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Caspase recruitment domain-containing protein 9 (CARD9) is an adaptor molecule signal that is critical for NF-�B activation
and is triggered through C-type lectin receptors (CLRs), which are pattern recognition receptors that recognize carbohydrate
structures. Previous studies have reported that Cryptococcus neoformans, a fungal pathogen that causes meningoencephalitis in
AIDS patients, is recognized through some CLRs, such as mannose receptors or DC-SIGN. However, the role of CARD9 in the
host defense against cryptococcal infection remains to be elucidated. In the present study, we analyzed the role of CARD9 in the
host defense against pulmonary infection with C. neoformans. CARD9 gene-disrupted (knockout [KO]) mice were highly sus-
ceptible to this infection, as shown by the reduced fungal clearance in the infected lungs of CARD9 KO mice, compared to that in
wild-type (WT) mice. Gamma interferon (IFN-�) production was strongly reduced in CARD9 KO mice during the innate-immu-
nity phase of infection. Reduced IFN-� synthesis was due to impaired accumulation of NK and memory phenotype T cells, which
are major sources of IFN-� innate-immunity-phase production; a reduction in the accumulation of these cells was correlated
with reduced CCL4, CCL5, CXCL9, and CXCL10 synthesis. However, differentiation of Th17 cells, but not of Th1 cells, was im-
paired at the adaptive-immunity phase in CARD9 KO mice compared to WT mice, although there was no significant difference
in the infection susceptibility between interleukin 17A (IL-17A) KO and WT mice. These results suggest that CARD9 KO mice
are susceptible to C. neoformans infection probably due to the reduced accumulation of IFN-�-expressing NK and memory phe-
notype T cells at the early stage of infection.

Cryptococcus neoformans, an opportunistic fungal pathogen,
causes life-threatening meningoencephalitis in hosts with

compromised cellular immune responses, such as AIDS patients
(1, 2). The host defense against cryptococcal infection is mediated
mainly by the cellular immune response and critically regulated by
the balance between type 1 helper T (Th1) and Th2 cytokine re-
sponses (3–5). A defect in the synthesis of Th1-related cytokines,
such as gamma interferon (IFN-�), interleukin 12 (IL-12), IL-18,
and tumor necrosis factor alpha (TNF-�), exacerbates cryptococ-
cal infection (6–9), while mice lacking Th2 cytokines, including
IL-4, IL-10, and IL-13, have less severe infections than control
mice (10–12). Recently, many investigators have shown that IL-
17A is involved in the host defense mechanism, especially against
extracellular microorganisms, including Candida albicans (13–
15). This cytokine is produced by Th17 cells and makes a pro-
found contribution to the neutrophilic inflammatory response
(15). However, the role of IL-17A in the host defense against C.
neoformans is not fully understood. Besides these Th responses,
innate immune lymphocytes, such as natural killer (NK) cells,
NKT cells, and �� T cells, are also reported to play important roles
in the host defense against cryptococcal infection (16–18).

The C-type lectin receptor (CLR) is a pattern recognition re-
ceptor that possesses a carbohydrate recognition domain (CRD),
which binds polysaccharide ligands in a calcium-dependent man-
ner (19, 20). Dectin-1 recognizes �-1,3-D-glucan, and Dectin-2

binds high-mannose oligosaccharides (21–23). A large amount of
carbohydrates is contained in the fungal capsule and cell wall, and
therefore, CLR is a critical recognition system for fungal patho-
gens. In earlier studies, the mannose receptor (MR) and dendritic-
cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) are re-
ported to recognize C. neoformans (24, 25). Conversely, our
previous studies revealed that both Dectin-1 and Dectin-2 are not
required for host resistance to C. neoformans infection (23, 26).

Caspase recruitment domain-containing protein 9 (CARD9) is
an essential adaptor molecule in the signal delivery that is trig-
gered by CLRs, and high levels are expressed in myeloid cells, such
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as macrophages and dendritic cells (27). Signaling via some CLRs
is dependent on the phosphorylation of immunoreceptor ty-
rosine-based activation motif (ITAM) and tyrosine kinase Syk,
followed by activation of three adaptor molecule complexes,
which consist of CARD9, B-cell lymphoma 10 (Bcl10), and mu-
cosa-associated lymphoid tissue 1 (MALT1). These processes lead
to induction of cytokine production and expression of costimula-
tory molecules via NF-�B activation, which is involved in the host
defense against some fungi and bacteria (28–30). However, the
role of CARD9 in the host defense against cryptococcal infection
has not been elucidated.

