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Abstract 

Chromoblastomycosis is a chronic fungal infection characterized by the formation of 

granulomatous lesions in the skin and subcutaneous tissues that begins after inocu-

lation trauma. The disease is more frequently observed in tropical countries such as 

Brazil. Important studies have been shown a predominantly cell-mediated immune 

response during chromoblastomycosis. Results from our laboratory showed that Th1 

responses are essential to induce protection during chromoblastomycosis. IL-18 is 

primarily produced by macrophages and is known to induce the production of IFNγ, 
a cytokine associated with Th1 cell activation. Once produced, IL-18 acts to promote 

Th1 cell differentiation and activation. Th1 cells, in turn, secrete cytokines such as 

IFNγ, which are critical for the elimination of intracellular pathogens, including fungi. 

IFNγ enhances the fungicidal activity of macrophages, promotes the development of 

antifungal effector mechanisms, and contributes to the containment of fungal growth. 

Our results indicate that F. pedrosoi is sensed by the NLRP3 inflammasome, which 

induces caspase-1 activation and production of IL-18. Moreover, IL-18 plays a crucial 

role in activating Th1 cells and controlling fungal loads during chromoblastomycosis. 

Further research into the mechanisms underlying IL-18-mediated immunity may lead 

to the development of novel therapeutic approaches for the treatment of this chronic 

fungal infection.

Introduction

Chromoblastomycosis is a chronic fungal infection primarily affecting the skin and 
subcutaneous tissues. It is caused by several species of dematiaceous fungi such as 
Cladophialophora, Exophiala, Fonsecaea, Phialophora, and Rhinocladiella. F. pedro-
soi, F. monophora, and F. nubica represent three cryptic entities that could induce the 
same disease [1–4]. Fonsecaea pedrosoi and F. nubica are associated with muriform 
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cell formation in chromoblastomycosis, whereas F. monophora could be involved 
in dissemination to the brain and other organs with hyphae in tissue [5]. Recently, 
some cases have been confirmed caused by Fonsecaea monophora [6,7]. These 
fungi are found in soil, decaying vegetation, and wood, particularly in tropical and 
subtropical regions.

The infection typically begins following traumatic inoculation of fungal spores into 
the skin, often through minor injuries like cuts, scratches, or thorn pricks. Once inoc-
ulated, the fungi establish a chronic infection characterized by the formation of ver-
rucous or nodular lesions on exposed areas of the body, most commonly the lower 
extremities. [8,9]. The severity of disease is graded according to number, extension, 
and dissemination of the lesions as described by Queiro-Telles et al. [10].

In general, the treatment of chromoblastomycosis is a therapeutic challenge 
because various methods and antimicrobials are used in attempts to cure or control 
the disease, but most of them fail. There are many cases of relapse and few reports 
of ultimate cures [4,11].

The immune response to chromoblastomycosis involves both innate and adaptive 
components. Our laboratory showed that PBMC from patients with severe forms of 
chromoblastomycosis failed to proliferate in vitro after induction with chromoAg and 
produced high levels of IL-10 and low levels of IFN-γ [12]. In contrast, cells from 
patients with mild forms of the disease efficiently induced T-cell proliferation and 
IFN-γ production. These results suggest that the Th1 response is essential to induce 
protective immunity during chromoblastomycosis.

The recognition of pathogens is a severe challenge to the innate immune sys-
tem due to the enormous variability and characteristically high rate of mutation of 
microorganisms. However, the innate immune system has evolved receptors, which 
target molecular structures common to large groups of pathogens or produced by 
pathogens, not the host. These structures are called pathogen-associated molecular 
patterns (PAMPs). The PAMPs are recognized by receptors called pattern recogni-
tion receptors (PRRs). Members of several family proteins function as PRRs and are 
expressed in cells responsible for the first line of defense of the body, such as mac-
rophages and dendritic cells [13]. Caspase-1 is produced as a zymogen, called pro-
caspase-1, cleaved into two subunits of 20-kDa (p20) and 10 kDa (p10). This event 
transforms the zymogen into an active enzyme that can cleave proteins at specific 
regions, such as the IL-1β and IL-18 cytokines [14,15]. Interleukin-18 (IL-18) is a 
pro-inflammatory cytokine that plays a crucial role in regulating immune responses, 
particularly those involving T cells and natural killer (NK) cells. It is a member of 
the interleukin-1 (IL-1) superfamily and is produced by various cell types, including 
macrophages, dendritic cells, epithelial cells, and endothelial cells, in response to 
microbial products, inflammatory stimuli, or other cytokines.

