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The immune system uses germline-encoded pat-
tern recognition receptors (PRRs) to sense vari-
ous pathogens including bacteria, viruses, and 
fungi, or endogenous danger signals, initiating 
intracellular signal cascades that result in the  
activation of transcription factors, up-regulation 
of defense-associated target genes, and release 
of cytokines (Medzhitov, 2009). During fungal 
infection, the initial innate immune response 
is determined by the recognition of PAMPs 
(pathogen-associated molecular patterns) by 
PRRs of innate immune cells (Romani, 2004). 
Several types of PRRs with signaling capacity 
include TLRs, NLRs (nucleotide-oligomeriza-
tion domain-like receptors), RLRs (retinoic 
acid-inducible gene I–like helicases), and the re-
cently emerging family of spleen tyrosine kinase 
(Syk)–coupled C-type lectin receptors (CLRs; 
Kerrigan and Brown, 2011). The ability of these 

PRRs to elicit inflammation and innate im-
munity is their capability to activate multiple 
signaling cascades, leading to activation of var-
ious transcription factors including NF-B 
(Vallabhapurapu and Karin, 2009; Cargnello and 
Roux, 2011).

Dectin-1 is a Syk-coupled CLR and recog-
nizes -glucan carbohydrates on various fungi 
including Candida albicans, Aspergillus fumigatus, 
and Pneumocystis carinii (Brown and Gordon, 2001; 
Steele et al., 2005; Saijo et al., 2007), whereas 
Dectin-2 and Dectin-3, two Syk-coupled 
CLRs, form heterodimeric PRR to recognize 
-mannans on the surface of C. albicans hyphae 
(Sato et al., 2006; Saijo et al., 2010; Zhu et al., 
2013). As the main nonopsonic receptor in-
volved in fungal uptake (Heinsbroek et al., 2008), 
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Dectin-1 functions as a pattern recognition receptor for sensing fungal infection. It has 
been well-established that Dectin-1 induces innate immune responses through caspase 
recruitment domain-containing protein 9 (CARD9)–mediated NF-B activation. In this 
study, we find that CARD9 is dispensable for NF-B activation induced by Dectin-1 ligands, 
such as curdlan or Candida albicans yeast. In contrast, we find that CARD9 regulates H-Ras 
activation by linking Ras-GRF1 to H-Ras, which mediates Dectin-1–induced extracellular 
signal-regulated protein kinase (ERK) activation and proinflammatory responses when 
stimulated by their ligands. Mechanistically, Dectin-1 engagement initiates spleen tyrosine 
kinase (Syk)–dependent Ras-GRF1 phosphorylation, and the phosphorylated Ras-GRF1 
recruits and activates H-Ras through forming a complex with CARD9, which leads to acti-
vation of ERK downstream. Finally, we show that inhibiting ERK activation significantly accel-
erates the death of C. albicans–infected mice, and this inhibitory effect is dependent on 
CARD9. Together, our studies reveal a molecular mechanism by which Dectin-1 induces  
H-Ras activation that leads to ERK activation for host innate immune responses against 
fungal infection.
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previous study shows that stimulation of Dectin-1 with zymo-
san, curdlan, or HI C. albicans yeasts induces NF-B activation 
through a CARD9-independent pathway in macrophages, 
whereas Dectin-2 stimulation by C. albicans hyphae triggers 
NF-B activation through the CARD9-dependent pathway 
(Bi et al., 2010). This study suggests that Dectin-1–induced sig-
naling may be more complicated than originally proposed 
(Gross et al., 2006), and the molecular mechanism by which 
CARD9 is involved in Dectin-1 signaling pathway may need 
to be further determined. Furthermore, a recent study also 
shows that Dectin-1–induced signaling can module NF-B 
through Raf-1–dependent phosphorylation and acetylation of 
p65 subunit of NF-B (Gringhuis et al., 2009), suggesting that 
multiple signaling pathways may modulate Dectin-1–induced 
NF-B activation.

In this study, using Curdlan, a -glucan ligand and a mu-
tant C. albicans strain mnn5, which has the highly exposed sur-
face -glucans, we were able to examine the requirement of 
CARD9 for -glucan–induced signaling in innate immune cells 
and found that although CARD9 is dispensable for Dectin-1–
induced NF-B activation, it is required for Dectin-1–induced 
ERK activation by linking Ras-GRF1 to H-Ras. Together, 
our studies reveal a molecular mechanism by which CARD9 
mediates Dectin-1-induced ERK activation for host anti-
fungal immune responses.

RESULTS
-glucans exposed on the surface of C. albicans yeast 
activate NF-B and ERK through Dectin-1
C. albicans is coated with mannoproteins that prevent -glucan 
moieties from being recognized by Dectin-1 on innate im-
mune cells (Gantner et al., 2005; Wheeler and Fink, 2006). To 
study the effect of surface -glucans of live fungi on Dectin-1–
mediated innate immune responses, we generated a mutant 
strain of C. albicans, mnn5, in which the -1,2-mannosyltrans-
feranse gene MNN5 (Bai et al., 2006) was disrupted by homol-
ogous recombination, thereby causing the increased exposure 
of -glucans on the cell wall of C. albicans yeasts (Fig. 1 A). 
Consistently, the -glucan moiety on the surface of mnn5 yeast 
was more accessible to soluble GFP-tagged extracellular car-
bohydrate-binding domain (CRD) of Dectin-1 (sDectin-1CRD) 
than that on WT C. albicans yeast cells (Fig. 1 B).

To further confirm that the exposed -glucan on the sur-
face of mnn5 yeast activates the signaling pathway through 
Dectin-1, we stimulated BMDMs from WT (Clec7A+/+)  
or Dectin-1–deficient (Clec7A/) mice with WT or mnn5 
yeast cells, and found that mnn5 yeasts induced more potent 
NF-B DNA binding than WT yeast (Fig. 1 C), together with 
more IB degradation (Fig. 1 D). Consistently, Dectin-1  
deficiency impaired the NF-B activation (Fig. 1 C) and 
IB degradation (Fig. 1 D). Moreover, mnn5 yeasts triggered 
stronger and sustained activation of ERK than WT yeast in 
BMDMs (Fig. 1 D), but Dectin-1 deficiency significantly  
impaired yeast-induced ERK activation in BMDMs (Fig. 1 D). 
In contrast, when these cells were stimulated with hyphal 
forms of C. albicans, NF-B activation (Fig. 1 E) and IB 

Dectin-1 binds to -glucans from different fungal species 
(Brown and Gordon, 2001) and forms a phagocytic synapse 
complex on the cytoplasm membrane (Goodridge et al., 2011). 
Dectin-1 collaborates with TLR2 (Ferwerda et al., 2008), 
SIGNR1 (Takahara et al., 2011), and galectin-3 (Esteban et al., 
2011) in recognizing -glucans on the surface of C. albicans 
yeast cells leading to induction of proinflammatory cytokines.

