia =

1:1) were incubated at 37◦C and 5% CO2 for 48 h in DMEM
supplemented with 10% FBS, and before adding T. interdigitale
to BMDMs, the cells were treated under the same conditions as
those described above for the phagocytosis assay. The 24-well
microplates were centrifuged for 10min at 3,500 rpm, the culture
supernatants were discarded, and the cells were washed with
PBS to remove any fungal cells that had not been ingested. The
BMDMs were lysed with cold water, and the lysates were plated
on potato dextrose agar medium and incubated at 28◦C for 72 h.
The samples were analyzed for the presence of viable fungal cells
by determining the colony forming units (CFU).

Statistical Analysis
Data shown are either the means of or representative results from
at least 3 independent experiments, each performed in triplicate.
All statistical analyses and comparisons were performed using
GraphPad Prism Software version 6.0 (GraphPad Software, San
Diego, CA, USA). One-way ANOVA and Turkey’s multiple
comparison posttests were applied. P < 0.05 was considered
statistically significant.

Data Availability
All relevant data are contained within the manuscript.

RESULTS

EV Production by T. interdigitale
The production of EVs by several fungi and other microbes
has been described; thus, we sought to determine whether
dermatophytes also produce EVs, and we performed experiments
to detect vesicles in T. interdigitale culture supernatants.
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To isolate EVs from culture supernatants, 1 × 106 conidia were
cultivated for 72 h in minimal medium, and the collected culture
supernatants were dialyzed and ultracentrifuged. Subsequently,
the results of NTA showed that EVs were produced by
T. interdigitale (Figure 1). Vesicles ranging in diameter from 20
to 380 nm were detected, and although the vesicle size varied
substantially, the mean/mode diameter of most vesicles was
approximately 110 nm (Figure 1A). The size distribution and
screening profile of these EVs are shown in screenshot of video
recordings from the NanoSight NS300 system (Figure 1B). To
confirm that the vesicles originated from live cells and not from
membranes released from dead cells, we analyzed a control
preparation obtained from culture supernatants ofT. interdigitale
conidia that had been killed by heating at 90◦C for 2 h and then
inoculated in minimal medium and cultivated in parallel under
the same conditions as those used for the live cells. Our NTA
results demonstrated that no nanoparticles were generated from
the heat-killed T. interdigitale conidia (data not shown). Similar
results have previously been obtained for C. neoformans (11)
and Paracoccidioides brasiliensis (14). These findings confirm that
exosomes are produced by T. interdigitale.

FIGURE 1 | Nanoparticle-tracking analysis of extracellular vesicles (EVs)

produced by T. interdigitale. EVs were purified from T. interdigitale culture

supernatants and quantified using a NanoSight NS300. (A) Histogram

showing the EV particle-size distribution (EVs × 109/mL vs size in

nanometers). (B) Screenshot from video recorded using the NanoSight

NS300, showing the distribution of EVs from T. interdigitale.

T. Interdigitale EVs Induce a
Proinflammatory Profile in BMDMs
To investigate the influence of EVs on the host immune-
response profile, we tested whether the EVs from T. interdigitale
stimulated BMDMs: We added different amounts of EVs to
BMDMs and assessed the culture supernatants for the production
of cytokines and NO after incubation for 48 h. EVs from
T. interdigitale stimulated the release of NO, TNF-α, IL-6,
and IL-1β in a dose-dependent manner (Figure 2). However,
IL-10 levels in the treated cells were as low as the levels
in non-stimulated BMDMs (data not shown). These results
suggest that EVs induce BMDMs to produce proinflammatory
mediators.

T. interdigitale EVs Induce a
Proinflammatory Profile in Keratinocytes
We also evaluated the influence of EVs on a human
keratinocyte cell line: HaCaT cells were incubated for 48 h
with different amounts of EVs, and the culture supernatants
were assessed for cytokine and NO production. The levels of
NO, TNF-α, IL-6, IL-1β, and IL-8 were markedly increased
in response to the EV stimulus in a dose-dependent
manner (Figure 3). These findings agree with the results
showing that the EVs induced a proinflammatory profile in
BMDMs.