In the present study, we examined the effect of CARD9 defi-
ciency on the clearance of C. neoformans and the host immune
response using a mouse model of pulmonary infection. Here, we
demonstrate that CARD9-mediated signaling is necessary for the
early production of IFN-� at the innate-immunity stage and for
the differentiation of Th17 cells, but not of Th1 cells, at the adap-
tive-immunity stage in the lungs after C. neoformans infection. We
also demonstrate that the Th17 response is not required for the
host defense against this infection.

MATERIALS AND METHODS
Ethics statement. This study was performed in strict accordance with the
Fundamental Guidelines for Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions under the jurisdic-
tion of the Ministry of Education, Culture, Sports, Science, and Technol-
ogy in Japan, 2006. All experimental procedures involving animals fol-
lowed the Regulations for Animal Experiments and Related Activities at
Tohoku University, Sendai, Japan, and were approved by the Institutional
Animal Care and Use Committee at Tohoku University (approval num-
bers 22 IDOU-108, 2011 IDOU-86, 2012 IDOU-124, and 2013 IDOU-
257). All experiments were performed under anesthesia, and all efforts
were made to minimize suffering of the animals.

Mice. CARD9 gene-disrupted (knockout [KO]) mice and IL-17A KO
mice were generated and established as described previously (27, 31) and
backcrossed to C57BL/6 mice for more than 8 generations. Wild-type
(WT) C57BL/6 mice, purchased from CLEA Japan (Tokyo, Japan), were
used as controls. Male or female mice at 6 to 8 weeks of age were used in
the experiments. All mice were kept under specific-pathogen-free condi-
tions at the Institute for Animal Experimentation, Tohoku University
Graduate School of Medicine.

Cryptococcus neoformans. A serotype D strain of C. neoformans, des-
ignated B3501 (a kind gift from Kwong Chung, National Institutes of
Health, Bethesda, MD, USA), was used. The yeast cells were cultured on
potato dextrose agar (PDA; Eiken, Tokyo, Japan) plates for 2 to 3 days
before use. Mice were anesthetized by an intraperitoneal injection of 70
mg/kg of pentobarbital (Abbott Laboratory, North Chicago, IL, USA) and
restrained on a small board. Live C. neoformans (1 � 106 cells) was inoc-
ulated in a 50-�l volume into the trachea of each mouse using a 24-gauge
catheter (Terumo, Tokyo, Japan).

Treatment with anti-IFN-� MAb. Neutralizing anti-IFN-� monoclo-
nal antibody (MAb) and control rat IgG were purchased from BioLegend
(San Diego, CA, USA) and MP Biomedicals, LLC, Santa Ana, CA, USA),
respectively). Mice were injected intraperitoneally with either Ab at 100
�g/mouse 2 h before infection and intratracheally with the same Ab at 25
�g/mouse when they were infected.

Enumeration of viable C. neoformans. Mice were sacrificed 2 weeks
after infection, and lungs were dissected carefully, excised, and then ho-
mogenized separately in 5 ml of distilled water by teasing with a stainless
mesh at room temperature. The homogenates, diluted appropriately with
distilled water, were inoculated at 100 �l on PDA plates and cultured for
2 to 3 days, and the resulting colonies were counted.

Histological examination. The lung specimens obtained from mice
were fixed in 10% buffer formalin, dehydrated, and embedded in paraffin.

Sections were cut and stained with hematoxylin-eosin (H-E) or periodic
acid-Schiff (PAS) stain, using standard staining procedures, at the Bio-
medical Research Core, Animal Pathology Platform of Tohoku University
Graduate School of Medicine.

In vitro stimulation of lymph node cells. Paratracheal lymph node
(LN) cells were prepared on day 7 after infection with C. neoformans and
cultured at a concentration of 2 � 106/ml with various doses of viable
yeast cells or concanavalin A (ConA; Sigma-Aldrich, St. Louis, MO, USA)
in RPMI 1640 medium (Nipro, Osaka, Japan) supplemented with 10%
fetal calf serum (FCS) (BioWest, Nuaillé, France), 100 U/ml penicillin G,
100 �g/ml streptomycin, and 50 �M 2-mercaptoethanol (Sigma-Aldrich)
in a 5% CO2 incubator for 48 h. The culture supernatants were collected
and stored at 	70°C before use.

Preparation and culture of dendritic cells. Bone marrow (BM) cells
from WT and CARD9 KO mice were cultured at 2 � 105/ml in 10 ml
RPMI 1640 medium supplemented with 10% FCS, 100 U/ml penicillin G,
100 �g/ml streptomycin, and 50 �M 2-mercaptoethanol containing 20
ng/ml murine granulocyte-macrophage colony-stimulating factor (GM-
CSF; Wako Pure Chemical Industries, Ltd., Osaka, Japan). On day 3,
another 10 ml of the same medium was added, and on day 6, a half change
was performed using the GM-CSF-containing culture medium. On day 8,
nonadherent cells were collected and used as BM-derived dendritic cells
(BM-DCs). The obtained cells were cultured at 1 � 105/ml with various
doses of viable yeast cells or lipopolysaccharide (LPS) (Sigma-Aldrich) for
24 h at 37°C.

