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Toll-like receptors (TLRs) present in innate immune cells recognize pathogen molecular patterns and
influence immunity to control the host-parasite interaction. The objective of this study was to characterize the
involvement of TLR4 in the innate and adaptive immunity to Paracoccidioides brasiliensis, the most important
primary fungal pathogen of Latin America. We compared the responses of C3H/HeJ mice, which are naturally
defective in TLR4 signaling, with those of C3H/HePas mice, which express functional receptors, after in vitro
and in vivo infection with P. brasiliensis. Unexpectedly, we verified that TLR4-defective macrophages infected
in vitro with P. brasiliensis presented decreased fungal loads associated with impaired synthesis of nitric oxide,
interleukin-12 (IL-12), and macrophage chemotactic protein 1 (MCP-1). After intratracheal infection with 1
million yeasts, TLR4-defective mice developed reduced fungal burdens and decreased levels of pulmonary
nitric oxide, proinflammatory cytokines, and antibodies. TLR4-competent mice produced elevated levels of
IL-12 and tumor necrosis factor alpha (TNF-a), besides cytokines of the Th17 pattern, indicating a proin-
flammatory role for TLR4 signaling. The more severe infection of TLR4-normal mice resulted in increased
influx of activated macrophages and T cells to the lungs and progressive control of fungal burdens but
impaired expansion of regulatory T cells (Treg cells). In contrast, TLR4-defective mice were not able to
clear their diminished fungal burdens totally, a defect associated with deficient activation of T-cell
immunity and enhanced development of Treg cells. These divergent patterns of immunity, however,
resulted in equivalent mortality rates, indicating that control of elevated fungal growth mediated by
vigorous inflammatory reactions is as deleterious to the hosts as low fungal loads inefficiently controlled

by limited inflammatory reactions.

Pathogen recognition receptors (PRRs) are a group of re-
ceptors present in the membrane and cytoplasm of innate
immunity cells that recognize the presence of invading mi-
crobes by interacting with conserved pathogen structures, the
so called “pathogen-associated molecular patterns” (PAMPs).
This initial event of innate immunity is crucial for the control
of pathogen growth and the subsequent activation of adaptive
immunity. Toll like receptors (TLRs) constitute a major family
of pattern recognition molecules and, like other PRRs, are
able to respond to different structural homologies conserved in
many microorganisms (2, 62). Activation of the TLRs is crucial
for many aspects of microbe elimination, including microbial
killing, recruitment of phagocytes to the site of infection, and
activation of dendritic cells (DCs) (52). Early TLR activation
results in the production of several inflammatory mediators,
and the final balance among pro- and anti-inflammatory com-
ponents regulates the type of adaptive immune response. Re-
cent findings have shown that direct recognition of PAMPs by
DCs is critical for priming appropriate T-cell responses, result-
ing in T helper 1 (Th1), Th2, or Th17 immunity (25, 31, 33, 60).
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TLR4 is the key receptor that recognizes bacterial lipopoly-
saccharides (LPS), whereas TLR2 is involved in the interaction
with bacterial peptidoglycans and lipoproteins (66). As re-
ported for other microorganisms, TLRs have been shown to be
involved in host defense against different fungal pathogens. In
vivo and in vitro studies have demonstrated that Crypfococcus
neoformans (7, 67), Candida albicans (43, 45), and Aspergillus
fumigatus (24, 41) may signal through members of the TLR
family, mainly TLR2 and TLR4. Different components of a
certain pathogen can be used to stimulate the immune system.
Thus, C. albicans phospholipomannan is sensed by TLR2 (34),
while O-linked mannans are recognized by TLR4 (44). The
contribution of individual TLRs to the immune response
against pathogenic fungi depends on several factors, such as
the fungal morphotype, fungal species, and route of infection.
Activation signals mediated by innate immunity receptors,
however, are not always beneficial to the host, and TLR acti-
vation can be used by pathogenic fungi to promote more-
severe infections (6, 53).

Paracoccidioidomycosis (PCM) is a systemic granulomatous
disease caused by the dimorphic fungus Paracoccidioides bra-
siliensis and constitutes the most prevalent deep mycosis in
Latin America (28). The alveolar macrophages are the first
host cells that interact with P. brasiliensis cells, and their acti-
vation is fundamental to the control of fungal growth. The
molecular mechanisms controlling the initial steps of the in-
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teraction between P. brasiliensis and phagocytes are not well
understood. It is known, however, that normal macrophages
are permissive to P. brasiliensis growth, while cytokine-acti-
vated macrophages are able to restrain P. brasiliensis multipli-
cation (12). Complement receptor 3 (CR3) and mannose re-
ceptor have been shown to play important roles in the initial
interaction between P. brasiliensis cells and mouse peritoneal
macrophages (14, 32, 50). Interestingly, recent work from our
laboratory demonstrated that alveolar macrophages from sus-
ceptible mice (B10.A) are easily activated by P. brasiliensis
infection and show efficient fungal killing associated with nitric
oxide production, while pulmonary macrophages from resis-
tant mice (A/Sn) are poorly activated and present inefficient
killing activity associated with increased levels of transforming
growth factor B (TGF-B) (49). Despite their inefficient innate
immunity, A/Sn mice develop a balanced Th1/Th2 immune
response that controls fungal growth without intense tissue
pathology.