T. interdigitale EVs Induce the Macrophage
M1 Phenotype
EV induction of a proinflammatory profile in BMDMs and
keratinocytes suggested that the EVs favored the development of
the “classical” M1 activation phenotype in macrophages. To test
this possibility, we extracted total RNA from BMDMs incubated
with 107 EVs for 6 h and performed relative quantification of
the transcripts of M1 (iNOS) and M2 (arginase-1 and Ym-
1) polarization markers. The iNOS mRNA level was increased
800-fold in EV-stimulated BMDMs, a response higher than
that induced by IFN-γ plus IL-12 (Figure 4A). By contrast, the
mRNA levels of Ym-1 (Figure 4B) and arginase-1 (Figure 4C)
in the presence of vesicles remained close to that measured in
non-stimulated cells. These results suggest that T. interdigitale
EVs promote BMDM polarization toward the “classical” M1
phenotype.

TLR2 Is Crucial for the Macrophage
Release of Proinflammatory Cytokines
Induced by T. interdigitale EVs
Given that Trichophyton rubrum interacts with TLR2 and TLR4
on antigen-presenting cells and promotes cytokines production
(30), we evaluated the relevance of TLR2 and TLR4 in the
production of inflammatorymediators induced byT. interdigitale
EVs. We stimulated BMDMs obtained from WT, TLR2−/−, or
TLR4−/− mice with T. interdigitale EVs for 48 h and quantified
the levels of TNF-α and IL-6 in the cell supernatants. We
verified that the lack of TLR2 abolished the EVs-induced
production of TNF-α and IL-6 (Figures 5A,B, respectively).
The absence of TLR4, in turn, did not affect the TNF-α
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FIGURE 2 | Extracellular vesicles (EVs) from T. interdigitale induce the production of proinflammatory mediators by bone marrow-derived macrophages (BMDMs).

BMDMs from C57BL/6 mice were incubated at 37◦C for 48 h with the indicated amounts of EVs isolated from T. interdigitale (x-axis). The medium and LPS (1µg/mL)

plus IFN-γ (2 ng/mL) were used as negative and positive controls, respectively. The culture supernatants were assessed for the concentrations of nitrite (A), TNF-α (B),

IL-6 (C), and IL-1β (D). Data are representative of 3 experiments. The results are expressed as means ± SEM and are shown relative to the levels in non-stimulated

cells (medium only). *P < 0.05.

and IL-6 production. We conclude that TLR2 participates
in the induction of proinflammatory cytokine production in
macrophages stimulated by T. interdigitale EVs.

TLR2 Is Crucial for the Classical
Polarization of Macrophages Induced by
T. interdigitale EVs
To expand the investigation of the roles of TLR2 and TLR4
on the effects of T. interdigitale EVs on macrophages, we
verified whether the M1 polarization of these cells promoted
by T. interdigitale EVs could be affected by the absence of
TLR2 and TLR4. Following the stimulation of BMDMs from
WT, TLR2−/−, or TLR4−/− mice, the cells were assessed for
the expression of iNOS, YM-1, and Arginase-1. The iNOs
expression stimulated by T. interdigitale EVs was not affected
by the absence of TLR4, but was blocked in TLR2 BMDMs
(Figure 6A). The expression of M2 polarization markers (YM-
1 and Arginase-1), which did not respond to the T. interdigitale
EVs stimulus, remained in cells from TLR2−/− and TLR4−/−

mice at levels as low as those verified in non-stimulated
macrophages (medium; Figures 6B,C). Therefore, we conclude

that TLR2 is critical for the T. interdigitale EVs-induced M1
polarization of macrophages.

EVs Produced by T. interdigitale Stimulate
Fungicidal Activity of Macrophages
Lastly, because EV stimulation of macrophages and keratinocytes
induced the production of proinflammatory mediators, we
ascertained whether EVs promote T. interdigitale phagocytosis
and killing by macrophages. First, we determined the phagocytic
index of BMDMs. The macrophages were stimulated with
EVs from T. interdigitale for 30min before the addition of
T. interdigitale conidia, and then the cocultures were maintained
for 4 h. The presence of EVs during the phagocytosis assay
enhanced conidium engulfment by >25% (Figure 7A), and
the phagocytic index calculated for IFN-γ- and EV-stimulated
cells showed a similar increase relative to the phagocytic
index for non-stimulated cells (Figure 7A). Furthermore,
analyses performed on BMDM lysates after 48 h incubation
showed that stimulation with either IFN-γ or EVs led to
CFU numbers being lower than those measured with non-
stimulated BMDMs (Figure 7B). These results indicate that
EVs not only promote the uptake of T. interdigitale by
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FIGURE 3 | Extracellular vesicles (EVs) from T. interdigitale induce the production of proinflammatory mediators by keratinocytes. Human keratinocyte cell line HaCaT

cells were incubated at 37◦C for 24 h with the indicated amounts of EVs from T. interdigitale (x-axis). The medium and LPS (1µg/mL) plus IFN-γ (2 ng/mL) were used

as negative and positive controls, respectively. The culture supernatants were assessed for the concentrations of nitrite (A), TNF-α (B), IL-8 (C), IL-6 (D), and IL-1β

(E). Data are representative of 3 experiments. The results are expressed as means ± SEM and are shown relative to the levels in non-stimulated cells (medium only).

