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Abstract Sporotrichosis is often manifested as a

chronic granulomatous infection and the monocytes/

macrophages play a central role in the host defense

system. Surface components of Sporothrix schenckii

have been characterized and suggestions have been

made as to their possible role in pathogenicity.

Ergosterol peroxide, cell-wall compounds (alkali-

insoluble fraction-F1 and lipid extract-LEY), and

exoantigen from the yeast form of the fungus have

been characterized as virulence factors, activating

both innate, by cytotoxins linked to the activation of

reactive oxygen and nitrogen species (H2O2 and NO),

and adaptive immune response to produce cytokines

Th1 and Th2 profile. In this study, preliminary results

have demonstrated that, in systemic sporotrichosis,

TLR-4 triggers the innate immune response, activat-

ing an oxidative burst. These data represent the first

report of the participation of TLR-4 in murine

sporotrichosis, in the presence of lipids from the cell

wall of S. schenckii. These results taken together may

open new perspectives of study leading to an

antifungal agent that could be used to benefit the

entire population.
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Introduction

Sporotrichosis was first reported in 1896 when

Schenck isolated the causative agent and included it

in the genus Sporothricum. Later, in 1900, Henkton

and Perkins renamed this fungus Sporothrix schenckii

[1, 2]. S. schenckii is a thermally dimorphic fungus

with a mycelial and a yeast phase. In the environment

or in the laboratory, at temperatures ranging from 25

to 30�C, S. schenckii grows as a filamentous mold.

The organism grows readily on standard media, such

as Sabouraud dextrose agar. Within a period ranging

from days to weeks, white to cream-colored colonies

are seen, which become brown to black and wrinkled

over subsequent weeks, producing conidia which are

either dark or hyaline, arranged along the hyphae

with a bouquet-like appearance [3]. In the wild,

S. schenckii is a saprophyte. It has been isolated from

straw, wheat grains, fruits, tree bark, wood, shrub

thorns, rose brushes, ploughed land, spiders, flies,

dead insects and larvae, dust, animal droppings,

algae, and sea animals [4].
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In vivo, at 37�C, S. schenckii grows as a yeast-like

cell. In this form, the organism reproduces by

budding and does not form conidia. Typically, the

yeast forms are 4–6 lm in diameter and often cigar-

shaped. In vitro, at 37�C, the species assumes the

yeast phase on supplemented media, such as brain–

heart infusion or blood-cysteine-glucose agar [3].

People of any age, race, or sex may be affected,

but the disease is more common in adult males,

primarily because of their occupational and recrea-

tional exposure. Sporotrichosis has been reported in

many workers, including farmers, vegetable growers,

gardeners, florists, forestry workers, paper manufac-

turers, miners, slaughterhouse workers, veterinarians,

laboratory workers, and workers handling packing

materials. Children are just as susceptible as adults

[5, 6].

The infection usually occurs as a consequence of

traumatic implantation of the fungus into the skin,

often associated with lymphangitis, but inhalation of

the conidia can lead to pulmonary infection which,

rarely, may also spread to bones, eyes, central

nervous system, and viscera [2, 7]. Another mode

of transmission is through animal bites or scratches.

The animals most commonly responsible are arma-

dillos and cats, but horses, dogs, snakes, rats, and

birds have also been involved [8].

The size of the initial inoculum, the host immune

response status, the virulence of the fungus, the depth

of traumatic inoculation, and thermal tolerance are all

thought to have a role in the development of

sporotrichosis [9].

Clinical Manifestation

The sporotrichosis has several forms of clinical

manifestation: (1) Lymphocutaneous, (2) fixed cuta-

neous, (3) multifocal (disseminated) cutaneous, and

(4) extracutaneous [10, 11]. Lymphocutaneous is the

most common type of sporotrichosis worldwide,

beginning as a painless hardened pink papule,

pustule, or nodule at the inoculation site, which

rapidly enlarges, becomes violet, and ulcerates to

expose a ragged necrotic base. It starts as a nodular or

ulcerated lesion at the site of inoculation of the

fungus and follows through regional lymphatic

vessels characterized by nodular lesions that ulcerate.

In the fixed cutaneous form, the fungus remains

confined to the site of inoculation, which generally

reflects the high immunity of the host and is more

common in endemic areas. The disseminated cuta-

neous and extracutaneous forms have been observed

mainly in immunocompromised patients with hema-

tologic diseases, diabetes mellitus, and using

immunosuppressive drugs, having infection with

human immunodeficiency virus (HIV), or in individ-

uals with a history of abuse of alcohol. Among the

extracutaneous forms, the most common are the

osteoarticular and lung, but there are reports of

hematogenous spread with involvement of multiple

organs, such as eyes and central nervous system

[6, 12–15].

The sporotrichosis can occur in the visceral

lesions, as well as in the skin, and impaired immunity

of the hosts and/or the different virulence of individ-

ual strains could cause these different clinical

manifestations. In fact, Uenotsuchi et al. [16] have

suggested that S. schenckii of cutaneous origin are

more potent to activate dendritic cells to induce

subsequently stronger Th1-prone immune response

than those of visceral origin. S. schenckii of visceral

origin positively induced Th2 environment as evi-

denced by significantly higher IL-4 production along

with the inability to induce strong Th1 immune

responses. Thus, this may further explain their

differential clinical manifestations in the context

of the factors of the pathogen side, showing that

S. schenckii of visceral origin may escape from the

host immune defense by inducing little Th1-prone

responses. On the other hand, other researchers have

demonstrated that even in the same S. schenckii

strain, and it has been reported that the conidia

cultured for 7 days are more virulent than those

cultured for 12 days. A different virulence is thought

to be derived from a different rhamnose: mannose

ratio of their surface, which has been changed during

the culture [17]. Such a slight difference in the fungal

surface sugar composition might contribute the

differential activation of dendritic cells.