The caspase recruitment domain-containing protein 9 
(CARD9) is the critical adaptor protein that operates down-
stream of several immunoreceptor tyrosine-based activation 
motif (ITAM)–associated CLRs including Dectin-1, Dectin-2, 
and Mincle (Gross et al., 2006; Robinson et al., 2009; Bi  
et al., 2010; Saijo et al., 2010; Schoenen et al., 2010). After re-
ceptor engagement and Syk kinase phosphorylation, CARD9 
forms a complex with B cell leukemia-lymphoma 10 (Bcl10) 
and mucosa-associated lymphoid tissue 1 (Malt1), which 
transduces non–TLR signaling to the canonical NF-B path-
way (Kingeter and Lin, 2012), leading to inducing the expres-
sion of proinflammatory cytokines, including TNF, IL-1, 
and IL-6. These proinflammatory cytokines control antifungal 
immune responses (Netea et al., 1999; Vonk et al., 2006). More 
importantly, the role of Dectin-1 and CARD9 in antifungal 
host defense has been confirmed by in vivo studies (Gross  
et al., 2006; Saijo et al., 2007; Taylor et al., 2007), together 
with the discovery that host mutations in Dectin-1 or CARD9 
lead to primary immunodeficiencies associated with fungal 
infections (Ferwerda et al., 2009; Glocker et al., 2009). Thus, 
CARD9 plays a central role in antifungal defense by receiving 
signals from Dectin-1 and Dectin-2 and stimulating proin-
flammatory responses.

However, most of the in vitro studies on Dectin-1 signal-
ing have used -glucan–containing particles, such as zymosan 
from Saccharomyces cerevisiae, curdlan from nonpathogenic  
bacteria, or heat-inactivated C. albicans yeasts as stimuli (Gross  
et al., 2006) because -glucans only become accessible at the 
site of budding scars in living C. albicans yeast cells (Gantner 
et al., 2005). In addition, serum can induce a dimorphic tran-
sition of C. albicans from yeast to hyphae forms (Sevilla and 
Odds, 1986), which complicates the data interpretation of  
in vitro studies of -glucan signaling through Dectin-1. Recent 
studies showed that -glucans on the surface of C. albicans can 
be unmasked by several experimental manipulations, such as 
heat-killing (Gantner et al., 2005), treatment with the anti-
fungal drug caspofungin (Wheeler and Fink, 2006; Wheeler 
et al., 2008), or deletion of certain Candida genes including 
extracellular signal-regulated kinase gene CEK (Galán-Díez 
et al., 2010), the histidine kinase gene CHK1 (Klippel et al., 
2010), the predicted glucosyltransferase gene KRE5 (Wheeler 
and Fink, 2006), or the glycosidase gene PHR2 (Wheeler and 
Fink, 2006). Furthermore, unmasked -glucans of C. albicans 
can be specifically recognized by Dectin-1 and lead to more 
potent activation of NF-B and extracellular signal-regulated 
protein kinase (ERK) in human DCs (Wheeler and Fink, 2006; 
Galán-Díez et al., 2010).

In contrast to the model that Dectin-1–induced NF-B  
is mediated through the CARD9-dependent pathway, our 
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Figure 1. Surface -glucans on C. albicans yeasts activate NF-B and ERK through Dectin-1. (A and B) Surface -glucan accessibility on WT or 
mnn5 yeast C. albicans strains, which were stained with anti–-1,3-glucan monoclonal antibodies (-glucan), followed by staining with FITC-labeled sec-
ondary antibodies (A) or soluble GFP-tagged Dectin-1 carbohydrate recognition domain (sDectin-1CRD; B). Bright field (BF), fluorescence (FL), and overlay 
(right) are shown individually. Bars, 10 µm. (C and D) WT and Dectin-1 (Clec7A)–deficient BMDMs were stimulated with UV-inactivated WT yeasts or mnn5 
yeasts (MOI = 5) for indicated times. Nuclear extracts were subjected to EMSA using 32P-labeled NF-B or Oct-1 probe (C). Cell lysates were subjected to 
immunoblotting analysis using the indicated antibodies (D). (E and F) WT and Dectin-1 (Clec7A)–deficient BMDMs were stimulated with hyphae of WT 
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potent proinflammatory responses through Dectin-1, but not 
Dectin-2, TLR2, or TLR4.

CARD9 is required for the C. albicans yeast  
stimulation-induced ERK but not NF-B activation
Previous studies suggest that -glucans from C. albicans acti-
vate Dectin-1–mediated NF-B activation through a CARD9-
dependent pathway (Gross et al., 2006). To further investigate 
the role of CARD9 in Dectin-1–induced signaling pathways 
in response to fungal infection, BM-derived macrophages 
(BMDMs) or BM-derived DCs (BMDCs) from WT (Card9+/+) 
or CARD9-deficient (Card9/) mice were stimulated with 
WT or mnn5 strain of C. albicans yeast. We found that CARD9 
deficiency in BMDMs and BMDCs had no influences on the 
yeast stimulation-induced nuclear translocation of NF-B 
(p65 and p50 subunits; Fig. 2, A and B), as well as IB phos-
phorylation and degradation (Fig. 2, C and D, top). In con-
trast, when these cells were stimulated by C. albicans hyphae 

degradation and ERK activation (Fig. 1 F) were no different 
between WT and Dectin-1–deficient cells stimulated with 
WT or mnn5 mutant. These data indicate that mnn5 mutation 
does not increase the exposure of -glucan on the surface of 
hyphae form of C. albicans; thereby Dectin-1 deficiency does 
not affect mnn5 hyphal form stimulation-induced signaling.

We also found that blockade of Dectin-2 using its specific 
monoclonal antibodies (Zhu et al., 2013) in BMDMs had 
almost no effect on NF-B activation induced by WT and mnn5 
yeast stimulation (Fig. 1 G) and the production of proinflam-
matory cytokine TNF and IL-6 (Fig. 1 H). However, when 
challenged with WT and mnn5 hyphae, blocking Dectin-2 
completely inhibited NF-B activation (Fig. 1 G) and signifi-
cantly reduced secretion of TNF and IL-6 (Fig. 1 H). Further-
more, deficiency of TRL2 or TLR4 had no influences on 
WT and mnn5 yeast stimulation-induced activation of NF-B 
(Fig. 1 I) and ERK (Fig. 1, J and K). Together, these results in-
dicate that the exposed -glucan on yeast surface can induce 

yeasts or mnn5 (MOI = 1) for the indicated times. Nuclear extracts were subjected to EMSA using 32P-labeled NF-B or Oct-1 probe (E). Cell lysates were 
subjected to immunoblotting analysis using the indicated antibodies (F). (G) WT BMDMs were stimulated with C. albicans WT or mnn5 yeast (MOI = 5) or 
hyphae (MOI = 1) in the absence or presence of blocking antibodies against Dectin-2 (-Dectin-2, 20 µg/ml) for 60 min. Nuclear extracts were prepared 
from these cells and subjected to immunoblotting analysis using indicated antibodies. (H) WT BMDMs were stimulated with the UV-inactivated yeast (MOI = 5) or 
hyphae (MOI = 1) form of CAI4 or mnn5 mutant in the absence or presence of blocking antibodies against Dectin-2 (20 µg/ml) for 6 h. The amount of TNF 
and IL-6 in the cultured media was determined using ELISA. **, P < 0.01; ***, P < 0.001. Data are means ± SD of triplicate wells and are representative of 
three independent experiments. (I–K) WT, TLR2-, and TRL4-deficient BMDMs were stimulated with UV-inactivated WT (CAI4) or mnn5 strains of C. albicans 
yeast cells (MOI = 5) for 1 h for preparing nuclear extracts (I) or for the indicated times for preparing cell lysates (J and K). Samples were subjected to im-
munoblotting analysis using indicated antibodies. Data shown are representative of three independent and reproducible experiments.

