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Abstract

Trichophyton rubrum is the main etiological agent of dermatophytosis, an infection of

the skin that affects millions of people worldwide. In this study, we developed a murine

model of the dermatophytosis caused by T. rubrum in which C57BL/6 wild-type, inter-

leukin (IL)-12−/−, and interferon-gamma (IFN-γ −/−) mice were inoculated with 1 × 106

conidia/animal. The fungal burden, myeloperoxidase and N-acetylglucosaminidase activ-

ities, cytokine and chemokine profiles, and histopathology of the skin were evaluated on

the seventh and fourteenth days post infection. Phagocytic indices, intracellular prolifer-

ation rates, and oxidative bursts generated by macrophages from WT and IFN-γ −/− mice

were determined. On day 7 post infection, higher fungal burdens were observed com-

parison with burdens on day 14 post infection. The IL-12−/− and IFN-γ −/− mice showed

higher fungal burdens on the skin and lower levels of IL-1β. Conversely, the WT mice

showed lower fungal burdens with higher production of TNF-α, IL-1β, and chemokine lig-

and 1/keratinocyte chemoattractant (CXCL1/KC). The macrophages from WT mice proved

to be more efficient at engulfing and killing T. rubrum conidia through the production

of reactive oxygen species. The results show that our model is a useful tool for under-

standing the pathogenesis of dermatophytosis caused by T. rubrum and that IL-12 and

IFN-γ are pivotal in controlling the infection through the recruitment and activation of

neutrophils and macrophages.
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Introduction

Dermatophytes are filamentous fungi that cause infection

in keratinized tissues such as skin, nails, and hair [1,2]. The

species of this group are classified as geophilic, zoophilic,

and anthropophilic fungi according to their habitat. Al-

though species of all three of these groups can be etiolog-

ical agents of human disease, infections caused by the an-

thropophilic species are more common, and Trichophyton

rubrum is the most prevalent etiologic agent worldwide [3].

Typically, T. rubrum develops cottony white colonies with

clavate microconidia and a blood-red color on the reverse

side on Sabouraud glucose agar and potato dextrose agar

(PDA) [1].

The kinetics of infection by this fungus involves col-

onization of the stratum corneum by hyphae growing in

multiple directions [4]. After establishment of the infection,

its clinical aspects are variable and are the result of a combi-

nation of keratin destruction with inflammatory response of

the host [1,2]. Usually, the dermatophytosis classification is

performed considering the anatomic site of infection, that is,

infection of glabrous skin (tinea corporis, tinea cruris, and

tinea faciei), infection of keratinized area (tinea manuum

and tinea pedis), infection of hair follicles (tinea capitis and

tinea barbae), and nail infections (tinea unguium) [1,2].

Although less common, severe manifestations such as in-

fection of dermal and subcutaneous tissues and the gener-

ation of a granulomatous inflammation named Majocchi’s

granuloma, invasive disease, and disseminated infection in

immunocompromised patients could occur [5–9].

It has been widely suggested that the host inflammatory

response to fungal infection involves the production of in-

terleukin (IL)-12 and the participation of interferon-gamma

(IFN-γ )–producing T cells [10–14]. However, the pathway

involving IL-12 and IFN-γ in dermatophytosis is still un-

known, mainly due to the lack of a reliable experimental

model for the disease caused by T. rubrum. IL-12 and IL-18

regulate the production of IFN-γ , which is a proinflamma-

tory cytokine involved in the generation of reactive oxygen

species (ROS) by macrophages, neutrophils, and dendritic

cells [15]. In addition, IL-1β has been shown to be an im-

portant cytokine for the control of fungal infection [16],

as it is also an important proinflammatory mediator whose

production is controlled by multiprotein complexes called

inflammasomes [17,18]. Despite this knowledge about the

participation of IL-1β in containing infection by different

fungi, its role in controlling the infection by T. rubrum re-

mains unclear.

