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Background: Dectin-2 is involved in anti-fungal immunity. However, its signaling pathway is not fully characterized.
Results: We showed that PLC�2 deficiency impairs Dectin-2-induced NF-�B and MAPK activation in response to fungal
infection.
Conclusion: PLC�2 is a key component in Dectin-2 signaling pathway, mediating immune responses against fungal infection.
Significance: These studies reveal a potential therapeutic target for fungal infection.

C-type lectin receptors (CLRs) such as Dectin-2 function as
pattern recognition receptors to sense fungal infection. How-
ever, the signaling pathways induced by these receptors remain
largely unknown. Previous studies suggest that the CLR-in-
duced signaling pathway may utilize similar signaling compo-
nents as the B cell receptor-induced signaling pathway. Phos-
pholipase C�2 (PLC�2) is a key component in B cell receptor
signaling, but its role in other signaling pathways has not been
fully characterized. Here, we show that PLC�2 functions down-
stream of Dectin-2 in response to the stimulation by the hyphal
form of Candida albicans, an opportunistic pathogenic fungus.
Using PLC�2- and PLC�1-deficient macrophages, we found
that the lack of PLC�2, but not PLC�1, impairs cytokine pro-
duction in response to infection with C. albicans. PLC�2 defi-
ciency results in the defective activation of NF-�B and MAPK
and a significantly reduced production of reactive oxygen spe-
cies following fungal challenge. In addition, PLC�2-deficient
mice are defective in clearing C. albicans infection in vivo.
Together, these findings demonstrate that PLC�2 plays a criti-
cal role in CLR-induced signaling pathways, governing antifun-
gal innate immune responses.

Invasive Candida albicans infection remains a serious clini-
cal complication in patients with compromised immune sys-
tems.C. albicans is a dimorphic fungus, and its pathogenicity is

dependent on both its yeast and filament-shaped hyphal forms,
because mutants in either form are less virulent than wild-type
strains (1, 2). The host defense against systemic C. albicans
infection primarily depends on innate immune cells, especially
macrophages and neutrophils (3). To initiate an antifungal
defense, the innate immune cells have to contact the fungal cell
wall, which is primarily composed of carbohydrates including
�-glucans, mannans, and chitin (3). Recognition of the yeast
versus the hyphal form ofC. albicansmay bemediated through
the engagement of different receptors on macrophages (4, 5).
Previous studies suggest that C-type lectin receptors, includ-

ing Dectin-1 and Dectin-2, function as the pattern recognition
receptors for sensing C. albicans infection (5–11). In response
toC. albicans infection,Dectin-1 recognizes the�-glucan in the
cell wall of the yeast form of C. albicans (4, 12), whereas Dec-
tin-2 has been suggested to interact with the mannoprotein
coat in the cell wall of the hyphal formofC. albicans (5, 6). It has
been shown that the�-glucan layer in theC. albicans cell wall is
usually buried by the mannoprotein coat in the yeast form but
exposed when they transform into the hyphae under infection
conditions (13), whichmay interact with Dectin-1 and induce a
strong immune response during an infection (14). However,
recent studies on Dectin-1-deficient mice suggest that there
may be other redundant receptors mediating C. albicans infec-
tion-induced immune responses (15, 16). In contrast, studies
on Dectin-2-deficient mice suggest that Dectin-2 may play a
more important role for the innate immune response againstC.
albicans infection (16). Therefore, the signal transduction
pathway induced by Dectin-2 is not fully characterized, and it
remains to be determined whether Dectin-1 and Dectin-2
receptors share the same signaling pathway.
Although the signaling pathways induced by Dectin-2 fol-

lowingC. albicans infection are not fully defined, previous stud-
ies indicate that stimulation of Dectin-2 as well as Dectin-1 by
the cell wall components of C. albicans can activate the spleen
tyrosine kinase (Syk) (10, 17, 18). The activation of Syk leads to
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activation of multiple signaling cascades (9, 11), which induces
NF-�B activation through a CARD9-dependent pathway (17,
19). Syk is a key component in the B cell receptor signaling
pathway. However, whether other components in B cell recep-
tor signaling pathway are also involved in Dectin-2 signaling
pathway remains to be determined.
PLC� hydrolyzes phosphatidylinositol 4,5-bisphosphate to

