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The mechanisms that govern the initial interaction between Paracoccidioides brasiliensis, a primary dimor-
phic fungal pathogen, and cells of the innate immunity need to be clarified. Our previous studies showed that
Toll-like receptor 2 (TLR2) and TLR4 regulate the initial interaction of fungal cells with macrophages and the
pattern of adaptive immunity that further develops. The aim of the present investigation was to assess the role
of MyD88, an adaptor molecule used by TLRs to activate genes of the inflammatory response in pulmonary
paracoccidioidomycosis. Studies were performed with normal and MyD88 ™/~ C57BL/6 mice intratracheally
infected with P. brasiliensis yeast cells. MyD88 ™'~ macrophages displayed impaired interaction with fungal
yeast cells and produced low levels of IL-12, MCP-1, and nitric oxide, thus allowing increased fungal growth.
Compared with wild-type (WT) mice, MyD88 ™/~ mice developed a more severe infection of the lungs and had
marked dissemination of fungal cells to the liver and spleen. MyD88 ™'~ mice presented low levels of Th1, Th2,
and Th17 cytokines, suppressed lymphoproliferation, and impaired influx of inflammatory cells to the lungs,
and this group of cells comprised lower numbers of neutrophils, activated macrophages, and T cells. Nonor-
ganized, coalescent granulomas, which contained high numbers of fungal cells, characterized the severe lesions
of MyD88~/~ mice; the lesions replaced extensive areas of several organs. Therefore, MyD88~'~ mice were
unable to control fungal growth and showed a significantly decreased survival time. In conclusion, our findings
demonstrate that MyD88 signaling is important in the activation of fungicidal mechanisms and the induction

of protective innate and adaptive immune responses against P. brasiliensis.

Toll-like receptors (TLRs), one of the most important
groups of innate immune receptors, have been shown to par-
ticipate in the recognition of several pathogens (9, 19, 34).
These receptors have been characterized as a family of evolu-
tionarily conserved type I transmembrane proteins displaying
leucine-rich extracellular domains. The cytoplasmic portions of
TLRs are homologous to the intracellular signaling domain of
the interleukin 1 (IL-1) receptor, and they are known as TIR
domains. Intracellular pathways are activated by TLRs through
the homophilic interactions of their TIR domains with those of
adaptor proteins, the best characterized of which is myeloid
differentiation factor 88 (MyD88). This adaptor protein is used
by all TLRs except TLR3. MyDSS signaling leads to the acti-
vation of protein kinases and the expression of transcription
factors that trigger the expression of genes involved in the
inflammatory response (19, 27). In addition, the IL-1R family
of cytokine receptors, including IL-18R and IL-33R, contains
intracellular TIR domains and, like the majority of TLRs, uses
MyD88 as an adaptor molecule to activate cells and induce the
expression of specific genes such as the IL-1B, IL-6, and tumor
necrosis factor alpha (TNF-a) genes (1, 11, 26).

IL-1B, IL-18, and IL-33 are members of the IL-1 family of
inflammatory cytokines and are involved in the differentiation
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of the Th17, Th1, and Th2 immune responses, respectively (11,
26). Interestingly, MyD88-dependent TLR signaling has been
implicated in the transcription of pro-IL-1B and pro-IL-18, the
inactive precursors of IL-18 and IL-18, which are then cleaved
to their active forms by different host- or pathogen-derived
proteases (1, 26). Thus, deficient MyD88 signaling can affect
multiple pathways of cell activation and cytokine production
and can influence the development of innate and adaptive
immune responses against pathogens.

Several studies have demonstrated the importance of
MyDS8S8 signaling in the immunoprotection against fungal in-
fections caused by Aspergillus fumigatus, Candida albicans, and
Cryptococcus neoformans (2, 5, 12). This adaptor molecule was
shown to regulate the fungicidal mechanisms, the production
of cytokines, and the activity of effector and Treg cells and to
affect the efficiency of the immunological mechanisms induced
by these pathogens.

Paracoccidioidomycosis (PCM) is a systemic granulomatous
disease caused by the dimorphic fungus Paracoccidioides brasil-
iensis, which constitutes the most prevalent deep mycosis in
Latin America (16). The molecular mechanisms controlling
the initial steps of P. brasiliensis and phagocyte interactions are
not well understood. It is known, however, that unstimulated
macrophages are permissive to P. brasiliensis growth while cy-
tokine-activated macrophages are able to control P. brasiliensis
proliferation (6, 8).

In previous work, our group demonstrated the role of TLR2
in pulmonary PCM. TLR2 deficiency leads to increased Th17
immunity associated with diminished expansion of Treg cells
and increased lung pathology due to unrestrained inflamma-
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tory reactions (23). In addition, a more severe P. brasiliensis
infection associated with increased production of Th17 cyto-
kines, enhanced proinflammatory immunity, and impaired ex-
pansion of regulatory T cells was shown to be regulated by
TLR4 expression (22). Moreover, TLR2, TLR4, and dectin-1
were suggested to be involved in the recognition and internal-
ization of P. brasiliensis by human monocytes and neutrophils,
indicating an important role for these pathogen receptors in
the immune response against the fungus (3). Another group,
however, reported that MyD88 is not essential for an effective
defense against a systemic P. brasiliensis infection (17).