The animal models of dermatophytosis have focused pri-

marily on zoophilic species, and studies of anthropophilic

species such as T. rubrum are scarce. Although models in

which the fungus is cultivated in vitro on keratinized sur-

faces (such as nails and skin fragments) or in cultures of ker-

atinized tissue have been developed, these models are only

able to determine the ability of T. rubrum to grow on differ-

ent substrates, and they fail to characterize the global host

response during infection [19–21]. Animal models of the

infection caused by T. rubrum would be useful for studying

the host–fungus interaction in order to provide new insights

into the immune response triggered by dermatophytosis and

to test the efficacy of new antifungal drugs. The aim of this

study was to develop a murine model of T. rubrum der-

matophytosis and evaluate the roles of IL-12 and IFN-γ in

the disease. The results suggest that the pathway by which

IL-12 regulates IFN-γ production is important for reducing

the fungal burden through promotion of the production of

IL-1β and host oxidative burst.

Materials and methods

Ethical statements

The Committee on the Ethics of Animals Experiments of the

Universidade Federal de Minas Gerais (CEUA/UFMG, pro-

tocol n◦ 029/2009) approved all protocols. All experiments

were performed under ketamine/xylazine (80/15 mg/kg)

anesthesia administered intraperitoneally.

Mice

Wild-type (WT) C57BL/6 mice and mice deficient for IFN-γ

(IFN-γ −/−) or interleukin-12p40 (IL-12−/−) were bred and

maintained at the Instituto de Ciências Biológicas, Univer-

sidade Federal de Minas Gerais, Brazil. For all experiments,

male 6- to 8-week-old mice were kept in a controlled en-

vironment in filtered cages with ad libitum access to auto-

claved food and water.

Trichophyton rubrum strain and inoculum prepa-

ration

All experiments were performed using the reference strain

T. rubrum ATCC (American Type Culture Collection)

28189 (Instituto Nacional de Controle de Qualidade em

Saúde [INCQS] 40051). Seven-day-old colonies on PDA

were used for the preparation of inocula. The colonies were

covered with 5.0 ml of phosphate-buffered saline (PBS; pH

7.4) and scraped with a sterile platinum loop. After 20

minutes of hyphal sedimentation, the supernatants from

the suspensions were counted in a hemocytometer, and an-

imals were inoculated at a final concentration of 1 × 106

microconidia per animal in a maximum volume of 100 µl, as

described below. For phagocytosis assays, the suspensions

of conidia and hyphae were filtered using a Whatman filter,

model 40 (pore size, 8 µm), which retains hyphal fragments
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and only permits the passage of T. rubrum microconidia

[22]. The density of microconidia was determined with a

hemocytometer and adjusted to 1 × 106 microconidia/ml.

In vivo challenge

A 2 × 2 cm2 area on the backs of WT, IFN-γ −/−, and IL-

12−/− mice was shaved and scarred with a sterile scalpel.

Microconidia (1 × 106 cells/animal) were inoculated within

both cutaneous and subcutaneous tissues at four points on

the shaved area, with a maximum volume of 100 µl per an-

imal. The control mice were inoculated with 100 µl of PBS.

The experiments were performed on day 7 and day 14 post

infection. The mice were euthanized after ketamine/xylazine

(80/15 mg/kg) anesthesia, and the shaved area of skin was

collected aseptically for the determination of fungal burden

and histopathology and for quantification of myeloperoxi-

dase (MPO) and N-acetylglucosaminidase (NAG) activities

as well as cytokine and chemokine levels.

Fungal burden

The fungal burden was determined by macerating the skin

with 1.0 ml of sterile PBS. Fifty microliters of the suspension

was plated on PDA and incubated at 28oC for 72 hours. The

results were expressed as colony-forming units per gram of

skin.

Cytokine and chemokine levels on the skin

One hundred milligrams of skin was homogenized in 1.0 ml

of PBS supplemented with antiproteases (0.1 mM phenyl-

methilsulfonyl fluoride, 0.1 mM benzethonium chloride,

10 mM ethylenediaminetetraacetic acid [EDTA], and 20

KI aprotinin A) and 0.05% Tween. The samples were

centrifuged at 3000 × g for 10 minutes and the super-

natant used for enzyme-linked immunosorbent assay. The

cytokines (TNF-α, IFN-γ , IL-12, IL-1β, IL-6, and IL-10)

and CXCL1/KC levels on the skin were determined us-

ing commercially available antibodies according to man-

ufacturer’s instructions (R&B Systems, Minneapolis, MN,

USA). The results were expressed as nanograms per gram

of tissue.