diacylglycerol and inositol 1,4,5-trisphosphate (20). In hemato-
poietic cells, two isoforms of PLC�, PLC�1 and PLC�2, are
expressed. PLC�2 is a key component in B cell receptor signal-
ing pathway (21), whereas PLC�1 is the main effector in T cell
receptor signaling (22). In dendritic cells, both PLC�1 and
PLC�2 can be activated by the stimulation of �-glucan, zymo-
san, and curdlan, extracted from the cell wall of yeast (23, 24).
Previous studies suggest that PLC�1 functions downstream of
Syk in the Fc�R signaling pathway (25), whereas Syk controls
PLC�2 in the B cell receptor signaling pathway (21). Recent
studies suggest that PLC�2 is also involved in Dectin-1 signal-
ing (23, 24). However, whether PLC�1 and PLC�2 are involved
in Dectin-2 signaling pathways in response toC. albicans infec-
tion remains unknown. In this study, we demonstrated that
PLC�2 functions downstream of Dectin-2 receptor in response
to fungal infection. Using PLC�1- and PLC�2-deficient mice,
we show that PLC�2 but not PLC�1 plays an essential role in
the immune responses to C. albicans infection by inducing
expression of cytokines and generating reactive oxygen species.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Antibodies against phospho-p38,
p38, phospho-ERK, phospho-IKK�/� (Ser-176/180) (2697),
phospho-AKT(473), phospho-Syk, Syk, PLC�2, and phospho-
PLC�2 (Tyr-759) were purchased fromCell Signaling Technol-
ogy; antibodies against ERK (sc-154), IKK�, Bcl10, and I�B�
were from Santa Cruz Biotechnology; and CARD9 antibody
was described previously (26). Bapta-AM was purchased from
Calbiochem. GF109203X was purchased from Sigma-Aldrich.
Fluorescence-conjugated monoclonal antibodies CD11b and
F4/80 were purchased from BD Pharmingen or eBioscience.
TNF-�, IL-10, IL-6, and IL-12p40 ELISA Ready-SET-GO kits
were purchased from eBioscience.
Mice—PLCg2�/�, CARD9�/�, and PLCg1-floxed allele mice

were generated as described previously (21, 22, 26). All mice
have been backcrossed to C57BL6 background. PLC�2- and
PLC�1-deficient mice were maintained in the Biological
Resource Center at theMedical College ofWisconsin. CARD9-
deficient mice were housed under specific pathogen-free con-
ditions at the M. D. Anderson Cancer Center animal facility
and were used at 8–16 weeks of age. Bone marrow cells from
Myd88�/� and Dectin-1�/� mice were kindly provided by Dr.
Shizuo Akira (Department of Host Defense, Research Institute
for Microbial Diseases, Osaka University) and Dr. David
Underhill (University of California at Los Angeles), respec-
tively. All of the animal experiments were performed in com-
pliance with the institutional guidelines and according to the
protocol approved by the institutional animal use and care
committees of the Medical College of Wisconsin and M. D.
Anderson Cancer Center. To generate PLCg1f/f/Mx1Cre chi-
mera mice, PLCg1-Floxed (PLCg1f/f) mice were bred with