In previous work, our group demonstrated the influence of
TLR2 on pulmonary PCM (15, 38). Using TLR2-normal and
TLR2-deficient mice, we were able to show that the presence
of TLR2 increases the severity of in vitro and in vivo P. brasi-
liensis infections. In addition, TLR2 deficiency results in in-
creased Th17 immunity associated with diminished expansion
of regulatory T cells (Treg cells) and increased lung pathology
due to unrestrained inflammatory reactions (38). Characteriz-
ing the behavior of dendritic cells in murine PCM, Ferreira et
al. observed increased expression of TLR2 by dendritic cells of
susceptible, but not resistant, mice (26). Moreover, it has been
suggested that TLR2, TLR-4, and dectin-1 are involved in the
recognition and internalization of P. brasiliensis by human
monocytes and neutrophils, indicating important roles for
these pathogen receptors in the immune response against the
fungus (10).

We decided to investigate the role of TLR4 in murine PCM
by using in vitro and in vivo models of infection. Using TLR-
competent C3H/HePas mice and C3H/HeJ mice, which pos-
sess a missense mutation in the TLR4 gene, we were able to
demonstrate that both in vitro and in vivo, TLR4 signaling
increases the severity of infection in association with increased
activation of innate and adaptive immunity but decreased ex-
pansion of Treg cells. This pattern of immunity, however, was
not beneficial to the hosts, due to the increased lung injury
mediated by inefficient control of inflammatory reactions by
Treg cells.

MATERIALS AND METHODS

Fungus. P. brasiliensis Pb18, a highly virulent isolate, was used throughout this
investigation (36). Pb18 yeast cells were maintained by weekly subcultivation in
semisolid culture medium. Washed yeast cells were adjusted to 20 X 10%/ml (for
in vivo infection) and 4 X 10*/ml (for in vitro infection) based on hemocytometer
counts. Viability was determined with Janus Green B vital dye (Merck) and was
always higher than 85%.

Mice and i.t. infection. C3H/HeJ and C3H/HePas mice were obtained from
our Isogenic Breeding Unit (Departmento de Imunologia, Instituto de Ciéncias
Biomédicas, Universidade de Sao Paulo, Sao Paulo, Brazil) and were used at 8
to 12 weeks of age. The C3H/HeJ strain has a point mutation in the TLR4 gene,
and the C3H/HePas strain has a functional TLR4 gene. In selected experiments,
C57BL/6 mice that are genetically deficient in TLR4 (TLR4 knockout [KO]) and
their normal C57BL/6 counterparts were used. Mice were anesthetized and
subjected to intratracheal (i.t.) P. brasiliensis infection as previously described
(18). Briefly, after intraperitoneal anesthesia, the animals were i.t. infected with
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10° P. brasiliensis yeast cells, contained in 50 wl of phosphate-buffered saline
(PBS). Mice were studied at 96 h, 2 weeks, and 11 weeks postinfection. The
experiments were approved by the ethics committee on animal experiments of
our institution.

Phagocytic and fungicidal assays. Thioglycolate-induced peritoneal macro-
phages were either isolated by adherence (2 h at 37°C under 5% CO,) to
plastic-bottom tissue culture plates (1 X 10° cells/well in 24-well plates for
fungicidal assays) or plated onto 13-mm-diameter round glass coverslips (1 X 10°
cells/well in 24-well plates) for phagocytosis. Macrophages were washed to re-
move nonadherent cells and were cultivated overnight with fresh complete me-
dium (Dulbecco’s modified Eagle’s medium [DMEM; Sigma], containing 10%
fetal calf serum, 100 U/ml penicillin, and 100 wg/ml streptomycin) in the pres-
ence or absence of recombinant gamma interferon (IFN-y; 20 ng/ml in culture
medium; BD Pharmingen). Nonadherent cells were counted in order to evaluate
the number of remaining adherent cells used in phagocytic and killing assays. For
phagocytic assays, macrophage cultures were infected with P. brasiliensis yeasts at
a macrophage/yeast ratio of 25:1. This ratio was previously determined and was
shown not to be deleterious to macrophage cultures and to be adequate for
phagocytosis and killing assays (18, 49). The cells were cocultivated for 4 h at
37°C under 5% CO, to allow adhesion and ingestion of fungi. Cells were washed
twice with PBS to remove any noningested or nonadhered yeasts, and samples
were processed for microscopy. Cells were fixed with methanol and stained with
Giemsa stain (Sigma). Experimental conditions were performed in triplicate, and
the number of phagocytosed or adhered yeasts per 1,000 macrophages was
evaluated on at least three separate slides. For fungicidal assays, IFN-y-primed
and unprimed macrophage cultures were infected with P. brasiliensis yeasts as
described above. After 48 h of culture at 37°C in a CO, incubator, plates were
centrifuged (400 X g, 10 min, 4°C), and supernatants were stored at —70°C and
were further analyzed for the presence of nitrite and cytokines. The wells were
washed with distilled water to lyse macrophages, and suspensions were collected
in individual tubes. One hundred microliters of cell homogenates was assayed for
the presence of viable yeasts. All assays were done with five wells per condition
in more than three independent experiments.