 

Figure 2. CARD9 engages the yeast-
induced ERK, but not NF-B activation. 
(A and B) WT and CARD9-deficient BMDMs 
(A) or BMDCs (B) were stimulated with UV-
inactivated WT or mnn5 strains of C. albicans 
yeasts (MOI = 5) or hyphae (MOI = 1) for 1 h. 
Nuclear extracts were prepared and subjected 
to immunoblotting analysis using indicated 
antibodies. (C and D) WT and CARD9-deficient 
BMDMs (C) or BMDCs (D) were stimulated 
with UV-inactivated WT or mnn5 mutant 
strain of C. albicans yeast for the indicated 
times. Cell lysates were prepared and sub-
jected to immunoblotting analysis using indi-
cated antibodies. (E) WT and CARD9-deficient 
BMDMs were stimulated with UV-inactivated 
mnn5 yeast cells (MOI = 5) for the indicated 
times. Cell lysates were prepared and sub-
jected to immunoblotting analysis using  
indicated antibodies. (F) WT and Bcl10- 
deficient BMDMs were stimulated with  
UV-inactivated WT or mnn5 yeast cells  
(MOI = 5) for the indicated times. Cell lysates 
were prepared and subjected to immunoblot-
ting analysis using indicated antibodies. Data 
shown are representative of three indepen-
dent and reproducible experiments.
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activated Dectin-1 or Dectin-2, respectively, leading to in-
duction of NF-B nuclear translocation and ERK phos-
phorylation (Fig. 3, A and B). Interestingly, we found that 
curdlan-induced ERK activation was defective in CARD9-
deficient BMDMs and BMDCs (Fig. 3, C and D), whereas  
-mannan–induced ERK activation was intact (Fig. 3, C and D). 
Consistent with our previous findings (Bi et al., 2010),  
curdlan-induced nuclear translocation of NF-B was intact 
(Fig. 3, E and F). In contrast, -mannan–induced nuclear 
translocation of NF-B was defected in CARD9-deficient 
cells (Fig. 3, E and F), which is consistent with our previous 
studies that CARD9 is required for Dectin-2–induced NF-B 
activation (Bi et al., 2010). Together, these results suggest that 
CARD9 is required for Dectin-1–induced ERK activation but 
is dispensable for NF-B activation. In contrast, CARD9 is 
required for Dectin-2–induced NF-B activation.

CARD9 links Ras-GRF1 to H-Ras in response  
to C. albicans yeast stimulation
To determine the molecular mechanism by which CARD9 
is linked to the signaling pathway leading to activation of 
ERK, we performed a Yeast Cyto-trap two-hybrid screen-
ing. Multiple positive clones, which encode H-Ras (a member 
of Ras family of small guanosine triphosphatases [GTPases]) 
and Ras-GRF1 (Ras-guanine-nucleotide-releasing factor 1), 
were identified in this screening (unpublished data), suggest-
ing that CARD9 may associate with H-Ras and Ras-GRF1, 
which are upstream signaling components, leading to activation 
of ERK (Imamura et al., 2009; Wang et al., 2013). To examine 
whether CARD9 is associated with H-Ras and Ras-GRF1, 
we immunoprecipitated CARD9 from RAW264.7 cells ex-
pressing Flag-tagged CARD9 and found that immuno-
precipitation of Flag-CARD9 effectively coprecipitated H-Ras 

that activate Dectin-2 but not Dectin-1 signaling (Saijo et al., 
2010), the nuclear translocation of NF-B subunits was de-
fective in CARD9-deficient BMDMs (Fig. 2 A) and BMDCs 
(Fig. 2 B). Unlike the yeast stimulation-induced NF-B  
activation, we surprisingly found that C. albicans yeast stimula-
tion-induced ERK phosphorylation was defective in CARD9-
deficient BMDMs (Fig. 2 C, middle) and BMDCs (Fig. 2 D, 
middle), suggesting that CARD9 deficiency affects Dectin-1–
induced ERK activation. In addition, CARD9 deficiency had 
no significant impact on Dectin-1–induced activation of p38 
and JNK MAP kinases (Fig. 2 E). Together, these results sug-
gest that CARD9 may be dispensable for Dectin-1–induced 
activation of NF-B, p38, and JNK, but it is required for Dectin-1– 
induced ERK activation.

Because CARD9 forms a complex with Bcl10 (Bertin  
et al., 2000), we examined whether Bcl10 deficiency affected 
Dectin-1–induced ERK activation using BMDMs from WT 
or Bcl10-deficient (Bcl10/) mice, and found that Bcl10  
deficiency affected neither C. albicans yeast stimulation- 
induced IB phosphorylation and degradation nor ERK  
activation (Fig. 2 F). This result suggests that although Dectin-1–
induced ERK activation is dependent on CARD9, it is in-
dependent of the CARD9–Bcl10–Malt1 (CBM) complex 
(Kingeter and Lin, 2012).

CARD9 is required for -glucan–induced ERK,  
but not NF-B, activation
It has been shown that Dectin-1 activates NF-B through 
CARD9-dependent pathway (Gross et al., 2006), and curdlan, 
a mixture of -glucan from nonpathogenic bacteria, is one of 
the ligands for Dectin-1 (Palma et al., 2006). To further deter-
mine the role of CARD9 in Dectin-1 signaling, we used plate-
bound curdlan or plate-bound -mannans, which potently 

Figure 3. CARD9 mediates Curdlan- 
induced ERK activation but is not dispens-
able for NF-B. (A and B) RAW264.7 cells 
stably expressing human Dectin-1, Dectin-2, 
or mock were stimulated with plate-coated 
curdlan (50 µg/ml) or -mannans (40 µg/ml) 
for 1 h for preparing nuclear extract (A) or  
30 min for preparing cell lysate (B), and then 
subjected to immunoblotting analysis using 
the indicated antibodies. (C–F) WT and 
CARD9-deficient BMDMs (C and E) or BMDCs 
(D and F) were stimulated with plate-coated 
curdlan (50 µg/ml) or -mannans (40 µg/ml) 
for the indicated times for preparing cell  
lysate (C and D) and 1 h for preparing nuclear 
extract (E and F). The cell lysates or nuclear 
extracts were subjected to immunoblotting 
analysis using the indicated antibodies. Data 
shown are representative of three indepen-
dent and reproducible experiments.
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with H-Ras (Fig. 4 E). These results suggest that CARD9 
bridges the interaction between Ras-GRF1 and H-Ras, which 
leads to activation of downstream signaling. Because Ras-
GRF1 activates H-Ras (Zhu et al., 2007), we examined H-Ras 
activation and found that H-Ras could be effectively acti-
vated by C. albicans stimulation, whereas CARD9 deficiency 
impaired this activation (Fig. 4 F). Together, these results indi-
cate that CARD9 mediates H-Ras activation through bridg-
ing Ras-GRF1 to H-Ras.