MPO activity

MPO activity is a quantitative index for measuring the re-

cruitment of neutrophils to tissue [23]. One hundred mil-

ligrams of skin was homogenized in 1.9 ml of pH 4.7

buffer (0.1 M NaCl, 0.02 M Na3PO4, and 0.015 M Na2–

EDTA) and centrifuged at 78.26× g for 10 minutes. The

supernatant was discarded. The remaining pellet was in-

cubated with 1.5 ml of 0.2% NaCl solution; after 30 sec-

onds, 1.5 ml of 1.6% NaCl supplemented with 5% glucose

was added. This solution was homogenized and centrifuged

at 78.26× g for 10 minutes. The pellet was resuspended

in 1.9 ml of buffer containing 0.05 M Na3PO4 and 0.5%

hexadecyltrimethylammonium bromide and then homoge-

nized. The suspension was submitted to three freeze–thaw

steps using liquid nitrogen and centrifuged at 78.26× g

for 10 minutes. The supernatant was used to assay the

MPO activity in a 96-well microplate where 25 µl of 1.6 M

tetramethylbenzidine containing 0.002% H2O2 was added

to 25 µl of homogenate and incubated for 5 minutes at

37oC. The reaction was stopped by adding 100 µl of 1 M

H2SO4 and read on a spectrophotometer at 450 nm [23].

The results were expressed as relative units of MPO.

NAG activity

NAG activity is a quantitative index for the measurement of

macrophage recruitment to tissue [24]. One hundred mil-

ligrams of skin was homogenized in 1.9 ml of pH 4.7 buffer

(0.1 M NaCl, 0.02 M Na3PO4, and 0.015 M Na2–EDTA)

and centrifuged at 78.26× g for 10 minutes. The pellet

was resuspended in 1.5 ml of 0.2% NaCl; after 30 sec-

onds, 1.5 ml of 1.6% NaCl supplemented with 5% glucose

was added, and the mixture was homogenized. The sus-

pension was centrifuged at 78.26× g for 10 minutes, and

the supernatant was discarded. The pellet was resuspended

in 2.0 ml of 0.9% saline containing 0.1% v/v of Triton

X-100 at 4oC, homogenized, and centrifuged at 78.26× g

for 10 minutes. The supernatant was used to measure the

NAG activity using a 96-well microplate. After the addition

of 100 µl p-nitrophenyl-N-acetyl-D-glucosaminide (Sigma-

Aldrich, St. Louis, MO, USA) dissolved in citrate/phosphate

buffer (0.1 M citric acid and 0.1 M Na2PO4, pH 4.5) at a

final concentration of 2.24 mM, the reaction was stopped

by the addition of 100 µl of 0.2 M glycine buffer (pH 10.6)

and quantified at 405 nm in a spectrophotometer [24]. The

results were expressed as relative units.

Phagocytosis assay

Intraperitoneal macrophages were isolated from 6- to 8-

week-old WT and IFN-γ −/−mice. Briefly, the animals were

intraperitoneally treated with 2.0 ml of a 3% thioglycolate

(w/v) solution (Himédia; Curitiba, Paraná, Brazil) 5 days

before the experiment. The peritoneum was washed with

PBS, and the cells were pooled and washed with Roswell

Park Memorial Institute (RPMI) 1640 medium buffered

with sodium bicarbonate (Himédia) and centrifuged at

78.26× g for 10 minutes. The cells were resuspended in

RPMI 1640 medium supplemented with 5% (v/v) fetal calf
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serum and gentamicin (Sigma) at 40 mg/ml and buffered

with sodium bicarbonate. The concentration of cells was

determined using a hemocytometer. The cells were plated at

1 × 106 cells/ml/well in triplicate in 24-well plates with glass

coverslips [25]. After 24 hours, the wells were washed and

new RPMI 1640 medium containing 1 × 106 conidia/ml

was added to each well. The macrophages were incubated

with T. rubrum conidia for 2, 6, and 12 hours at 37◦C and

5% atmospheric CO2. The glass coverslips were washed

with PBS, fixed with acetone, and stained with Panoptic

(Renylab, Barbacena, MG, Brazil). The phagocytic index

was determined by counting the internalized conidia in at

least 100 macrophages [26].