CFU assay and histological and morphometric analyses. The numbers of
viable microorganisms in cell cultures and infected organs (lungs, liver, and
spleen) from experimental and control mice were determined by counting the
number of CFU. Animals from each group were sacrificed, and the enumeration
of viable organisms was done as previously described (59). The numbers (log;,)
of viable P. brasiliensis organisms per gram of tissue (in vivo) or per milliliter of
cell homogenate (in vitro) are expressed as means * standard errors. For histo-
logical examinations, the left lung of the infected mouse was removed, fixed in
10% formalin, and embedded in paraffin. Five-micrometer-thick sections were
stained with hematoxylin and eosin (H&E) for analysis of the lesions and were
silver stained for fungal evaluation. Pathological changes were analyzed based on
the size, morphology, and cell composition of granulomatous lesions, the pres-
ence of fungi, and the intensity of the inflammatory infiltrates. Morphometric
analysis was performed using a Nikon DXM 1200c digital camera (magnifica-
tion, X10), and Nikon NIS Elements AR 2.30 software. The areas of lesions were
measured (in square micrometers) in 10 microscopic fields per slide for 10
animals per group. Results were expressed as the mean total area of lesions for
each animal * the standard error.

Measurement of cytokines and NO. Supernatants from lung homogenates or cell
cultures were separated and stored at —70°C. The levels of interleukin-2 (TIL-2), IL-4,
IL-5, IL-23, 1L-17, IL-12, IL-10, tumor necrosis factor alpha (TNF-o), IFN-y, and
the chemokine MCP-1 (monocyte chemoattractant protein 1) were measured by a
capture enzyme-linked immunosorbent assay (ELISA) with antibody pairs pur-
chased from BD Pharmingen. The ELISA procedure was performed according to
the manufacturer’s protocol, and absorbances were measured with a Versa Max
microplate reader (Molecular Devices). NO production was quantified by the accu-
mulation of nitrite in the supernatants from in vitro and in vivo protocols by a
standard Griess reaction. All determinations were performed in duplicate, and
results were expressed as micromolar concentrations of NO.

Measurement of serum P. brasiliensis-specific isotypes. Levels of specific iso-
types (total IgG, IgM, IgA, IgG1, IgG2a, IgG2b, and IgG3) were measured by a
previously described ELISA (18) employing a cell-free antigen prepared by using
a pool of different P. brasiliensis isolates (Pb339, Pb265, and Pb18). The average
of the optical densities obtained with sera from control mice (PBS inoculated),
diluted 1:20, was considered the cutoff for each respective isotype. Optical den-
sities for each dilution of experimental sera were compared to control values.
The titer for each sample was expressed as the reciprocal of the highest dilution
that presented an absorbance higher than the cutoff.

Assessment of leukocyte subpopulations in lung inflammatory exudates. After
2 and 11 weeks of infection, lungs from each mouse were digested enzymat-
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ically for 30 min with collagenase (1 mg/ml) and DNase (30 pg/ml) in culture
medium (Sigma). Lung cell suspensions were centrifuged in the presence of
20% Percoll (Sigma) to separate leukocytes from cell debris. Total lung
leukocyte numbers were assessed in the presence of trypan blue using a
hemocytometer; viability was >85%. For differential leukocyte counts, sam-
ples of lung cell suspensions were cytospun (Shandon Cytospin) onto glass
slides and stained with the Diff-Quik blood stain (Baxter Scientific). A total
of 200 to 400 cells were counted from each sample. For flow cytofluorometry,
lung leukocytes were resuspended at 10°/ml in staining buffer (PBS with 0.1%
NaN; and 1% fetal calf serum) Fc receptors were blocked by unlabeled
anti-CD16/32 antibodies (BD Biosciences), and cells were stained for 20 min
at 4°C. Phycoerythrin (PE)-labeled monoclonal antibodies against CD40,
CD86, CD11b, CD25, and CD69 and fluorescein isothiocyanate (FITC)-
labeled monoclonal antibodies against IAX, CD80, CD4, and CD8 (BD Bio-
sciences) were used. Treg cells were characterized by intracellular staining for
Foxp3, using the Treg staining kit of BD Bioscience. Surface staining of
CD25" and intracellular FoxP3 expression were backgated on the CD4"
T-cell population. Cells were fixed with 1% paraformaldehyde (Sigma) and
were stored in the dark at 4°C until analysis in a flow cytometer. The acqui-
sition and analysis gates were restricted to the lymphocytes or macrophages.
The expression of leukocyte markers on the cell surface and the intracellular
expression of FoxP3 in lung-infiltrating leukocytes were analyzed in a
FACScalibur flow cytometer (BD Pharmingen) using FlowJo software
(Tristar).

Limulus amoebocyte lysate activity assay. Solutions used for the preparation
of yeast cell suspensions and the cultivation of macrophages were tested for
the presence of LPS using the Limulus amoebocyte lysate chromogenic assay
(E-TOXATE; Sigma) and always showed LPS levels lower than 0.015 endo-
toxin unit (EU)/ml.