Extraction of RNA and quantitative real-time RT-PCR. Total RNA
was extracted from the infected lungs or BM-DCs using Isogen (Wako
Pure Chemical, Osaka, Japan), and the first-strand cDNA was synthesized
using PrimeScript first-strand cDNA synthesis kit (TaKaRa Bio Inc., Otsu,
Japan), according to the manufacturer’s instructions. Quantitative real-
time PCR was performed in a volume of 20 �l using gene-specific primers
and FastStart essential DNA green master mix (Roche Applied Science) in
a LightCycler nanosystem (Roche Applied Science, Branford, CT, USA).
The primer sequences used for amplification are shown in Table 1. Reac-
tion efficiency with each primer set was determined using standard am-
plifications. Target gene expression levels and that of the hypoxanthine
phosphoribosyltransferase (HPRT) gene as a reference were calculated for
each sample using the reaction efficiency. The results were analyzed using
a relative quantification procedure and are presented as expression rela-
tive to HPRT expression.

Cytokine assay. IFN-� and IL-17A concentrations in the lung homog-
enates and culture supernatants were measured using the appropriate
ELISA kit (Biolegend for IFN-� and eBioscience [San Diego, CA, USA] for
IL-17A). The detection limits were 16 pg/ml for IFN-� and 8 pg/ml for
IL-17A.

Preparation of lung leukocytes. Pulmonary intraparenchymal leuko-
cytes were prepared as previously described (32). Briefly, the chest of the
mouse was opened, and the lung vascular bed was flushed by injecting 3
ml of chilled physiological saline into the right ventricle. The lungs were

TABLE 1 Primer sequences for real-time PCR

Gene
product Forward primer Reverse primer

IFN-� ACTGCCACGGCACAGTCATT TCACCATCCTTTTGCCAGTTCCT
TGF-� TACGCCTGAGTGGCTGTCTTTT CGTGGAGTTTGTTATCTTTGCTGT
IL-6 CACGGCCTTCCCTACTTCACAA TTGCACAACTCTTTTCTCATTTCCACG
IL-12p35 GAGTTCCAGGCCATCAACGCA GCTTCTCCCACAGGAGGTTTCTG
IL-17A AACCGTTCCAC GTCACCCTG GTCCAGCTTTCCCTCCGCAT
IL-23p19 CTCAGCCAACTCCTCCAGCCAG CTGCTCCGTGGGCAAAGACC
CCL3 AACCAGCAGCCTTTGCTCCC GGTCTCTTTGGAGTCAGCGCA
CCL4 AAACCTAACCCCGAGCAACACC GAAACAGCAGGAAGTGGGAGGG
CCL5 ACTCCCTGCTGCTTTGCCTAC GGCGGTTCCTTCGAGTGACAA
CXCL9 GGCACGATCCACTACAAATCCCT AGGCAGGTTTGATCTCCGTTCTTC
CXCL10 GTGCTGCCGTCATTTTCTGCC AGGATAGGCTCGCAGGGATGA
iNOS AGGGAATCTTGGAGCGAGTGGT GCAGCCTCTTGTCTTTGACCC
T-bet CACTAAGCAAGGACGGCGAATG TCCACCAAGACCACATCCACAA
ROR-�t CTTCCTCAGCGCCCTGTGTT CCCAGGACGGTTGGCATTGA
HPRT GCTTCCTCCTCAGACCGCTT TCGCTAATCACGACGCTGGG
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then excised and washed in physiological saline. The lungs were teased
with a 40-�m cell strainer (BD Falcon, Bedford, MA, USA) and incubated
in RPMI 1640 medium with 5% fetal calf serum, 100 U/ml penicillin G,
100 �g/ml streptomycin, 10 mM HEPES, 50 �M 2-mercaptoethanol, and
2 mM L-glutamine, containing 20 U/ml collagenase and 1 �g/ml DNase I
(Sigma-Aldrich). After incubation for 60 min at 37°C with vigorous shak-
ing, the tissue fragments and the majority of dead cells were removed by
passing them through the 40-�m cell strainer. After centrifugation, the
cell pellet was resuspended in 4 ml of 40% (vol/vol) Percoll (Pharmacia,
Uppsala, Sweden) and layered onto 4 ml of 80% (vol/vol) Percoll. After
centrifugation at 600 � g for 20 min at 15°C, the cells at the interface were
collected, washed three times, and counted using a hemocytometer. The
cells were centrifuged onto a glass slide at 110 � g for 3 min using
Cytofuge-2 (Statspin Inc., Norwood, MA, USA), stained with Diff-Quick
(Sysmex, Kobe, Japan), and observed under a microscope. The number of
leukocyte fractions was estimated by multiplying the total leukocyte num-
ber by the proportion of each fraction in 200 cells.

