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KM� is a mannose-binding lectin from Artocarpus

integrifolia that induces interleukin (IL)-12 produc-

tion by macrophages and protective T helper 1 im-

mune response against Leishmania major infection.

In this study, we performed experiments to evaluate

the therapeutic activity of jackfruit KM� (jfKM�) and

its recombinant counterpart (rKM�) in experimental

paracoccidioidomycosis. To this end, jfKM� or rKM�

was administered to BALB/c mice 10 days after infec-

tion with Paracoccidiodes brasiliensis. Thirty days

postinfection, lungs from the KM�-treated mice con-

tained significantly fewer colony-forming units and

little to no organized granulomas compared to the

controls. In addition, lung homogenates from the

KM�-treated mice presented higher levels of nitric

oxide, IL-12, interferon-� , and tumor necrosis fac-

tor-� , whereas higher levels of IL-4 and IL-10 were

detected in the control group. With mice deficient in

IL-12, Toll-like receptor (TLR) 2, TLR4, or TLR adaptor

molecule MyD88, we demonstrated that KM� led to

protection against P. brasiliensis infection through

IL-12 production, which was dependent on TLR2.

These results demonstrated a beneficial effect of KM�

on the severity of P. brasiliensis infection and may

expand its potential use as a novel immunotherapeu-

tic molecule. (Am J Pathol 2008, 173:423–432; DOI:

10.2353/ajpath.2008.080126)

Paracoccidioides brasiliensis is a thermally dimorphic fun-

gus that causes paracoccidioidomycosis (PCM), the

most prevalent human systemic mycosis in Latin Amer-

ica, and which is endemic in Brazil, Argentina, Venezu-

ela, and Colombia. This infection is acquired by inhala-

tion of airborne propagules found in nature, which reach

the lungs and are converted to the yeast form.1,2 The

yeasts can be either eliminated by immune competent

cells or spread into tissues through lymphatic or hema-

togenous routes. As a consequence, the disease may

develop into multiple forms, ranging from asymptomatic

pulmonary infection to severe and disseminated forms.3,4

It has been reported that a high level of humoral immune

response is associated with increased disease dissemi-

nation.5 Conversely, the cell-mediated immune response

represents the main mechanism of defense in PCM.1

Resistance to this mycosis results from the commitment of

CD4� T helper (Th) precursors to the Th1 lineage,6,7 stim-

ulated by early secretion of interleukin (IL)-12,8–10 and fol-

lowed by sustained secretion of interferon (IFN)-�.11

IL-12 is primarily produced in response to the interac-

tion of Toll-like receptors (TLR) on phagocytes and den-

dritic cells with pathogen-associated molecular patterns.

More often, the TLR signaling involves the adaptor mol-

ecule myeloid differentiation primary response gene 88
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dade de Medicina de Ribeirão Preto, Universidade de São Paulo, Av.

Bandeirantes, 3900, Prédio Central, 14049-900-Ribeirão Preto, São

Paulo, Brazil. E-mail: mcrbarre@fmrp.usp.br.

The American Journal of Pathology, Vol. 173, No. 2, August 2008

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2008.080126

423



(MyD88) and induces nuclear factor-�B-dependent cyto-

kine production. Only TLR3 and TLR4 use a MyD88-

independent signaling pathway and engage the adaptor

molecule Toll/IL-1R (TIR)-domain-containing adaptor pro-

tein inducing IFN-� (TRIF; also known as TICAM1). Se-

creted IL-12 acts on T lymphocytes by inducing cell prolif-

eration and differentiation, as well as production of type 1

cytokines. This sequence of events initiates and amplifies

the innate and adaptive Th1-mediated immunity.

Lipopolysaccharides, peptidoglycans, and foreign nu-

cleic acids derived from microbes are the main ligands

for TLRs.12 Only a few proteins are known to be TLR

ligands,12,13 and rarely are TLRs reported to be endowed

with the capacity of recognizing sugars.14 Some studies

have shown the involvement of lectins in cell signaling

initiated by TLRs,14–16 as well as in the induction or

amplification of IL-1217,18 and IFN-�19,20 production.

Our group has previously shown that BALB/c mice

prophylactically treated with KM�, a D-mannose-binding

lectin from the seeds of Artocarpus integrifolia, develop a

Th1 protective response against Leishmania major infec-

tion.21 Since resistance to P. brasiliensis infection also cor-

relates with an efficient Th1 immune response, we deter-

mined whether treatment with jfKM� (isolated from jackfruit

seeds) as well as its recombinant counterpart (rKM�) could

modify the course of experimental PCM. We demonstrate

that the therapeutic administration of either jfKM� or rKM�

protects against experimental PCM. By using genetically

deficient strains of mice, we show that IL-12 plays a key role

in the protective effect induced by KM� by a mechanism

dependent on TLR2/MyD88 signaling.