Immune Response

The immune response in the host determines the

degree of invasion by the fungi. The mechanism(s) of

resistance and susceptibility to S. schenckii infection

are not known. It is not known whether specific

proteins or enzymes produced by S. schenckii con-

tribute to its pathogenic potential. Tsuboi and
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co-workers [18, 19] have reported the production of

extracellular proteinases by S. schenckii, but these

enzymes have not yet been linked to the pathogenesis

of this disease [20]. Surface components of

S. schenckii have been characterized and suggestions

made as to their possible role in pathogenicity

[21, 22].

Yeast cells from virulent dimorphic fungi, in

contrast to opportunistic fungi, survive in vitro

phagocytosis by neutrophil granulocytes. Although

virulent yeast forms ingested by polymorphonuclear

cells (PMNs) trigger a respiratory burst comparable

to that induced by opportunists, they are less suscep-

tible to hydrogen peroxide and other microbicidal

products of leukocytes. In an earlier study, we

identified ergosterol peroxide from yeast forms of S.

schenckii through spectroscopic methods (1H and 13C

nuclear magnetic resonance and high resolution mass

spectrometry) [23]. This substance, a presumed

product of the H2O2-dependent enzymatic oxidation

of ergosterol, has been isolated and purified, showing

a molecular formula of C28H44O3, and displays

characteristic features of epidioxy sterols. It reverted

to ergosterol on contact with S. schenckii enzyme

extract. Thus it is conceivable that in S. schenckii

ergosterol peroxide is formed as a protective mech-

anism to evade reactive oxygen species (ROS) during

phagocytosis. The presence of ergosterol peroxide in

a pathogenic fungus, reported for the first time in our

study, in addition to suggesting a possible detoxifi-

cation reaction, may also represent a virulence factor.

Since singlet oxygen (1O2) may not be involved in the

peroxidation of ergosterol [24] or in the oxygenation

of cholesterol [25], it seems that survival of the

virulent yeast forms in contact with PMNs depends

on additional detoxification mechanisms besides the

one leading to ergosterol peroxide synthesis.

The killing of intracellular and extracellular

pathogens by phagocytes is due in part to the

production of oxygenated free radicals. Under normal

physiological conditions, H2O2 is generated in small

quantities and is rapidly used or degraded, but long

exposure to high concentrations of H2O2 can destroy

biological structures and lead to irreversible cell

damage [26]. ROS are utilized in the body as

oxidative, cytotoxic agents, and are produced by

phagocytic cells during the respiratory burst induced

by infection [27]. The majority of ROS, including

hydrogen peroxide (H2O2) and superoxide ions

(O2
-), are produced via two pathways, involving

phagocyte NADPH oxidase or hypoxanthine metab-

olism. Both H2O2 and O2
- can function

independently, as cytotoxic agents, or form other

toxic molecules, including the hydroxyl radical •OH,

hypochlorous acid (HOCl), and peroxynitrite

(ONOO-) in the presence of NO [28].

We still know very little about the molecular

mechanisms of innate immune recognition and the

receptors involved. Innate immunity host cells rec-

ognize fungal organisms mainly through components

of the fungal cell wall, acting as pathogen-associated

molecular patterns (PAMPs). The PAMPs are bound

and recognized by pattern-recognition receptors

(PRRs), including Toll-like receptors (TLRs), on

the surface of host cells. This recognition leads to

activation of phagocytic effector functions and fur-

ther induction of adaptive T helper (Th) responses by

antigen-presenting cells [29, 30].

Over the last few years there have been significant

advances in our understanding of the biology of TLRs

in mammals. This discovery of mammalian homo-

logues of the Drosophila Toll receptor protein has

attracted interest in the role of these proteins in innate

immunity, with various ligand specificities [31].

Several features of TLR-4 have linked this protein

to innate immune responses. The overexpression of a

constitutively active TLR-4 protein drives NF-kB

activation, B7.1 expression, and production of cyto-

kines (IL-1, IL-6, and IL-8) in transfected THP-1

monocytes [32]. In other studies, in which the

location of TLR-2 was monitored after macrophage

stimulation with zymosan, a presumed TLR-2 ligand,

TLR-2 was shown to be localized first in phagocytic

cups and subsequently in phagosomes, upon phago-

cytosis of the zymosan. This striking observation

suggests that macrophages use TLRs to regulate the

contents of phagosomes [33]. However, the func-

tional consequences of the complex interplay

between fungal morphogenesis and TLR signaling

in vivo remain largely undefined.

A genetic defect in TLR-4 is associated with

impaired generation of the superoxide anion by

macrophages in response to LPS [34], suggesting

that the triggering of certain TLR by PAMP results

not only in the induction of gene expression, but

also in the promotion of rapid processes such as

the induction of an oxidative burst. The impor-

tance of reactive oxygen metabolites in macrophage
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microbicidal activity is suggested by evidence that

peritoneal macrophages produce reactive oxygen

metabolites upon activation or exposure to pathogens

[35] and that macrophage activity is inhibited by free

radical scavengers, such as superoxide dismutase, an

enzymatic O2
- scavenger, and catalase, an enzymatic

scavenger of H2O2 [36].