Stimulation of Dectin-1 by C. albicans yeast induces ERK 
activation though CARD9-bridged Ras-GRF1–H-Ras complex
To determine whether the formation of CARD9-bridged 
Ras-GRF1 and H-Ras complex is dependent on Dectin-1-
induced signaling, we examined this complex formation after 
C. albicans yeast stimulation in WT (Clec7A+/+) and Dectin-1–
deficient (Clec7A/) BMDMs, and found that this com-
plex was completely defective in Dectin-1–deficient cells 
(Fig. 5 A). Consistently, C. albicans yeast stimulation-induced 
H-Ras activation was completely defective in Dectin-1– 
deficient BMDMs (Fig. 5 B). In addition, treatment of 
BMDMs with Syk inhibitor Piceatannol also blocked this com-
plex formation (Fig. 5 C), and the yeast-induced phosphory-
lation of Ras-GRF1 as well as ERK activation (Fig. 5 D).  
In contrast, CARD9 deficiency did not significantly impair  

and Ras-GRF1 after the stimulation by WT C. albicans yeast 
(Fig. 4 A). Consistently, mnn5 yeast stimulation induced a 
stronger association of CARD9 with both H-Ras and Ras-
GRF1 (Fig. 4 A), suggesting that CARD9 inducibly forms a 
complex with H-Ras and Ras-GRF1 in Dectin-1–induced 
signaling cascade.

To further confirm the inducible association of CARD9 
with H-Ras and Ras-GRF1, endogenous CARD9 was  
immunoprecipitated from BMDMs after stimulation by  
C. albicans yeasts. We found that CARD9 inducibly coimmuno-
precipitated with both H-Ras and Ras-GRF1 after stimu-
lation (Fig. 4 B), and this association was specific because 
CARD9 deficiency abolished this association (Fig. 4 B). 
Together, these results suggest that CARD9 associates with 
H-Ras and Ras-GRF1 in response to the stimulation of C. 
albicans yeasts.

Interestingly, CARD9 constitutively associated with 
H-Ras or Ras-GRF1 when they were coexpressed in 
HEK293T cells (Fig. 4 C). However, the association of 
CARD9 with H-Ras was significantly enhanced when three 
of them were coexpressed in 293T cells (Fig. 4 C). Similarly, 
although Ras-GRF1 weakly associated with H-Ras, this as-
sociation was significantly enhanced upon coexpression of 
them with CARD9 (Fig. 4 D). Consistently, CARD9 defi-
ciency impaired the yeast-induced association of Ras-GRF1 

Figure 4. CARD9 links Ras-GRF1 to H-Ras in  
response to C. albicans yeast stimulation.  
(A) RAW264.7 cells stably expressing Flag-CARD9 were 
stimulated with UV-inactivated WT or mnn5 yeast cells 
for indicated times. Cell lysates (Ly) were immuno-
precipitated (IP) with anti-Flag antibody. (B) WT and 
CARD9-deficient BMDMs were stimulated with UV- 
inactivated mnn5 yeast cells for indicated times. Cell 
lysates were immunoprecipitated with -CARD9 antibody. 
The cell lysate or immunoprecipitates were subjected to  
immunoblots using indicated antibodies. (C and D) 
HEK293T cells were transfected with expression vectors 
encoding Ras-GRF1, Myc-H-Ras, and Flag-CARD9 at 
different combinations. Cell lysates were subjected to 
immunoprecipitation with anti-Flag (C) or anti-Ras-
GRF1 antibody (D). (E) WT and CARD9-deficient BMDMs 
were stimulated with UV-inactivated mnn5 yeast cells 
for indicated times. Cell lysates were immunoprecipi-
tated with anti–H-ras antibody. Immunoprecipitated (IP) 
and lysate (Ly) fractions were analyzed by immunoblot-
ting using the indicated antibodies. (F) WT and CARD9-
deficient BMDMs were stimulated with UV-inactivated 
mnn5 yeast cells or EGF (as a control) for indicated 
times. Ras activation was determined by pull-down assay 
using a Ras activation assay Biochem kit according to 
the manufacturer’s instructions. Immunoassay of the 
total and activated Ras was performed for determining 
the Ras activation. Data shown are representative of 
three independent and reproducible experiments.
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through scaffold protein CARD9, leading to the activation of 
ERK pathway.

The CARD9/H-Ras/ERK signaling cascade is critical  
for immune responses triggered by C. albicans yeast
To determine the functional effect of CARD9 on Dectin-1–
induced cytokine production, we first treated C. albicans yeasts 
with UV light that fixes C. albicans at the yeast stage and pre-
vents them from transforming into hyphae, and then stimu-
lated WT or CARD9-deficient BMDMs with UV-inactivated 
C. albicans yeast cells. We found that secretion of cytokines  
including TNF, IL-6, and IL-1 had a significant reduction, 

the yeast-induced Ras-GRF1 phosphorylation (Fig. 5, E and F), 
indicating that CARD9 functions downstream of Ras-GRF1. 
Similarly, CARD9 deficiency significantly impaired curdlan- 
induced phosphorylation of ERK, but not Ras-GRF1 (Fig. 5 G), 
indicating that CARD9 functions downstream of Ras-GRF1. 
Consistently, knockdown of endogenous H-Ras in BMDMs 
specifically inhibited curdlan- or yeast-induced phosphory-
lation of ERK (Fig. 5 H) but had no effect on -mannans– 
or LPS-induced ERK activation (Fig. 5 I). Together, these 
results demonstrate that Dectin-1 signaling activated by  
-glucans induces Syk-dependent phosphorylation of Ras-
GRF1, and then the phosphorylated Ras-GRF1 activates H-Ras  