Materials and Methods

Mice

In this study, we used 6- to 8-week-old male mice of the

following strains: BALB/c, C57BL/6 (WT for the deficient

mice), IL-12�/�, NOS2�/� (nitric oxide synthase 2 defi-

cient mice), TLR2�/�, MyD88�/�, C3H/HePas (TLR4lps-n-

expressing a functional TLR4), and C3H/HeJ (TLR4lps-d-

expressing a nonfunctional TLR4). The mice were bred

and maintained under standard conditions in the animal

house of the Medical School of Ribeirão Preto, University

of São Paulo, Ribeirão Preto, São Paulo, Brazil. Gene-

deficient mice were obtained from the Jackson Labora-

tories (Bar Harbor, ME). All experiments were performed

in accordance with the guidelines of the Animal Care

Committee of the university.

Fungal Isolate

The virulent P. brasiliensis isolate (Pb18) used in this study

was cultured in Fava-Netto’s semisolid medium at 36°C

for 7 days as described elsewhere.22 To maintain viru-

lence, two consecutive passages in mice were accom-

plished by intravenous infection, and the yeasts recov-

ered from the lung tissue were reisolated in culture

medium, as described above. The viability of the yeast

cells, determined by fluorescein diacetate and ethidium

bromide staining,23 was always greater than 90%.

KM� Affinity Purification

KM�, a mannose-binding lectin extracted from jackfruit

seeds (Artocarpus heterophyllus Lam. Syn. A. integrifolia

L.f.), was purified as previously described.24 rKM� was

expressed in Escherichia coli BL21 transformed with

pExp-KM�, as detailed previously.25 To extract soluble

proteins, the bacterial suspensions were sonicated and

spun at 25,000 � g for 15 minutes. The supernatants

containing soluble proteins were affinity-purified on a

D-mannose column, as in the case of jfKM� isolation.

KM� preparations (from plant or recombinant) contained

less than 0.05 ng/ml of bacterial endotoxin, as deter-

mined by the Limulus amoebocyte lysate assay (Sigma

Chemical Co., St. Louis, MO).

KM� Administration and Intravenous Infection

of Mice

BALB/c, C57BL/6, IL-12�/�, or NOS2�/� mice (three

mice per group) were infected by intravenous injection

into the lateral tail vein with 0.1 ml of the inoculum (1 �

106 P. brasiliensis yeast cells). The uninfected control

mice were inoculated with 0.1 ml of sterile pyrogen-free

phosphate-buffered saline (PBS). To determine the most

effective regimen of KM� administration, seven groups of

infected BALB/c mice were injected with 0.5 �g of KM� in

50 �l of PBS after intravenous P. brasiliensis challenge.

These treatments varied according to the number of KM�

injections (one to three doses), administration route (in-

traperitoneal or subcutaneous), and time intervals be-

tween the KM� injection and the challenge with P. brasil-

iensis. On the basis of the results provided by these

screening procedures, we used the protocol in which the

infected mice were injected with a single subcutaneous

dose of KM� on day 10 postinfection in the subsequent

experiments. The control groups, which received a sim-

ilar regimen, were injected with PBS (50 �l) instead of

KM�. The course of infection was evaluated on days 14

and 30 postinfection.

Spleen Cell Cultures

Suspensions of spleen cells from the C57BL/6, TLR2�/�,

MyD88�/�, C3H/HePas, and C3H/HeJ mice were

washed in RPMI-I (RPMI 1640, Flow Laboratories, Inc.,

McLean, VA) and treated with lysing buffer (9 parts 0.16

mol/L ammonium chloride and 1 part 0.17 mol/L Tris-HCl,

pH 7.5) for 4 minutes. The erythrocyte-free cells were

washed three times in RPMI-I, resuspended in RPMI-C

containing 2 mmol/L L-glutamine, 50 �mol/L 2-mercapto-

ethanol, 100 U/ml penicillin, 100 �g/ml streptomycin (Sig-

ma-Aldrich), and 5% heat-inactivated fetal calf serum

(Hyclone, Logan, UT), and dispensed into 24-well cell

culture plates (1 � 107 cells/well). After 2 to 4 hours of

incubation at 37°C, the nonadherent cells were removed
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by exhaustive washing with RPMI-I, and the adherent

cells were incubated with KM� (5 �g/ml), zymosan (10

�g/ml), which had been previously boiled for 30 minutes

and washed twice with PBS or lipopolysaccharide (10

�g/ml) in RPMI-C. Some cultures were also incubated

with 50 mmol/L D-mannose. After 48 hours of incubation,

the supernatants were harvested by centrifugation and

stored at –20°C until enzyme-linked immunosorbent assay

(ELISA)-based cytokine measurements were performed.