Mx1Cre mice (Jackson Laboratory stock 005673). For experi-
ments, PLCg1�/�Mx1Cre mice and PLCg1f/fMx1Cre mice
received intraperitoneal injections of 300 �g of poly(I�C) on
days 1 and 3. The mice were sacrificed 14 days after the first
injection. Bone marrow cells from these mice were harvested
and injected into C57B6 wild-type mice irradiated with 11 gray
(Gy). For PLCg2�/� chimera mice, similar procedures were
performed. Two months after bone marrow transplantation,
chimera mice were used for yeast infection experiments.
Bone Marrow-derived Macrophage Preparation—Primary

cultures of bone marrow-derived macrophages (BMDMs)2
were prepared as described previously (26–28). Briefly, bone
marrow cellswere harvested from the femurs and tibias ofmice.
Erythrocytes were removed from cells samples by subjecting
the samples to hypotonic solution. The cells were cultured for 7
days inDMEMcontaining 20%FBS, 55�M �-mercaptoethanol,
streptomycin (100 �g/ml), penicillin (100 units/ml), and 30%
conditioned medium from L929 cells expressing macrophage
colony-stimulating factor. Nonadherent cells were removed,
and cells were passed every 3 days. After 1week of cultures, flow
cytometry analysis indicated that the harvested cell population
contained 86–95% CD11b� F4/80� cells as assessed.
Lentivirus-encoded shRNA Knockdown of Dectin-2 in

BMDMs—Lentiviral particles used for infection were prepared
as described previously (28) using shRNA for mouse Dectin-2
(Sigma-Aldrich) or a nontargeting sequence. Mouse bonemar-
row cells were infected with virus on days 1 and 3 and selected
with 2 �g/ml puromycin on day 5 of culture.
C. albicans Preparation—C. albicans (strain SC5314) was

kindly provided by Dr. Michael C. Lorenz (Department of
Microbiology and Molecular Genetics, University of Texas
Medical School at Houston). A single colony of C. albicanswas
grown overnight at 30 °C in yeast peptone dextrose medium.
The cells were washed three times with PBS and then used as
live yeast. For hyphae, the washed yeast cells were resuspended
in RPMI with 10% FCS, grown at 37 °C for 3 h, and washed in
PBS. The hyphae were then used for live stimulations. For heat-
inactivated yeast, yeast cells were heated at 65 °C for 1 h.
In Vivo C. albicans Infection—For in vivo C. albicans infec-

tion, male mice aged at 8–14 weeks were injected with 2 � 105
or 1 � 106 live C. albicans in 0.3 ml of PBS (pH 7.4). Candidal
burden was determined by killing the mice 42 h after infection
and harvesting and homogenizing their kidneys, lungs, livers,
and spleens. Fungal colony formation units were quantified by
plating serial dilutions of the homogenized organs on yeast
extract peptone dextrose agar. For histological analysis, the tis-
sue sections were cut and stained for glycogen using periodic
acid-Schiff or hematoxylin and eosin.
Reactive Oxygen Species (ROS) Production Assay—For ROS

production evaluation, 1 � 105 BMDMs were washed with
Hanks’ balanced salt solution without phenol red. Then Hanks’
balanced salt solution containing 100�M luminol and 5 units of
horseradish peroxidase (Sigma) were added to the cells, and the

2 The abbreviations used are: BMDM, bone marrow-derived macrophage;
ROS, reactive oxygen species; MOI, multiplicity of infection; BAPTA-AM,
1,2-Bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid tetrakis(ace-
toxymethyl ester).
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cells were incubated for 10 min at 37 °C. The cells were then
stimulated with either hyphae (multiplicity of infection
(MOI) � 2) or phorbol myristate acetate. ROS production was
measured every 3 min using a luminometer.
EMSA—After BMDMs were stimulated with hyphae or

yeast, their nuclear extracts were prepared. The resulted
nuclear protein (5 �g) was incubated with 32 P-labeled NF-�B
or Oct-1 probe (Promega) for 15 min at 25 °C and then sub-
jected to PAGE and exposed to x-ray films.