Statistical analyses. Data were analyzed by Student’s ¢ test or two-way analysis
of variance depending on the number of experimental groups. P values under
0.05 were considered significant.

RESULTS

TLR4 deficiency leads to less-severe fungal infection of mac-
rophages, associated with decreased synthesis of NO, IL-12,
and MCP-1. Before performing fungicidal studies, we asked
whether the initial interactions between P. brasiliensis yeasts
and peritoneal macrophages from C3H/HeJ and C3H/HePas
mice were equivalent. Macrophage cultures (1 X 10° cells/
well), performed in round glass coverslips, were preactivated
with IFN-y (20 ng/ml) or not and were infected with 4 X 10*
viable yeasts (fungus/macrophage ratio, 1:25). After 4 h of
incubation, supernatants were aspirated, the monolayers were
gently washed with PBS, and the cells were stained with Gi-
emsa stain. An average of 1,000 macrophages were counted,
and the number of ingested and/or adherent yeasts was deter-
mined. As shown in Fig. 1A, TLR4-deficient macrophages
presented a lower number of associated (ingested/adhered)
yeasts than normal macrophages.

Macrophages were cultivated with P. brasiliensis yeasts for
an additional 48 h. Supernatants were removed and assayed for
the presence of nitric oxide and cytokines, and cell homoge-
nates were plated for CFU determinations. As can be seen in
Fig. 1B, TLR4 signaling resulted in increased recovery of via-
ble yeasts from untreated and IFN-y-primed macrophages. In
addition, higher levels of NO were produced by IFN-y-acti-
vated macrophages from TLR4-normal mice than by those of
TLR4-defective mice (Fig. 1C). P. brasiliensis infection of
unprimed macrophages did not induce NO production, which
was detected only in IFN-y-treated macrophages.

We further asked if TLR4 expression or signaling was in-
volved in the decreased fungal loads observed with TLR4-
defective macrophages. Since C3H/HelJ mice have a defect in
the intracellular signaling domain but a normal extracellular
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moiety, we comparatively assessed the behavior of macro-
phages genetically deficient for TLR4 expression. Thus,
TLR4 ™/~ macrophages from C57BL/6 mice were infected and
compared with their TLR4™/* counterparts. TLR4-deleted
macrophages showed decreased phagocytic ability (Fig. 1D),
and decreased numbers of viable yeasts were recovered from
killing assays (Fig. 1E). As with C3H/HeJ macrophages,
TLR4 "/~ cells produced diminished levels of NO. This result
suggested that TLR4 signaling influenced the endocytic and
killing ability of P. brasiliensis-infected macrophages.

To further characterize the role of TLR4 in P. brasiliensis in-
fection of C3H macrophages, culture supernatants obtained from
killing assays were tested for the presence of some macrophage-
activating cytokines (IL-12 and TNF-a), a deactivating cytokine
(IL-10), and a chemokine involved in mononuclear cell chemo-
taxis, MCP-1. As depicted in Fig. 2, IFN-y-treated and untreated
macrophages from TLR4-defective mice secreted lower levels of
IL-12 and MCP-1 than those of TLR4-normal mice. IL-10 and
TNF-o, however, appeared at similar levels.

In vivo, the absence of TLR4 signaling induces lower fungal
loads and diminished NO production. To study the in vivo role
of TLR4, groups of C3H/HeJ and C3H/HePas mice (six to
eight animals per group) were infected i.t. with 1 million P.
brasiliensis yeast cells and were evaluated in the course of
infection. Diminished fungal burdens were detected in the lung
tissues of mice lacking functional TLR4 at all postinfection
times (96 h and 2 and 11 weeks) assayed, as can be seen in Fig.
3A. In both strains, no fungal growth was observed in liver and
spleen tissues (data not shown). Decreased NO levels were
detected at 96 h and at week 11 after infection, although by
week 2 similar levels were observed (Fig. 3B).

Defective TLR4 signaling determines decreased inflamma-
tory reactions characterized by lower numbers of activated
macrophages and T cells. We further analyzed the phenotype
and activation of lung inflammatory cells at weeks 2 and 11 of
P. brasiliensis infection (Fig. 4). To determine the activation
profile of pulmonary macrophages, the expression of CD11b,
major histocompatibility complex (MHC) class 1T (IAK),
CD80, CD86, and CD40 antigens was assessed by flow cytom-
etry. As can be seen in Fig. 4A, all activation markers were
expressed at lower levels by deficient macrophages, although
significant differences were noticed with CD11b, the MHC
class II antigen, and CD86. To determine the lymphocyte in-
flux and the activation profile of CD4 " and CD8" T cells in the
lungs of P. brasiliensis-infected mice, we determined the ex-
pression of CD69 and CD25 by T cells freshly isolated from the
lungs. The marker CD69 is a very early activation antigen (70),
as well as CD25, the a-chain of the interleukin-2 receptor (56),
which is rapidly upregulated on activated T cells. Compared
with the control group, at week 2 of infection, TLR4-deficient
mice presented significantly reduced recruitment of CD4" and
CD8™ T cells to the lungs, and the latter subpopulation also
showed decreased expression of CD69 (Fig. 4B). Studies at
week 11 postinfection confirmed those of week 2. TLR4-nor-
mal mice presented increased numbers of CD11b™, CD11c¢™,
and CD40" macrophages (Fig. 4C), besides augmented num-
bers of CD4", CD8™", and CD8" CD69™ T lymphocytes, in the
inflammatory exudates of lungs (Fig. 4D).