CFU Assay

The mice were euthanized 14 and 30 days postinfection

and examined for fungal burdens in the lungs, as previ-

ously described.26 Briefly, one lung of each animal was

aseptically removed and disrupted in 1 ml of PBS con-

taining 1.6 mmol/L phenylmethylsulfonyl fluoride (Sigma

Chemical Co.), using a tissue homogenizer (Ultra-Turrax

T25 Basic, IKA Works, Inc., Wilmington, NC). The number

of viable P. brasiliensis organisms was determined by

plating crude and serially diluted homogenates onto

brain heart infusion agar, BHI (Oxoid Ltd., Hampshire,

UK) supplemented with 4% (v/v) of heat-inactivated fetal

calf serum (Gibco BRL, Gaithersburg, MD) and incu-

bated at 36°C for 15 days. The lower limit of detection

was 10 CFU. The number of P. brasiliensis colonies per

gram of organ was given as the mean and SD. The lung

homogenate supernatants were also separated from cell

debris by centrifugation at 2000 � g for 15 minutes and

stored at �20°C until ELISA-based cytokine and nitric

oxide (NO) measurements were performed.

ELISA-Based Cytokine Detection Assay

The levels of IL-12p70, IL-4, IL-10, IFN-�, and tumor

necrosis factor (TNF)-� in the supernatants of the lung

homogenate were measured by capture ELISA with an-

tibody pairs purchased from PharMingen (San Diego,

CA). The ELISA procedure was performed according to

the manufacturer’s protocol. The cytokine concentrations

were determined with reference to a standard curve for

serial twofold dilutions of the murine recombinant cyto-

kines. Additionally, macrophage supernatants from the

C57BL/6 (WT), TLR2�/�, TLR4�/� and MyD88�/� mice

were harvested for IL-12p70 detection.

NO Production

NO production was quantified by the standard Griess

reaction. Briefly, 50 �l of supernatants from the lung

homogenates were incubated with an equal volume of

Griess reagent (1% sulfanilamide, 0.1% naphthylene dia-

mine dihydrochloride, and 2.5% H3PO4) at room temper-

ature, for 10 minutes. The absorbance was measured at

550 nm in a microplate scanning spectrophotometer

(Power Wave X, Bio-Tek Instruments, Inc., Winooski, VT).

The conversion of absorbance into micromolar concen-

trations of NO was deduced from a standard curve using

a known concentration of NaNO2.

Analysis of Cell Populations in the BALF

To assess different cell types present in the lungs of the

KM�-treated or non-treated mice, the bronchoalveolar

lavage fluid (BALF) was analyzed. For cell isolation, lungs

were rinsed 5 times with 1 ml of PBS, and 1 � 104 cells

per cytocentrifuge chamber (Shandon, Sewickley, PA)

were spun onto slides and stained with modified Wright-

Giemsa stain (Hema 3 stain set; Fisher Scientific, Pitts-

burgh, PA). To assess cell populations, approximately

100 to 200 cells were counted from each slide and clas-

sified according their morphological characteristics.

Pulmonary lymphocyte populations were analyzed by

flow cytometry. Cells were prepared as described above

and stained for CD19�, CD4�, or CD8� surface markers

by incubation for 30 minutes on ice with fluorescein iso-

thiocyanate- or phycoerythrin-conjugated specific anti-

bodies. Cells were washed three times in PBS/2% fetal

calf serum, fixed in 0.5–2% buffered paraformaldehyde,

and analyzed using a FACScan flow cytometer (Becton

Dickinson, San Jose, CA).

Histopathological Analysis

On day 30 postinfection, one lung of each mouse was

removed, fixed in 10% phosphate-buffered formalin for 24

hours, and embedded in paraffin. Five-micrometer sections

were stained with hematoxylin and eosin, and the granulo-

matous lesions were analyzed by light microscopy.

Statistical Analysis

Statistical determinations of the difference between means

of experimental groups were performed using one-way

analysis of variance (analysis of variance) followed by Bon-

ferroni post-test. Differences that provided P � 0.05 were

considered to be statistically significant. All experiments

were performed at least three times.

Results

Treatment of P. brasiliensis-Infected Mice with

KM� Decreases Fungal Burden and Lung Injury

To evaluate whether KM� is able to ameliorate PCM in the

murine model and to determine the most effective regi-

mens of KM� administration, groups of BALB/c mice

were subjected to several treatments that varied accord-

ing to the number, route, and injection time intervals. CFU

recovery from the lungs, a key parameter to evaluate the

course of experimental PCM, showed that all regimens of

KM� administration resulted in significant reduction of

the fungal burden. Since the lowest CFU number was

associated with the administration of a single subcutane-

ous dose of KM� on day 10 postinfection, this protocol

was used in all of the subsequent experiments.