Flow cytometry. The lung leukocytes were cultured at 1 � 106/ml with
5 ng/ml phorbol 12-myristate 13-acetate (PMA), 500 ng/ml ionomycin,
and 2 nM monensin (Sigma-Aldrich) in RPMI 1640 medium supple-
mented with 10% FCS for 4 h. The cells were washed three times in phos-
phate-buffered saline (PBS) containing 1% FCS and 0.1% sodium azide
and then stained with allophycocyanin (APC)-conjugated anti-CD3ε
MAb (clone 145-2C11; Biolegend) and phycoerythrin (PE)-conjugated
anti-�� T cell receptor (��TCR) or PE-NK1.1 MAb (clone eBioGL3
[eBioscience] for ��TCR and clone PK136 [eBioscience] for NK1.1). To
identify CD4
 or CD8
 memory phenotype T cells, the cells were stained
with PE–anti-CD4, APC–Cy7–anti-CD8, and Pacific blue-conjugated an-
ti-CD44 MAb (clones GK1.5, 53-6.7, and IM7, respectively; Biolegend).
CD44dull
 and CD44bright
 cells were identified as naive T and memory
phenotype T cells, respectively (33). After being washed twice, the cells
were incubated in the presence of Cytofix/Cytoperm (BD Bioscience),
washed twice in BD perm/wash solution (BD Bioscience), and stained
with fluorescein isothiocyanate (FITC)-conjugated anti-IFN-� (clone
XMG1.2, Biolegend). Isotype-matched IgG was used for control staining.
The stained cells were analyzed using a BD FACS Canto II flow cytometer
(BD Bioscience). Data were collected from 20,000 to 30,000 individual
cells using forward-scatter and side-scatter parameters to set a gate on the
lymphocyte population. The number of particular lymphocyte subsets
was estimated by multiplying the lymphocyte number, calculated as men-
tioned above, by the proportion of each subset.

Statistical analysis. Data were analyzed using JMP Pro 10.0.2 software
(SAS Institute Japan, Tokyo, Japan). Data are expressed as means � stan-
dard deviations (SD). Differences between groups were examined for sta-
tistical significance using Welch’s t test. A P value less than 0.05 was con-
sidered significant.

RESULTS
Increased susceptibility of CARD9 KO mice to cryptococcal in-
fection. To elucidate the effect of CARD9 deficiency on the clini-
cal course of cryptococcal infection, CARD9 KO and WT mice
were infected with C. neoformans, and the lung weights and num-
bers of live microorganisms in lungs were measured on day 14
after infection. As shown in Fig. 1, the lung burdens of C. neofor-
mans were significantly higher in CARD9 KO mice than in WT
mice, and the lung weights evaluated relative to body weights were
significantly increased in CARD9 KO mice compared to WT mice.
We then conducted a histological analysis of the lungs on day 14
after infection. Massive multiplication of yeast cells with poor
granulomatous responses was observed in the alveolar spaces in
CARD9 KO mice, whereas WT mice showed a marked reduction
in the number of yeast cells that were not found in the alveolar
spaces and mostly encapsulated in the granulomatous tissues (Fig.
2A). When lungs were observed at a higher magnification, mac-

rophages and lymphocytes were found to have accumulated
around the yeast cells in WT mice, whereas accumulation of neu-
trophils was markedly increased in CARD9 KO mice (Fig. 2B).
Consistent with this finding, neutrophils were significantly in-
creased in the lung leukocytes from CARD9 KO mice compared
with those in WT mice (Fig. 2C). These results indicate that
CARD9-mediated signaling is involved in the elimination of cryp-
tococcal infection and induction of a protective inflammatory re-
sponse.

Effect of CARD9 deficiency on IFN-� production. IFN-� is a
critical cytokine in the host defense against cryptococcal infection
(6), and therefore, we investigated the effect of CARD9 deficiency
on the production of this cytokine in the infected lungs. As shown
in Fig. 3A, IFN-� was quickly produced with a peak level on day 3
and then gradually decreased on days 7 and 14 in WT mice. In
contrast, early production of this cytokine on day 3 was signifi-
cantly reduced in CARD9 KO mice. In agreement with this find-
ing, expression of inducible nitric oxide synthase (iNOS), a down-
stream effector molecule induced by IFN-�, was almost abolished
in CARD9 KO mice on day 3, whereas this expression was equiv-
alent between these mouse strains on day 7 (Fig. 3B). These results
indicate that CARD9 is a signaling molecule that is critical in the
production of IFN-� during the innate-immunity phase of infec-
tion.