RESULTS

PLC�2 Is Involved in Dectin-2-induced Signaling Pathway—
To determine whether C. albicans can activate PLC�2 through
Dectin-2 receptor in macrophages, we examined PLC�2 phos-
phorylation in BMDMs after infecting them with C. albicans
hyphae. Stimulation of BMDMs with C. albicans led to an
inducible phosphorylation of PLC�2 (Fig. 1A), indicating that
PLC�2 is activated in response toC. albicans infection. Because
both Dectin-1 and Dectin-2 have been shown to be involved in
antifungal innate immune response, we determined whether
Dectin-1 and Dectin-2 are required for C. albicans hyphae-
induced PLC�2 activation using BMDMs treatedwith a specific
shRNA to Dectin-2 or BMDMs fromDectin-1 knock-out mice.
Consistent with previous findings that Dectin-2 but not Dec-
tin-1 is involved inC. albicanshyphae-induced signal transduc-
tion, we found that PLC�2 activation was dependent on Dec-

tin-2 but not Dectin-1 (Fig. 1, B and C). These results indicate
that although C. albicans hyphae may activate multiple recep-
tors on macrophages, only Dectin-2 leads to activation of
PLC�2.
PLC�2 Is Required for C. albicans Infection-induced NF-�B

Activation—We next sought to identify the PLC�2-dependent
signaling pathways in macrophages and determine whether
these signaling pathways are redundant in response to the
hyphal and yeast forms ofC. albicans. Previous studies indicate
that heat-inactivated yeast of C. albicans can activate Dectin-1
signaling pathway, whereas hyphae of C. albicans induces Dec-
tin-2 pathway. Therefore, we examined the contribution of
PLC�2 in NF-�B activation induced by these signaling path-
ways and found that NF-�B activation induced by hyphae was
defective in PLC�2-deficient macrophages (Fig. 2A), indicating
that PLC�2 is a key component in Dectin-2 signaling pathway.
Consistent with recent studies (23, 24), PLC�2-deficient
macrophages were also defective in NF-�B activation induced
by the stimulation of heat-inactivated yeast (Fig. 2B) that acti-
vates Dectin-1 signaling pathway. Together, these data indicate
that PLC�2 functions downstream of both Dectin-1 and Dec-
tin-2 receptors and mediates NF-�B activation induced by
these receptors.
Earlier studies suggest that TLR2 functionally cooperates

with Dectin-1 to regulate cytokine production following fungal
infection (29, 30). Because TLR2 can potently activate NF-�B
through a MyD88-dependent pathway, we examined whether
the MyD88-dependent pathway might also be involved in fun-
gal infection-induced NF-�B activation. However, we have
found that, unlike PLC�2 deficiency, MyD88 deficiency does
not affectC. albicans hyphae- and yeast-inducedNF-�B activa-
tion (Fig. 2,C andD). Therefore, our data suggest thatDectin-1-
and Dectin-2-induced NF-�B activation are mediated through
a PLC�2-dependent but TLR/MyD88-independent pathway.
The regulation of the IKK complex in response to hyphae is

likelymediated through at least two signaling events, in which a
Syk-dependent pathway regulates the phosphorylation of
IKK�/�, whereas the adaptor protein CARD9 regulates the
ubiquitination of IKK� in a Syk-independent manner (28). We
next examined whether PLC�2 regulates the phosphorylation
of IKK�/� and found that the signal-induced phosphorylation
of IKK�/� was defective in PLC�2�/� but not in Card9�/�

macrophages in response to hyphae stimulation (Fig. 2E).
Because CARD9 forms a complex with Bcl10 following

hyphae stimulation, we investigated whether the formation of
this complex would be affected in the absence of PLC�2.
CARD9 was immunoprecipitated from WT and PLC�2�/�

macrophages that were stimulated with or without hyphae, and
then the association of CARD9with Bcl10was examined. Inter-
estingly, we found that PLC�2 deficiency did not significantly
affect the formation of the CARD9-Bcl10 complex in response
to the stimulation of C. albicans hyphae (Fig. 2F). These results
suggest that PLC�2 is a critical enzyme downstream of Syk and
regulates the IKK complex in a CARD9-independent manner.
MAPK Signaling Is Defective in PLC�2-deficient

Macrophages—Previous studies show that stimulation of bone
marrow-derived dendritic cells by C. albicans induces tyrosine
phosphorylation of MAPKs (17). Therefore, we examined