In the present work, we verified that the absence of MyD88
signaling by peritoneal macrophages resulted in decreased fungi-
cidal ability associated with diminished synthesis of IL-12 and
nitric oxide (NO). Accordingly, after pulmonary infection,
MyD88 "/~ mice presented a severe infection, decreased levels of
pulmonary Th1, Th2, and Th17 cytokines, impaired lymphopro-
liferative response, diminished expansion of Treg cells, and high
mortality rates associated with extensive fungal lesions that af-
fected several organs. Altogether, our findings demonstrate that
the MyD88 adaptor molecule plays an important role not only in
the fungicidal mechanisms of innate immune cells but also in the
induction of the effector and regulatory cells of the adaptive
immune response against this fungal pathogen.

MATERIALS AND METHODS

Fungus. P. brasiliensis Pb18, a highly virulent isolate, was used throughout this
investigation (18). Pb18 yeast cells were maintained by weekly subcultivation in
semisolid culture medium. Washed yeast cells were adjusted to 20 X 10° cells/ml
(in vivo infection) and 4 X 10* cells/ml (in vitro infection) based on hemocytom-
eter counts. Viability was determined with Janus Green B vital dye (Merck) and
was always higher than 85%.

Mice and i.t. infection. MyD88 ™/~ mice on a C57BL/6 background were kindly
provided by S. Akira (Osaka University, Japan). C57BL/6 control (wild-type
[WT]) mice were obtained from our Isogenic Breeding Unit (Departmento de
Imunologia, Instituto de Ciéncias Biomédicas, Universidade de Sao Paulo, Sao
Paulo, Brazil) and used at 8 to 12 weeks of age. Mice were anesthetized and
subjected to intratracheal (i.t.) P. brasiliensis infection as previously described (10).
Briefly, after intraperitoneal anesthesia, the animals were i.t. infected with 10° P.
brasiliensis yeast cells, contained in 50 pl of phosphate-buffered saline (PBS). Mice
were studied at 48 h and 8 weeks postinfection. The experiments were approved by
the Ethics Committee on Animal Experiments of our institution.

PI labeling of P. brasiliensis yeast cells. P. brasiliensis yeast cells were washed
in PBS and heat killed at 60°C for 1 h. Before the labeling, the yeast suspension
was sonicated using 3 cycles of 10 s each (21% amplitude) with Sonics (Vibra Cell
VCX 750; Sonics & Materials) to eliminate aggregates. The yeast cells were
washed, adjusted to 1 X 10° cells/ml in PBS, and then incubated with propidium
iodide (PT; 100 pg/ml; Sigma) for 30 min at 37°C. The yeast suspension was then
washed three times with PBS and stored at 4°C.

Phagocytic and fungicidal assays. Thioglycolate-induced peritoneal macro-
phages were isolated by adherence (2 h at 37°C in 5% CO,) to plastic-bottom
tissue culture plates (1 X 10° cells/well in 24-well plates for fungicidal assays).
Macrophages were washed to remove nonadherent cells and cultivated overnight
with fresh complete medium (Dulbecco’s modified Eagle’s medium [DMEM];
Sigma) containing 10% fetal calf serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin in the presence or absence of recombinant gamma interferon
(IFN-vy; 20 ng/ml in culture medium; BD Pharmingen). For phagocytic assays,
macrophage cultures were infected with P. brasiliensis yeast cells labeled with
propidium iodide (PI) at a macrophage/yeast ratio of 1:1. The cells were cocul-
tivated for 2 h at 37°C in 5% CO, to allow fungal adhesion and ingestion.
Supernatants were removed and cells washed with PBS to remove any non-
ingested or nonadhered yeast cells. Cells were then harvested and the macro-
phages were then labeled with anti-CD11b fluorescein isothiocyanate (FITC;
eBioscience) for 20 min at 4°C. As P. brasiliensis yeast cells have high levels of
variability in size and granularity (different sizes, numbers of buds, and numbers
of nuclei), the granulocyte gates as defined by size (forward scatter [FSC]) and
granularity (side scatter [SSC]) to determine the macrophage population were
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not used. The total cells present in the samples were analyzed by flow cytometry
(FACSCalibur; BD Pharmingen). For fungicidal assays, IFN-y-primed and
unprimed macrophages were infected with P. brasiliensis yeast cells at a macro-
phage/yeast ratio of 25:1 and cocultivated for 2 h. The monolayers were then
washed to remove nonadherent cells and incubated for an additional 48-h period.
Plates were centrifuged (400 X g, 10 min, 4°C) and supernatants obtained and
stored at —70°C and further analyzed for the presence of nitrite and cytokines.
The wells were washed with distilled water to lyse macrophages and suspensions
collected in individual tubes. One hundred microliters of cell homogenates was
assayed for the presence of viable yeast cells. All assays were done with five wells
per condition in more than three independent experiments.