Role of innate-immunity-phase IFN-� production on the
host defense against cryptococcal infection. To define the role of
IFN-� in the early host defense, we initially examined the clear-
ance of C. neoformans in lungs on day 5 postinfection. As shown in
Fig. 4A, the number of live colonies was significantly higher in
CARD9 KO mice than in WT mice. Next, we tested the effect of
neutralizing anti-IFN-� MAb administered 2 h before and at the
time of infection on the clearance of this fungal pathogen. Admin-
istration of anti-IFN-� MAb led to significantly increased fungal
burdens on day 14 postinfection compared with that of PBS or
control rat IgG (Fig. 4B). These results suggested that the reduced
IFN-� production during the innate-immunity phase may be re-
lated to the impaired host defense against cryptococcal infection
in CARD9 KO mice.

Early producers of IFN-� after infection with C. neoformans.
To define the cellular source of IFN-� production, we analyzed the
intracellular expression of this cytokine in NK, NKT, �� T, and T

FIG 1 C. neoformans infection in CARD9 KO mice. WT and CARD9 KO mice
were infected intratracheally with C. neoformans. The lung/body weight ratio
was measured and the number of live colonies in lungs was counted on day 14
after infection. Each column represents the mean and SD for eight mice. Ex-
periments were repeated twice with similar results. *, P � 0.05.
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cells in the lungs on day 3 postinfection. As shown in Fig. 5, in WT
mice, the major producers of this cytokine were NK cells and T
cells, identified as NK1.1
 CD3	 and NK1.1	 CD3
 populations,
respectively. The number of IFN-�-expressing cells was strikingly
reduced in both populations in CARD9 KO mice. Among T cells,
the CD44bright
 subset (memory phenotype T cells), but not the
CD44dull
 subset (naive T cells), expressed IFN-� (Fig. 6A). IFN-
�-expressing CD8
 memory phenotype T cells were found at a
higher level in lungs than CD4
 memory phenotype T cells ex-
pressing this cytokine, and the number of these cells was signifi-
cantly reduced in CARD9 KO mice compared to WT mice (Fig.
6B). These results suggest that NK cells and memory phenotype T
cells expressing IFN-� accumulate in lungs after infection with C.
neoformans, which is impaired in CARD9 KO mice.

Effect of CARD9 deficiency on the expression of chemokines.
Chemokines play a central role in the accumulation of leukocytes
at the infected sites. Therefore, we next examined the lung expres-
sion of CCL3, -4, and -5 and of CXCL9 and -10, which are chemo-
kines for CCR5 and CXCR3, respectively, and which attract NK
cells and memory T cells (34–37). As shown in Fig. 7A, expression
of these chemokines, except for CCL3, on day 3 postinfection was
significantly reduced in CARD9 KO mice compared to WT mice.
In further experiments, we examined the in vitro expression of
these chemokines in WT and CARD9 KO mice using BM-DCs
that were stimulated with C. neoformans. As shown in Fig. 7B,
expression of CCL3 and CCL4 was strikingly reduced in CARD9
KO mice, although CCL5 was not detected even in WT mice.
Conversely, CXCL9 and CXCL10 were not produced by BM-DCs
that were stimulated with C. neoformans (data not shown).

Effect of CARD9 deficiency on the Th1/Th17-related re-
sponse. Th1 cells play a critical role in the host defense against
cryptococcal infection at an adaptive-immunity stage (5). In the

FIG 2 Effect of CARD9 deficiency on the histological changes after infection with C. neoformans. WT and CARD9 KO mice were infected intratracheally with
C. neoformans. Sections of lungs on day 14 postinfection were stained with H-E or PAS and observed under a light microscope at magnifications of �200 (A)
and �1,000 (B). Representative pictures from three mice are shown. (C) The lung leukocytes prepared on day 14 postinfection were stained with Diff-Quick and
observed under a light microscope. Representative pictures from three mice are shown. Magnification, �200. The number of cells in each leukocyte fraction was
counted. Each column represents the mean and SD for three mice. NS, not significant; *, P � 0.05.