The limited inflammatory reaction of TLR4-deficient mice
was associated with increased numbers of Treg cells. Because
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FIG. 1. TLR4 deficiency leads to less-severe fungal infection of macrophages (M) associated with decreased synthesis of NO. The phagocytic
and fungicidal abilities of macrophages from mice with defective TLR4 signaling (C3H/HeJ) or defective TLR4 expression (C57BL/6 TLR4 /")
were compared with those of their TLR4-normal controls (C3H/HePas and C57BL/6 TLR4™*, respectively). (A and D) For phagocytic assays,
IFN-vy-primed (20 ng/ml, overnight) and unprimed macrophage cultures were infected with P. brasiliensis yeasts at a macrophage/yeast ratio of 25:1.
The cells were cocultivated for 4 h at 37°C under 5% CO, to allow adhesion and ingestion of fungi. Cells were washed, fixed, and stained with
Giemsa stain; an average of 1,000 macrophages were analyzed, and the number of macrophages with adhered or ingested yeasts was determined.
(B and E) For fungicidal assays, IFN-y-primed and unprimed macrophages were infected with yeast cells as described for panel A. After 48 h at
37°C under 5% CO,, plates were centrifuged, and supernatants were used to determine levels of nitrite and cytokines. The monolayers were washed
with distilled water to lyse macrophages, and 100 wl of cell homogenates was assayed for the presence of viable yeasts by a CFU assay. (C and F)
Supernatants from fungicidal assays were used to determine the levels of nitrites using the Griess reagent. Data are means = standard errors of
the means for quintuplicate samples from one experiment representative of three independent determinations. *, P < 0.05.

Treg cells control the expansion of effector T cells, and because
the number and function of these cells have been shown to be
influenced by TLR4 activation (33), we investigated the pres-
ence of CD4" CD25" FoxP3™ T cells in the lung cell infiltrates
of TLR4-defective and normal mice (Fig. 5). At both postin-
fection periods studied, TLR4-defective mice showed in-
creased numbers of CD4* CD25" FoxP3™" Treg cells in their
lungs (Fig. 5).

TLR4 dysfunction leads to diminished production of proin-
flammatory and Th17 cytokines. Levels of cytokines associated
with Th1, Th2, and Th17 cells were assessed in lung homoge-
nates obtained at different periods of infection. The produc-
tion of type 1 (IL-12, TNF-a, and IFN-y) and type 2 (IL-4,

IL-5, and IL-10) cytokines, as well as that of the Th17-associ-
ated (IL-17, IL-6, TGF-B, and IL-23) cytokines, was studied
96 h, 2 weeks, and 11 weeks after infection. Mice lacking the
ability to signal through TLR4 showed early (96 h) deficient
production of IL-12, TNF-a, IL-17, and IL-6 (Fig. 6A). By
week 2, IL-17 and IL-23 appeared at lower levels in the lungs
of TLR4-defective mice (Fig. 6B). This decreased production
of cytokines was confirmed at week 11, when these mice pre-
sented decreased amounts of IL-12, IL-17, and TGF-B (Fig.
6C). Interestingly, IL-17 and MCP-1 were constantly produced
at higher levels by TLR4-normal mice (Fig. 6).
TLR4-defective mice produced lower levels of P. brasiliensis-
specific antibodies. Although in some fungal infections specific
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FIG. 3. Invivo, TLR4 dysfunction leads to less-severe fungal infec-
tion. (A) Recovery of CFU from the lungs of TLR4-defective and
TLR4-normal control mice infected i.t. with 1 X 10° yeasts. (B) Lung
homogenates were used to determine the levels of nitrites using the
Griess reagent. Data are means = standard errors of the means for
groups of six to eight mice at 96 h, 2 weeks, and 11 weeks after
infection. The results are representative of three independent experi-
ments. *, P < 0.05.

antibodies may have a protective role (19), in human and
experimental PCM antibody production is a marker of disease
severity (13, 17). Since expression of TLRs has been shown to
influence B-cell activation (30, 40), we decided to characterize
the humoral immunity of TLR4-deficient and normal mice at
week 11 postinfection. The less-severe infection of TLR4-de-
ficient mice was associated with decreased production of
I1gG1-, IgG2b-, and IgM-specific isotypes (Fig. 7).