Research is in progress in our laboratory to check

the influence of TLRs in the infection induced by

S. schenckii. Preliminary studies have demonstrated

that TLR-4 is important in this mycosis. Macro-

phages from the infected C3H/HeJ mice, which have

a natural point mutation in the TLR-4 gene (Fig. 1a),

were deficient in H2O2 production, generating an

average of 1.48 ± 0.41 nmols/2 9 105 peritoneal

exudate cells (PECs), while the C3H/HePas mice,

which have competent TLR-4 (Fig. 1b), produced on

average 13.62 nmols/2 9 105 PECs, over the whole

10 weeks of study, when challenged with lipid

extract from the yeast form of the fungus (LEY),

showing the presence of a moderate oxidative burst in

the C3H/HePas infected with the fungus S. schenckii.

This is the first report of the TLR-4 participation in

murine sporotrichosis in the presence of the lipids

from the cell wall of this fungus.

These results confirm the previous observation that

lipid extract was found to inhibit the phagocytic

process in murine experimental sporotrichosis [37].

The effect of cell-wall components and exoantigen

(ExoAg) obtained from S. schenckii during macro-

phage/fungus interaction was analyzed with respect

to production of hydrogen peroxide, nitric oxide, and

tumor necrosis factor-a. High release of NO and

TNF-a and moderate production of H2O2 were

observed in the macrophage cultures. This was

expected, since in the induction of iNOS gene

expression, LPS-derived activation of a transcription

factor, nuclear factor-kB (NF-kB), occurs, and this is

translocated from the cytosol to the nucleus where it

binds to region 1 in the promoter of the iNOS gene;

also, many LPS-responsive genes, including that of

TNF-a, are known to share recognition sequences

that can be recognized by NF-kB for the activation of

gene expression. In this light, the high levels of NO

and TNF-a in response to LEY in macrophage

cultures demonstrate an important role for this

cytokine, among other factors, in the modulation of

NO release in response to this fungal infection.

Recent experiments in our laboratory have shown that

the F1 fraction of S. schenckii induces a granulom-

atous reaction, whereas ExoAg participates in the

humoral immune response (data not published).
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Fig. 1 Hydrogen peroxide production by PECs (peritoneal

exudate cells) from TLR4-defective (C3H/HeJ-a) and compe-

tent (C3H/HePas-b) mice during S. schenckii infection. PECs

were challenged with PMA (phorbol myristate acetate—

positive control), LEY (lipid extract from yeast) or NC

(negative control—PBS). After 1-h of incubation at 37�C in

a mixture of 95% air and 5% CO2, the reaction was interrupted

with 50 ll of 4N NaOH, and the absorption at 620 nm was

measured with an automated microplate reader. Results are

shown as mean ± standard deviation of three experiments in

triplicate (GrafPad Instat program—Tukey Test). The level of

significance was set at P \ 0.001 when H2O2 production by

infected C3H/HePas cells treated with LEY was compared with

infected C3H/HeJ (TLR4-defective) cells challenged with the

same stimulus at the same period of infection
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Granuloma formation is a critical event in the

immune response against S. schenckii, an essential

component of normal host defense. Granuloma is

thought to be a result of a T-cell-dependent inflam-

matory response that is important in the host defense

against S. schenckii [3, 38].

The induction and expression of cellular immunity

in mycotic disease depends on a complex sequence of

interactions between antigens, macrophages, and

lymphocytes. The cellular response to S. schenckii

infection involves both neutrophils and monocytes

[39]. The fact that sporotrichosis is more severe and

usually disseminated in nude mice and in patients

with AIDS lends support to the idea that T cell-

mediated immunity is important in limiting the

extension of infection with S. schenckii [40].

In a previous study, we developed a murine model

of disseminated sporotrichosis [41]. We demonstrated

that delayed hypersensitivity to injected soluble

antigen (foot pad test) and lymphocyte proliferation

in the in vitro spleen cell tests for detection of cellular

immune response (to antigen or mitogen) showed

depressed responses in S. schenckii-infected mice

challenged between the 4th and 6th week after fungal

inoculation.

In response to antigens or inflammatory signals

generated at sites of tissue injury, macrophages

undergo a process of cellular ‘‘activation’’, which is

associated with morphological, functional, and bio-

chemical changes in the cells. One prominent

characteristic of activated macrophages is their

increased capacity to release pro-inflammatory and

cytotoxic mediators, which aid in antigen destruction.

Cytokines are low-molecular-weight regulatory pro-

teins or glycoproteins secreted in response to a

number of stimuli by cells in the body. Tumor

necrosis factor-a (TNF-a) is a multifunctional cyto-

kine that has a key role in the cytokine network with

regard to the pathogenesis of many infectious and

inflammatory diseases [42], playing a crucial part in

acute and chronic inflammation. It is able to induce

the expression of other pro-inflammatory cytokines,

such as interleukin-1 (IL-1) [43] and several chemo-

kines [44]. Carlos et al. [43] have demonstrated that

the production of IL-1 and TNF-a by adherent PECs

taken from S. schenckii-infected mice was severely

reduced between the 4th and 6th weeks and increased

after the 8th and 10th weeks of infection. Together,

these results show that the cellular immune response

of the host plays a significant role in the pathogeny of

this infectious disease, and a depressed response

frequently indicates a worsening of the disease, with

greater involvement of the host.

In 1999, in an investigation of S. schenckii [45], our

group isolated a peptide-rhamnomannan from the

pathogenic yeast form of the fungus. This substance,

which may play a role in fungal virulence, was tested in

an animal model of systemic disease, and depression of

the immune response was observed in the animals

between the 4th and 6th weeks of infection. Concom-

itantly, this compound showed mitogenic activity

when used to challenge normal lymphocytes and was

also found to be involved in the inflammatory response.

This report opened new perspectives on the mechanism

of the implantation of the fungus in tissues, which

occurs in this systemic mycosis by modulation of the

cellular immune response by this antigen.