FIG 3 Production of IFN-� and iNOS after infection with C. neoformans. WT
and CARD9 KO mice were infected intratracheally with C. neoformans. (A)
IFN-� production in lungs was measured at various time points. Data are
means and SD for five or six mice. Experiments were repeated twice with
similar results. *, P � 0.05. (B) Expression of iNOS mRNA in lungs was mea-
sured on days 3 and 7. Data are means and SD for five mice. Experiments were
repeated twice with similar results. NS, not significant; *, P � 0.05.
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next series of experiments, we investigated the effect of CARD9
deficiency on the Th1-related response. As shown in Fig. 8A, IL-
12p35, a key cytokine for Th1 cell differentiation, was expressed
on day 3 at an equivalent level in the infected lungs in the WT and
CARD9 KO mice. In contrast, among cytokines critical for Th17
cell differentiation, transforming growth factor �1 (TGF-�1)
showed a significantly reduced expression in CARD9 KO mice
compared to WT mice, though IL-6 expression was not signifi-
cantly different between these mouse strains. In addition, expres-
sion of IL-23p19, an important cytokine for expansion of Th17
cells, was significantly lower in CARD9 KO mice than that in WT
mice. These results suggest that differentiation of Th1 cells is not
affected whereas that of Th17 cells is attenuated in the absence of
CARD9. In agreement with this possibility, there was no differ-
ence in T-bet and IFN-� expression between the two mouse
strains(Fig. 8A), and regional LN cells produced a comparable
level of IFN-� upon restimulation with C. neoformans in CARD9
KO mice compared to that in WT mice (Fig. 8B). In contrast,

expression of ROR-�t and IL-17A in the lungs and production of
IL-17A by the restimulated LN cells were significantly reduced in
CARD9 KO mice (Fig. 8).

Effect of IL-17A deficiency on the host defense against cryp-
tococcal infection. To define the role of IL-17A, a cytokine pro-
duced by Th17 cells, we examined the effect of IL-17A deficiency
on the host defense against cryptococcal infection. As shown in
Fig. 9, the C. neoformans lung burdens were not increased but
rather decreased on day 14 postinfection in IL-17A KO mice com-
pared to those in WT mice. Histological analysis of the infected
lungs did not show a difference between the two mouse strains
(data not shown). These results indicate that the reduced Th17
response does not directly contribute to the attenuated host de-
fense against this infection in CARD9 KO mice.

DISCUSSION

In the present study, CARD9 KO mice were more susceptible to
pulmonary C. neoformans infection than were WT mice. In

FIG 4 Role of early produced IFN-� on the host defense against cryptococcal infection. (A) WT and CARD9 KO mice were infected intratracheally with C.
neoformans, and the number of live colonies in lungs was counted on day 5 after infection. Data are means and SD for five mice. Experiments were repeated twice
with similar results. *, P � 0.05. (B) WT mice were infected intratracheally with C. neoformans and injected intraperitoneally with anti-IFN-� MAb or control rat
IgG at 200 �g/mouse 2 h before infection and intratracheally with the same Ab at 25 �g/mouse when they were infected. The number of live colonies in lungs was
counted on day 14 after infection. Data are means and SD for five mice. Experiments were repeated twice with similar results. *, P � 0.05; NS, not significant.

FIG 5 Early producers of IFN-� after infection with C. neoformans. WT and CARD9 KO mice were infected intratracheally with C. neoformans, and the lung
leukocytes were prepared on day 3 postinfection. (A) IFN-� expression in NK, NKT, �� T, and T cells was analyzed using flow cytometry. Gray areas show
isotype-matched IgG; solid lines correspond to anti-IFN-� MAb. Representative histograms from five WT and four CARD9 KO mice are shown. (B) The number
of each subset expressing IFN-� was calculated. Data are means and SD for five WT and four CARD9 KO mice. Experiments were repeated twice with similar
results. NS, not significant; *, P � 0.05.
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CARD9 KO mice, IFN-� production and iNOS expression were
strongly reduced at the innate-immunity phase of infection com-
pared to those in WT mice. Reduced IFN-� synthesis partially
explained the impaired accumulation of NK cells and CD4
 or

CD8
 memory phenotype T cells, the major sources of the innate-
immunity-phase IFN-� production in the infected lungs, which
was correlated with reduced synthesis of CCL4, CCL5, CXCL9,
and CXCL10, which are reported to recruit NK cells and memory

FIG 6 IFN-� production by memory phenotype T cells. WT and CARD9 KO mice were infected intratracheally with C. neoformans, and the lung leukocytes were
prepared on day 3 postinfection. (A) Expression of IFN-� in CD4
 or CD8
 naive and memory phenotype T cells, identified as CD44dull
 and CD44bright
 cells,
was analyzed in a using flow cytometry. Representative histograms from three WT mice are shown. (B) The number of each subset expressing IFN-� was
calculated. Data are means and SD for three mice. Experiments were repeated twice with similar results. MPT cells, memory phenotype T cells. NS, not significant;
*, P � 0.05.