Intracellular proliferation measurement

The intracellular proliferation assay was performed 24

hours after the macrophages were challenged with

T. rubrum conidia, according to the phagocytosis assay

protocol, with cells from WT and IFN-γ −/− mice. For this

assay, the medium was removed 6 hours after the cells

were challenged with T. rubrum conidia, and new RPMI

1640 medium supplemented with 5% (v/v) fetal calf serum,

40 mg/ml gentamicin (Sigma), and buffered sodium bicar-

bonate were added. After 24 hours, each well was washed

with PBS, and sterile distilled water was added to lyse the

macrophages [27]. Thirty microliters of the resulting sus-

pension was plated in PDA and incubated at 28oC for 72

hours. The results were expressed as the quotient of the

colony-forming units/phagoccytic index (cfu/PI).

Evaluation of the intracellular oxidative burst

by macrophages challenged with T. rubrum

The kinetics of ROS production was evaluated in

macrophages from WT and IFN-γ −/− mice challenged with

T. rubrum microconidia as described above. The control

groups are represented only by macrophages. The levels

of ROS production were measured by treating the sam-

ples with 50 µM of 2′,7′dichlorodihydrofluorescein diac-

etate (Invitrogen, Foster City, CA, USA) [28,29] for 30

minutes at 37 oC and 5% atmospheric CO2. The fluores-

cence was determined in a fluorometer (Synergy 2, BIOTEK,

Winooski, VT, USA) at a wavelength of 485 nm and a mea-

suring emission of 530 nm. ROS production was measured

after the macrophages and fungi were incubated for 2 hours,

readings were taken every 20 minutes for 6 hours. The data

were expressed as the mean ± standard error of the mean

(SEM) for the fold increase of fluorescence over the control.

Histopathology

The skin was removed during necropsy 7 or 14 days post

infection and immediately fixed in buffered 10% formalin

(v/v). The tissue was embedded in paraffin, and the sec-

tions were stained with hematoxylin and eosin (Sigma) and

examined under light microscopy.

Statistical analysis

Statistical analyses were performed using the GraphPad

Prism software (GraphPad Software, La Jolla, CA, USA)

using one-way analysis of variance, Kruskal–Wallis, and

Newman–Keuls multiple comparison tests. A P value <0.05

was considered to be significant, and the results are shown

as the mean ± SEM.

Results

Characterization of infection by T. rubrum

in the skin of WT mice

The mice were euthanized on the 7th day and the 14th

day post infection (d.p.i.), and the skin was removed for

fungal burden assay. Figure 1 shows fungal burdens, with

higher levels found on the 7th d.p.i. (P < 0.05; Fig. 1A).

The MPO levels were higher (P < 0.0001) in WT mice on

the 7th d.p.i. than in the noninfected (NI) group (Fig. 1B).

The NAG activity was higher (P < 0.0001) in the WT mice

on the 7th and 14th d.p.i. compared with the NI group

(Fig. 1C). The histopathology analysis showed normal his-

tological appearance in the NI mice on the 7th (Fig. 1D)

and 14th d.p.i. (data not shown). On the 7th d.p.i., the WT

mice showed mild dermatitis (asterisks) and epidermal hy-

perplasia (arrow; Fig. 1E) compared with NI mice. The WT

mice on the 14th d.p.i. showed mild infiltration of inflam-

matory cells in the deep dermis and hypodermis (asterisk;

Fig. 1F) compared with the NI group.

IFN-γ is important to impair T. rubrum proliferation

in the skin of mice

The levels of IL-12 and IFN-γ , fungal burden, and

histopathology were evaluated on the 7th and 14th d.p.i.

in WT, IL-12−/−, and IFN-γ −/− mice. Infection with

T. rubrum was correlated with increased levels of IFN-γ

on the 14th d.p.i. in WT mice (P < 0.0001) compared with

the NI group (Fig. 2A). The IL-12−/− and IFN-γ −/− mice

presented higher (P < 0.0001) fungal burdens than the WT

mice on the 7th d.p.i. (Fig. 2B). There were no differences

in lesion size among WT, IL-12−/−, and IFN-γ −/− mice.