When the macrophages are activated, they show

accelerated metabolic rate, motility, and phagocyte

activity. These cells are capable of carrying out

parallel functions: besides phagocytosis, they may

secrete enzymes, components of the complement,

coagulation factors, and cytokines [46]; they also act

as a first line of defense of the host by releasing a

great number of factors, including the ROS and

reactive nitrogen species (RNS), such as nitric oxide

(NO), known as a powerful mediator of the inflam-

matory and immune responses [47–50].

It has been reported that nitric oxide (NO)

produced by activate macrophages is a primary

mechanism against many pathogens [51] such as

Penicillium marneffei [52], Histoplasma capsulatum

[53], Cryptococcus neoformans [54], and Candida

albicans [55]. In general, accumulation of nitrite

correlated with macrophage fungicidal activity.

Fernandes et al. [56] have demonstrated that the

capability of macrophages to kill S. schenckii could

be attributed to NO production, because when NOS

was inhibited by the addition of L-NMMA, there was

a complete inhibition of the killing activity against S.

schenckii conidia and yeast cells form, showing that

NO is a key cytotoxic mediator involved in the

murine macrophage defense against S. schenckii.

In their studies, Fernandes et al. [57] have

demonstrated that the inhibition of NO production

in vivo enhances the resistance of mice to the

infection with S. schenckii yeast cells, and is related

mainly with increased T-cell proliferation after Con
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A challenge and cytokine balance between IFN-c and

interleukin-10 (IL-10), together to decreased percent-

age of apoptotic cells in iNOS-/- mice—results that

bring significant implications in our understanding of

the role of NO in immunosuppression induced by

S. schenckii.

Besides having a microbicidal role, NO commonly

acts as a signaling molecule. NO-mediated reactions

may prime the macrophage to deliver a more potent

oxidative burst. ROI and RNI may act cooperatively

(generating peroxynitrite) or independently, stimulat-

ing other mechanisms. It is possible that NO

enhances the function of the NADPH-oxidase com-

plex, either by direct chemical modification of

component proteins or by acting as a secondary

messenger to stimulate other mechanisms that poten-

tiate the activity of ROI [58]. This versatile molecule

is generated by oxidation of the terminal guanidine

nitrogen atoms of L-arginine by an NADPH-depen-

dent enzyme, NO synthase (NOS) which has

constitutive and inducible isozymes. Generation of

this mediator by the inducible NOS (iNOS) has now

been demonstrated in human macrophages following

their activation in vitro [59].

The expression of iNOS is regulated mainly by

cytokines. The activation of the iNOS gene promoter

is the main way in which that isoenzyme is regulated

by cytokines in murine macrophages [60]. Depending

on the type of cytokine, microbial stimulus and cell

type, various signaling paths are involved in promot-

ing or inhibiting iNOS expression [61].

Nitric oxide can inhibit the secretion of such

inflammatory cytokines as interferon-gamma (IFN-c)

and IL-2 by T cells [62]. High NO levels synthesized

by NOS not only destroy adjacent tissue but can also

infiltrate macrophages or T cells at the site of

inflammatory injury, causing apoptotic death of these

inflammatory cells. This mechanism can be consid-

ered beneficial for the host because it eliminates

unnecessary cells, preventing the release of poten-

tially cytotoxic intracellular contents to the

extracellular domain [62, 63]. Regulation of the

transcription of iNOS is carried out by the cytokines

derived from T cells. The Th1 cytokines, such as

IFN-c and IL-2, upregulate NO synthase, whereas

Th2 cytokines, such as IL-4 and IL-10, are respon-

sible for negative regulation [64].

The dichotomy of cellular and humoral immunity

to pathogens has been shown to be based on

differentiation of subtypes of T cells, responsible

for the Th1/Th2 balance [65]. The Th clones differ in

the two classes of cytokine they release. Th1 cells

produce IFN-c, IL-2, and TNF-a, and are efficient in

the elimination of intracellular pathogens by activa-

tion of macrophages. Th2 cells release IL-4, IL5, IL-

6, and IL-10, which activate humoral immunity and

are released in markedly greater amounts in the

presence of persistent antigen [66].

The production of cytokines is normally transitory

and strictly controlled. They act by locking on to

specific receptors in the cell membrane, initiating a

cascade that leads to the induction or inhibition of

countless cytokine-regulated genes in the cell nucleus

[67].

The Th1 cells seem to be more susceptible to

regulation by NO than by Th2 cells [68]. At the

inflammatory focus, the macrophages are activated

and express iNOS, producing high NO levels, which

seem to have an effector function [69]. The induction

of iNOS is an important effector response in defense

of the host against pathogens [70, 71].

IL-12 is the main mediator of the innate immune

response to intracellular microorganisms and a key

inducer of the immunity mediated by cells, the

adaptive response against these microorganisms. This

cytokine is mainly produced by activated macro-

phages and dendritic cells [72]. IL-12 acts in different

periods of the immune response and is involved in

maintaining a long-term response [73]. IL-4 and

IL-10 downregulate IL-12 being known as powerful

cytokine inducers of the Th2 response [74].

The defense of the host by macrophages is

mediated partially by a signal known as macrophage

activating factor (MAF). IFN-c is a powerful MAF

that stimulates the expression of some membrane

proteins, increasing or reducing the synthesis and

secretion of multiple enzymes and thus enhancing the

generating of ROS [75].

Macrophages activated by IFN-c are capable of

generating TNF-a, IL-6, IL-12, and NO, which

enhance the ability of these cells to control the

development of pathogens [8]. NO is in turn

produced in response to such cytokines as TNF-a,

IFN-c, and IL-12 [35]. IFN-c also has an important

regulatory role in the development of the Th1

adaptive response against fungal pathogens. This role

is mediated by its ability to maintain IL-12 respon-

siveness in CD4? T cells [76].
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In pathological states, the local production of IFN-c
by macrophages can help perpetuate chronic disease.