CFU assays, mortality rates, and histological analysis for determining severity
of infections. The numbers of viable microorganisms in cell cultures and infected
organs (lungs, liver, and spleen) from experimental and control mice were de-
termined by counting the number of CFU. Animals from each group were
sacrificed, and the enumeration of viable organisms was done as previously
described (31). The numbers (log,) of viable P. brasiliensis per gram of tissue (in
vivo) or per ml of cell homogenate (in vitro) are expressed as the means *
standard errors. Mortality studies were done with groups of 9 or 10 mice inoc-
ulated i.t. with 1 X 10° yeast cells or PBS. Deaths were registered daily, and
experiments were repeated twice. For histological examinations, the left lung of
the infected mouse was removed, fixed in 10% formalin, and embedded in
paraffin. Five-micrometer sections were stained by hematoxylin-eosin (H&E) for
an analysis of the lesions and silver stained (Grocott stain) for fungal evaluation.
Pathological changes were analyzed based on the size, morphology, and cell
composition of granulomatous lesions, the presence of fungi, and the intensity of
the inflammatory infiltrates. Morphometrical analysis was performed using a
Nikon DXM 1200c digital camera (magnification of xX100) and Nikon NIS
Elements AR 2.30 software. The area of lesions was measured (in pm?) using 10
microscopic fields per slide for 6 animals per group. Results were expressed as
the means = standard errors for the total area of lesions for each animal.

Measurement of cytokines and NO. Supernatants from lung homogenates or
cell cultures were separated and stored at —70°C. Cytokines (IL-1pB, IL-33,
transforming growth factor B [TGF-B], IL-4, IL-5, 1L-23, IL-17, IL-12, IL-10,
IL-6, TNF-a, and IFN-y) levels were measured by a capture enzyme-linked
immunosorbent assay (ELISA) with antibody pairs purchased from eBioscience
or 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
accumulation of nitrite in the supernatants from in vitro and in vivo protocols by
a standard Griess reaction (13). All determinations were performed in duplicate
and expressed in uM NO.

Quantitative analysis of IL-18 mRNA expression. RNA was extracted from
infected lungs using Trizol reagent (Invitrogen), and cDNA was synthesized from
2 ng RNA using a high-capacity RNA-to-cDNA kit (Applied Biosystems) ac-
cording to the manufacturer’s instructions. IL-18 mRNA expression was quan-
tified relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion using assay-on-demand primers and probes, TagMan universal master mix,
and an ABI Prism 7000 apparatus (Applied Biosystems).

Assessment of leukocyte subpopulations in lung inflammatory exudates. After
48 h and 8 weeks of infection, lungs from each mouse were digested enzymati-
cally for 30 min with collagenase (1 mg/ml) and DNase (30 wg/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, samples of lung cell sus-
pensions were cytospun (Shandon Cytospin) onto glass slides and stained by 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° cells/ml in staining buffer (PBS-0.1% NaN3-1% fetal calf serum) Fc
receptors were blocked by unlabeled anti-CD16/32 antibodies (BD Biosciences)
and cells stained for 20 min at 4°C. Phycoerythrin (PE)-labeled anti-CD40,
CD86, CD69, and dectin-1, fluorescein isothiocyanate (FITC)-labeled anti-IAK,
CD80, TLR-2, TLR-4, and CD4, and Alexa Fluor 488 anti-CD25, PE-Cy7 anti-
CD4, and peridinin chlorophyll protein (PerCP) complex-Cy5.5 anti-CD11b and
anti-CD8 monoclonal antibodies (MAbs; BD Biosciences) were used. Cells were
fixed with 1% paraformaldehyde (Sigma) and stored in the dark at 4°C until they
were analyzed in a flow cytometer. The acquisition and analysis gates were
restricted to the lymphocytes or macrophages. Treg cells were characterized by
intracellular staining for Foxp3, using a Treg staining kit from BD Biosciences.
Surface staining of CD25" and intracellular FoxP3 (PE) expression were back-
gated on the CD4" T cell population. For intracellular cytokine (IL-4, IFN-y,
and IL-17) staining, cells were stimulated for 6 h in complete medium in the
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presence of 50 ng/ml phorbol 12-myristate 13-acetate, 500 ng/ml ionomycin (both
from Sigma-Aldrich), and monensin (3 mM; eBioscience). After surface staining
for CD4 (Pacific Blue anti-CD4) and CD8 (Alexa Fluor 488 anti-CD8), cells
were fixed, permeabilized, and stained by PerCP-Cy5.5 anti-IFN-y, PE-Cy7 anti-
IL-4, and PE anti-IL-17 antibodies (eBioscience, San Diego, CA). The cell
surface expression of leukocyte markers as well as intracellular expression of
FoxP3, IL-4, IFN-v, and IL-17 in lung-infiltrating leukocytes (LIL) were analyzed
with a FACSCanto flow cytometer (BD Pharmingen) using the FlowJo software
program (Tree Star, Inc., Ashland, OR).

Lymphoproliferation assay. Cells were assayed for proliferation using an in
vitro fluorescence-based assay. Briefly, 1 X 10° cells from spleens were stained
with 1 ul (5 mM) of carboxyfluorescein diacetate-succinimidyl ester (CFSE;
Molecular Probes) in PBS and 5% fetal calf serum for 15 min at room temper-
ature. Stained cells were cultured for 3 days in the presence of anti-CD3 antibodies
(0.3 pg/ml), anti-CD28 monoclonal antibodies (2.5 pg/ml) (BD Biosciences), or P.
brasiliensis soluble antigen (100 pg/ml). A minimum of 100,000 events were acquired
with a FACSCalibur flow cytometer using Cell-Quest software (BD Pharmingen).
The proliferation index (p) was calculated as the mean fluorescence intensity (MFI)
of unstimulated cultures/MFI of stimulated cultures.