The progression of P. brasiliensis infection in the

BALB/c mice injected with jfKM�, rKM�, or vehicle (PBS)

after intravenous infection was compared in terms of
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fungal burden. The number of CFU recovered from the

lungs of mice treated with both jfKM� and rKM� at 30

days postinfection was approximately 65% and 95%

lower than the number recovered from the nontreated

control mice (PBS), respectively (Figure 1A). KM� admin-

istration prevented fungal permanence in infected mice,

since no CFU burden was detected in the liver or spleen

on days 30 and 60 postinfection, whereas control mice

still presented in the liver 5.3 � 103 and 1.2 � 103

yeasts/g and in the spleen 1 � 103 and 0.4 � 103

yeasts/g on days 30 and 60 postinfection, respectively.

The pulmonary histopathology was also compared. On

day 30 after intravenous infection, the lungs from non-

treated mice (PBS) presented multiple sites of focal and

confluent epithelioid granulomas with lymphomonocytic

halos circumscribing a high number of viable and nonvi-

able yeast cells (Figure 2, A and C). In addition, on days

30 and 60 after P. brasiliensis infection, multiple and con-

fluent typical epithelioid granulomas were observed in

the liver and spleen from this control group (data not

shown). In contrast, in the P. brasiliensis-infected mice

therapeutically injected with jfKM� or rKM�, no granulo-

mas or yeast cells were seen in the pulmonary sections,

and the bronchoalveolar architecture was well preserved

(Figure 2, B and D). There were no granulomas in the liver

or spleen at any of the assessed times (data not shown).

Since the leukocytes contained in the bronchoalveolar

fluid reflects the lung content of inflammatory cells,27 we

examined the cell populations in the BALF from infected

mice treated with KM� or not. BALF from infected mice

treated with vehicle presented larger numbers of cells

compared to KM�-treated mice (Figure 3A). This differ-

ence was related to neutrophils and lymphocytes, since

the number of these cells in vehicle-treated mice was

seven- and twofold higher than those treated with KM�,

respectively (P � 0.05). There was no significant differ-

ence in the number of macrophages between vehicle

and KM�-treated mice (Figure 3A). Analysis of BALF

Figure 1. Therapeutic effect of KM� on P. brasiliensis infection. Mice
inoculated with 106 yeast cells were treated with jfKM�, rKM�, or PBS (as a
control). The lung homogenates obtained from these mice were analyzed at
30 days postinfection. A: CFU. B–E: Cytokine levels. F: Nitrite concentrations.
Assays were performed in triplicate and the results represent the mean � SD
of at least three independent experiments. *P � 0.05 versus control group.

Figure 2. Therapy with KM� leads to resolution of the pulmonary lesions in
P. brasiliensis-infected mice. Lung histopathology of P. brasiliensis-infected
mice treated therapeutically with jfKM� (B) or rKM� (D). PBS was admin-
istered to control animals (A and C). The lung sections obtained on day 30
postinfection were H&E stained. The mice injected with PBS (A and C)
presented extensive and confluent lesions, with epithelioid granulomas sur-
rounding a large number of viable and nonviable yeast cells. The mice
treated with jfKM� (B) or rKM� (D) presented no granulomas or yeast cells.
Scale bars: A, B, D � 200 �m; C � 20 �m.

Figure 3. Leukocytes into the bronchoalveolar fluid of the P. brasiliensis-
infected mice treated or not with KM�. A: Cells from BALF, obtained 30 days
after infection, were categorized as neutrophils, lymphocytes, and macro-
phages according to morphological criteria. B: Lymphocytes from BALF were
analyzed by flow cytometry after labeling with CD4, CD8, and CD19 cell
markers. Total number of viable cells was determined by hemocytometer
count and exclusion of trypan blue. The results represent the mean � SD of
five mice per group. *P � 0.05 versus control (PBS).
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lymphocyte populations by flow cytometry revealed that

vehicle-treated mice had larger numbers of T (CD4 and

CD8) and B cells compared to KM�-treated mice (Figure

3B), although no statistical difference was obtained. Al-

though the absolute number of each lymphocyte popu-

lation from treated and non-treated mice was different,

the proportion of such populations was similar between

the groups (Figure 3B). Thus, the lung histopathology

and the BALF cell content are in agreement with the CFU

data, indicating that KM� treatment triggers increased

clearance of infectious burden from the lungs, liver, and

spleen, thereby leading to a beneficial effect against P.

brasiliensis infection.