IL-18 is synthesized as an inactive precursor protein (pro-IL-18) and requires 
proteolytic processing by caspase-1, which is activated by multiprotein complexes 
known as inflammasomes, to become biologically active [16]. The primary function 
of IL-18 is to induce the production of interferon-gamma (IFNγ), another important 
pro-inflammatory cytokine, mainly from T cells and NK cells. This makes IL-18 a 
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potent inducer of Th1 responses, which are characterized by the activation of CD4+ T cells to produce IFNγ and promote 
cell-mediated immunity against intracellular pathogens, including bacteria, viruses, and fungi.

Our laboratory [17] showed that macrophages infected by F. pedrosoi and R. aquaspersa, the etiological agents of 
chromoblastomycosis, induced the production of inflammatory cytokines such as IL-1β and TNF-α. De Castro et al. 2017, 
showed that F. pedrosoi hyphae, induce IL-1β secretion in bone marrow-derived dendritic cells and macrophages. IL-1β 
production was NLRP3-dependent inflammasome activation, which required potassium efflux, reactive oxygen species 
production, phagolysosomal acidification, and cathepsin B release as triggers. However, there is no data on the impor-
tance of IL-18 in activating Th cells during chromoblastomycosis. Our results indicate that F. pedrosoi is sensed by the 
NLRP3 inflammasome, which induces caspase-1 activation and a proinflammatory response. Moreover, we showed that 
IL-18 is required to activate the Th1 response and control fungal loads during chromoblastomycosis.

Materials & methods

Microorganism

The isolate of F. pedrosoi (CBS125763) was used for the present investigation. Stock cultures were maintained on  
Sabouraud-dextrose-agar (SDA), under oil at 4oC, with transfer every six months.

Conidia of F. pedrosoi

To obtain large numbers of conidia, fungal fragments from the Sabouraud medium were scraped off the agar and incu-
bated in Potato-broth medium, which consisted of 50 g of potatoes, 5 g of glucose (MERCK – Germany), and 500 mL of 
distilled water at 25°C under constant rotation for four days. The fungal suspension was then filtered through a sterile 
Whatman #1 filter to remove hyphal fragments but not microconidia. The conidia were washed with PBS and counted in a 
hemocytometer.

Animals

Wild-type male C57BL/6 mice, 8–12 weeks old, were provided from the Faculty of Pharmaceutical Sciences, University 
of São Paulo (USP) animal facilities. Male C57BL/6 mice, 8–12 weeks old, knocked out individually for NLRP3, IFN-γ, 
Caspase-1/-11, or IL-18 were obtained from the animal facilities at the School of Medicine of Ribeirão Preto (University 
of São Paulo). The Institutional Ethics Committee previously approved the experimental protocols involving animals for 
Animal Care and Research at the Faculty of Pharmaceutical Sciences (Protocols no: 057). The in vivo experiments were 
carried out following the recommendations of the ARRIVE Guidelines and the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. The animals were maintained in an SPF environment and housed in 
temperature-controlled rooms at 23–25 °C with food and water ad-libitum throughout the experiments. The euthanasia 
procedure was performed according to the American Veterinary Medical Association Guidelines for the Euthanasia of 
Animals (2020), using the overdose of ketamine and xylazine method.

Bone Marrow-Derived Macrophages (BMDMs)

BMDMs were obtained as described [18]. Briefly, bone marrow from the femurs of C57BL/6 mice was collected and 
cultured in R

20/30
 media, which is RPMI-1640 medium supplemented with 20% FBS, 30% L929-cell conditioned medium 

(LCCM) and gentamicin (40 mg/L), at 37°C in a 5% CO
2
 atmosphere. After four days, the cells were supplemented with 

the same medium and incubated for three more days. Macrophages were collected and incubated in R
10/5

 media, RPMI-
1640 medium supplemented with 10% FBS, 5% LCCM and gentamicin (40 mg/L), at 37°C in a 5% CO

2
 atmosphere. To 

validate the participation of K+ efflux or ROS production on the activation of the inflammasome, the BMDMs were treated 
for 2 h before the infection with 130 mM potassium chloride or 5 mM N-acetylcysteine (NAC) or 100 µM APDC (2R,4R)-4 
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aminopyrrolidine-2,4-dicarboxylic acid. To evaluate the importance of endosomal acidification on the activation of inflam-
masomes, the BMDMs were treated for 2 h before the infection with 50 µM of cathepsin B inhibitor CA-074Me or 250 nM of 
inhibitor bafilomycin.