The histopathology analysis showed an IL-12−/− mouse

with mild to moderate dermatitis on the 7th d.p.i. (Fig. 2F)
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Figure 1. Characterization of Trichophyton rubrum infection in C57BL/6 WT mice. The animals were inoculated with 1 × 106 T. rubrum conidia/animal,

and the fungal burden (cfu/g of skin), MPO and NAG levels, and histopathology assay were evaluated at the indicated time points. (A) Fungal burden

on the 7th and 14th d.p.i. (B) MPO activity on the 7th and 14th d.p.i. (C) NAG activity on the 7th and 14th d.p.i. (D) Histopathological analysis of

the skin of uninfected animal. (E) Histopathological analysis of the skin of WT mouse on the 7th d.p.i. Mild dermatitis is indicated by asterisks and

epidermal hyperplasia by arrow. (F) Histopathological analysis of the skin of WT mouse on the 14th d.p.i. Mild infiltration of inflammatory cells in

the deep dermis and hypodermis is indicated by asterisk. Results are expressed as the mean ± SEM. N = 6 mice per group. D–F: ×100. ∗∗P < 0.0001.
∗P < 0.05. d.p.i., days post infection; NI, noninfected mice; WT, wild type. This Figure is reproduced in color in the online version of Medical Mycology.

compared with the NI mouse. On the 14th d.p.i., the IL-

12−/− mouse presented with an inflammatory nodule com-

posed of a large central necrotic area mixed with neu-

trophils and degenerated cells and a thin capsule of connec-

tive tissue compared with the NI mouse (Fig. 2G). The IFN-

γ −/− mouse showed a moderate dermatitis, mild epidermal

hyperplasia, and hyperkeratosis on the 7th d.p.i. (Fig. 2H)

compared with the NI mouse. The IFN-γ −/- mouse showed

mild dermatitis on the 14th d.p.i. compared with the NI

mouse (Fig. 2I).

Infection with T. rubrum induces the production of

CXCL1/KC and cytokines related to the recruitment

of inflammatory cells to the site of infection

The MPO and NAG activities and the levels of TNF-α,

IL-1β, IL-6, IL-10, and CXCL1/KC were evaluated in the

skin of the infected mice after the 7th and 14th d.p.i. Fig-

ure 3 demonstrates that infection with T. rubrum caused

the recruitment of immune cells such as neutrophils and

macrophages, as shown by the MPO and NAG assay,

respectively. The MPO levels were higher (P < 0.0001)
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Figure 2. Production of IFN-γ is important for control of the infection. WT, IFN-γ −/−, and IL-12−/− mice were inoculated with 1 × 106 Trichophyton

rubrum conidia/animal, and the levels of IL-12 and IFN-γ , fungal burden, and histopathology analysis were evaluated at the indicated time points.

(A) Levels of IFN-γ on the 7th and 14th d.p.i. (B) Fungal burden at the 7th and 14th d.p.i. (C) Histopathological analysis of the skin of a NI animal

(D) Histopathological analysis of the skin of WT mouse on the 7th d.p.i. (E) Histopathological analysis of the skin of WT mouse on the 14th d.p.i. (F)

Histopathological analysis of the skin of IL-12−/− animal on the 7th d.p.i. (G) Histopathological analysis of the skin of IL-12−/− mouse on the 14th d.p.i.

(H) Histopathological analysis of the skin of IFN-γ −/− animal on the 7th d.p.i. (I) Histopathological analysis of the skin of IFN-γ −/− mouse on the 14th

d.p.i. Results are expressed as the mean ± SEM. N = 6 mice per group. C–I: ×100. ∗∗P < 0.0001. ∗P < 0.05. d.p.i., days post infection; NI, noninfected;

WT, wild type. This Figure is reproduced in color in the online version of Medical Mycology.

in WT mice on the 7th d.p.i. (Fig. 3A) than in the NI

group. NAG activity analysis showed that all infected mice

presented higher (P < 0.0001) macrophage recruitment in

comparison with the NI group (Fig. 3B). The mice deficient

for the production of IL-12 and IFN-γ presented lower lev-

els of MPO, which were similar to those of the NI group.