KM� Increases the Production of

Proinflammatory Cytokines and NO in

P. brasiliensis-Infected Mice

Since the KM� treatment was effective in reducing fungal

burden and preserving the pulmonary parenchyma of P.

brasiliensis-infected mice, we asked whether these ef-

fects were associated with a favorable milieu of pulmo-

nary cytokines. When we analyzed the production of pro-

and anti-inflammatory cytokines in the supernatants

of lung homogenates from the P. brasiliensis-infected

BALB/c mice treated with jfKM� or rKM�, we observed

that on day 30 postinfection the concentrations of IFN-�,

IL-12p70, and TNF-� in the lung homogenates from mice

treated with KM� were significantly higher than those

from mice given no therapy (P � 0.05) (Figure 1, B–D). In

the same period of infection, the amount of IL-4 detected

in the lung homogenates from control mice was 60%

higher than that detected in the KM�-treated mice (Fig-

ure 1B), although similar levels of IL-10 were detected in

the lung homogenates of the KM�-treated and non-

treated mice (Figure 2E). Assays to evaluate the nitrite

production in the supernatants of lung homogenates from

BALB/c mice showed that at 30 days postinfection the

levels were higher in those injected with jfKM� or rKM�

than in the nontreated mice (Figure 1F).

Protective Effect of KM� on P. brasiliensis

Infection Depends on IL-12 but Not on NO

To determine whether the protection induced by KM�

against P. brasiliensis infection requires IL-12 and NO,

whose production was shown to be increased in KM�-

treated mice, we performed experiments of fungal infec-

tion in IL-12- or NOS2-deficient mice, both from a

C57BL/6 background. The administration of KM� was

performed as described to BALB/c mice, ie, on day 10

after intravenous infection.

Histopathology of lung sections in the KM�-treated

NOS2�/� and WT mice at 14 days postinfection showed

a preserved organ architecture with few and small mono-

nuclear infiltrates, where rare fungal cells were seen (Fig-

ure 4, B and D, respectively). In contrast, the pulmonary

tissue of the NOS2�/� and WT mice given no therapy

presented confluent granulomas (Figure 4, A and C, re-

spectively), reproducing destructive lesions observed in

the nontreated BALB/c mice (Figure 1, A and C). Histo-

pathology of the NOS2�/� mice on day 30 postinfection

was not performed because the mice that were not

treated with KM� had died by this time point.

On the other hand, the IL-12�/� mice treated or not

with KM� presented a random fungal distribution and

multiple confluent granulomas of varying sizes on day 14

(data not shown), which resulted in extensive lung de-

struction on day 30 postinfection (Figure 4, E and F).

Concomitantly, many granulomatous infiltrates and a

large number of viable yeast cells were seen in the liver

and spleen of the IL-12�/� mice (data not shown). When

the WT mice were injected with PBS, they developed

focal and confluent granulomas circumscribing yeast

cells (Figure 4, C and G). These same mice presented

Figure 4. Therapeutic effect of KM� on P. brasiliensis infection depends on
IL-12 but not on NO. A–D: Lung sections from NOS2�/� mice and their WT
counterpart obtained at 14 days postinfection were H&E stained. The lung of
NOS2�/� or WT mice treated with jfKM� (B and D) presented normal
architecture and rare foci of mild inflammation, while the lung from mice
given PBS presented confluent granulomas surrounding yeast cells (A and
C). E–H: Lung sections from IL-12�/� mice and their WT counterpart ob-
tained at 30 days postinfection were H&E stained. The lung sections of
IL-12�/� mice treated (F) or not (E) with jfKM� presented severe granulo-
matous inflammation reaction similar to those observed in WT mice injected
with PBS (G). Infected WT mice treated with jfKM� presented only very mild
inflammatory reaction (H). Scale bars � 200 �m.
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rare and small foci of inflammatory cells, without yeasts,

(Figure 4, D and H) when they were treated with KM�.

The pulmonary fungal burden was used to evaluate the

involvement of NO and IL-12 on the therapeutic effect of

KM� against P. brasiliensis infection. In agreement with

the histopathology, KM�-treated NOS2�/� mice were not

more susceptible than KM�-treated WT mice to P. brasil-

iensis infection on day 14 postinfection, since the fungal

load in the lungs of the KM�-treated mice was not signif-

icantly different (Figure 5A). Nevertheless, the number of

yeasts recovered from the mice given no therapy were at

least fourfold higher than those of the KM�-treated mice

(P � 0.05), independent of their being NOS�/� or WT

(Figure 5A). Meanwhile, IL-12�/� mice were compared

with their counterparts in terms of their ability to control

the P. brasiliensis infection (Figure 5). The mean number

of P. brasiliensis recovered from IL-12�/� mice treated or

not with KM� did not differ significantly (Figure 5B). On

the other hand, the number of yeasts from KM�-treated

IL12�/� mice was at least threefold higher than that re-

covered from KM�-treated WT mice (P � 0.05) (Figure

5B). Among the WT mice, the number of CFU recovered

from the KM�-treated group was 50% lower compared to

the control group (Figure 5B). The liver and spleen from

the WT mice given PBS or from the IL-12�/� mice treated

or not with KM� still presented CFU burden at 30 days

after infection (data not shown).