Interaction between BMDMs and F. pedrosoi in vitro

BMDMs were plated over glass slides in 24-wells plates and kept overnight at 37°C and 5% CO
2
 to allow cell adhesion. F. 

pedrosoi conidia produced as described above were diluted in fresh R
10/5

 media and incubated with the BMDMs at a MOI 
of 1:5. The systems were maintained at 37°C and 5% CO

2
 for 12 hours. After 12 h, the supernatants were collected and 

centrifuged at 3000 rpm for 10 minutes and stored for cytokine measurements.

Infection assays

In this work we used the murine chronic model of chromoblastomycosis described by Cardona-Castro et al. 1999 [19]. 
The C57BL/6 mice, received an intraperitoneal (i.p.) injection of 1 ml of PBS (the control) or 2 x 107 conidia of F. pedrosoi. 
After 14 days post-infection, the animals were sacrificed, and the spleen and liver were removed for fungal quantification 
and measurement of cytokines in the organs’ supernatants.

Colony Forming Units (CFUs)

To evaluate the in vivo survival of fungal infections, the spleen and liver were macerated in PBS surface seeded onto 
plates containing Sabouraud agar. It incubated at 37 ° C for 14 days to count the colony-forming units (CFUs).

Quantification of cytokines

All cytokines were measured by ELISA using monoclonal antibody capture and detection against cytokine concentrations 
recommended by the manufacturer (R & D Systems).

Flow cytometry

The cells from the spleen and liver were stained with Abs specific for the surface molecules CD3 and CD4 and for the 
intracellular cytokine IFN-γ. For the intracellular cytokine staining, the cells were previously permeabilized using 1× PBS 
containing 1% FBS, 0.1% sodium azide, and 0.2% saponin. The cellular data were acquired using a FACSCanto II flow 
cytometer, and data were analyzed using FlowJo software (Tree Star, Ashland, OR).

Statistical analysis

Data were expressed as mean+s.e.m. and analyzed in the software GraphPad Prism (version 5.00 for Windows, Graph-
Pad Software, San Diego California USA, www.graphpad.com). For data analysis, the following statistical tests were 
used: Two-way ANOVA and Bonferroni post test, and Paired t-test. Differences were considered statistically significant at 
p<0.05.

Results

IL-18 production by macrophages in the presence of F. pedrosoi is dependent on NLRP3 and Caspase-1

First, we evaluated the production of anti and proinflammatory cytokines by BMDM in the presence of F. pedrosoi. The 
results showed that F. pedrosoi induces the production of TNF-α, IL-1-β and IL-18 by macrophages from C57BL/6 mice. 
No significant differences were observed in the secretion of IL-10 and IL-12 (Fig 1A). The next step was to evaluate the 
participation of caspase-1 and NLRP3 in IL-18 secretion by macrophages in the presence of F. pedrosoi. For this, the 
macrophages from wild-type C57BL/6 mice and caspase-1 and NLRP3 knockouts C57BL/6 mice were infected for 12 
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Fig 1.  NLRP3 and Caspase-1 deficiency reduces IL-18 secretion by BMDMs, but not TNF- α. BMDMs from C57BL/6 mice were incubated with F. 
pedrosoi conidia for 12 h, and MOI 1:5, and TNF-α, IL-1β, IL-12, IL-10, and IL-18 were detected by ELISA (A). BMDMs from NLRP3-/- or Caspase-1/11-/- 
C57BL/6 mice were incubated with F. pedrosoi conidia for 12 h and MOI 1:5. (B) IL-18 production by BMDMs from NLRP3-/- or Caspase-1/11-/- C57BL/6 
mice (C) TNF-α. NLRP3 inflammasome activation by F. pedrosoi requires lysosomal acidification, K+ efflux, and the release of cathepsin B. BMDMs from 
C57BL/6 mice were incubated with KCL 130 mM (block of K+ efflux), NAC 5 mM or APDC 100μM (ROS depletion), or Bafilomycin A 250 nM or CA-074 
50 μM (lysosomal acidification), or without inhibitor (control) for 2 hours before the infection with F. pedrosoi and IL-18 (D) and TNF-α (E) determined. 
Results are expressed as mean ± SEM. Two-way ANOVA and Bonferroni post test: * p<0.05 when compared with control. Cytokine data pooled from 
three independent experiments performed in triplicate wells each are shown.