Increased levels of CXCL1/KC (P < 0.0001), IL-1β (P <

0.0001), and TNF-α (P < 0.05) were observed on the 7th

d.p.i. in WT mice (Fig. 3C, D, and E) compared with the NI

mice. On the 14th d.p.i., the WT mice showed higher levels

(P < 0.0001) of IL-1β compared with NI mice (Fig. 3E).

There were no differences in IL-6 and IL-10 levels among

the groups, and IFN-γ was undetectable in IFN-γ −/− mice

(data not shown).

Macrophages from WT mice presented PI and

higher oxidative burst levels

Analysis of the phagocytosis assay revealed that the PI in-

creased in a time-dependent manner for all groups (Fig. 4A).

However, the PIs of macrophages from IFN-γ −/− mice
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Figure 3. Control of the infection is related to the recruitment of inflammatory cells and CXCL1/KC, TNF-α, and IL-1β production. WT, IFN-γ −/−, and

IL-12−/− animals were used for evaluation of MPO and NAG activities and levels of CXCL1/KC, TNF-α, and IL-1β after day 7 and day 14 with 1 × 106

Trichophyton rubrum conidia/animal. (A) MPO activity on the 7th and 14th d.p.i. (B) NAG activity on the 7th and 14th d.p.i. (C) CXCL1/KC levels (ng/g

of tissue), (D) TNF-α levels (ng/g of tissue), and (E) IL-1β (ng/g of tissue) on the 7th and 14th d.p.i. Results are expressed as the mean ± SEM. N = 6

mice per group. ∗∗P < 0.0001. ∗P < 0.05. d.p.i., days post infection; NI, noninfected; WT, wild type.

were lower than those from WT mice (P < 0.0001) at

all times tested (Fig. 4A). The intracellular proliferation

assay showed that the IFN-γ −/− group had a higher intra-

cellular proliferation rate (IPR; P < 0.0001) than the WT

group (Fig. 4B). The kinetics of the production of ROS by

WT and IFN-γ −/− macrophages showed that cells from WT

mice challenged with T. rubrum conidia presented higher (P

< 0.0001) rates of oxidative burst than the control groups

(only macrophages from WT and IFN-γ –deficient mice) and

the group of macrophages from IFN-γ −/− mice challenged

with T. rubrum conidia (Fig. 4C).

Discussion

The development of a murine model of T. rubrum dermato-

phytosis is a worthwhile strategy because there are several

important questions about the immunopathogenesis of the

disease that are difficult to address with current models

[19,30,31]. Human infection by T. rubrum involves the

adhesion of arthroconidia on stratum corneum [32], with

further connection of these structures to keratinocytes [2].

According to Esquenazi et al. [33], microconidia may also

attach to keratinocytes, and this adherence is mediated by

carbohydrate-specific adhesion. Furthermore, models using

skin fragments have demonstrated that dermatophyte mi-

croconidia are able to germinate and cause damage to the

tissue [19]. We chose microconidia (instead of arthroconi-

dia or hyphae) to perform the infection because this strategy

has been demonstrated to provide more reliability regard-

ing the exact numbers of viable fungi [22]. The infections

with microconidia were reproducible, allowing us to obtain

similar results when the tests were repeated. In addition, the

fact that T. rubrum is an anthropophilic fungus would not

be considered an impediment to its use in mice because

other fungi, including Paracoccidioides brasiliensis and As-

pergillus fumigatus, have been tested in murine models with

reliable results. In the latter example, immunocompromised

animals were needed to reproduce the disease [34,35].

Infection by dermatophytes generally induces the pro-

duction of IFN-γ in the skin of patients with dermato-

phytosis [8,36,37] and in peripheral blood mononuclear

cells challenged with trichophytin [38]. In this study, we

demonstrated that a deficiency of IL-12 or IFN-γ was re-

lated to increased fungal burden in the skin of mice (Fig. 2).

Higher levels of IFN-γ expression were demonstrated by

both Nakamura et al. [39] in an animal model of contact

hypersensitivity and by Venturini et al. [40] in an animal

model of dermatophytosis caused by T. mentagrophytes.