Statistical analysis. Data were analyzed by Student’s ¢ test or two-way analysis of
variance depending on the number of experimental groups. Differences between
survival times were determined with the log rank test using GraphPad Prism 5 for
Windows (GraphPad Software). P values under 0.05 were considered significant.

RESULTS

MyD88 deletion leads to a less pronounced response of
macrophages to P. brasiliensis infection. Macrophage cultures
(1 X 10°Awell) performed in 24-well plates were preactivated or
not with IFN-y (20 ng/ml) and infected with 1 X 10° heat-killed
PI-labeled yeast cells/well (1:1 fungus/macrophage ratio). Af-
ter 2 h of incubation, supernatants were aspirated, the mono-
layer was gently washed with PBS, and the cells were har-
vested. To determine the number of ingested/adhered Pb yeast
cells, macrophages were incubated with FITC-labeled anti-
CD11b and analyzed by flow cytometry. Compared with the
level for WT macrophages, a lower number of yeast cells were
associated (ingested/adhered) with MyD88 /" macrophages
(Fig. 1A and C). The same was observed with IFN-y-primed
macrophages (Fig. 1B and C).

Macrophages were cultivated with P. brasiliensis yeast cells
for an additional 48-h period. Supernatants were removed and
assayed for the presence of nitric oxide and cytokines and cell
homogenates plated for CFU determinations. As shown in Fig.
1D, the absence of MyDS8S8 signaling led to increased recovery
of viable yeast cells from untreated and IFN-y-primed macro-
phages (20 ng/ml). In addition, higher levels of NO were pro-
duced by macrophages from WT mice than by those from
MyD88 /™ mice (Fig. 1E).

When cytokines in macrophage supernatants were mea-
sured, no differences in IL-10 and TNF-a were observed, but
IL-12 was produced in decreased concentrations by MyD88 ™/~
macrophages. The same occurred with the MCP-1 chemokine
(Fig. 2).

Absence of MyD88 signaling increases mortality rates asso-
ciated with increased fungal loads and tissue pathology. To
assess the influence of MyDS88 deficiency in the disease out-
come, the mortality of P. brasiliensis-infected MyD88 ™/~ and
WT (n =9 or 10) mice was registered daily after infection with
1 X 10° P. brasiliensis yeast cells. As shown in Fig. 3A, at the
70th day of infection, all (10) MyD88 '~ mice were dead. In
the same period, 6 out of 9 WT mice were still alive.

After infection of groups (n = 6 to 8) of MyD88 ™/~ and WT
mice i.t. with 1 X 10° P. brasiliensis yeast cells, the severity of
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infection was assessed at early (48-h) and late (8-week) periods
of the disease. As soon as 48 h after infection, MyD88 ™/~ mice
presented increased fungal loads in the lungs (Fig. 3B). At a
later time (week 8), increased fungal burdens were recovered
from lungs, livers, and spleens of MyD88 /'~ mice. The most
striking differences in fungal loads were seen in the livers. No
P. brasiliensis growth was detected in WT mice, whereas almost
1 million yeast cells were recovered from MyD88 ™'~ mice (Fig.
3C). The augmented fungal burden of MyD88 '~ mice ob-
served in the lungs at 48 h of infection was accompanied by low
levels of pulmonary NO (Fig. 3D). At week 8, however, ele-
vated levels of NO were detected in the liver homogenates of
MyD88 '~ mice, which presented marked fungal loads (Fig.
3E). No measurable levels of NO were detected in the spleens
of both mouse strains.

To better characterize the severity of P. brasiliensis infection,
histopathological examination of lungs, livers, and spleens was
done at week 8 of infection. As can be seen in Fig. 4, a more
severe infection with intense destruction of tissue was observed
in MyD88 '~ mice. Pulmonary lesions in MyD88 ™/~ mice re-
placed the largest part of normal tissue and were composed of
confluent necrotic lesions of various sizes containing many
budding yeast cells, surrounded by a small number of inflam-
matory mononuclear cells (Fig. 4G and H). The lesions in the
lungs of WT mice (Fig. 4A) occupied a smaller area and were
composed of sometimes confluent, organized granulomas of
smaller sizes. Besides, the reduced numbers of fungal cells
were surrounded by intense inflammatory reactions (Fig. 4A
and B). The livers and spleens of WT mice presented a normal
morphology (Fig. 4C to F), in contrast to those MyD88 "/~
mice which contained wide necrotic lesions with an elevated
number of yeast cells accompanied by surrounding inflamma-
tory exudates (Fig. 41 to L). The total areas of lesions in
histological sections were quantified and are shown in panel M
of Fig. 4. At week 8, the areas of lesions of MyD /"~ mice were
significantly larger than those of WT mice. Thus, the higher
level of fungal growth observed in the organs of MyD88 ™/~
mice was concomitant with increased tissue pathology.

MyDS88-deficiency results in reduced levels of pro- and anti-
inflammatory cytokines. Forty-eight hours after infection, at
the innate phase of immunity, reduced levels of IL-12 and
IL-1p were detected in the lungs of MyD88 ™/~ mice (Fig. 5).
At week 8, reduced concentrations of 1L-12, 1L-4, IL-5, IL-10,
TGF-B, IL-17, IL-23, IL-1pB, and IL-33 were detected in the
lungs of MyD88~/~ mice (Fig. 6A). Besides these cytokines,
MyD88-deficient mice presented decreased levels of hepatic
IL-6 (Fig. 6B). When splenic cytokines were measured, only
reduced levels of TNF-a concomitant with elevated levels of
IL-10 were detected in MyD88 ™/~ mice (Fig. 6C). The mes-
sage for IL-18 was also detected in the lungs, and impaired
expression was detected in the lungs at week 8 but not at the
early postinfection period (48 h) of infection (Fig. 6D).