https://doi.org/10.1371/journal.pone.0322127.g001
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hours, and IL-18 production was monitored. The activation of caspase-1 in response to F. pedrosoi was dependent on 
NLRP3 because the secretion of IL-18 from macrophages of NLRP3 and caspase-1 KO animals was significantly lower 
when compared with that of wild-type macrophages (Fig 1B). As expected, TNF-α production by macrophages infected by 
F. pedrosoi is independent of caspase-1 and NLRP3, because no difference in TNF-α production was observed between 
WT and KO macrophages (Fig 1C). Our results showed that K+ efflux, lysosomal acidification, cathepsin B activity, and 
ROS production interfere with IL-18 secretion, but not with TNF-α production (Fig 1D and 1E).

The control of chromoblastomycosis is dependent on IFN-γ

Our laboratory showed that patients with a severe form of chromoblastomycosis presented a low level of IFN-γ, but on 
the other hand, patients with a mild form presented a high level of IFN-γ [12]. This result suggests that IFN-γ is essential 
to control the disease. To confirm the importance of IFN-γ in the control of infection, we conducted experiments using 
C57BL/6 mice KO to IFN-γ. As expected, our results showed that animals deficient in IFNγ production had a high fungal 
burden when compared with control animals (Fig 2).

IL-18 is essential for the control of chromoblastomycosis

The next step was to evaluate the participation of IL-18 in the control of infection by F. pedrosoi. Then, we analyzed F. 
pedrosoi infections in C57BL/6 mice KO mice lacking functional IL-18 genes. Our results showed that IL-18 is essential 
for the control of infection because the absence of this cytokine results in a severe infection (Fig 3A). When we analyzed 
the cytokine production, it was possible to observe a significant decrease in IFN-γ output in the organs of KO mice when 
compared with normal mice (Fig 3B).

Animals deficient in IL-18 presented decreased Th1 cells

Several papers have shown that IL-12 and IL-18 are essential for inducing a vigorous Th-1 response [20–23]. In order to 
evaluate the importance of IL-18 in inducing Th1 cells, we analyzed the percentage of IFNγ–CD4+ T cells in the organs of 
infected animals and deficient to IL-18. Our results show a significant decrease of Th1 cells in the organs of C57BL/6 KO 
mice suggests that IL-18 is implicated in the induction of a Th1 response and control of chromoblastomycosis (Fig 4).

Fig 2.  Systemic chromoblastomycosis in mice deficient to IFN- γ. Animals IFN-γ KO were infected i.p. with 2 x107 conidia of F. pedrosoi, and after 
14 days post-infection, the spleen and liver were removed, and fungal burden was determined by CFU. Data expressed as mean ± SEM. CFU data were 
pooled from three independent experiments performed. * p<0.05 when compared with WT mice (C57Bl6).

https://doi.org/10.1371/journal.pone.0322127.g002
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Discussion

The expansion of a subpopulation of T-cells (Th1, Th2, and Th17) for infection control is significant, as specific pathogens 
are more effectively controlled by Th1 and Th17 cells and others more effectively by a Th2 response. Recent studies have 
shown that cellular Th1 and Th17 responses induced by Candida albicans prevent the spread of disease [24–27].

Fig 3.   A-Chromoblastomycosis in mice deficient in IL-18. Animals were infected i.p. with 2 x107 conidia of F. pedrosoi, and after 14 days post-
infection, the spleen and liver were removed, and fungal burden was determined by CFU. Data expressed as mean ± SEM. CFU data were pooled 
from three independent experiments performed. * p<0.05 when compared with WT mice (C57Bl6). Fig 3 B- Mice deficient in IL-18 show decreased 
production of IFN-γ in response to F. pedrosoi. Animals were infected i.p. with F. pedrosoi conidia, and cytokines levels (IFN-γ; IL-10 and IL-17) were 
determined in spleen and liver homogenates 14 days post-infection.