FIG 7 Effect of CARD9 deficiency on the chemokine production. (A) WT and CARD9 KO mice were infected intratracheally with C. neoformans. Expression of
CCL3, CCL4, CCL5, CXCL9, and CXCL10 in lungs was measured on day 3. Each column represents the mean � SD of five mice. (B) BM-DCs were cultured with
C. neoformans (MOI, 1) or LPS (1 �g/ml) for 24 h, and expression of CCL3, CCL4, and CCL5 was measured. Data are means and SD from triplicate cultures.
Experiments were repeated twice with similar results. NS, not significant; *, P � 0.05.
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T cells (34–38). In contrast, Th1 cell differentiation, a critical pro-
cess in the host defense against cryptococcal infection (5), was
almost equivalent between WT and CARD9 KO mice.

A defect in CARD9 or Dectin-1 and Dectin-2, upstream recep-
tors of CARD9-mediated signaling (39), compromises host de-
fenses against infection with Candida albicans, an extracellularly
growing fungal pathogen (21, 23). In intracellular pathogens, Lis-
teria monocytogenes and Mycobacterium tuberculosis were reported
to cause severe infection in CARD9-deficient mice (29, 30). Mac-
rophages derived from CARD9 KO mice had lower phagocytosis
and killing activities against L. monocytogenes (40). Thus, CARD9-
mediated signaling is involved in the host defense against both
types of microbial pathogens. In the present study, CARD9 KO
mice were susceptible to infection with C. neoformans, an intra-
cellular fungal pathogen (41), as shown by the increased fungal

burdens in the infected lungs. These mice also showed marked
multiplication of the yeast cells in the alveolar spaces with poor
granulomatous responses and increased accumulation of neutro-
phils, which are typical histopathological findings as this infection
gets worse. Thus, CARD9-mediated signaling was found to play a
critical role in rendering the hosts resistant to infection with C.
neoformans, similar to what has been reported for other patho-
genic microorganisms.

IFN-� is a required cytokine for elimination of C. neoformans,
with a mechanism that works by activating the NO-dependent
killing activity of macrophages (6, 42). In our model, IFN-� pro-
duction was markedly reduced on day 3 and clearance of C. neo-
formans was attenuated on day 5 postinfection in CARD9 KO
mice. In addition, neutralization of IFN-� activity only at the early
phase led to the impaired clearance of C. neoformans. These results

FIG 8 Effect of CARD9 deficiency on the Th1/Th17-related response. WT and CARD9 KO mice were infected intratracheally with C. neoformans. (A) Expression
of IL-12p35, IL-6, TGF-�, and IL-23p19 on day 3 and of T-bet, ROR-�t, IFN-�, and IL-17A on day 7 was measured in the lung homogenates by real-time PCR.
Data are means and SD for five mice. (B) LN cells obtained on day 7 postinfection were stimulated with indicated doses of C. neoformans or ConA (1 �g/ml) for
48 h, and production of IFN-� and IL-17A was measured. Data are means and SD of triplicate cultures. Experiments were repeated twice with similar results. NS,
not significant; *, P � 0.05.
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suggest that reduction in innate-immunity-phase IFN-� produc-
tion may be a reason for the compromised host resistance to C.
neoformans. Our results support this hypothesis, because iNOS
expression was abrogated on day 3 but not on day 7 postinfection
in these mice. The major sources of IFN-� production at this time
point were NK cells and CD4
 or CD8
 memory phenotype T
cells, but not NKT cells or �� T cells. Previous investigations re-
ported that CD8
 memory phenotype T cells existed in naive mice
and played an important role in the phase of innate-immunity
resistance to L. monocytogenes infection by rapidly producing
IFN-� in response to cytokine stimulation, such as that by IL-12
and IL-18, in an antigen (Ag)-independent manner (43, 44). In
contrast, in the present study, 20% to 40% of CD4
 and CD8


memory phenotype T cells expressed IFN-� in the peripheral
blood even before infection, which was similar between WT and
CARD9 KO mice (data not shown). After infection with C. neo-
formans, IFN-�-expressing CD4
 and CD8
 memory phenotype
T cells had accumulated in the lungs, probably from the circula-
tory system, with almost no change in the rate of positivity for
IFN-� expression. In CARD9 KO mice, accumulation of CD4


and CD8
 memory phenotype T cells expressing IFN-� in the
lungs was impaired, compared with that in WT mice. Similarly,
IFN-�-expressing NK cells were markedly reduced in the lungs of
CARD9 KO mice. Thus, these findings may account for the reduc-
tion in IFN-� production during the innate-immunity phase in
CARD9 KO mice.