However, the production of IFN-c by antigen-pre-

senting cells (APCs) should act not only to enhance

innate immunity, but also to establish a link between

innate immunity and the developing adaptive immune

response [50].

Two independent pathways appear to control

fungal infection: one is the IL-12/IFN-c axis and

the other is mediated by TNF-a. IL-12 increases NK

and T-cell proliferation and cytotoxic activity and

also promotes the development of a Th1-type

immune response by inducing secretion of IFN-c in

T cells [77]. IL-12 and IFN-c drive Th1 development

[78], though many researchers have shown that other

cofactors, including IL-1a and TNF-a, are required

for the development of Th1 cells to produce maximal

levels of IFN-c [79, 80].

Several cytokines have been found to downregulate

the production of IFN-c by APCs, including IL-4 and

IL-10. Thus, as in T cells, the production of IFN-c is

positively regulated by IL-12 and IL-18, and nega-

tively regulated by IL-4 and IL-10 [81, 82].

IL-4 is a cytokine produced by Th2 cells. It has an

immunomodulating function, inducing complex MHC

I and II to express antigen, suppressing IFN-c, and

inducing the expression of iNOS in response to

stimulation by LPS [83]. Activated macrophages can

release IL-12 with other pro-inflammatory cytokines

together [84].

High concentrations of IL-4 at the beginning of a

fungal infection can delay the immune response of

the host through suppression of the Th1 response by

inhibition of IFN-c production. Conversely, at

advanced stages of the disease, the presence of IL-4

limits the development of fungal infections [74, 85].

The greatest advances in experimental fungal

immunology concern the important regulatory role

of the cytokines in the innate and adaptive immune

responses during fungal infections. Although some

cytokines show clearly the characteristics of a Th1 or

Th2 profile, many of them have pleiotropic effects

that depend on their dose and secretion time for the

development of immune response [85, 86]. This

points to the importance of the delicate balance

between the Th1 and Th2 cytokines for the develop-

ment of an effective immune response.

We investigated the involvement of NO and the

Th1/Th2 cytokine response in systemic infection,

utilizing S. schenckii exoantigen [87]. We found low

levels of iNOS and NO production in the initial (1st

and 2nd weeks) and final (9th and 10th weeks)

periods of the infection, contrasting with high levels

from weeks 4 to 7. The variations in IFN-c and IL-12

levels mirrored with those of NO/iNOS, showing the

presence of a cellular immune response throughout

the infectious process. In experimental models of

fungal infection, the extent and efficacy of the

protection by cell-mediated immunity varies with

the host genetic background, the route and site of

infection, the regional immune response, and the type

of infecting organism. The production of IFN-c, alone

or in combination with other cytokines, resulting in

the production of reactive nitrogen intermediates, is

likely to suppress T cells in the micro-environment

[88]. The results of this research showed that the

release of IL-12 coincides with that of IFN-c, at a

time when IL-12 is a powerful inducer of the

production of IFN-c by T and NK cells. As IFN-c
induces NO production and greater production of NO

was observed between the 4th and 6th weeks, we

suggest that IL-12 and IFN-c also play a part in the

immunosuppression generated by fungal infection.

More importantly, IL-12 plays a critical role in the

development of Th1 cells from naive T cells. Thus,

IFN-c enhances the antigen-presenting activity of

macrophages, resulting in the expansion of the Th1

cell population. However, IL-4 release increased after

the 5th and 6th weeks, suggesting the participation

of the Th2 response in this period as well. Regarding

these results, the study demonstrated that in exper-

imental sporotrichosis infection the cellular immune

response participated throughout the period of the

proposed NO-dependent mechanism. In contrast, the

Th2 response began in the 5th week, suggesting

the participation of the humoral immune response

only in the advanced stages of sporotrichosis.

Conclusions

Every line of study has a past, present, and future, and

our study of experimental sporotrichosis has shown

that in the past, the pathway by which the organism of

the host reacts to this infection was very unclear. In

the early studies, we demonstrated that cellular

immunity was the key to the containment of this

fungal infection. After years of investigation, we now
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know that both Th1 and Th2 responses participate in

experimental sporotrichosis. Making use of what we

now know to plan our future research, today we

believe that the mechanism of the immune response

will be understood better by investigating receptors

present on the cells that participate effectively in the

control of this infection. As a first result, the receptor

TLR-4 is involved in the induction of the oxidative

burst in the presence of the fungal lipid extract

(LEY); further questions, which without any doubt

will lead to new ways of approaching the study of

sporotrichosis, are left to the future.

The study of sporotrichosis is justified by the fact

that it is an endemic disease in several countries. An

important point to be stressed is that the environment

contributes significantly to the development of

infectious diseases and more research should be

carried out in this respect, contributing to the general

improvement of public health worldwide.
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7. De Araújo T, Marques AC, Ferdel F. Sporotrichosis. Int

J Dermatol. 2001;40:737–42. doi:10.1046/j.1365-4362.

2001.01295.x.

8. Reed KD, Moore FM, Geiger GE, Stemper ME. Zoonotic

transmission of sporotrichosis: a case report and review.

Clin Infect Dis. 1993;16:384–7.

9. Dixon DM, Salkin IF, Duncan RA, Hurd NJ, Haines JH,

Kemna ME, et al. Isolation and characterization of Spo-
rothrix schenckii from clinical and environmental sources

associated with the largest U.S. epidemic of sporotrichosis.

J Clin Microbiol. 1991;29:1106–13.