https://doi.org/10.1371/journal.pone.0322127.g003
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In our study, we found that F. pedrosoi triggered the activation of caspase-1 and the production of IL-18 in vitro. Addi-
tionally, we observed that IL-18 secretion was reduced in the absence of NLRP3. NLRP3 has been associated with the 
response against other fungal pathogens, such as Candida albicans [28], Aspergillus fumigatus [29], Paracoccidioides 
brasiliensis [30] and dermatophytes such as Trichophyton rubrum [18] and Microsporum canis [31]. In accordance with 
recent publications, our results show that F. pedrosoi also induces IL-18 through this inflammasome and support the 
notion that NLRP3 may be a critical fungal sensor. Different processes associated with intracellular perturbations have 
been implicated in NLRP3 inflammasome activation, including K+ cation efflux, ROS generation, lysosomal acidification, 
and the release of cathepsin B into the cytosol. When the macrophages were treated with NAC or APDC a significant 
decrease in cytokine production was observed, demonstrating that neither K+ efflux blockade nor ROS depletion interferes 
with IL-18 secretion. In the same way, when BMDMs were treated with bafilomycin, which inhibits the vacuolar H+ ATPase, 
or CA-074, which inhibits cathepsin B activity, was observed a significant decrease of IL-18 secretion.

It is essential to point out here that the systemic mouse model of chromoblastomycosis used in this work is not an 
accurate representation of the human subcutaneous infection, but it is thought to be the best model for studying the 
chronic nature of this disease [19]. Moreover, the systemic infection is chronic in mice, and the pathogen persists for many 
weeks in the organs of untreated animals. Therefore, this model becomes essential for studying humoral and cellular 
immunological mechanisms during the disease’s and host’s evolution.

Some studies have shown that caspase–1–dependent cytokines exert essential effects on the initiation of the adaptive 
Th1 and Th17 cellular responses to fungal infection [32]. Previously, our group showed that IFN-γ is an important cytokine 
involved in immune defenses during chromoblastomycosis [33–35]; therefore, we speculated that IFN-γ could play a role 
in the central mechanism regulated by caspase-1 after F. pedrosoi infection. Confirming this hypothesis, the Th1 response, 
mainly IFN-γ-T-CD4+ cells, was lower in infected Il-18-/− mice compared with the wild-type. Therefore, we suggest that the IL-
18−/− mice were susceptible to chromoblastomycosis because they exhibited reduced Th1 (and not Th17) immunity.

In the context of Th-1 differentiation, caspase-1, via the NLRP3 inflammasome, is required to produce IL-18, which then 
induces IFN-γ and promotes the efficient killing of the pathogen. Recent studies have shown the importance of IL-18 for 
the resistance to infection by many pathogens, including Paracoccidioides brasiliensis [36], Burkholderia pseudomallei 
[37] and Streptococcus pneumoniae [38].

Ketelut-Carneiro et al. [36] showed that Il18−/− mice were profoundly vulnerable to paracoccidioidomycosis (PCM), but 
that, surprisingly, Il1r1−/− mice had mortality rates similar to wild-type mice. Thus, the role of IL-18 during PCM is related 

Fig 4.  Mice deficient in IL-18 show decreased IFN-γ-CD4 T cells in response to F. pedrosoi. After infection, the cells from the spleen and liver were 
stained with Abs specific for the surface molecules CD3 and CD4 and the intracellular cytokine IFN-γ. The cellular data were acquired using a FACS-
Canto II flow cytometer, and data were analyzed using FlowJo software. Two-way ANOVA and Bonferroni posttest: * p<0.05 compared to WT mice.

https://doi.org/10.1371/journal.pone.0322127.g004
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to its ability to induce IFN-γ. Our data showed that Il18−/− mice were more susceptible to infection, which was mediated 
by the decrease in IFN-γ production. Consistent with our data, IL-18 is upregulated in a caspase–1–dependent manner in 
response to C. albicans and to mediate the development of protective Th1 immunity [32,39].

Understanding the role of IL-18 in the immune response to fungal infections may have implications for developing novel 
therapeutic approaches, such as targeting IL-18 signaling pathways to modulate the immune response and improve out-
comes in patients with fungal infections.

In conclusion, the present data demonstrate, for the first time, that the inflammasome is activated and that NLRP3 and 
caspase-1 mediated the F. pedrosoi-induced production of IL-18, which promotes the Th-1-mediated immune response 
during chromoblastomycosis.

Acknowledgments

We thank Maira Cristina Nakamura and Dario Simões Zamboni from the School of Medicine of Ribeirão Preto (University 
of São Paulo) for providing knockout animals.

Author contributions

Conceptualization: Sandro Rogério Almeida, Lucas Golçalves Ferreira.

Formal analysis: Sandro Rogério Almeida, Lucas Golçalves Ferreira.

Funding acquisition: Sandro Rogério Almeida.

Methodology: Lucas Golçalves Ferreira.