The absence of TLR4 signaling does not increase mortality
rates but results in less-severe inflammatory reactions in the
lungs. To verify the influence of TLR4 deficiency in the disease
outcome, the mortality of P. brasiliensis-infected C3H/HeJ and
C3H/HePas mice was registered daily for a 250-day period, and
the median survival time was calculated for each strain. Sur-
prisingly, despite the significant differences in fungal burdens,
no differences between mortality data (P = 0.9) were detected
(Fig. 8A). The mean survival times of C3H/HeJ and C3H/
HePas mice were 221 and 203 days, respectively. At day 250
(35 weeks postinfection), the remaining survivors were sacri-
ficed, and the numbers of CFU in organs were determined.
Compared with those at other postinfection periods assayed,
lower fungal burdens were detected in both mouse strains, but
TLR4-normal mice still had higher pulmonary fungal loads
than TLR4-defective mice (Fig. 8B). To further characterize
the severity of P. brasiliensis infection, histopathological exam-
ination of lungs was conducted at week 11 of infection. As can
be seen in Fig. 8C and E, similar patterns of inflammatory
reactions were detected in the lungs of the two mouse strains,
but better-preserved lung tissue was seen in TLR4-defective
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TLR4-competent mice at weeks 2 and 11 of infection. Leukocyte subsets in the lung-infiltrating leukocytes (LIL) from TLR4-defective and
TLR4-normal mice inoculated i.t. with 1 million P. brasiliensis yeast cells were characterized by flow cytometry. Lungs of C3H/HePas and C3H/HeJ
mice (six to eight mice per group) were excised, washed in PBS, minced, and digested enzymatically. At weeks 2 and 11 after infection, lung cell
suspensions were obtained and stained as described in Materials and Methods. The acquisition and analysis gates were restricted to lymphocytes
or macrophages. The data are mean results from six to eight mice per group * standard errors of the means and are representative of two

independent experiments. *, P < 0.05.
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FIG. 5. TLR4-defective mice presented increased numbers of Treg
cells in the lungs. FoxP3 expression by lung lymphocytes from TLR4-
defective (C3H/HeJ) and normal (C3H/HePas) mice inoculated i.t.
with 1 million P. brasiliensis yeast cells was determined by flow cyto-
metric analysis. Lungs of six to eight mice per group were excised,
washed in PBS, minced, and digested enzymatically; at 2 and 11 weeks
after infection, cell suspensions were obtained and stained as described
in Materials and Methods. The expression of leukocyte markers on the
cell surface, as well as intracellular FoxP3 expression in lung-infiltrat-
ing leukocytes, was analyzed by flow cytometry. Surface staining of
CD25" cells and intracellular FoxP3 expression were backgated on the
CD4" T-cell population. The data are numbers of CD4* CD25*
FoxP3™" cells for individual mice (five or six per group) and are rep-
resentative of two independent experiments.

mice. The pulmonary tissue presented several confluent or
isolated granulomas of various sizes containing yeast cells with
preserved morphology (Fig. 8D and F). Large aggregates of
macrophages, rare epithelioid cells, and a poor mantle of lym-
phocytes made up the granulomas, which were usually in the
interlobular septa. Plasma cells, eosinophils, and multinucle-
ated cells were scarcely seen. The total areas of lesions were
quantified in histological sections, and the results are shown in
Fig. 8G. At week 11, the areas of lesions of TLR4-normal mice
were significantly larger than those presented by TLR4-defi-
cient mice. Thus, the higher influx of inflammatory cells ob-
served in the lungs of TLR4-normal mice was concomitant
with increased pathology of lung tissue.

DISCUSSION

The innate immune mechanisms of hosts infected with P.
brasiliensis are poorly defined, but macrophages and their
pathogen recognition receptors are thought to play a crucial
role in the initial interaction of this fungus with the immune
system (16, 26, 29, 49, 50). Despite several studies with diverse
fungal pathogens (16, 43), the role played by TLRs in para-
coccidioidomycosis is still unclear. In a previous report we
were able to show the dual role played by TLR2 in the immu-
nity to P. brasiliensis infection. TLR2 activation prevented un-
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FIG. 6. Lung homogenates of TLR4-competent mice presented in-
creased levels of proinflammatory cytokines. At 96 h, 2 weeks, and 11
weeks after i.t. infection with 10° P. brasiliensis yeast cells, lungs from
TLR4-defective and TLR4-competent mice were collected and dis-
rupted in 5.0 ml of PBS, and supernatants were analyzed for cytokine
contents by capture ELISAs. Data are mean cytokine levels * stan-
dard errors of the means (six to eight animals per group). The results
are representative of three independent experiments. *, P < 0.05.

controlled inflammatory reactions in pulmonary paracoccid-
ioidomycosis associated with increased expansion of Th17 cells
and diminished function of Treg cells (38).