10. Rippon JW. Sporotrichosis. In: Rippon JW, editor. Medical

mycology: the pathogenic fungi and the pathogenic acti-

nomyces. Chicago: W. B. Sounders; 1982. p. 277–302.

11. Da Rosa ACM, Scroferneker ML, Vettorato R, Gervini RL,

Vettorato G, Weber A. Epidemiology of sporotrichosis: a

study of 304 cases in Brazil. J Am Acad Dermatol. 2005;

52:451–9.

12. Kauffman CA, Hajjeh R, Chapman SW. Practice guide-

lines for the management of patients with sporotrichosis.

Clin Infect Dis. 2000;30:684–7. doi:10.1086/313751.

13. Rocha MM, Dassin T, Lira R, Lima EL, Severo LC,

Londero AT. Sporotrichosis in patient with AIDS: report of

a case and review. Rev Iberoam Micol. 2001;18:133–6.

14. Silva-Vergara ML, Maneira FR, De Oliveira RM, Santos CT,

Etchebehere RM, Adad SJ. Multifocal sporotrichosis with

meningeal involvement in a patient with AIDS. Med Mycol.

2005;43:187–90. doi:10.1080/13693780500035904.

15. Lopes-Bezerra LM, Schubach A, Costa RO. Sporothrix
schenckii and Sporotrichosis. Ann Brazil Acad Sci.

2006;78:293–308.

16. Uenotsuchi T, Takeuchi S, Matsuda T, Urabe K, Koga T,

Uchi H, et al. Differential induction of Th1-prone immu-

nity by human dendritic cells activated with Sporothrix
schenckii of cutaneous and visceral origins to determine

their different virulence. Int Immunol. 2006;18:1637–46.

doi:10.1093/intimm/dxl097.

17. Fernandes KSS, Mathews HL, Lopes-Bezerra LM. Dif-

ferences in virulence of Sporothrix schenckii conidia

related to culture conditions and cell-wall components.

J Med Microbiol. 1999;49:195–203.

18. Tsuboi R, Sanada T, Ogawa H. Influence of culture

médium pH and proteinases inhibitors on extracellular

proteinase activity and cell growth of Sporothrix schenckii.
Clin Microbiol. 1988;26:1431–3.

19. Tsuboi R, Sanada T, Takamori K, Ogawa H. Isolation and

properties of extracellular proteinases from Sporothrix
schenckii. J Bacteriol. 1987;169:4104–9.

20. Yoshiike T, Lei P-C, Komatsuzaki H, Ogawa H. Antibody

raised against extracellular proteinases of Sporothrix
schenckii in S. schenckii inoculated hairless mice. Myco-

pathologia. 1993;123:69–73. doi:10.1007/BF01365082.

21. Cardoso DBS, Angluster J, Travassos LR, Alviano CS.

Isolation and characterization of a glucocerebroside

monoglucosylceramide from Sporothrix schenckii. FEMS

Microbiol Lett. 1987;43:279–82. doi:10.1111/j.1574-6968.

1987.tb02158.x.

22. Travassos LR. Sporothrix schenckii. In: Szaniszlo PJ,

editor. Fungal dimorphism. New York: Plenum Publishing

Corporation; 1985. p. 121–63.

23. Sgarbi DB, da Silva AJ, Carlos IZ, Silva CL, Angluster J,

Alviano CS. Isolation of ergosterol peroxide and its

reversion to ergosterol in the pathogenic fungus Sporothrix
schenckii. Mycopathologia. 1997;139:9–14. doi:10.1023/

A:1006803832164.

24. Bates ML, Reid WW, White JD. Duality of pathways in

the oxidation of ergosterol to its peroxide in vivo. J Chem

Soc Chem Comm. 1976;44–5.

25. Teng JI, Smith LL. Sterol metabolism. XXIV. On the

unlikely participation of singlet molecular oxygen in sev-

eral enzyme oxygenations. J Am Chem Soc. 1973;95:

4060–1. doi:10.1021/ja00793a045.

8 Mycopathologia (2009) 168:1–10

123

http://dx.doi.org/10.1046/j.1365-2230.2002.01087.x
http://dx.doi.org/10.1086/520190
http://dx.doi.org/10.1016/S0738-081X(99)00010-3
http://dx.doi.org/10.1016/S0738-081X(99)00010-3
http://dx.doi.org/10.1046/j.1365-4362.2001.01295.x
http://dx.doi.org/10.1046/j.1365-4362.2001.01295.x
http://dx.doi.org/10.1086/313751
http://dx.doi.org/10.1080/13693780500035904
http://dx.doi.org/10.1093/intimm/dxl097
http://dx.doi.org/10.1007/BF01365082
http://dx.doi.org/10.1111/j.1574-6968.1987.tb02158.x
http://dx.doi.org/10.1111/j.1574-6968.1987.tb02158.x
http://dx.doi.org/10.1023/A:1006803832164
http://dx.doi.org/10.1023/A:1006803832164
http://dx.doi.org/10.1021/ja00793a045


26. Ramasarma T. H2O2 has a role in cellular regulation.

Indian J Biochem Biophys. 1990;27:269–74.

27. Forman HJ, Torres M. Signaling by the respiratory burst in

macrophages. IUBMB Life. 2001;51:365–71. doi:10.1080/

152165401753366122.

28. Gillman BM, Batchelder J, Flaherty P, Weidanz WP.

Suppression of Plasmodium chabaudi parasitemia is

independent of the action of reactive oxygen intermediates

and/or nitric oxide. Infect Immun. 2004;72:6359–66. doi:

10.1128/IAI.72.11.6359-6366.2004.