Supervision: Sandro Rogério Almeida.

Writing – original draft: Sandro Rogério Almeida.

References
	 1.	 Najafzadeh MJ, Sun J, Vicente V, Xi L, van den Ende AHGG, de Hoog GS. Fonsecaea nubica sp. nov, a new agent of human chromoblastomyco-

sis revealed using molecular data. Med Mycol. 2010;48(6):800–6. https://doi.org/10.3109/13693780903503081 PMID: 20302550

	 2.	 Queiroz-Telles F, Esterre P, Perez-Blanco M, Vitale RG, Salgado CG, Bonifaz A. Chromoblastomycosis: an overview of clinical manifestations, 
diagnosis and treatment. Med Mycol. 2009;47(1):3–15. https://doi.org/10.1080/13693780802538001 PMID: 19085206

	 3.	 Vicente VA, Attili-Angelis D, Pie MR, Queiroz-Telles F, Cruz LM, Najafzadeh MJ, et al. Environmental isolation of black yeast-like fungi involved in 
human infection. Stud Mycol. 2008;61:137–44. https://doi.org/10.3114/sim.2008.61.14 PMID: 19287536

	 4.	 Shenoy MM, Girisha BS, Krishna S. Chromoblastomycosis: a case series and literature review. Indian Dermatol Online J. 2023;14(5):665–9. 
https://doi.org/10.4103/idoj.idoj_292_23 PMID: 37727562

	 5.	 Lau WC, Damji Y, Orlowski GM. An unusually subtle presentation of chromoblastomycosis. JAAD Case Rep. 2023;40:11–3. https://doi.
org/10.1016/j.jdcr.2023.07.029 PMID: 37675069

	 6.	 Tan H, Xu Y, Lan X-M, Wu Y-G, Zhou C-J, Yang X-C. Chromoblastomycosis due to Fonsecaea monophora in a man with nephritic syndrome. 
Mycopathologia. 2015;179(5–6):447–52. https://doi.org/10.1007/s11046-014-9856-z PMID: 25575792

	 7.	 Doymaz MZ, Seyithanoglu MF, Hakyemez İ, Gultepe BS, Cevik S, Aslan T. A case of cerebral phaeohyphomycosis caused by Fonsecaea mono-
phora, a neurotropic dematiaceous fungus, and a review of the literature. Mycoses. 2015;58(3):187–92. https://doi.org/10.1111/myc.12290 PMID: 
25591071

	 8.	 Bittencourt AL, Londero AT, Andrade JA. Auricular chromoblastomycosis. A case report. Rev Inst Med Trop Sao Paulo. 1994;36(4):381–3. https://
doi.org/10.1590/s0036-46651994000400014 PMID: 7732272

	 9.	 Arango M, Jaramillo C, Cortés A, Restrepo A. Auricular chromoblastomycosis caused by Rhinocladiella aquaspersa. Med Mycol. 1998;36(1):43–5. 
https://doi.org/10.1046/j.1365-280x.1998.00116.x PMID: 9776811

	10.	 Queiroz-Telles F, Purim KS, Fillus JN, Bordignon GF, Lameira RP, Van Cutsem J, et al. Itraconazole in the treatment of chromoblastomycosis due 
to Fonsecaea pedrosoi. Int J Dermatol. 1992;31(11):805–12. https://doi.org/10.1111/j.1365-4362.1992.tb04252.x PMID: 1330949

	11.	 Belda W Jr, Passero LFD, de Carvalho CHC, Mojica PCR, Vale PA. Chromoblastomycosis: new perspective on adjuvant treatment with acitretin. 
Diseases. 2023;11(4):162. https://doi.org/10.3390/diseases11040162 PMID: 37987273



PLOS One | https://doi.org/10.1371/journal.pone.0322127  May 2, 2025 10 / 11

	12.	 Mazo Fávero Gimenes V, Da Glória de Souza M, Ferreira KS, Marques SG, Gonçalves AG, Vagner de Castro Lima Santos D, et al. Cytokines 
and lymphocyte proliferation in patients with different clinical forms of chromoblastomycosis. Microbes Infect. 2005;7(4):708–13. https://doi.
org/10.1016/j.micinf.2005.01.006 PMID: 15848277

	13.	 Medzhitov R, Janeway CA Jr. Innate immune recognition and control of adaptive immune responses. Semin Immunol. 1998;10(5):351–3. https://
doi.org/10.1006/smim.1998.0136 PMID: 9799709