Initially we characterized the influence of TLR4 on the
phagocytic and fungicidal abilities of macrophages. Both the
absence of TLR4 expression by TLR4/~ C57BL/6 mice and
defective TLR4 signaling (C3H/HeJ mice) resulted in deficient
P. brasiliensis ingestion/adherence and lower fungal loads re-
covered 48 h after cocultivation. In both deficient mouse
strains, lower levels of nitric oxide (and cytokines with C3H/
Hel cells) were detected, indicating that the lower CFU counts
recovered were not due to increased activation of phagocytes
and enhanced fungal killing but probably were due to de-
creased endocytosis of P. brasiliensis yeasts. TLRs usually do
not act as phagocytic receptors, but their engagement by
pathogen components results in strong activation of inflamma-
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FIG. 7. TLR4 deficiency determines impaired humoral immunity.
Levels of P. brasiliensis-specific antibodies in the sera of TLR4-defec-
tive (C3H/HeJ) and normal (C3H/HePas) mice at week 11 after i.t.
infection with 1 X 10° yeast cells are shown. Sera were assayed for total
IgG, IgM, IgA, IgGl1, IgG2a, IgG2b, and IgG3 by using an isotype-
specific ELISA as detailed in Materials and Methods. Data are mean
serum titers (log,) * standard errors (six to eight mice per group). *,
P < 0.05 for comparison with controls.
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tory responses (8, 9). There are, however, several examples
demonstrating that cell signaling can influence endocytosis and
vice versa (20, 23). Indeed, TLR4 was shown to actively par-
ticipate in bacterial phagocytosis (4) and to be rapidly inter-
nalized by human monocytes after in vitro interaction with P.
brasiliensis yeasts or A. fumigatus conidia (10, 21). In addition,
a recent paper has clearly demonstrated that TLR4 and TLR2
synergize with class A scavenger receptor to mediate phagocy-
tosis of Gram-negative and Gram-positive bacteria, respec-
tively (3). Thus, we can suppose that TLR signaling facilitated
the endocytosis of P. brasiliensis and further induced the acti-
vation of proinflammatory pathways, which, however, were not
sufficient to control the early increased fungal loads. Since
equivalent results were obtained with macrophages lacking
TLR4 expression, we believe that TLR4 signaling could have
influenced phagocytosis mediated by another pathogen recep-
tor. Although our experiments have not identified the main
PRR involved in initial P. brasiliensis recognition (particularly
due to the number and complexity of components that com-
prise fungal cell walls), we have clearly demonstrated that
TLR4 participates in the activation of innate immune cells
required for the initial interaction with P. brasiliensis yeasts.
Our in vitro findings were validated by in vivo experiments,
which demonstrated that early in infection, TLR4-normal mice
presented higher fungal loads than their TLR4-defective coun-
terparts and that this was accompanied by increased activation
of the immune system. Additional experiments with PRR ago-
nists and antagonists using TLR4-normal and -deficient cells
are needed, however, to further clarify the role of TLRs in
pulmonary PCM.

Our in vivo data showed that mice expressing defective
TLR4 developed a less-severe infection associated with lower
production of nitric oxide and cytokines and less migration of
inflammatory cells to the site of infection. The decreased pres-
ence of activated macrophages expressing CD11b, CDS86,
CD40, and MHC class II molecules was concomitant with
reduced synthesis of MCP-1. In addition, the diminished pres-
ence of CD4™ T cells and recently activated CD69" CD8" T
cells in the lungs of TLR4-defective mice demonstrates that
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FIG. 8. Compared with TLR4-normal mice, TLR4-defective mice present decreased fungal loads and lung pathology but equivalent survival
times. (A) Survival times of TLR4-defective and control mice after i.t. infection with 1 X 10° P. brasiliensis yeast cells were determined for a period
of 250 days. No significant differences were seen between the median survival times of the two mouse strains. The results are representative of two
independent experiments. (B) By 250 days after infection, survivor mice (three to six per group) were sacrificed, and CFU counts in tissues were
determined. No viable yeasts were recovered from livers and spleens. (C to F) Photomicrographs of pulmonary lesions of TLR4-competent
C3H/HePas mice (C and D) and TLR4-defective C3H/HeJ mice (E and F) at week 11 of infection with 1 million P. brasiliensis yeasts. At this
period, the morphology of lesions was equivalent in the two mouse strains; fungal cells were surrounded by confluent or isolated granulomas
scattered through the lung tissue. Lesions were stained with H&E (C and E) or with Grocott stain (D and F); magnification, X100. (G) Total areas
of lesions in the lungs of mice (n = 10) at week 11 after infection. *, P < 0.05.
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TLR4 signaling is necessary to the proper activation of adap-
tive immunity to P. brasiliensis and enhanced migration of
inflammatory cells into the lungs. Consistent with these obser-
vations, several reports have demonstrated that TLR4 signal-
ing is needed for the activation and maturation of dendritic
cells, which acquire the competent phenotype to preferentially
differentiate naive T cells to the Th1l or Th17 pattern (57, 64,
65). No differences in Th1l and Th2 cytokines, however, were
detected in lung homogenates. The increased production of
IL-12 and TNF-a concomitant with unaltered synthesis of Th2
cytokines (IL-4, IL-5, and IL-10) indicated, however, that
TLR4 signaling promoted a cytokine milieu biased toward a
proinflammatory balance. This cytokine response could have
protected C3H/HePas mice from high fungal burdens due to
the enhanced fungicidal mechanisms of activated phagocytes.
Indeed, in experimental and human PCM, cytokine-activated
phagocytes (activated mainly by IFN-y, IL-12, and TNF-a)
were shown to be the most important effector cells against P.
brasiliensis infection (36, 39, 46, 55). Our data on cytokine
production showed an additional fact not previously reported
in PCM. The expression of TLR4 facilitated the expansion of
IL-17-producing cells, since IL-17 and other Th17-associated
cytokines (IL-6 and IL-23) appeared at higher levels in the
lungs of TLR4-competent mice. In our previous report, we
could verify that the absence of TLR2 signaling induced en-
hanced expansion of Th17 cells and that both CD4" and CD8™
T cells displayed intracellular IL-17 (38). Further studies of the
TLR4-deficient model will help us to characterize the pheno-
type of cells involved in IL-17 production.