*P < 0.05.

FIGURE 4 | Extracellular vesicles (EVs) from T. interdigitale promote classical macrophage activation. Bone marrow-derived macrophages (BMDMs) from C57BL/6

mice were incubated at 37◦C for 6 h with EVs (107 particles/mL and with either IFN-γ (2 ng/mL) plus IL-12p40 (50 ng/mL) as M1 inducers (classical activation) or IL-10

plus IL-4 (both at 50 ng/mL) as M2 inducers (alternative activation). The medium was used as the negative control. RNA was extracted and converted into cDNA and

real-time PCR was used to evaluate the relative expression of iNOS (A), Ym-1 (B), and arginase-1 (C). Data are representative of 3 experiments. The results are

expressed as means ± SEM and are compared to the results obtained for the negative control. *P < 0.05.

macrophages, but also enhance the fungicidal activity of
macrophages.

DISCUSSION

We have reported here for the first time that a dermatophyte
produces EVs. We have described the production of EVs by
T. interdigitale and the isolation of the EVs, and we have shown
that T. interdigitale EVs induce the activation of macrophages

and keratinocytes and that the EVs can modulate the innate
immunity of the host. Furthermore, we have demonstrated that
EVs from T. interdigitale can enhance the fungicidal capacity of
macrophages.

Almost all living cells produce exosomes, which have been
shown to play roles in cell communication, physiology, and
pathogenesis (10, 15). These studies have clearly demonstrated
that exosomes influence both microorganism pathogenesis and
the host immune response. Although the relevant roles during
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FIGURE 5 | Involvement of TLR2 and TLR4 in the proinflammatory cytokine production induced by T. interdigitale EVs. Bone marrow-derived macrophages (BMDMs)

obtained from WT, TLR2−/−, and TLR4−/− mice were incubated at 37◦C for 48 h with EVs (107 particles/mL). A mixture of LPS (1µg/mL) plus IFN-γ (2 ng/mL) were

used as positive controls for WT and TLR2−/− macrophages; Pam3CSK4 (100 ng/mL) was used as the positive control for TLR4−/− macrophages. The cultures

supernatants were assessed for the concentration of TNF-α (A) and IL-6 (B). Data are representative of 3 experiments. The results are expressed as means ± SEM

and are shown relative to the levels in non-stimulated cells (medium only). ***P < 0.001, and non-significant differences (n.s.).

FIGURE 6 | Involvement of TLR2 in the activation of bone marrow-derived macrophages (BMDMs) by T. interdigitale EVs. BMDMs from WT, TLR2−/−, and TLR4−/−

mice were stimulated for 6 h with EVs (107 particles/mL). As positive control for the M1 activation, the mixture of INF-γ (2 ng/mL) plus IL-12p40 (50 ng/mL) was used.

For M2 activation, a mixture of IL-10 plus IL-4 (50 ng/mL both) was used. The medium alone was used as negative control. RNA was extracted and converted into

cDNA and real-time PCR was used to evaluate the relative expression of iNOS (A), Ym-1 (B), and arginase-1 (C). Data are representative of 3 experiments. The results

are expressed as means ± SEM and are compared to the results obtained for the negative control. ***P < 0.001, and non-significant differences (n.s.).

FIGURE 7 | Extracellular vesicles (EVs) from T. interdigitale enhance fungicidal

activity of macrophages. (A) Before the addition of T. interdigitale to bone

marrow-derived macrophages (BMDMs; conidia:macrophages = 1:1), the

cells were treated for 30min with EVs (107 particles/mL), IFN-γ (50 ng/mL), or

the medium and then plated on glass coverslips; after incubation for 4 h at

37◦C, the coverslips were washed with PBS, and the cells were stained with

Giemsa and the phagocytic index determined. (B) Alternatively, BMDMs were

infected with T. interdigitale (macrophages:conidia = 1:1) for 48 h and then the

cells were washed and lysed for the detection of viable intracellular fungal cells

based on measuring their CFU. Data are representative of 3 experiments. The

results are expressed as means ± SEM and are compared to the results

obtained for the negative control. *P < 0.05.

infection have been attributed to EVs in these cases, our
understanding of the functions of EVs in fungal infections
remains rudimentary.