	14.	 Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, et al. A novel heterodimeric cysteine protease is required for i 
nterleukin-1 beta processing in monocytes. Nature. 1992;356(6372):768–74. https://doi.org/10.1038/356768a0 PMID: 1574116

	15.	 Mariathasan S, Monack DM. Inflammasome adaptors and sensors: intracellular regulators of infection and inflammation. Nat Rev Immunol. 
2007;7(1):31–40. https://doi.org/10.1038/nri1997 PMID: 17186029

	16.	 Brandstadter JD, Huang X, Yang Y. NK cell-extrinsic IL-18 signaling is required for efficient NK-cell activation by vaccinia virus. Eur J Immunol. 
2014;44(9):2659–66. https://doi.org/10.1002/eji.201344134 PMID: 24846540

	17.	 Hayakawa M, Ghosn EEB, da Gloria Teixeria de Sousa M, Ferreira KS, Almeida SR. Phagocytosis, production of nitric oxide and pro-inflammatory 
cytokines by macrophages in the presence of dematiaceous [correction of dematiaceus] fungi that cause chromoblastomycosis. Scand J Immunol. 
2006;64(4):382–7. https://doi.org/10.1111/j.1365-3083.2006.01804.x PMID: 16970678

	18.	 Yoshikawa FSY, Ferreira LG, de Almeida SR. IL-1 signaling inhibits Trichophyton rubrum conidia development and modulates the IL-17 response in 
vivo. Virulence. 2015;6(5):449–57. https://doi.org/10.1080/21505594.2015.1020274 PMID: 25950847

	19.	 Cardona-Castro N, Agudelo-Flórez P. Development of a chronic chromoblastomycosis model in immunocompetent mice. Med Mycol. 
1999;37(2):81–3. PMID: 10361262

	20.	 Alvarez F, Istomine R, Da Silva Lira Filho A, Al-Aubodah T-A, Huang D, Okde R, et al. IL-18 is required for the TH1-adaptation of TREG cells and 
the selective suppression of TH17 responses in acute and chronic infections. Mucosal Immunol. 2023;16(4):462–75. https://doi.org/10.1016/j.
mucimm.2023.05.004 PMID: 37182738

	21.	 Rakebrandt N, Yassini N, Kolz A, Schorer M, Lambert K, Goljat E, et al. Innate acting memory Th1 cells modulate heterologous diseases. Proc Natl 
Acad Sci U S A. 2024;121(24):e2312837121. https://doi.org/10.1073/pnas.2312837121 PMID: 38838013

	22.	 Bidkhori HR, Hedayati-Moghaddam MR, Mosavat A, Valizadeh N, Tadayon M, Ahmadi Ghezeldasht S, et al. The IL-18, IL-12, and IFN-γ expres-
sion in HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients, HTLV-1 carriers, and healthy subjects. J Neurovirol. 
2020;26(3):338–46. https://doi.org/10.1007/s13365-020-00832-5 PMID: 32270468

	23.	 Yasuda K, Nakanishi K, Tsutsui H. Interleukin-18 in health and disease. Int J Mol Sci. 2019;20(3):649. https://doi.org/10.3390/ijms20030649 PMID: 
30717382

	24.	 Balish E, Wagner RD, Vázquez-Torres A, Pierson C, Warner T. Candidiasis in interferon-gamma knockout (IFN-gamma-/-) mice. J Infect Dis. 
1998;178(2):478–87. https://doi.org/10.1086/515645 PMID: 9697730

	25.	 Stuyt RJL, Netea MG, Verschueren I, Fantuzzi G, Dinarello CA, Van Der Meer JWM, et al. Role of interleukin-18 in host defense against dissemi-
nated Candida albicans infection. Infect Immun. 2002;70(6):3284–6. https://doi.org/10.1128/IAI.70.6.3284-3286.2002 PMID: 12011026

	26.	 Saijo S, Ikeda S, Yamabe K, Kakuta S, Ishigame H, Akitsu A, et al. Dectin-2 recognition of alpha-mannans and induction of Th17 cell differenti-
ation is essential for host defense against Candida albicans. Immunity. 2010;32(5):681–91. https://doi.org/10.1016/j.immuni.2010.05.001 PMID: 
20493731

	27.	 Richardson JP, Moyes DL. Adaptive immune responses to Candida albicans infection. Virulence. 2015;6(4):327–37. https://doi.org/10.1080/215055
94.2015.1004977 PMID: 25607781