MyD88 '~ mice exhibit decreased recruitment of PMN leu-
kocytes to the lungs. To better characterize the inflammatory
reaction at the site of infection, leukocyte recruitment to the
lung tissues of P. brasiliensis-infected MyD88 ™'~ and WT mice
was studied at several postinfection periods. As can be seen in
Fig. 7, lower frequencies (left panels) and numbers (right pan-
els) of polymorphonuclear (PMN) cells were observed in the
lungs of MyD88/~ mice than in their normal controls. No
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FIG. 1. Macrophages from MyD88 '~ mice have a decreased ability to interact with P. brasiliensis yeast cells. For phagocytic assays, unprimed
(A, C) and IFN-y-primed (20 ng/ml, overnight) (B, C) peritoneal macrophages from MyD88 '~ and WT C57BL/6 mice were infected with 1 X
10%well heat-killed PI-labeled yeast cells (1:1 fungus/macrophage ratio). After 2 h, the supernatants were aspirated, the cells washed, and harvested
macrophages labeled with FITC anti-CD11b antibodies and analyzed by flow cytometry. Four different cell populations were identified (regions
a to d). (a) Single positive FITC-labeled cells (CD11b" cells that do not phagocytose or adhere to Pb-PI); (b) double-positive cells (PI-Pb-FITC
macrophages); (c) dead cells; and (d) nonphagocytosed PI-Pb. For fungicidal assays, IFN-y-primed and unprimed peritoneal macrophages were
infected with P. brasiliensis yeast cells at a macrophage/yeast ratio of 25:1. After 48 h of cocultivation, the supernatants were obtained to
characterize NO and cytokine production; monolayers were lysed and assayed for the presence of viable yeast cells by a CFU assay (D).
Supernatants were used to determine the levels of nitrites using the Griess reagent (E). Data are means * standard errors of the means (SEM)
of results from quintuplicate samples from one experiment representative of three independent determinations. # and *, P < 0.05.

important differences were noted in the total counts of lym-
phocytes and macrophages, except the significantly elevated
numbers of lymphocytes in the Iungs of WT mice at week 6
after infection (Fig. 7).

Absence of MyD88 signaling determines decreased numbers
of activated mononuclear phagocytes and T cells. We have
further analyzed the phenotype and activation status of lung
infiltrating leukocytes at week 8 of P. brasiliensis infection (Fig.
8). To determine the activation profile of pulmonary mononu-
clear phagocytes (macrophages and dendritic cells), the ex-
pression of CD11b, major histocompatibility complex (MHC)
class II (IA®), CD80, CD86, CD40, dectin-1, TLR2, and TLR4
molecules was assessed by flow cytometry. As can be seen in
Fig. 8A and B, besides diminished frequencies and numbers of
CD11b" cells, MyD88 '~ mice presented decreased presence

of cells expressing IA and CD40 markers. No differences in
CD80, CDS86, dectin-1, TLR2, and TLR4 expression by
CD11b* phagocytes were detected. When lymphocytes were
characterized, a significantly reduced recruitment of CD4*
CD25% and CD8" CD69" T cells to the lungs of MyD88 '~
mice was detected (Fig. 8C and D). The presence of CD4*
CD25" FoxP3™" T cells was characterized by flow cytometry in
the CD4* subpopulation of lung-infiltrating lymphocytes. Sur-
face staining of CD25" and intracellular FoxP3™ expression
were back-gated on the CD4" T cell population. As can be
seen in Fig. 8C and D, diminished frequencies and numbers of
CD4" CD25" FoxP3™ T cells were observed in the lung in-
flammatory lymphocytes of MyD88~/~ mice. Thus, in pulmo-
nary PCM, MyD88 signaling appears to affect the induction of
effector and regulatory T cells.
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FIG. 3. Absence of MyDS8S signaling increases mortality rates and
tissue fungal burdens. (A) Survival times of MyD88™/~ (n = 9) and
WT (n = 10) mice after i.t. infection with 1 X 10° P. brasiliensis yeast
cells was determined in a period of 70 days. The results are represen-
tative of two independent experiments. *, P < 0.05. (B and C) Recov-
ery of fungal loads (CFU) from organs of MyD88/~ and WT mice.
The bars represent mean = SEM log,, numbers of CFU obtained from
groups of 6 to 8 mice at 48 h (B) and 8 weeks (C) after infection. Levels
of NO (nM) present in tissue homogenates obtained 48 h (D) and 8
weeks (E) after fungal infection. The results are representative of
three experiments with equivalent results. *, P < 0.05.

MyD88~'~ mice present an impaired lymphoproliferative
response. To characterize the proliferative activity of lympho-
cytes, spleen cells were obtained from WT and MyDS88 '~
mice at week 8 of infection. CFSE-labeled lymphocytes were in
vitro stimulated with P. brasiliensis antigen and anti-CD3 and
anti-CD28 MAbs and cultivated for 72 h. As presented in
Table 1, with all stimuli used, the lymphoproliferative response
of MyD88~/~ splenocytes was lower than that of WT mice.
This experiment indicates that MyD88 '~ mice mount a defi-
cient T cell response as revealed by the diminished migration
of T cells to the site of infection and the impaired lymphopro-
liferative activity detected.