29. Netea MG, Van Der Graaf CA, Vonk AG, Verschueren I,

Van Der Meer JW, Kullberg BJ. The role of toll-like

receptor (TLR) 2 and TLR4 in the host defense against

disseminated candidiasis. J Infect Dis. 2002;185:1483–9.

doi:10.1086/340511.

30. Deep GS Jr, Gibbons RS. Protective and memory immu-

nity to Histoplasma capsulatum in absence of IL-10.

J Immunol. 2003;171:5353–62.

31. Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev

Immunol. 2003;21:335–76. doi:10.1146/annurev.immunol.

21.120601.141126.

32. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr. A

human homologue of the Drosophila toll protein signals

activation of adaptative immunity. Nature. 1997;388:394–

7. doi:10.1038/41131.

33. Medzhitov R, Janeway CA Jr. The toll receptor family and

microbial recognition. Trends Microbiol. 2000;8:452–6.

34. Remer KA, Brcic M, Jungi TW. Toll-like receptor-4 is

involved in eliciting an LPS-induced oxidative burst in

neutrophils. Immunol Lett. 2003;85:75–80. doi:10.1016/

S0165-2478(02)00210-9.

35. Fantone JC, Ward PA. Role of oxygen-derived free radi-

cals and metabolites in leukocyte-dependent inflammatory

reactions. Am J Pathol. 1982;107:397–418.

36. Lee M, Yea SS. Hydrogen peroxide inhibits the immune

response to lipopolysaccharide by attenuating signaling

through c-Jun N-terminal kinase and p38 associated with

protein kinase C. Immunopharmacology. 2000;48:165–72.

doi:10.1016/S0162-3109(00)00202-2.

37. Carlos IZ, Sgarbi DBG, Santos GC, Placeres MCP. Spo-
rothrix schenckii lipid inhibits macrophage phagocytosis:

involvement of nitric oxide and tumor necrosis factor-a.

Scand J Immunol. 2003;57:214–20. doi:10.1046/j.1365-

3083.2003.01175.x.

38. Koga T, Duan H, Furue M. Immunohistochemical detec-

tion of interferon-c-producing cells in granuloma formation

of sporotrichosis. Med Mycol. 2002;40:111–4. doi:

10.1080/714031087.

39. Cunningham KM, Bulmer GS, Rhoades ER. Phagocytosis

and intracellular fate of Sporothrix schenckii. J Infect Dis.

1979;140:815–7.

40. Shiraishi A, Nakagaki K, Arai T. Role of cell-mediated

immunity in the resistance to experimental sporotrichosis

in mice. Mycopathologia. 1992;120:15–21. doi:10.1007/

BF00578497.

41. Carlos IZ, Sgarbi DB, Angluster J, Alviano CS, Silva CL.

Detection of cellular immunity with the soluble antigen of

the fungus Sporothrix schenckii in the systemic form of the

disease. Mycopathologia. 1992;117:139–44. doi:10.1007/

BF00442774.

42. Eigler A, Greten TF, Sinha B, Haslberger C, Sullivan GW,

Endres S. Endogenous adenosine curtails lipopolysaccha-

ride-stimulated tumour necrosis factor synthesis. Scand

J Immunol. 1997;45:132–9. doi:10.1046/j.1365-3083.1997.

d01-377.x.

43. Carlos IZ, Zini MMC, Sgarbi DBG, Angluster J, Alviano

CS, Silva CL. Disturbances in the production of interleu-

kin-1 and tumor necrosis factor in disseminated murine

sporotrichosis. Mycopathologia. 1994;127:189–94. doi:

10.1007/BF01102920.

44. Palladino MA, Bahjat FR, Theodorakis EA, Moldawer LL.

Anti TNF-a therapies: the next generation. Nat Rev Drug

Disc. 2003;2:736–46. doi:10.1038/nrd1175.

45. Carlos IZ, Sgarbi DBG, Placeres MCP. Host organism

defense by peptide-polysaccharide extracted from the

fungus Sporothrix schenckii. Mycopathologia. 1999;144:

9–14. doi:10.1023/A:1006964516334.

46. Parslow TG, Bainton DF, Innate immunity. In: Medical

immunology. Appleton & Lange, Stanford, CT. 1997:25–42.

47. Hibbs JB, Taintor RR, Vavrin Z, Rachlin EM. Nitric oxide:

a cytotoxic activated macrophage effector molecule. Bio-

chem Biophys Res Commun. 1988;157:87–94. doi:

10.1016/S0006-291X(88)80015-9.

48. Johnston RB. Current concepts in immunology: monocytes

and macrophages. N Engl J Med. 1988;318:747–52.

49. Laskin JD, Heck DE, Laskin DL. Multifunctional role of

nitric oxide in inflammation. Trends Endocrinol Metab.

1994;5:377–82. doi:10.1016/1043-2760(94)90105-8.

50. Funcht DM, Fukao T, Bogdan C, Schindler H, O’Shea JJ,

Koyasu S. IFN-gamma production by antigen-presenting

cells: mechanisms emerge. Trends Immunol. 2001;22:556–

60. doi:10.1016/S1471-4906(01)02005-1.

51. Hibbs JB Jr, Vavrin Z, Taintor RR. L-Arginine is required

for expression of the activated macrophage effector

mechanism causing selective metabolic inhibition in target

cells. J Immunol. 1987;138:550–65.

52. Kudeken N, Kawakami K, Saito A. Different susceptibil-

ities of yeasts and conidia of Penicillium marneffei to nitric

oxide (NO)-mediated fungicidal activity of murine mac-

rophages. Clin Exp Immunol. 1998;112:287–93. doi:

10.1046/j.1365-2249.1998.00565.x.