In addition, we examined IFN-� production in the IL-

12�/� mice. The IFN-� levels detected in the lung homog-

enates from IL-12�/� mice treated or not with KM� were

at least 40% lower (P � 0.05) than the levels provided by

WT mice (Figure 5C). In agreement with the IFN-� levels

detected in the lung homogenates of BALB/c mice, the

levels produced by the C57BL/6 mice were significantly

higher (P � 0.05) in the KM�-treated mice than in the

nontreated ones (Figure 5C).

KM�-Stimulated Macrophages from TLR2�/�

and MyD88�/� Deficient Mice Do Not Produce

IL-12

We had previously demonstrated that KM� induces IL-12

production by macrophage cell lines as well as peritoneal

and spleen macrophages.21 To determine whether this

property of KM� could be demonstrated in the MyD88�/�

mice, we next determined the in vitro IL-12p70 production

by spleen macrophages from MyD88�/� and WT mice

stimulated with 5 �g of KM�. We observed that the KM�-

stimulated macrophages from MyD88�/� mice but not

from WT mice were unable to release IL-12 in culture

supernatants (data not shown), suggesting that the IL-12

production induced by KM� can be dependent on the

TLRs/MyD88 signaling pathway. To investigate the pos-

sible role of TLR2 or TLR4 in the IL-12 production induced

by KM�, we compared the IL-12p70 concentrations re-

leased by KM�-stimulated macrophages from TLR2�/�

versus TLR2�/� mice or from TLR4 deficient versus WT

mice. As shown in Figure 6, macrophages from TLR2�/�

mice but not from TLR4-deficient mice and control mice

did not produce IL-12 in response to KM� or in response

to zymosan. Moreover, IL-12 production by KM�-stimu-

lated macrophages was inhibited by 50 mmol/L D-man-

nose, which is a KM�-specific monosaccharide. These

results not only indicate that TLR2 plays a critical role in

IL-12 production mediated by KM� but also that cell

stimulation occurs in a carbohydrate recognition-depen-

dent manner.

Figure 5. KM� does not protect IL-12�/�

mice from P. brasiliensis infection but protects
NOS2�/� and WT mice evenly. NOS2�/� (A)
and IL-12�/� (B and C) mice, as well as their
WT counterpart, were intravenously infected
with 106 P. brasiliensis yeast cells and treated
or not with jfKM� 10 days postinfection. The
number of viable yeasts (A and B) and the
IFN-� production (C) were determined by
CFU and capture ELISA, respectively, on day
14 after infection for the NOS2�/� mice and
on day 30 for the IL-12�/� mice. The results
represent the mean � SD of three mice per
group and are representative of at least two
experiments. *P � 0.05 versus control group
(WT); **P � 0.05 versus WT control (PBS).

Figure 6. KM� induces IL-12 production by macrophages in a TLR2-depen-
dent mechanism. Peritoneal macrophages from TLR2�/� (C57BL/6),
TLR2�/�, C3H/HePas (TLR4lps-n, expressing a functional TLR4), and C3H/
HeJ (TLR4lps-d, expressing a nonfunctional TLR4) mice were cultured for 48
hours in the presence or absence of jfKM� (5 �g/ml), zymosan (10 �g/ml),
or lipopolysaccharide (10 �g/ml). In some experiments, macrophages were
cultured with jfKM� in the presence of 50 mmol/L D-mannose (KM�/D-Man).
The amount of IL-12p70 in the supernatant was determined by capture
ELISA. Assays were performed in triplicate and the results represent the
mean � SD of at least three independent experiments. *P � 0.05 versus
control group; #P � 0.05 versus positive control (KM�). ND, not detected.
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Discussion

KM� lectin stimulates BALB/c macrophages to produce

IL-12, which promotes IFN-� production and protection

against challenge with Leishmania through the induction

of Th1-biased immunity. Since this prophylactic effect of

KM� seems to be independent of the administration of

specific antigen(s),21 new questions related to the thera-

peutic use of this lectin as well as its applicability to other

intracellular pathogens have emerged. The current study

was undertaken to investigate whether KM� could modify

the course of P. brasiliensis infection when administered in

therapeutic regimens. Protective effect was induced by

both plant and recombinant forms of the lectin; ie, jfKM�

and rKM�, respectively. The Th1-biased immune re-

sponse reduced the severity of the disease, as deter-

mined by CFU recovery and lung histopathology param-

eters. These results, determined 30 days after yeast

inoculation, confirmed the ability to discriminate between

susceptible and resistant mice to systemic fungal infec-

tion.28–31 The infected mice not treated with lectin pre-

sented with extensive fungal burden and pulmonary

granulomatous lesions that characterize severe PCM, ac-

companied by exudation of inflammatory cells into the

bronchoalveolar fluid. In contrast, the animals treated

with jfKM� or rKM� presented sterile granulomatous lung

inflammation and significantly decreased exudation of

leukocytes into the BALF. These results demonstrate the

efficacy of therapeutic administration of plant and recom-

binant KM� in inducing protection against P. brasiliensis

murine infection.