A notable finding in this study was that EV-stimulated
BMDMs released proinflammatory mediators and that the

phagocytic index of these cells was increased, which was in

accord with the enhanced killing of T. interdigitale. This result

agrees with the finding that BMDMs stimulated with EVs from
T. interdigitale showed an increase in the levels of NO and

proinflammatory mediators (such as TNF-α, IL-6, and IL-1β).

Results similar to those presented here were also obtained

with P. brasiliensis EVs, which favored the development of the
Th1 immune response and enhanced the fungicidal activity of

murine peritoneal macrophages (18). In the case of the yeast
C. neoformans, EVs increased the levels of TNF-α, transforming
growth factor-β, and IL-10 produced by RAW 264.7 murine
macrophages and enhanced the capacity of these cells to kill
C. neoformans (16). In a recent study, EVs from Cryptococcus
gattii were shown to be taken up by infected macrophages, which
indicated an essential role of the EVs in the fungal pathogenesis
(31). Furthermore,Candida albicans EVs induced the production
of NO, IL-12p40, IL-10, and TNF-α by BMDMs and dendritic
cells (17), and treatment of macrophages and dendritic cells with
these EVs upregulated the expression of CD86 and MCH-II (17).
Thus, given that fungal EVs were shown to induce the production
of cytokines and NO, these studies support the notion that fungal
EVs play a decisive role in the induction of antifungal immunity.

Frontiers in Immunology | www.frontiersin.org 7 October 2018 | Volume 9 | Article 2343

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bitencourt et al. Extracellular Vesicles From Trichophyton interdigitale

The recognition and elimination of fungal pathogens depend
of several cells of the innate immune system (32), and the
importance of macrophages in combating fungal infections
has been widely demonstrated. Moreover, the switching of
the macrophage activation phenotype between M1 and M2
is known to be crucial for the effective control of several
fungal pathogens (32). We demonstrated that BMDMs and
keratinocytes released proinflammatory mediators in response to
EV stimulation, which could contribute to the development of
M1 macrophages. Notably, EVs from T. interdigitale upregulated
the expression of iNOS but did not alter the expression
of arginase-1 and Ym-1, which suggests polarization of the
macrophages toward the “classical” M1 phenotype. Accordingly,
EVs from P. brasiliensis were also found to promote the M1
polarization of macrophages (18). The mechanism behind the
mentioned events typically involves TLRs. We found that TLR
participates in cytokine production induced by T. interdigitale
EVs on BMDMs and that TLR2 is required not only to induce
the release of proinflammatory mediators but also to promote
the M1 polarization of BMDMs in response to T. interdigitale
EVs. However, there are few studies on the effects of TLRs
activation during the course of this infection. Patients with T.
rubrum showed reduced expression of TLR4 in localized and
disseminated dermatophytosis, and no differences were verified
in TLR2 expression (33). On the other hand, in another report,
T. rubrum seems to manipulate the host defense, which the
conidia were able to down-modulate TLRs (30). This observation
partially supports our data regarding the participation of TLR2 in
the response to the T. interdigitale EVs stimulus.

The role of certain immune-response systems (such as the
Th1, Th2, and Th17 responses) in the immunity toward several
fungal pathogens is well established. However, the functions of
these responses in T. rubrum, and particularly in T. interdigitale,
remain poorly understood (34). A recent study showed that
neither the IL-17 response nor adaptive immunity was required
for fungal control of T. rubrum (35). Moreover, T. rubrum was
reported to induce IL-1β production by macrophages, which,
in turn, played essential roles in the immune response against
T. rubrum (36), and the culture supernatant of T. rubrum
was further shown to activate the innate immune response

of HaCaT cells (37). The findings of these studies agree with
our results showing that keratinocytes stimulated with EVs
from T. interdigitale showed increased production of NO and
proinflammatory mediators.

Fungal EVs are recognized to carry proteins, toxins, nucleic
acids, lipids, and several other molecules (10, 15). However,
we did not verify here the presence of essential virulence
factors in the EVs from T. interdigitale. Therefore, the specific
cargo molecules carried by T. interdigitale EVs must be
identified in future studies to clarify the potential functions of
the EVs.

In this report, we have described EV production by
T. interdigitale and have shown that these EVs can modulate
in vitro the functions of macrophages and keratinocytes. Our
findings provide new insights for future investigations into the

dermatophytosis and suggest a new target for the design of
therapeutic agents to combat this critical mycosis.
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