Accumulation of inflammatory cells is critically regulated by
interaction between chemokines and their particular receptors.
NK cells and memory T cells are known to express CCR5 and
CXCR3, receptors for CCL3, -4, and -5 and for CXCL9 and -10,
respectively (45). In an earlier study by Kohlmeier and coworkers
(34), CCR5 was found to be essential for the recruitment of mem-
ory CD8
 T cells in the lungs during viral infection. In addition,
CXCR3 ligands play an important role in the recruitment of cen-
tral memory T cells during antiviral recall response (35). Similarly,
recruitment of NK cells is reported to require CCR5 and CXCR3
during viral infection (36, 37). Consistent with these ideas, the
innate-immunity-phase production of CCL3, CCL4, CCL5,
CXCL9, and CXCL10 in the lungs of CARD9 KO mice was re-
duced during infection with C. neoformans, although significant

reduction was not observed in CCL3 expression. Also, in vitro
experiments showed that in mice lacking CARD9, C. neoformans-
stimulated synthesis of CCL3 and -4 by BM-DCs was decreased,
although CCL5, CXCL9, and CXCL10 expression was not de-
tected (data not shown for CXCL9 and -10). Because CXCL9 and
-10 are known to be induced by IFN-� (45), the observed reduc-
tion of IFN-� synthesis in vivo may account for the downregula-
tion of these chemokines.

Although the innate-immunity-phase IFN-� production was
markedly reduced, there was no reduction during the adaptive-
immunity phase in CARD9 KO mice. Consistent with these data,
expression of Th1-related molecules, including IL-12p35 on day 3
and T-bet, IFN-�, and iNOS on day 7, was detected at equivalent
levels in these mouse strains, although expression of Th17-related
molecules such as IL-23p19, ROR-�t, and IL-17A was lower in
CARD9 KO mice than in WT mice. In addition, Th1 response in
the Ag-restimulated LN cells was detected at similar levels in WT
and CARD9 KO mice, whereas the Th17 response was abrogated
in CARD9 KO mice. The reduced Th17 response is consistent with
previous investigations, indicating that the critical role of CARD9
and its upstream receptors, such as Dectin-1 and Dectin-2, in the
host defense against pathogenic microorganisms, such as C. albi-
cans, is mediated by a Th17 response (21, 23, 28). In contrast, in
the present study, clearance of C. neoformans in the lungs was not
impaired but rather promoted in IL-17A KO mice, which was
consistent with previous studies showing that depletion of IL-17A
had no effect on the resolution of pulmonary infection with C.
neoformans (46, 47). These findings suggest that Th17 response
may be dispensable for the local host defense against cryptococcal
infection in lungs, although the possible involvement of IL-17F
(48) and IL-22 (49), which are produced by Th17 cells, remains to
be elucidated. In addition, CARD9 KO mice were less susceptible
to infection with C. neoformans than IFN-� KO mice that showed
severe impairment in the lung clearance of this fungal pathogen
(see Fig. S1 in the supplemental material). These results are not
incompatible with the notion that the impaired host defense in
CARD9 KO mice is due to the reduced production of IFN-� but
not of IL-17A. Thus, CARD9-mediated signaling is likely to have
an impact on the host defense against cryptococcal infection at the
innate-immunity stage rather than at the adaptive-immunity
stage, similar to what has been reported for L. monocytogenes in-
fection (30).

In conclusion, the present study demonstrates that the signal-
ing mediated by CARD9 makes a critical contribution to the host
defense against pulmonary infection with C. neoformans and sug-
gests that this pathway may promote the innate-immunity-phase
recruitment of IFN-�-producing cells at the infection site rather
than inducing the differentiation of Th1 cells. In contrast, MyD88,
an adapter molecule operating downstream of TLRs, is reported
to play a critical role in the differentiation of Th1 cells during this
infection (50, 51), suggesting that CARD9 and MyD88 may play
distinct roles in the different stages of infection. Because the pre-
cise role of the CARD9-mediated signaling pathway in the host
defense against C. neoformans remains to be defined, the present
study provides an important implication for understanding the
pathogenic mechanism of this infection. Further investigations
are necessary to identify the upstream receptors contributing to
the recognition of this fungal microorganism.

FIG 9 Effect of IL-17A deficiency on the clearance of C. neoformans in lungs.
WT and IL-17A KO mice were infected intratracheally with C. neoformans.
The number of live colonies in lungs was counted on day 14 after infection.
Data are means and SD for six WT and seven IL-17A KO mice. Experiments
were repeated three times with similar results. *, P � 0.05.
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