Considering that cytokines play a crucial role in the

course of human32–36 and experimental11,37–40 PCM, we

evaluated the amount of pro- and anti-inflammatory cyto-

kines in the lung homogenates from the KM�-treated

mice and the control mice given no therapy at 30 days

after infection. KM�-treated mice exhibited a noticeable

increase in the pulmonary levels of IL-12p70, IFN-�, and

TNF-�, consistent with the observed low fungal burden in

the organs. Furthermore, a lower amount of the anti-

inflammatory cytokine IL-4 was detected in the lung ho-

mogenates from these mice compared with the amount

provided by controls. Likewise, the levels of nitrite in the

lungs from KM�-treated mice were higher than those

found in nontreated controls.

Our results show that KM� administration is potentially

useful, with the cytokine and the CFU data indicating that

the generation of a new lung environment possibly leads

to better control of fungal growth and impairs yeast dis-

semination. Most importantly, despite the high pulmonary

levels of inflammatory cytokines, the therapeutic regimen

of KM� does not lead to the tissue inflammatory injury

commonly observed when exogenous IL-12 is adminis-

tered.37 In addition, the administration of lectin did not

elicit an anti-KM� humoral response (data not shown).

These data favor the idea of the pharmaceutical applica-

bility of KM�.

Since there is evidence that the lectin KM� induces

IL-1221 and that this cytokine together with NO plays an

essential role in the protective response against intracel-

lular pathogens, further experiments using genetically

deficient mice were undertaken to better understand

whether the induction of IL-12 and NO production could

be directly correlated with the protection provided by

KM� against P. brasiliensis infection. First and foremost,

the fungal load recovered from wild-type controls and

NOS2�/� mice given no therapy (PBS) did not differ

significantly. Our data are in contrast with previous data,

which state that NOS2-derived NO plays a fundamental

role in the effector mechanism for controlling the fungal

growth.41 Although NO has been reported to be crucial

for the control of numerous intracellular pathogens,42

including P. brasiliensis, its overproduction has been as-

sociated with PCM susceptibility.41,43 Second, and con-

sistently with the first remark, the NOS2�/� mice treated

with KM� were not more susceptible to P. brasiliensis

infection than the KM�-treated WT mice. Again, analysis

of both these groups revealed a similar pattern of pulmo-

nary lesions and the CFU burden recovered from their

lungs did not differ significantly. The most striking differ-

ences were observed comparing the fungal load be-

tween mice treated with KM� or not. The KM� therapy led

to significantly decreased number of P. brasiliensis yeast

cells in the lungs from WT and NOS2�/� mice. Conse-

quently, we can conclude that the mechanism by which

KM� therapy induces protection in P. brasiliensis infection

is not fundamentally due to the induction of NO produc-

tion. It is possible that other microbicidal mechanisms

dependent on IFN-� are involved in the efficacy of KM�

therapy, such as production of reactive oxygen interme-

diates, tryptophan degradation by the enzyme indoleam-

ine 2,3-dioxygenase, deprivation of intracellular iron, and

unidentified mechanism(s) mediated by 47- to 48-kd pro-

teins encoded by an IFN-� responsive gene family.44

Besides, the two genetically established antimicrobial

mechanisms of macrophages are production of reactive

oxygen intermediates by phagocyte oxidase (phox) and

reactive nitrogen intermediates by inducible nitric oxide

synthase (NOS2). It has been demonstrated that there is

an association between higher levels of H2O2 and higher

fungicidal effect in PCM patients, which suggests that O2

metabolites are involved in the killing of P. brasiliensis by

macrophages.45 Recently, it has been demonstrated that

H2O2 is involved in the killing of highly virulent strains of

P. brasiliensis by TNF-�-activated human monocytes.46 In

addition, a previous study reported that phox, the major

source of reactive oxygen intermediate production, and

NOS2 appears to compensate in large part for the iso-

lated deficiency of the other.47

The investigation concerning the role of IL-12 in the

protection induced by KM� was outstandingly stimulated

by reports of association between neutralization of en-

dogenous IL-12 or the use of IL12�/� mice and increased

fungal burden, severe pulmonary lesions, and suscepti-

bility of mice not only to P. brasiliensis but also to His-

toplasma capsulatum.48–50 In fact, PCM appears to be

much more severe in the IL12�/� mice treated or not with

KM� than in the WT animals, as reflected by the destruc-

tive granulomatous lesions and high fungal burden.