Figure 5. Dectin-1/Syk stimulation by  
C. albicans yeast induces the formation of a 
Ras-GRF1–CARD9–H-Ras complex. (A) WT 
and Dectin-1–deficient BMDMs were stimu-
lated with UV-inactivated mnn5 yeast cells 
(MOI = 5) for the indicated times. Cell lysates 
were immunoprecipitated with anti-CARD9 
antibody and immunoprecipitated (IP) and 
lysate (Ly) fractions were analyzed by immuno-
blotting using indicated antibodies. (B) WT 
and Dectin-1–deficient BMDMs were stimu-
lated with UV-inactivated mnn5 yeast cells 
(MOI = 5) or EGF for indicated times. Ras 
activation was determined by pull-down assay 
using a Ras activation assay Biochem kit. 
Immunoassay of the total and activated Ras 
was performed for determining the Ras acti-
vation. (C) RAW264.7 cells stably expressing 
Flag-Card9 were pretreated with or without 
Syk inhibitor (piceatannol) for 30 min before 
stimulation with UV-inactivated mnn5 yeast 
cells (MOI = 5) for indicated times. Cell lysates 
were immunoprecipitated with anti-Flag anti-
body and analyzed by immunoblotting using 
indicated antibodies. (D) WT BMDMs were 
pretreated with or without piceatannol for  
30 min before stimulation with UV-inactivated 
mnn5 yeast cells (MOI = 5) for the indicated 
times. (E) WT and CARD9-deficient BMDMs 
were stimulated with UV-inactivated mnn5 
yeast cells (MOI = 5) for the indicated times. 
(F) WT and CARD9-deficient BMDMs were 
stimulated with UV-inactivated mnn5 yeast 
cells for indicated times. Cell lysates were 
immunoprecipitated with anti-Ras-GRF1 
antibody and immunoprecipitated (IP) and 
lysate (Ly) fractions were analyzed by immuno-
blotting using indicated antibodies. (G) WT 
and CARD9-deficient BMDMs were stimulated 
with plate-coated curdlan (50 µg/ml) for the 
indicated times. (H and I) Knockdown of  
endogenous H-Ras by RNA interference in 
BMDMs, which were transfected with siRNA 
against murine H-Ras and nontargeting con-

trol siRNA using Trans IT-TKO transfection reagent (Mirus). Cells were cultured for 48 h after transfection and then stimulated with plate-coated curdlan 
(50 µg/ml), UV-inactivated mnn5 yeast cells (MOI = 5), plate-coated -mannans (50 µg/ml), or LPS (100ng/ml) for the indicated times. Cell lysates were 
subjected to immunoblotting analysis using indicated antibodies. Data shown are representative of three independent and reproducible experiments.
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Figure 6. CARD9-mediated H-Ras activation is critical for immune responses triggered by C. albicans yeast and curdlan. (A and B) ELISA results 
for cytokines TNF, IL-1, IL-6, and IL-12p40 in supernatants of WT and CARD9-deficient BMDMs, which were stimulated for 6 h with UV-inactivated WT 
or mnn5 yeast (MOI = 5; A) or hyphae (MOI = 0.1; B). (C and D) ELISA results for cytokines TNF, IL-1, IL-6, and IL-12p40 in supernatants of WT and 
CARD9-deficient BMDMs, which were pretreated with or without 5 µM U0126 for 30 min and then stimulated with UV-inactivated mnn5 yeast cells  
(MOI = 5; C) or plate-coated curdlan (50 µg/ml; D) for 6 h. (E and F) ELISA results for cytokines TNF, IL-1, IL-6, and IL-12p40 in supernatants of WT BMDMs, 
which were transfected with siRNA against murine H-Ras and nontargeting control siRNA using Trans IT-TKO transfection reagent (Mirus). Cells were 
cultured for 48 h after transfection and then stimulated with plate-coated curdlan (50 µg/ml), UV-inactivated mnn5 yeast cells (MOI = 5), plate-coated 
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To further confirm the effect of CARD9-mediated im-
mune responses on the clearance ability to systemic C. albicans 
infections, we challenged WT or CARD9-deficient mice with 
UV-inactivated WT (CAF2-1) or mnn5 mutant C. albicans. 
Similar to the in vitro challenging of macrophages by UV- 
inactivated C. albicans (Fig. 6 A), CARD9-deficient mice had 
significantly lower levels of TNF, IL-6, and IL-1 production 
in their serum at day 2 after infected with mnn5 mutant,  
but only TNF production had a significant reduction when 
infecting CARD9-deficient mice with CAF2-1 strain (Fig. 7 E). 
To determine the role of Dectin-2–mediated host defense 
against systemic infections with mnn5 mutant, mice receiving 
anti–Dectin-2 or nonspecific control IgG were intravenously 
injected with a sublethal dose (6 × 104) of WT (CAF2-1) or 
mnn5 mutant strains. Blocking Dectin-2 significantly de-
creased the survival rate of CAF2-1–infected mice (P < 0.01; 
Fig. 7 F) but had very little impact on mnn5 mutant-infected 
mice (Fig. 7 F). The fungal burden in kidney of these mice 
consistently showed similar phenotypes (Fig. 7 G). Together, 
these data suggest that mnn5 mutant C. albicans is virulent to 
CARD9-deficient mice, and that the faster clearance of mnn5 
mutant of C. albicans by WT mice may be due to a stronger 
activation of -glucan–induced Dectin-1–, but not Dectin-2–, 
and CARD9-dependent inflammatory responses.

To determine the contribution of CARD9-mediated 
ERK activation on antifungal immunity in vivo, we pretreated 
WT or CARD9-deficient mice with or without U0126, and 
then intravenously infected these mice with a low dose (5 × 
104) of mnn5 mutant. We found that administration of U0126 
reduced the survival rate of WT mice (P < 0.05; Fig. 8 A). 
However, administration of U0126 did not have a significant 
effect on the survival of CARD9-defecient mice (P > 0.05; 
Fig. 8 A). Consistently, U0126 treatment only significantly  
affected the fungal load (P < 0.01; Fig. 8 B) and cytokine 
production (Fig. 8 C) in the kidney of WT but not CARD9-
defecient mice after mnn5 infection, suggesting that the con-
tribution of ERK activation on antifungal immunity is largely 
dependent on CARD9-mediated signaling.

DISCUSSION
During C. albicans infection, both yeast and hyphae forms 
can be found in infected tissues, and innate immune cells 
discriminate them through different PRRs, especially CLRs, 
which elicit protective immune responses against this infec-
tion. Previous studies have shown that CARD9, a scaffold 
protein, is required to mediate different CLR-induced NF-B 
activation after fungal infection. In this study, we found that 
CARD9 is dispensable for Dectin-1–induced NF-B activation 
but it is required for Dectin-1–induced ERK activation with 
stimulation of C. albicans yeasts, whereas Dectin-2–induced 

whereas IL-12 production was only slightly affected in 
CARD9-deficient BMDMs (Fig. 6 A). In contrast, when 
BMDMs were stimulated with C. albicans hyphae, which in-
duces proinflammatory signaling through the Dectin-2– and 
Dectin-3–dependent pathways (Saijo et al., 2010; Zhu et al., 
2013), CARD9 deficiency was significantly impaired in the 
expression of these cytokines (Fig. 6 B). Furthermore, we ex-
amined the effect of inhibiting ERK signaling on cytokine 
production by WT or CARD9-deficient BMDMs, which 
were treated with or without U0126, an inhibitor for ERK 
activation. We found that U0126 significantly suppressed TNF, 
IL-6, and IL-1 production by WT BMDMs in response  
to Dectin-1 agonists C. albicans yeast (Fig. 6 C) and curdlan 
(Fig. 6 D). However, U0126 treatment did not significantly 
affect the expression of these cytokines in CARD9-deficient 
BMDMs after the stimulation by C. albicans yeast (Fig. 6 C) or 
curdlan (Fig. 6 D), suggesting that the inhibited signaling by 
U0126 may be largely overlapped with CARD9-induced sig-
naling. Consistent with the effect on CARD9-deficient  
on TNF and IL-6 production, knockdown of endogenous  
H-Ras in BMDMs also significantly reduced curdlan- or 
yeast-induced production of TNF and IL-6 (Fig. 6 E). As  
controls, U0126 treatment and knockdown of endogenous  
H-Ras in BMDMs had no effect on -mannans– or LPS- 
induced secretions of TNF, IL-6, IL-1, and IL-12 (Fig. 6,  
F and G). Together, these results suggest that the activation  
of CARD9-mediated H-Ras/ERK cascade induced by  
Dectin-1 agonist is critical for the production of proinflam-
matory cytokines.