53. Brummer E, Stevens DA. Antifungal mechanisms of acti-

vated murine bronchoalveolar and peritoneal macrophages

for Histoplasma capsulatum. Clin Exp Immunol. 1995;

102:65–70.

54. Wang Y, Casadevall A. Susceptibility of melanized and

nonmelanized Cryptococcus neoformans to nitrogen- and

oxygenderived oxidants. Infect Immun. 1994;62:3004–5.

55. Blasi E, Pitzurra L, Puliti M, Chimienti AR, Mazolla R,

Barluzzi R, et al. Differential susceptibility of yeast and

hyphal forms of Candida albicans to macrophage-derived

nitrogen-containing compounds. Infect Immun. 1995;63:

1806–10.

56. Fernandes KSS, Coelho ALJ, Lopes Bezerra LM, Barja-Fid-

algo C. Virulence of Sporothrix schenckii conidia and yeast

cells, and their susceptibility to nitric oxide. Immunology.

2000;101:563–9. doi:10.1046/j.1365-2567.2000.00125.x.

57. Fernandes KSS, Helal Neto E, Brito MMS, Silva JS, Cunha

FQ, Barja-Fidalgo C. Detrimental role of endogenous nitric

oxide in host defense against Sporothrix schenckii.

Mycopathologia (2009) 168:1–10 9

123

http://dx.doi.org/10.1080/152165401753366122
http://dx.doi.org/10.1080/152165401753366122
http://dx.doi.org/10.1128/IAI.72.11.6359-6366.2004
http://dx.doi.org/10.1086/340511
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141126
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141126
http://dx.doi.org/10.1038/41131
http://dx.doi.org/10.1016/S0165-2478(02)00210-9
http://dx.doi.org/10.1016/S0165-2478(02)00210-9
http://dx.doi.org/10.1016/S0162-3109(00)00202-2
http://dx.doi.org/10.1046/j.1365-3083.2003.01175.x
http://dx.doi.org/10.1046/j.1365-3083.2003.01175.x
http://dx.doi.org/10.1080/714031087
http://dx.doi.org/10.1007/BF00578497
http://dx.doi.org/10.1007/BF00578497
http://dx.doi.org/10.1007/BF00442774
http://dx.doi.org/10.1007/BF00442774
http://dx.doi.org/10.1046/j.1365-3083.1997.d01-377.x
http://dx.doi.org/10.1046/j.1365-3083.1997.d01-377.x
http://dx.doi.org/10.1007/BF01102920
http://dx.doi.org/10.1038/nrd1175
http://dx.doi.org/10.1023/A:1006964516334
http://dx.doi.org/10.1016/S0006-291X(88)80015-9
http://dx.doi.org/10.1016/1043-2760(94)90105-8
http://dx.doi.org/10.1016/S1471-4906(01)02005-1
http://dx.doi.org/10.1046/j.1365-2249.1998.00565.x
http://dx.doi.org/10.1046/j.1365-2567.2000.00125.x


Immunology. 2008;123:469–79. doi:10.1111/j.1365-2567.

2007.02712.x.

58. Myers JT, Tsang AW, Swanson JA. Localized reactive

oxygen and nitrogen intermediates inhibit escape of

Listeria monocytogenes from vacuoles in activated mac-

rophages. J Immunol. 2003;171:5447–53.

59. Kolb JP, Paul-Eugene N, Damais C, Yamaoka K, Drapier JC,

Dugas B. Interleukin-4 stimulates cGMP production by IFN-

gamma-activated human monocytes. Involvement of the nitric

oxide synthase pathway. J Biol Chem. 1994;269:9811–6.

60. Bogdan C. Nitric oxide and the immune response. Nat

Immunol. 2001;2:907–16. doi:10.1038/ni1001-907.

61. Kristof AS, Marks-Konczalic J, Moss J. Mitogen-activated

protein kinases mediate activator protein-1-dependent human

inducible nitric-oxide synthase promoter activation. J Biol

Chem. 2001;276:8445–52. doi:10.1074/jbc.M009563200.

62. Okuda Y, Sakoda S, Shimaoka M, Yanagihara T. Nitric

oxide induces apoptosis in mouse splenic T lymphocytes.

Immunol Lett. 1996;52:135–8. doi:10.1016/0165-2478

(96)02597-7.

63. Albina JE, Cui S, Mateo RB, Reichner JS. Nitric oxide-

mediated apoptosis in murine peritoneal macrophages.

J Immunol. 1993;150:5080–5.

64. Cunha FQ, Poole S, Lorenzetti BB, Ferreira SH. The

pivotal role of tumour necrosis factor alpha in the devel-

opment of inflammatory hyperalgesia. Br J Pharmacol.

1992;107:660–4.

65. Mosmann TR, Coffman RL. Th1 and Th2 cells: different

patterns of lymphokine secretion lead to different func-

tional properties. Ann Rev Immunol. 1989;7:145–74. doi:

10.1146/annurev.iy.07.040189.001045.

66. Rengarajan J, Szabo SJ, Glimcher LH. Transcriptional

regulation of Th1/Th2 polarization. Immunol Today.

2000;21:479–83. doi:10.1016/S0167-5699(00)01712-6.

67. Abbas AK, Lichttman AH. Cellular and molecular immu-

nology. 6th ed. Philadelphia: W. B. Saunders; 2007. p. 572.

68. Taylor-Robinson AW, Liew FY, Severn A, Xu D,

McSorley SJ, Garside P, et al. Regulation of the immune

response by nitric oxide differentially produced by T

helper type 1 and T helper type 2 cells. Eur J Immunol.

1994;24:980–4. doi:10.1002/eji.1830240430.
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