TLR4 ligation is important for the activation of Th1 or Th17
responses (65), while TLR4-deficiency can lead to increased
expansion of CD4" CD25™" regulatory T cells (47, 48). When
the presence of Treg cells in the lungs of Toll-deficient and
control mice at weeks 2 and 11 of infection was assessed,
increased numbers of CD4" CD25" FoxP3™" cells were found
in the lungs of TLR4-defective mice. This finding was associ-
ated with decreased fungal loads and diminished influx of
inflammatory cells to the site of infection. Since Treg cells have
been shown to control the inductive and effector phases of
immunity against pathogens (5), we can suppose that Treg cells
could have negatively controlled the expansion and migration
of P. brasiliensis-specific T cells to the lungs. Thus, the advan-
tage of low fungal loads conferred by TLR4 deficiency ap-
peared to be negatively compensated for by deficient T-cell
immunity and increased numbers of Treg cells, which appear
to hamper the total clearance of fungal cells from the lungs.

At week 11 of infection, decreased levels of IL-12 were
detected, probably due to the decreased migration of macro-
phages to the lungs. Interestingly, in C3H/HelJ mice, decreased
levels of IL-17 were concomitant with diminished levels of
TGF-B, indicating that another cytokine or costimulatory sig-
nal could have participated in the increased expansion of Treg
cells (27).

Since the expression of TLRs has been shown to influence
B-cell activation (40), we decided to analyze the levels of
anti-P. brasiliensis isotypes in our model and observed an im-
paired humoral immune response in TLR4-defective mice. At
week 11 of infection (Fig. 7), TLR4-deficient mice produced
lower levels of IgG1l-, IgG2b-, and IgM-specific antibodies.
This could be due to the diminished fungal loads or the de-
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creased production of cytokines observed in this mouse strain.
Alternatively, since almost all TLR ligands were recently
shown to induce the expansion and differentiation of B cells
(30), we can suppose that TLR4 agonists present in P. brasil-
iensis yeasts could have exerted a stimulatory effect on B cells
of TLR4-normal mice, resulting in increased humoral immu-
nity. Independently of the mechanisms used, this is the first
demonstration on the stimulatory role of TLR4 in the humoral
immunity of P. brasiliensis-infected hosts.

TLR4 recognizes LPS of Gram-negative bacteria and favors
Thlimmunity due to the increased ability of LPS-stimulated
DCs to produce IL-12 and TNF-a (51). In some fungal infec-
tions, however, cell wall polysaccharides have been reported to
function as TLR agonists (42, 63). To our knowledge, no stud-
ies of paracoccidioidomycosis have addressed the characteriza-
tion of TLR agonists. Although LPS or LPS-like components
have not been characterized in P. brasiliensis, a few investiga-
tions have described the presence of polysaccharides, lipids,
and glycolipids in P. brasiliensis cell walls (35, 61). The alkali-
soluble fraction of P. brasiliensis cell walls has been shown to
contain a high proportion of galactomannan (35), and it is
tempting to suppose that this component could play a role in
TLR4 activation.

Dectin and TLR4 signaling by microbial agonists has been
reported to induce prevalent expansion of Th17 cells (1, 22, 34,
37). In our model, mice that possessed functional TLR4 were
shown to have increased levels of IL-17 and other Th17-asso-
ciated cytokines in their lungs. Although not investigated in the
present work, IL-17-mediated immunity has been shown to
exert deleterious or protective effects in infectious processes
(54, 58). Actually, Th17 immunity can protect hosts due to its
proinflammatory and chemotactic effect on polymorphonu-
clear (PMN) cells. Conversely, the enhanced oxidative metab-
olism and increased synthesis of metalloproteinases can result
in tissue pathology and a detrimental effect on the hosts (11,
68, 69). In our previous work on the role of TLR2 in pulmo-
nary PCM, we could demonstrate the dual role of Th17 im-
munity. The increased presence of inflammatory neutrophils
conferred immune protection by reducing fungal loads but also
resulted in tissue pathology equivalent to that induced by
higher fungal burdens (38).

Mortality studies, unexpectedly, demonstrated that TLR4
signaling does not influence disease outcome, since TLR4-
competent and -deficient mice presented equivalent survival
times. In the course of the disease, both mouse strains were
able to control fungal growth and to develop granulomatous
reactions. However, the higher fungal loads, the enhanced
Tcell immunity, and the lower expansion of Treg cells resulted
in more-extensive inflammatory lesions, which exerted a dele-
terious effect on the lungs of TLR4-normal mice. On the other
hand, the inefficient T-cell immunity of TLLR4-deficient mice,
tightly controlled by Treg cells, was not sufficient to totally
clear the diminished fungal loads of TLR4-defective mice,
abolishing the initial advantage conferred by their defective
phagocytic ability. In sum, our findings indicate that high fun-
gal loads accompanied by enhanced inflammatory responses
mediated by uncontrolled T-cell immunity are equivalent to
low fungal loads poorly controlled by a deficient T-cell re-
sponse. Both mechanisms of immunity result in the chronic
evolution of infection and equivalent mortality rates.
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