ERK activation is critical for CARD9-mediated  
innate immunity against C. albicans
To examine the effect of -glucan exposed on the surface  
of C. albicans yeast on host immune responses, we compared 
the pathogenicity of WT, mnn5 mutant, and MNN5-reconsti-
tuted mnn5 strains (mnn5/MNN5) of C. albicans in a murine 
model of systemic candidiasis. Consistent with a previous  
report (Bai et al., 2006), mnn5 mutant-infected mice sur-
vived significantly longer than CAF2-1 (the parental strain of 
C. albicans)– or mnn5/MNN5-infected mice with a lethal dose 
(1 × 106) of C. albicans (Fig. 7 A). The fungal burdens of kid-
neys in mice infected with mnn5 mutant were significantly 
lower than those infected with either CAF2-1 or mnn5/
MNN5 strains (P < 0.01, Fig. 7 B). However, we found that 
all CARD9-deficient mice died within 5 d after infection 
with a sublethal dose (3 × 105) of WT (CAF2-1) or mnn5 
mutant strains of C. albicans (P > 0.05, Fig. 7 C) and, consis-
tently, fungal burden in the kidney of CARD9-deficient mice 
had no significant difference when challenging with CAF2-1 
or mnn5 strains (P > 0.05, Fig. 7 D).

-mannans (50 µg/ml), or LPS (100 ng/ml) for 6 h. (G) ELISA results for cytokines TNF, IL-1, IL-6, and IL-12p40 in supernatants of WT and CARD9-deficient 
BMDMs, which were pretreated with or without 5 µM U0126 for 30 min and then stimulated with plate-coated -mannans (50 µg/ml) or LPS (100 ng/ml) 
for 6 h. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data are means ± SD of triplicate samples and are representative of three independent experiments.
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NF-B activation is completely dependent on CARD9 with 
stimulation of C. albicans hyphae. Mechanistically, we found 
that CARD9 links Ras-GRF1 to H-Ras and regulates the 
activation of H-Ras, leading to activation of downstream 
ERK activation. Together, we have revealed a previously un-
known mechanism by which Dectin-1 induces H-Ras acti-
vation that, in turn, induces downstream ERK activation.

In this study, we have also found that CARD9-mediated 
signaling had more significant contributions to Dectin-2–
mediated proinflammatory responses than those mediated  
by Dectin-1, including induction of IL-1 and IL-6, two  
pivotal cytokines for priming downstream Th17 differentia-
tion. Consistent with our observations, CARD9 has been 
shown to be indispensable for development of Th17 responses 

Figure 7. Surface -glucans exposed on C. albicans significantly enhance CARD9-mediated proinflammation responses against systemic can-
didiasis. (A and B) Infected mice survival and kidney CFU assay. Groups of C57B/L6 female mice were injected via lateral tail vein with 1 × 106 CFU of  
C. albicans WT (CAF2-1), mnn5 mutant, and its restored strain (mnn5/MNN5) in 200 µl sterile saline. Survival of these mice (n = 10 per group) was monitored 
and plotted (A). Kidney CFU assay (n = 5 per group) was performed at day 2 after infection (B). Shown are means and SD for n = 3. (C and D) WT (Card9+/+; 
squares) and CARD9-deficient mice (Card9/; triangles) were infected intravenously with 3 × 105 CFU of C. albicans WT (CAF2-1) and mnn5 mutant strains 
in 200 µl sterile saline. Survival of these mice (n = 10 per group) was monitored and plotted (C). Kidney CFU assay (n = 5 per group) was performed at  
day 2 after infection (D). Shown are means and SD for n = 3. (E) ELISA results for TNF, IL-6, IL-1, and IL-12p40 in mouse sera at day 2 after infection.  
WT (Card9+/+) and CARD9-deficient (Card9/) mice (n = 5 per group) were challenged with UV-inactivated C. albicans WT (CAF2-1) and mnn5 mutant yeast 
cells (1 × 106) in 200 µl sterile saline. Data shown are representative of three independent experiments. SDs are indicated. (F and G) Infected mice survival 
and kidney CFU assay. Groups of C57B/L6 female mice infected with 6 × 104 CFU of C. albicans WT (CAF2-1) and mnn5 mutant strains, which were treated 
with 200 µg anti–Dectin-2 monoclonal antibodies (-D2) or nonspecific control IgG per mouse for four times at 6 h before or 2, 4, or 6 d after injection of  
C. albicans. Survival of these mice (n = 10 per group) was monitored and plotted (F). Kidney CFU assay (n = 5 per group) was performed at day 2 after infec-
tion (G). Shown are means and SD for n = 5. Two independent experiments were conducted (n = 10 in each group). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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for our observations is that these Dectin-1 ligands may be 
able to activate NF-B through both CARD9-dependent 
and CARD9-independent pathways. In this case, these Dectin-1 
ligands may activate another undefined coreceptor leading to 
activation of NF-B via CARD9-independent pathway. In 
contrast, because this undefined coreceptor cannot induce ERK 
activation, ERK activation by Dectin-1 ligands is only depen-
dent on CARD9-mediated signaling pathway.

It has been shown that Dectin-1 engagement by the cell 
wall extract zymosan or C. albicans yeasts in DCs triggers Syk 
and ERK pathway activation (Rogers et al., 2005; Dillon et al., 
2006; Slack et al., 2007; Galán-Díez et al., 2010). However, it 
has not been shown how Dectin-1 signaling pathway leads to 
ERK activation. Our studies provide a molecular mechanism by 
which Dectin-1 activates ERK. In this case, stimulation of 
Dectin-1 with C. albicans yeasts induces Syk-dependent phos-
phorylation of Ras-GRF1, and the phosphorylated Ras-GRF1, 
in turn, forms a complex with CARD9 that further recruits 
H-Ras, leading to activation of H-Ras and subsequent activa-
tion of downstream ERK pathway.

It has been well documented that the small G protein H-Ras 
is a key regulator of many signal transduction pathways (Rebollo 

to C. albicans in mice, mostly through Dectin-2, and, to a lesser 
extent, Dectin-1 signaling (Robinson et al., 2009). Therefore, 
the CARD9-mediated different transcriptional activation 
programs are at the convergence of innate and adaptive antifun-
gal immune responses downstream of Dectin-1 and Dectin-2.