FIGURE 1. Dectin-2 is required for C. albicans-induced PLC�2 activation. A,
wild-type macrophages were stimulated with C. albicans hyphae (MOI � 1),
and the phosphorylation of PLC�2 was examined by Western blotting. B,
BMDMs were infected with lentivirus encoding Dectin-2 shRNA or GFP
shRNA, then selected with puromycin, and stimulated on day 9 with C. albi-
cans hyphae (MOI � 1) at different times. Cell lysates were subjected to West-
ern blotting analysis using indicated antibodies. C, WT and Dectin-1�/�

BMDMs were stimulated with C. albicans hyphae (MOI � 1) or LPS (100 ng/ml)
for the indicated times. Cell lysates were subjected to Western blotting anal-
ysis using the indicated antibodies.
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whether MAPK activation is dependent on PLC�2 following
fungal infection. We found that the activation of ERK and JNK
was completely defective in PLC�2�/� BMDMs following the
stimulation by hyphae (Fig. 3A), whereas the activation of p38
and AKT inWT and PLC�2�/� BMDMs was comparable (Fig.
3A). Although C. albicans yeast could also induce ERK and
JNK activation inWT cells, ERK activation was only partially
defective in PLC�2�/� BMDMs, whereas JNK activation was
significantly decreased (Fig. 3B). These results indicate that
the activation of ERK and JNK in response to C. albicans
hyphae is solely dependent on PLC�2, whereas C. albicans
yeast may induce ERK activation through two pathways, one
of which is dependent on PLC�2, whereas the other is
PLC�2-independent.
Because PLC�1, a homolog of PLC�2, is highly expressed in

macrophages, we would like to investigate whether PLC�1
plays a role in antifungal innate immunity. To determine
whether PLC�1 is also involved in this fungal infection-induced
signaling pathway, we obtained BMDMs from PLC�1-condi-
tional knock-out (PLC�1F/F/MxCre) or its control (PLC�1F/�/
MxCre) mice and examined the MAPK activation following
stimulation with C. albicans. Unlike PLC�2-deficient cells,
PLC�1-deficient cells are not defective in C. albicans hyphae-
induced ERK and IKK activation (Fig. 3C). These data indicate
that PLC�1 is not involved in Dectin-2 signaling pathway to
induce anti-fungal innate immune responses.
PLC�2 but Not PLC�1 Is Required for C. albicans-induced

Cytokine Production—To determine the functional require-
ment of PLC�2 in antifungal innate immune responses, we
compared the levels of cytokine production in PLC�2�/�

macrophageswith those inWTmacrophages in response to the
hyphal (Fig. 4, A–D) or yeast (Fig. 4, E–H) forms of C. albicans.
We found that the production of TNF�, IL-10, IL-6, and
IL-12p40 in PLC�2-deficient BMDMs was significantly lower
than that in WT BMDMs (Fig. 4). Because PLC�1 is also

expressed inmacrophages and is activated inDCs following the
stimulation by zymosan, the extract of yeast cell walls (10), we
decided to examine the role of PLC�1 in cytokine production in
BMDMs in response to the stimulation with C. albicans. We
found that PLC�1 deficiency did not affect cytokine production
in BMDMs following the stimulation with C. albicans (Fig. 5).
Together, these data indicate that PLC�2 but not PLC�1
plays an essential role in antifungal immune response in
macrophages.
PLC�2 Mediates ROS Production in Macrophages in

Response to C. albicans Hyphae—ROS production in phago-
cytes in response to C. albicans is important in antifungal host
responses. In macrophages, the production of ROS in response
to zymosan has been shown to be Syk-dependent (18). Aside
from Syk, the signaling components that are crucial to NADPH
oxidase assembly in response toC. albicans stimulation remain
to be identified. Because PLC� enzymes were shown to link
integrin-mediated adhesion to NADPH oxidase activation in
neutrophils (31), we decided to examine whether PLC�2 is
involved in ROS production in response to C. albicans infec-
tion. The hyphal form of C. albicans induced robust ROS pro-
duction in WT BMDMs but not in PLC�2�/� BMDMs (Fig.
6A), whereas phorbolmyristate acetate could effectively induce
ROS production in both WT and PLC�2�/� cells (Fig. 6B). In
contrast to PLC�2�/� macrophages, WT and PLC�1�/�

BMDMs showed no significant difference in ROS production
following hyphae stimulation (Fig. 6C). These data indicate that
PLC�2 but not PLC�1 is an essential signaling component for
ROS production in response toC. albicans hyphae and that loss
of PLC�2, therefore, impairs the initial step of fungal killing in
macrophages and increases host susceptibility to C. albicans
infection.
Because activation of PLC�2 induces diacylglycerol and

inositol 1,4,5-trisphosphate, which activate PKC and
increase the level of intracellular calcium, we next examined

FIGURE 2. NF-�B activation induced by C. albicans hyphae and yeast is PLC�2-dependent. A and B, WT and PLC�2-deficient BMDMs were either untreated
or treated with C. albicans hyphae (MOI � 1) (A) or heat-inactivated yeast (MOI � 5) (B) for 90 min. The nuclear extracts were prepared from these cells and then
subjected to the electrophoretic mobility shift assay using 32P-labeled NF-�B or OCT-1 probe. C and D, WT and Myd88�/� BMDMs were stimulated with C.
albicans hyphae (MOI � 1) (C) or heat-inactivated yeast (MOI � 5) (D) for 90 min. The nuclear extracts were subjected to EMSA using 32P-labeled Oct-1 or NF-�B
probe. E, WT, CARD9�/�, and PLCg2�/� BMDMs were stimulated with C. albicans hyphae for the indicated time points, and IKK�/� phosphorylation was
examined using anti-phospho-IKK� (Ser-176)/IKK� (Ser-180) antibody. F, WT and PLC�2-deficient BMDMs were stimulated with C. albicans hyphae (MOI: 1) for
the indicated time points, and the cell lysates were immunoprecipitated with CARD9 antibody-conjugated agarose. The immunoprecipitates were probed
with BCL10 and CARD9 antibodies. IP, immunoprecipitation; IB, immunoblot.
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how PLC�2 is involved in the generation of ROS. Using the
PKC inhibitor GF109203X and the calcium chelator Bapta-
AM, we found that hyphae-induced ROS generation primar-
ily depends on PKC activation, because treatment with PKC
inhibitor significantly blocked ROS generation, whereas
Bapta-AM only caused a modest decrease in ROS generation
(supplemental Fig. S1).
PLC�2 Controls Antifungal Immunity in Vivo—To evaluate

the role of PLC�2 in anti-fungal immunity in vivo, we sought to
determine whether PLC�2-deficient mice were highly suscep-
tible to fungal infection. To avoid the influence of PLC�2 defi-
ciency in other cell types, we generated PLC�2-deficient bone
marrow chimera (PLC�2-deficient chimera) by reconstituting
�-irradiated wild-type mice with the bone marrow from
PLC�2-deficient mice and control mice with the bone marrow
fromWTmice.We then intravenously injectedC. albicans into
control or PLC�2-deficient chimera mice. High dose (1 � 106)
injection ofC. albicans resulted in the death of PLC�2-deficient
mice but not WT control mice within 24 h (data not shown).
Given a low dose (2 � 105) injection of C. albicans, PLC�2-
deficient chimera mice were dead within 48 h, but WT mice
survived formore than 5 days (Fig. 7A). Cytokine (IL-6) levels in
the sera from PLC�2-deficient mice were significantly
decreased in response toC. albicans infection (Fig. 7B). To pro-
vide the quantitative assessment ofC. albicans burdens, we sac-
rificed some of these mice 42 h after infection. The kidneys,
lungs, livers, and spleens from these mice were collected. Some
of these organs were homogenized, and the serial dilutions of
the homogenized organs were plated on yeast extract peptone
dextrose agar, and fungal colonies grown on these plates were
counted and plotted (Fig. 7C). To visualize C. albicans in these
organs, the tissue sections from some collected organs were
stainedwith the periodic acid-Schiff. ComparedwithWTmice,

PLC�2-deficient mice had substantially higher levels of germi-
nating hyphal C. albicans in the kidneys, lung, spleen, and liver
(supplemental Fig. S2). Together, these results demonstrate
that PLC�2 plays an essential role in antifungal innate immune
response in vivo.