The animal model developed in this study confirms that IL-

12 and IFN-γ are essential to containing the infection by
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Figure 4. Macrophages from WT mice showed higher PI and ROS production and lower IPR than those from IFN-γ −/− mice. The PI and ROS production

were evaluated at different time points after challenge with Trichophyton rubrum conidia. The IPR was evaluated 24 hours after cells were challenged

with T. rubrum conidia. (A) Phagocytic index presented by macrophages from WT and IFN-γ −/- mice. (B) IPR of T. rubrum conidia inside macrophages

of WT compared with the IFN-γ −/− group. (C) Kinetics of ROS production by macrophages from WT and IFN-γ −/− mice challenged with T. rubrum

conidia. All groups were tested in triplicate. Results are expressed as the mean ± SEM. ∗∗P < 0.0001. ∗P < 0.05. IPR, intracellular proliferation rate;

WT, wild type.

T. rubrum, since the absence of these cytokines was related

to higher fungal burden.

The control of dermatophytosis is related to inflamma-

tory cell migration, predominantly that of neutrophils and

macrophages [41], as T. rubrum is surrounded by a neu-

trophilic infiltrate in Majocchi’s granuloma [42]. The im-

portance of cell-mediated immunity in the clearance of fungi

during dermatophyte infections [40,43] is corroborated by

the fact that patients with AIDS may present with relapses

of dermatophytosis in which the deep dermal tissue is also

involved [42]. Our results show that the amounts of neu-

trophils and macrophages are correlated with a reduction

in fungal burden (Figs 1 and 3). The higher recruitment of

neutrophils on the 7th d.p.i., as shown by the MPO activity

(Figs 1 and 3), is consistent with the role of these cells in

the early stages of the inflammatory response against the

infection. However, these cells present lower phagocytic

and killing ability compared with that of macrophages,

suggesting that neutrophils may act primarily as a pro-

ducer of chemoattractants to provide the recruitment and

activation of macrophages [44–48]. The early recruitment

of neutrophils may, in part, be due to the early increases
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in TNF-α levels. The rapid increases in IL-1β levels could

also support the recruitment of neutrophils to the site of

infection by T. rubrum, signaled via CXCL1/KC release

[28,47]. Conversely, in the later stages of infection, there

was lower recovery of fungal cells and lower production

of TNF-α and IL-1β and consequently lower neutrophil

recruitment. The contribution of the pathway of TNF-α,

IL-1β, and CXCL1/KC to the clearance of fungal infections

was confirmed in our model; the higher production of these

proinflammatory mediators was observed in WT mice and

correlated with lower fungal burdens in the skin. The op-

posite was observed in IL-12- and IFN-γ –deficient mice.

Interestingly, our results showed increased macrophage

recruitment in WT mice, suggesting that these cells have

a role in controlling the disease (Fig. 1). Activated

macrophages are known to execute important antimicro-

bial activity through the production of ROS [49]. To in-

vestigate this phenomenon, we performed a phagocytosis

assay. The increased phagocytic index was time dependent

in all groups analyzed, and the data confirm the ability

of macrophages to contain T. rubrum conidia [25]. Cells

from IL-12- (data not shown) and IFN-γ –deficient mice

presented lower phagocytic indices than cells from WT mice

(Fig. 4), suggesting that these two cytokines are important

for the activation of macrophages. Although IFN-γ −/− mice

showed high NAG activity, the in vitro experiments demon-

strated that the macrophages derived from these animals

were not able to prevent T. rubrum proliferation due to

reduced production of ROS (compared with that of WT

mice; Fig. 4). The production of ROS by inflammatory cells

is important for microbiocidal activity, and it has been sug-

gested that ROS may be a signal related to inflammasome

activation and the production of IL-1β in its active form

[16–18,50].

In conclusion, we developed a murine model for der-

matophytosis caused by T. rubrum, which is an important

step in the study of the pathogenesis of this disease. Because

the course of this disease is poorly understood, a suitable

animal model would increase our understanding of these

ringworms. We further demonstrated that IL-12 and IFN-

γ are pivotal in the control of T. rubrum infection by a

mechanism that involves the participation of neutrophils,

macrophages, ROS, and IL-1β.
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