Signaling from Dectin-1 after ligand binding is mediated 
through the cytoplasmic ITAM-like motif that becomes 
phosphorylated by Src family kinases, providing a docking 
site for Syk (Brown, 2006). Therefore, Syk is a pivotal kinase 
mediating Dectin-1–induced downstream cellular responses, 
such as cytokine production and induction of the respira-
tory burst (Brown, 2006). Although the components of the 
Dectin-1–Syk signaling pathway have yet to be fully eluci-
dated, CARD9, which assembles with BCL10 and MALT1 
(Bertin et al., 2000), has been identified as an essential down-
stream adaptor linking Syk-coupled CLRs to the canonical 
NF-B pathway (Gross et al., 2006; Hara et al., 2007). However, 
in our study, we have found that NF-B activation induced 
by Dectin-1 ligands, both curdlan and mutant C. albicans cells 
with highly exposed -glucans, are intact in CARD9-deficient 
cells. These results indicate that CARD9 is dispensable for 
Dectin-1–induced NF-B activation. One possible explanation 

Figure 8. ERK activation is critical for CARD9-mediated innate immunity against C. albicans. (A and B) WT and CARD9-deficient mice were intra-
venously injected with 5 × 104 CFU of mnn5. Infected mice were treated with or without U0126 (50 µg per mouse) at days 0, 2, 4, and 6 after infection. 
Survival of infected mice (n = 10 per group) was monitored (A) and kidney CFU assay (n = 5 per group) was performed at day 2 after infection (B). *, P < 0.05; 
**, P < 0.01. (C) ELISA results of TNF, IL-1, IL-6, IL-12p40, IL-17A, IL-10, and IL-23 in the extracts of homogenized kidneys from WT and CARD9-deficient 
mice 4 d after infection with 5 × 104 CFU of mnn5. Infected mice were treated with or without 50 µg U0126 per mouse at days 0 and 2 after infection.  
*, P < 0.05; **, P < 0.01; ***, P < 0.001, n = 5 per group. Data shown are representative of three independent experiments. SDs are indicated.



2318 CARD9 regulates H-Ras activation. | Jia et al.

Dectin-1 Y238X mutation, in which the protein translation 
of Dectin-1 gene is prematurely terminated at Tyrosine 238, 
are highly susceptible to fungal infection (Ferwerda et al., 
2009; Cunha et al., 2010; Chai et al., 2011). Homozygotes of 
this mutation are associated with mucocutaneous infections, 
including vaginal candidiasis and onychomycosis, even though 
fungal killing and phagocytosis occur normally (Plantinga  
et al., 2009; van der Velden et al., 2010). The higher suscepti-
bility of patients with Dectin-1 mutations is likely due to the 
defect of antifungal innate immune responses induced by 
Dectin-1–mediated NF-B and MAPK activation.

Previous studies indicate that CARD9 is required for  
NF-B activation induced by several CLRs including Dectin-1 
and Dectin-2 in response to fungal infection (Gross et al., 
2006; Robinson et al., 2009; Bi et al., 2010; Saijo et al., 2010). 
Our findings that CARD9 also regulates H-Ras activation 
and mediates Dectin-1–induced ERK activation further in-
dicate the importance of CARD9 in antifungal immunity. 
Consistent with the critical role of CARD9 in NF-B acti-
vation induced by multiple CLRs and ERK activation by 
Dectin-1, patients with CARD9 mutations (Glocker et al., 
2009; Lanternier et al., 2013; Wang et al., 2014) are suscepti-
ble to the infection by a broad range of different fungal spe-
cies and appear to have more severe fungal infection than 
those found in patients with Dectin-1 mutations (Ferwerda  
et al., 2009; Cunha et al., 2010; Chai et al., 2011). Considering 
the emerging information of the complexity of CLR signal-
ing, further investigating CARD9-associated signaling cas-
cades may provide novel therapeutic insight for designing 
antifungal agents.

MATERIALS AND METHODS
Plasmids. Human Dectin-1 and Dectin-2 were amplified by PCR using 
full-length cDNA of human peripheral blood cells as a template. All PCR 
amplifying fragments, including the Flag-encoding DNA sequence, were 
inserted into a lentivirus vector, pRV3, between the SalI and BglII sites. To 
obtain GFP/Dectin-1CRD fusion gene, the method of overlapping PCR was 
used as described previously (Guan et al., 2007). Four primers for PCR were 
designed as follows based on the GFP and the Dectin-1CRD encoding  
sequence: GFP (sense), 5-CAGGACATATGGTGAGCAAGGGCGAG-3; 
GFP (anti-sense), 5-GCTGCCACCTCCACCGCTACCGCCGCCTCC-
CTTGTACAGCTC-3; Dectin-1CRD (sense), 5-GGTGGAGGTGGCAG-
CTTTTGGCGACACAAT-3; and Dectin-1CRD (anti-sense), 5-ACTGAG-
GGATCCCAGTTCCTTCTCA-3. The GFP (anti-sense) and Dectin-1CRD 
(sense) primers contained a (Gly4Ser)2 linker encoding sequence (boxed). 
The fusion PCR product was digested by NdeI and BamHI and was inserted 
in frame into pET28a expression vector (EMD Millipore).

Reagents and antibodies. Antibodies against phospho-IKK/, phospho-
IB, phospho-ERK, phospho-p38, and p38 were purchased from Cell Sig-
naling Technology; antibodies against p65, IKK, IB, ERK, H-Ras, 
Ras-GRF1, -actin, and PCNA were from Santa Cruz Biotechnology. 
Curdlan and -mannans were from Wako and Sigma-Aldrich, respectively.

Generation of mnn5 null mutant and its revertant strains. To construct 
mnn5 null mutant, the fragment containing 5 and 3 ends of MNN5 gene for 
homologous recombination and the 4-kb hisG-URA3-hisG fragment from 
the plasmid p5921 were subsequently cloned into plasmid pUCm-t (San-
gon). The XhoI digested fragment of pUC-MNN5-URA3 was transformed 

and Martínez-A, 1999). In its active form, H-Ras can activate 
a variety of downstream targets, including the ERK cascade 
(Takai et al., 2001). H-Ras is activated by GEFs (guanine nu-
cleotide exchange factors) that promote the release of guano-
sine diphosphate (GDP) bound to H-Ras and exchange for the 
activating GTP (Shou et al., 1992). Ras-GRF1 catalyzes the 
GDP/GTP exchange needed for H-Ras activation (Quilliam 
et al., 2002). Our findings indicate that CARD9 mediates  
H-Ras activation through linking Ras-GRF1 to H-Ras in 
response to C. albicans yeast stimulation.