	28.	 Wellington M, Koselny K, Sutterwala FS, Krysan DJ. Candida albicans triggers NLRP3-mediated pyroptosis in macrophages. Eukaryot Cell. 
2014;13(2):329–40. https://doi.org/10.1128/EC.00336-13 PMID: 24376002

	29.	 Saïd-Sadier N, Padilla E, Langsley G, Ojcius DM. Aspergillus fumigatus stimulates the NLRP3 inflammasome through a pathway requiring ROS 
production and the Syk tyrosine kinase. PLoS One. 2010;5(4):e10008. https://doi.org/10.1371/journal.pone.0010008 PMID: 20368800

	30.	 Tavares AH, Magalhães KG, Almeida RDN, Correa R, Burgel PH, Bocca AL. NLRP3 inflammasome activation by Paracoccidioides brasiliensis. 
PLoS Negl Trop Dis. 2013;7(12):e2595. https://doi.org/10.1371/journal.pntd.0002595 PMID: 24340123

	31.	 Mao L, Zhang L, Li H, Chen W, Wang H, Wu S, et al. Pathogenic fungus Microsporum canis activates the NLRP3 inflammasome. Infect Immun. 
2014;82(2):882–92. https://doi.org/10.1128/IAI.01097-13 PMID: 24478101

	32.	 van de Veerdonk FL, Joosten LAB, Shaw PJ, Smeekens SP, Malireddi RKS, van der Meer JWM, et al. The inflammasome drives protective 
Th1 and Th17 cellular responses in disseminated candidiasis. Eur J Immunol. 2011;41(8):2260–8. https://doi.org/10.1002/eji.201041226 PMID: 
21681738

	33.	 Sousa MG, Ghosn EEB, Nascimento RC, Bomfim GF, Noal V, Santiago K, et al. Monocyte-derived dendritic cells from patients with severe 
forms of chromoblastomycosis induce CD4+ T cell activation in vitro. Clin Exp Immunol. 2009;156(1):117–25. https://doi.org/10.1111/j.1365-
2249.2008.03870.x PMID: 19210522

	34.	 Sousa MGT, de Maria Pedrozo e Silva Azevedo C, Nascimento RC, Ghosn EEB, Santiago KL, Noal V, et al. Fonsecaea pedrosoi infection induces 
differential modulation of costimulatory molecules and cytokines in monocytes from patients with severe and mild forms of chromoblastomycosis. J 
Leukoc Biol. 2008;84(3):864–70. https://doi.org/10.1189/jlb.0308211 PMID: 18562487



PLOS One | https://doi.org/10.1371/journal.pone.0322127  May 2, 2025 11 / 11

	35.	 Gimenes VMF, Criado PR, Martins JEC, Almeida SR. Cellular immune response of patients with chromoblastomycosis undergoing antifungal ther-
apy. Mycopathologia. 2006;162(2):97–101. https://doi.org/10.1007/s11046-006-0041-x PMID: 16897587

	36.	 Ketelut-Carneiro N, Silva GK, Rocha FA, Milanezi CM, Cavalcanti-Neto FF, Zamboni DS, et al. IL-18 triggered by the Nlrp3 inflammasome induces 
host innate resistance in a pulmonary model of fungal infection. J Immunol. 2015;194(9):4507–17. https://doi.org/10.4049/jimmunol.1402321 PMID: 
25825440

	37.	 Ceballos-Olvera I, Sahoo M, Miller MA, Del Barrio L, Re F. Inflammasome-dependent pyroptosis and IL-18 protect against Burkholderia pseudo-
mallei lung infection while IL-1β is deleterious. PLoS Pathog. 2011;7(12):e1002452. https://doi.org/10.1371/journal.ppat.1002452 PMID: 22241982

	38.	 Too LK, Mitchell AJ, Yau B, Ball HJ, McGregor IS, Hunt NH. Interleukin-18 deficiency and its long-term behavioural and cognitive impacts in a 
murine model of pneumococcal meningitis. Behav Brain Res. 2014;263:176–89. https://doi.org/10.1016/j.bbr.2014.01.035 PMID: 24503119

	39.	 Mencacci A, Bacci A, Cenci E, Montagnoli C, Fiorucci S, Casagrande A, et al. Interleukin 18 restores defective Th1 immunity to Candida albicans in 
caspase 1-deficient mice. Infect Immun. 2000;68(9):5126–31. https://doi.org/10.1128/IAI.68.9.5126-5131.2000 PMID: 10948135