MyD88~'~ mice present decreased numbers of Th17 cells in
the lungs. To better clarify the importance of MyD88 signaling
in the polarization of T cell responses, the phenotypes of IL-17,
IFN-v, and IL-4-producing cells were defined in the inflam-
matory infiltrates of lungs at week 8 postinfection. These cy-
tokines were assessed by intracellular staining in NK, Tv8,
CD47, and CD8" T cells. As shown in Fig. 9, significantly
diminished frequencies and numbers of CD4" IL-17" T cells
were detected in the lungs of MyD88 '~ mice. Despite the
increased percentages of CD4" IFN-y*, CD4" IL-4", and
CD8™IL-4™" cells, no significant increases in the total numbers
of these cells were detected in MyD88 ™/~ mice. NK and T8
cells were negative for all intracellular cytokines assayed.
These findings indicate that absence of MyD88 signaling in-
duces a marked impairment of Th17 immunity of P. brasilien-
sis-infected hosts.

DISCUSSION

The ability to interact with distinct conserved molecules of
pathogens makes TLRs key elements of innate immunity (27).
Due to the broad activities of MyD88, infections in MyD88 ™/~
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FIG. 4. Photomicrographs of lesions of WT (A to F) and MyD88 /™ (G to L) mice at week 8 of infection with 1 X 10° P. brasiliensis yeast cells.
Compared with those of MyD88/~ mice (G), the pulmonary lesions of WT mice (A) were smaller (arrows) and composed of organized
granulomas containing lower numbers of yeast cells (B). The pulmonary lesions of MyD88 ™/~ mice were composed of confluent, necrotic,
unorganized granulomas of various sizes (G) containing an elevated number of fungal cells (arrow in H) and replaced almost all the normal tissue
(G, H). The livers (C, D) and spleens (E, F) of WT mice presented a normal morphology; in contrast, the livers (I, J) and spleens (K, L) of
MyD88 /" mice presented extensive necrotic lesions (arrows in I and K) containing an elevated number of yeast cells (arrows in panels J and L)
surrounded by mononuclear inflammatory exudates. H&E (A, C, E, G, I, K)- and Groccot (B, D, F, H, J, L)-stained lesions (magnification, X 100).
*, P < 0.05. (M) Total area of lesions in the lungs, livers and spleen of mice (n = 6) at week 8 after infection. *, P < 0.05.

mice generally result in reduced survival, increased pathogen
load, and diminished secretion of IL-12 (14, 24, 30, 35). Similar
results were demonstrated in this study in a pulmonary model
of infection caused by P. brasiliensis. In this report, we first
verified that MyD88 ™/~ macrophages have a decreased ability
to interact with P. brasiliensis yeast cells, and this behavior was
also observed when macrophages were primed with IFN-vy.
The low phagocytic and fungicidal abilities of and the impaired
NO and IL-12 production by these cells demonstrated that
MyDS8S signaling is important for macrophage activation and,
consequently, for the control of P. brasiliensis growth. In addi-

tion, low IL-12 and MCP-1 production may negatively influ-
ence CD4™ T cell activation and the migration of mononuclear
cells to the site of infection, which have been observed in
infected MyD88 '~ mice. Although MyD88/~ macrophages
were able to produce NO, the levels were lower than those
produced by WT cells. In murine PCM and other fungal in-
fections, the production of NO, an important fungicidal medi-
ator (25), correlates with fungal loads and the synthesis of
proinflammatory mediators, including cytokines, chemokines,
and leukotrienes. Enhanced NO production and fungicidal
function were detected in WT and MyD88 '~ macrophages
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FIG. 5. Early after infection, lung homogenates of MyD88 ™/~ mice
presented decreased levels of IL-12 and IL-18. MyD88~/~ and WT
mice were infected with 1 X 10° yeast cells of P. brasiliensis, and 48 h
later, lungs were collected and disrupted in 5.0 ml of PBS, and super-
natants were analyzed for cytokine content by capture ELISA. The bars
depict means = SEM of cytokine levels (6 to 8 animals per group). The
results are representative of two independent experiments. *, P < 0.05.

activated by IFN-y. Previous studies have indicated that IFN-y
R1 signaling is partially dependent on MyD88 (27, 32). Thus,
it is possible that this low-level but evident NO secretion was
induced by MyD88-independent IFN-y R1 signaling or other
inducible nitric oxide synthase (iNOS)-activating mediators in-
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duced by MyD88-independent pathogen recognition receptors
(PRRs). Although no differences in TLR2, TLR4, or dectin-1
expression were detected in lung inflammatory mononuclear
phagocytes, other pathogen receptors, such as C-type lectin
receptors (e.g., mannose receptors [MRs] or dendritic cell-
specific intercellular adhesion molecule-3-grabbing noninteg-
rin [DC-SIGN]), may be involved in the macrophage response
in MyD88 ™/~ mice.