It is interesting to note that CARD9 regulates the activa-
tion of another small G protein Rac1 through dissociating 
LyGDI (lymphoid-specific GDP dissociation inhibitor) from 
Rac1 after Listeria monocytogenes stimulation (Wu et al., 2009). 
The activation of Rac1 induces reactive oxygen species (ROS) 
production, which contributes to the killing of intracellular 
bacteria L. monocytogenes. Therefore, CARD9-deficient macro-
phages are defective in ROS production in response to L. 
monocytogenes infection and are impaired in intracellular bacterial 
killing (Wu et al., 2009). Consistently, CARD9-deficient mice 
exhibit hyper-susceptibility to infection of L. monocytogenes 
(Hara et al., 2007; Hsu et al., 2007). Future studies should also 
determine whether CARD9 regulates Rac1 GEFs besides 
Rac1 GDI.

Up to now, there have only been limited studies about  
the roles of ERK cascade on host defense against fungal in-
fections. It has been shown that the ERK cascade plays a 
minor role in modulating the killing of C. albicans by neutro-
phil (Hii et al., 1999) but plays a more important role for pro-
moting the killing of C. albicans by macrophages (Ibata-Ombetta 
et al., 2001). However, inhibition of the ERK signaling path-
way abolished neutrophil migration induced by C. albicans 
hyphae and selectively impaired their ability to kill C. albicans 
(Wozniok et al., 2008). Another study shows that activation  
of the ERK cascade by C. albicans hyphae, but not yeasts, is 
necessary to induce a cytokine response by oral epithelial  
cells (Moyes et al., 2010). In this study, our data shows that 
-glucan exposed on the surface of C. albicans yeast can induce 
strong activation of both NF-B and ERK pathways through 
Dectin-1 signaling. However, Dectin-1–induced ERK activa-
tion is completely dependent on the adaptor protein CARD9. 
Furthermore, our in vivo data shows that treatment with an 
ERK inhibitor significantly accelerates the death of C. albi-
cans–infected mice in a murine systemic candidiasis model, 
and this inhibitory effect is largely dependent on the presence 
of CARD9. Therefore, we conclude that Dectin-1–mediated 
antifungal immune responses to C. albicans infection are mainly 
through CARD9-mediated ERK activation both in vitro 
and in vivo.

Dectin-1 genes are highly conserved across mammals, 
including human and mouse, indicating that the roles of 
Dectin-1 in innate immunity are conserved among different 
species. The impact of Dectin-1 deficiency on antifungal im-
munity has been shown in Dectin-1–deficient mice (Taylor 
et al., 2007). Moreover, the importance of Dectin-1 in human 
antifungal immunity has shown that human patients with 
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Electrophoretic mobility shift assay. After BMDMs were stimulated 
with yeast cells or hyphae, their nuclear extracts were prepared. 5 µg of the 
resulting nuclear protein was incubated with 32P-labeled NF-B or Oct-1 
probe (Promega) for 15 min at 25°C, and then subjected to PAGE and ex-
posed to x-ray films.

Cytokine measurements. The enzyme-linked immunosorbent assay kit 
for TNF, IL-6, IL-12p40, and IL-1 ELISA Ready-SET-GO kits were pur-
chased from eBioscience. All of the samples were measured in triplicate 
times according to the manufacturer’s protocol.

Ras pull-down assay. Ras activation was determined by pull-down assay 
using a Ras activation assay Biochem kit (Cytoskeleton, Inc.) according to 
the manufacturer’s instructions. In brief, left ventricular myocardium sample 
(100 mg) was homogenized in lysis buffer. Equal amounts of protein 
(200 µg) from left ventricular samples were incubated at 4°C for 1 h with 
Raf-RBD (Ras binding domain) beads (40 µl), which specifically recognize 
the GTP-bound form of Ras. Immunoassay of the total and activated Ras 
was performed for determining the Ras activation.

Murine systemic candidiasis model. For the in vivo C. albicans infec-
tion, a group of C57B/L6 and Card9/ female mice were injected via lat-
eral tail vein with 200 µl of a suspension containing a sublethal dose (3 × 105) 
or a low dose (5 × 104) of CAF2-1 or mnn5 strain of C. albicans yeast cells in 
sterile saline. Kaplan–Meier and Life Table analyses were used to estimate 
survival probabilities. All animal experiments were performed in compliance 
with the institutional guidelines and according to the protocol approved by 
the Institutional Animal Care and Use Committee of MD Anderson Cancer 
Center and the Animal Ethics Committee of Tongji University. For cyto-
kine measurement, sera from infected mice or cultured media from DMEMs 
after fungal infections were used and detected by ELISA kits (eBioscience).

Ethics statement. All the animal experiments were performed in compliance 
with the institutional guidelines and according to the protocol approved by the 
Institutional Animal Use and Care Committee of the University of Pittsburg, 
the Institutional Animal Care and Use Committee of MD Anderson Cancer 
Center, and the Animal Ethics Committee of Tongji University.

Statistical analysis. At least two biological replicates were performed for all 
experiments unless otherwise indicated. Log-rank testing was used to evalu-
ate the equality of survival curves. Student’s t test for paired observations was 
used for statistical analyses of cytokine expression levels. Statistical signifi-
cance was set at a p-value of <0.05, <0.01, or <0.001.
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into the ura3/ mutant (CAI4) by standard methods (Sanglard et al., 1996). 
To construct mnn5 mutant revertant strain, MNN5 containing their ORFs 
and 1 kb up/downstream were amplified by PCR with Pyrobest polymerase 
(Takara Bio Inc.) and cloned into plasmid pBes116 to obtain plasmid pBes-
MNN5. Then, the AscI digested fragment of pBes-MNN5 was transformed 
into mnn5 null mutant as previously (Sanglard et al., 1996).

C. albicans growth and preparation. C. albicans yeast cells were grown 
overnight in YPD rich medium at 30°C. For hyphae, yeast cells were 
counted and then resuspended in RPMI 1640 to grow at 37°C for 3 h.

Inactivation of C. albicans strains. Inactivation of C. albicans strains was 
performed as described previously (Wheeler and Fink, 2006). For UV inacti-
vation of C. albicans, the equivalent of 2.5 × 107 cells from a culture were 
washed and resuspended in 1 ml of PBS in a 6-well plate. The fungi were ex-
posed to four doses of 100,000 µjoules/cm2 in a CL-1000 UV-cross-linker 
(UVP; Upland), with agitation between each dose to treat cells evenly.

Screening for -glucan exposure. C. albicans yeast cells or hyphae were 
stained with anti--1,3-glucan primary antibody (Biosupplies Inc.) and 
FITC-labeled goat anti–mouse secondary. Stained cells were adhered to 
clear-bottom plates with Concanavalin A (Sigma-Aldrich) and scanned 
under an oil immersion objective at 100× magnification on a confocal mi-
croscope (TCS SP5; Leica).

BMDM preparation. Dectin-1/ mice were provided by G. Brown 
(University of Aberdeen, Aberdeen, Scotland). Primary cultures of BMDMs 
from WT or Decitn-1/, CARD9/, or Bcl10/mice were prepared as 
previously described (Bi et al., 2010; Gorjestani et al., 2011). In brief, BM 
cells were harvested from the femurs and tibias of mice. Erythrocytes were 
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