These data undeniably indicate that the induction of en-

dogenous IL-12 is critical in the mechanism by which

KM� administration results in resistance against P. bra-
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siliensis infection. We also observed that when compared

with WT mice, IL12�/� mice secrete noticeably lower

levels of IFN-� in the lungs. The deficiency of IFN-� also

leads to the development of incipient granulomas, which

are unable to prevent fungal dissemination.29,40 The ab-

sence of IL-12 production in KM�-stimulated macro-

phages from MyD88�/� mice demonstrates that the lectin

acts by a mechanism that is dependent on the adaptor

molecule MyD88 and suggests that the cytokine produc-

tion is triggered by TLR signaling.

All members of the TLR family, with the exception of

TLR3, trigger a pathway that depends on MyD88 to pro-

duce proinflammatory cytokines.51 Among them, TLR4

and TLR2 have been demonstrated to play a crucial role

in fungal infections.52 Therefore, we evaluated whether

one of these receptors could account for IL-12 produc-

tion. In agreement with our previous studies,21 we verified

herein that, following KM�-stimulation, IL-12 production

is detected in macrophages from the C3H/HeJ mice,

which harbor a spontaneous point mutation (Pro712-

His712) in the cytoplasmic signaling domain of TLR4.53

Conversely, the TLR2-deficient macrophages stimulated

with KM� do not produce IL-12. In other words, we have

shown that TLR2, but not TLR4, plays an essential role in

triggering the signal transduction that leads to IL-12 pro-

duction in response to KM� treatment.

Bearing in mind that, contrary to TLR4�/�, macro-

phages from TLR2�/� and MyD88�/� do not produce

IL-12, and knowing that D-mannose inhibits the IL-12

production induced in vitro by KM�, we hypothesize that

the cell stimulation occurs in a carbohydrate recognition-

dependent manner, in which KM� interacts directly with

the N-glycans of TLR2. Several lines of evidence indicate

that carbohydrates attached to TLRs play important roles

in agonist binding and in the formation of a functional

receptor complex on the cell surface.54–58 Indeed, the

study of Weber et al58 provided structural basis for our

hypothesis, since it demonstrated that TLR2 undergoes

glycosylation at Asn114, Asn199, Asn414, and Asn442,

and these authors rationally proposed that glycans at-

tached to Asn199, Asn414 and Asn442 are exposed to

the concave surface of the solenoid structure of the TLR2

leucine-rich ectodomain. A recent report59 showed that

at least two N-linked glycans in the TLR2 concave sur-

face, most importantly the glycan linked to Asn442, are

required for recognition of pathogen-associated molecu-

lar patterns. The N-glycans associated with TLR2 are

likely targets for KM� recognition, which could elicit the

signaling cascade that leads to IL-12 production.

We cannot exclude the participation of other receptors

than TLR2 in the signaling triggered by KM� to induce

IL-12 production. It is known that highly purified TLR2

stimuli are poor inducers of IL-1260,61 and often induce

expression of low levels of p40 only.62 The production of

the IL-12 heterodimer can be synergized by certain bi-

nary combinations of TLRs that result in the secretion of

much more IL-12.63 In addition, dectin-1 has been iden-

tified as an important partner for TLR2 in mediating IL-12

production.16 Besides signaling through cell surface re-

ceptors, the additional interaction of agonists with intra-

cellular Nod molecules leads to the synergistic activation

of innate immune cells.64 Further investigation is neces-

sary to identify cooperative molecule(s) that act in a

synergistic way with TLR2, thereby allowing high IL-12

secretion in response to KM� stimulus.

The current antifungal therapies are limited because

many targets are shared between pathogen and host,

causing toxicity when used therapeutically.65 In addition,

no standardized vaccines exist for preventing any of the

human infections caused by fungi. So improvement of the

host immune functions, like the one apparently promoted

by KM�, can be a good strategy for the treatment of

fungal infections in susceptible patients. The interference

in the Th1/Th2 cell balance itself is certainly an adequate

target of immunotherapy, and KM� favors Th1 response

by interacting with TLR2 and inducing the consequent

production of IL-12. Romani66 considered that the ulti-

mate challenge in the therapeutic prospects of fungal

infections would be to design vaccines that could induce

optimal immune responses by targeting specific recep-

tors on dendritic cells in vivo. We argue that the lectin

KM� can contribute to facing such challenge.

In conclusion, we have shown that KM� can be pro-

tective against P. brasiliensis experimental infection, lead-

ing to a Th1-biased immune response with a direct benefi-

cial effect on the severity of the lung lesions. Undeniably,

the mechanism by which KM� leads to resistance against

P. brasiliensis is due to the induction of endogenous IL-12 in

a process dependent on the MyD88/TLR2 signaling path-

way. Overall, these data open perspectives and provide

additional support for the potential use of KM� as an immu-

nomodulator molecule that is able to stimulate the Th1 re-

sponse required to induce resistance to the fungal infection.
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