The increased fungal burden observed in the early infection
period (48 h) was consistent with data obtained using infected
macrophages in vitro. A more severe infection associated with
decreased IL-12 and IL-1B production was observed in
MyD88 "/~ mice. These proinflammatory cytokines mediate
phagocyte activation in the innate phase of immunity but are
also involved in the induction of Thl and Th17 adaptive im-
mune responses, respectively (26). A more severe infection of
the lungs, liver, and spleen was also detected at a later postin-
fection time point (8 weeks). Despite the high levels of NO
produced, the dissemination and growth of fungal cells in the
livers of MyD88 ™/~ mice were extensive, suggesting that the
activation of iNOS was induced by MyD88-independent mech-
anisms triggered by the elevated fungal burden.

Lower levels of Thl (IL-12 and IL-18), Th2 (IL-33, IL-4,
IL-5, and IL-10), and Th17 (TGF-B, IL-1pB, IL-6, IL-23, and
IL-17) cytokines were found in the lungs and/or livers of
MyD88 /™ mice after 8 weeks of infection. Moreover, the
impaired cell migration to inflammatory sites and suppressed
polyclonal and antigen-specific lymphoproliferative responses
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FIG. 6. At week 8 after infection, organs from MyD88 /™ mice presented decreased levels of Th1, Th2, and Th17 cytokines. Lung (A), liver
(B), and spleen (C) homogenates of MyD88 ™/~ mice presented decreased levels of cytokines. At week 8 after i.t. infection with 1 X 10° yeast cells
of P. brasiliensis, organs from MyD88 '~ and WT mice were collected and disrupted in 5.0 ml of PBS and supernatants analyzed for cytokine
content by capture ELISA. The bars depict means = SEM of cytokine levels (6 to 8 animals per group). The results are representative of three
independent experiments. *, P < 0.05. (D) Quantitative PCR analysis of IL-18 expression in the lungs of P. brasiliensis-infected WT and MyD88 ™/~
mice. Total lung RNA was obtained, reverse transcribed, and cDNA amplified. Real-time PCR was performed using TagMan universal master mix.
Amplified products were normalized to the amount of GAPDH products. Data represent the means = SEM of results from two independent

experiments.
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0.05.
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observed in MyD88 '~ splenocytes suggest that absence of
MyD88 signaling profoundly affects Th1, Th2, and Th17 im-
mune responses in pulmonary PCM.

In addition to defective MyD88-dependent TLR signaling,
deficient production of cytokines from the IL-1 family (IL-18,
IL-18, and IL-33) and cell signaling by their receptors (IL-1R,
IL-18R, and IL-33R) appear to be involved in the deficient
immunity observed in MyD88 '~ mice. Indeed, IL-1B, IL-18,
and IL-33 are involved in the differentiation of Th17, Th1, and
Th2 cells of adaptive responses, respectively (11, 26). Interest-
ingly, MyD88-dependent TLR signaling has been implicated in
the transcription of pro-IL-1p and pro-IL-18 into their active
forms by caspase 1 or other inflammatory or pathogen-derived
proteases (1, 11, 26). Thus, the deficient cytokine production
and impaired cell activation (likely due to defective IL-1R
family signaling) observed here appear to have contributed to
the suppressed T cell immunity developed by P. brasiliensis-
infected MyD88™/~ mice.

The reduced synthesis of IL-1B3, TGF-B, and IL-23 was as-
sociated with defective Th17 responses in MyD88 /~ mice.
This deficiency was confirmed by the evaluation of intracellular
cytokines, which demonstrated a lower number of CD4*IL-
17" T cells in the lungs of MyD88 ™/~ mice. Interestingly, in
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murine candidiasis, dectin-1, dectin-2, and MRs, which are not
involved in TIR domain-mediated signaling, were shown to be
involved in fungal recognition and the induction of Th17 im-
munity (28, 29, 36). However, in pulmonary PCM, the two
MyDS88-dependent receptors, TLR2 and TLR4, have been
shown to be antagonistically involved in Th17 development:
TLR2 inhibited Th17 immunity but expanded Treg cell num-
bers, whereas TLR4 induced Th17 cells and inhibited Treg
development (9, 22, 23).

In several models of infection, the control of neutrophil
influx to the inflammatory sites is mediated by MyD88 (7, 37).
Furthermore, Th17 immunity is generally associated with en-
hanced synthesis of CXC chemokines and the induction of
neutrophils chemotaxis to inflammatory sites (20, 21, 38). The
increased influx of neutrophils into the lungs of P. brasiliensis-
infected WT mice paralleled the increase in production of
Th17 cytokines. This finding is consistent with our previous
report showing that Th17 polarization in pulmonary PCM was
associated with PMN-rich inflammatory reactions. These cells
appear to efficiently control fungal loads; however, they may
also mediate deleterious effects due to their ability to cause
tissue damage (23).

In addition to the reduced numbers of activated CD4" and
CD8" T cells, MyD88 signaling affected the numbers and
activation state of inflammatory myeloid cells. Reduced num-
bers of CD11b"™ mononuclear phagocytes expressing MHC
class II (IA®) and CD40 molecules were found in the lungs of
MyD88 /" mice after 8 weeks of infection. In addition, a
reduced influx of CD4* CD25" FoxP3™ Treg cells was also
observed. This result is consistent with the work by Sutmuller
et al. (33), who previously showed that Treg cell proliferation
is dependent on MyDSS signaling. Recently, the plasticity of
Th/Treg cells has been demonstrated by studies showing that
under certain in vivo or in vitro conditions, they can convert to
other Th cell phenotypes. Thus, FoxP3™ Treg cells (natural
and induced Tregs) can acquire a Th17 phenotype in the pres-
ence of IL-6; however, these cells express transcription factors
of both T cell subpopulations (39, 40). Our studies demon-
strated that WT mice develop a high number of CD4 "IL-17*
T cells in addition to elevated numbers of FoxP3* Treg cells.
We have not assessed the concomitant presence of FoxP3 and
RORvt in the IL-17-positive cells; however, this interconver-
sion cannot be ruled out in our model.

The absence of MyDS8S signaling resulted in increased mor-
tality rates in infected mice. Interestingly, this phenomenon
was not observed in TLR4- or TLR2-deficient mice (22, 23).
Increased mortality was associated with uncontrolled fungal
growth, impaired T cell immunity, and the absence of orga-
nized granulomatous lesions. We previously reported that im-
paired T cell immunity and excessive fungal growth in the livers
of WT C57BL/6 mice were linked with the increased mortality
observed in the late phase of infection (15). Thus, it is tempting
to hypothesize that the marked growth of yeast cells in the
livers of MyD88-deficient mice contributes to the augmented
mortality that we observed. Working with A. fumigatus, Bretz
et al. (5) also showed that MyD88 signaling is essential for
controlling pulmonary fungal burden and organizing inflam-
matory reactions. A recent study, however, showed equivalent
fungal growth and cytokine production in MyD88 /"~ and nor-
mal mice infected with P. brasiliensis, suggesting that MyD88
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FIG. 8. Decreased numbers of activated macrophages, T lymphocytes, and regulatory T cells were detected in the lungs of MyD88 ™/~ mice at
week 8 of infection. Characterization of leukocyte subsets by flow cytometry in the lung-infiltrating leukocytes (LIL) from MyD88 '~ and WT mice
inoculated i.t. with 1 X 10° P. brasiliensis yeast cells. At week 8 after infection, lungs of both mouse strains (n = 6 to 8) were excised and digested
enzymatically. Cell suspensions were obtained and stained as described in Materials and Methods. The stained cells were analyzed immediately
with FACSCanto equipment gating on macrophages or lymphocytes, as judged from forward and side light scatters. Twenty thousand cells were
counted, and the data are expressed as percentage and absolute number of positive cells. For characterization of Treg cells (CD4* CD25*
FoxP3™), surface staining of CD25" and intracellular FoxP3 expression were back-gated on the CD4" T cell population. Data are expressed as
means = SEM and are representative of two independent experiments. =, P < 0.05.

TABLE 1. Proliferation indexes of spleen lymphocytes obtained
from P. brasiliensis-infected MyD88 ™/~ and WT mice
at week 6 of infection”

p
Treatment
MyDS88 /= WT?
Lymphocytes-AgPb 0.86 1.87
Lymphocytes—anti-CD28 0.69 1.31
Lymphocytes—anti-CD28-AgPb 0.87 4.62

“ Spleen cell suspensions were labeled with CFSE and cultured for 3 days in the
presence of anti-CD3 (0.3 pg/ml) and anti-CD28 (2.5 pg/ml) antibodies and P.
brasiliensis soluble antigen (100 pg/ml). The intensity of CFSE was assessed by flow
cytometry.

® The proliferation index (p) was calculated as the mean fluorescence intensity
(MFTI) of unstimulated cultures/MFI of stimulated cultures. Data are represen-
tative of two independent experiments.

signaling is not essential for an effective defense against the
fungus (17). This discrepancy may be due to the fact that those
experiments were performed with a different strain and, per-
haps more importantly, using a different infection route. It
should be noted, however, that our previous studies (22, 23)
showed that TLR2 and TLR4, which signal using MyD88 as an
adapter molecule, influence the severity of PCM. Taken to-
gether, our results suggest that MyD88-dependent signaling
pathways downstream from TLRs and IL-1Rs contribute to
host defense against pulmonary paracoccidioidomycosis.

As demonstrated with another dimorphic fungal pathogen
(4, 12), P. brasiliensis yeast cells appear to use MyD88-medi-
ated signaling to mount protective Th responses that include
prevalent Th17 expansion. This response pattern results in
PMN-rich inflammatory reactions, which are able to restrain
fungal growth and dissemination into other organs and tissues.
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#, P < 0.05.

Using a MyD88-influenced pathway of cell activation (12), WT
mice developed FoxP3™ Treg cells that were able to control
adaptive immunity and excessive inflammation. This balanced
immunity mediated by Th1/Th2/Th17 cells appeared to control
fungal growth without significant tissue damage, which led to
an extended survival time in WT mice. In contrast, the absence
of MyD88 signaling appears to profoundly suppress the devel-
opment of adaptive immunity, as shown by decreased levels of
Th1/Th2 and Th17 cytokines, suppressed lymphoproliferative
activity, and diminished activation and migration of mononu-
clear phagocytes and T cells (CD4" and CD8") to the site of
infection. This defective innate immunity and impaired adap-
tive immunity, including deficient Treg expansion, resulted in
uncontrolled fungal growth, which contributed significantly to
the tissue pathology observed in MyD88 ™/~ mice. In conclu-
sion, the absence of MyD88 signaling in pulmonary PCM re-
sults in profound deleterious effects due to the combined de-
ficiency of innate and adaptive immunity, which results in
severe tissue pathology and precocious host mortality.
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