DISCUSSION

Recent work has highlighted the role of C-type lectin recep-
tors, Dectin-1 and Dectin-2, as pattern recognition receptors
for fungal infections. So far, Syk and CARD9 are the few known
signaling components downstream of Dectin-1 and Dectin-2
receptors, which initiate signal transduction cascades in
response to fungal infection. In this study, we demonstrate that
PLC�2 but not PLC�1 is an essential signaling component in
the Dectin-2 signaling pathway and mediates NF-�B and
MAPK activation, leading to antifungal innate immune
responses. Therefore, PLC�2-deficient mice are highly suscep-
tible to C. albicans infection.
Previous studies show that TLR signaling may collaborate

with Dectin-1 signaling to induce the inflammatory response
(29, 30), in which they have found that cytokine expression
induced by zymosan, the �-glucan component extracted
from yeast cell wall, is dependent on TLR2 and MyD88 (29,
30). These studies suggest that TLR signaling may be also
involved in anti-fungal inflammation. However, in this
study, we have found that the stimulation by bothC. albicans
hyphae and heat-inactivated yeast can effectively activate
NF-�B in MyD88-deficient cells but is defective in PLC�2-
deficient cells, indicating that NF-�B activation induced by
both Dectin-1 and Dectin-2 receptors is TLR/MyD88-inde-
pendent but PLC�2-dependent. Therefore, our data indicate
that previous results obtained by using zymosan are signifi-

FIGURE 3. PLC�2-deficient BMDMs display defective MAPK activation. A and B, wild-type and PLC�2-deficient (PLC�2�/�) BMDMs were stimulated with C.
albicans hyphae (MOI � 1) (A) or yeast (MOI � 5) (B) for the indicated time points. The cell lysates were prepared from these cells and then subjected to
immunoblotting analysis using the indicated antibodies. C, BMDMs from MxCre/PLCg1fl/� and MxCre/PLCg1fl/fl mice were stimulated with C. albicans hyphae
for the indicated time points. Cell lysates were prepared from these cells and then subjected to Western blotting. The activation of ERK and IKK was examined
by using the indicated antibodies. The data shown are a representative of three independent experiments.

PLC�2 in Dectin-2-induced NF-�B MAPK Activation

DECEMBER 23, 2011 • VOLUME 286 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 43655

http://www.jbc.org/cgi/content/full/M111.307389/DC1
http://www.jbc.org/cgi/content/full/M111.307389/DC1


cantly different from the results obtained by using the fungal
organism itself.
In the classical NF-�B pathway, the activation of IKK com-

plex requires the signal-induced phosphorylation of IKK�/�
subunits, in addition to the K63-linked ubiquitination of the
regulatory subunit IKK�/NEMO for the degradation of the
inhibitory I�B� proteins and the subsequent translocation of
NF-�B into the nucleus (32, 33). Recent work from our lab
demonstrated that Syk and the adaptor protein CARD9
cooperate in activating the IKK complex with CARD9 medi-
ating IKK ubiquitination, whereas Syk is necessary for the
phosphorylation of IKK�/� subunits (28). In the current
study, we find that PLC�2�/� macrophages are defective in
the activation of IKK�/�, whereas Card9�/� macrophages
are not. In addition, PLC�2 deficiency did not alter the for-
mation of the CARD9-BCL10 complex. These findings sug-

gest that although PLC�2 and CARD9 are both required for
NF-�B activation in response to C. albicans (34), they medi-
ate their signaling in an independent manner. However, it
remains to be determined which signaling components are
required for linking CARD9 to the upstream signaling
cascade.
The mechanism that couples ERK activation to upstream

signaling in Candida-induced responses is not well under-
stood. We find that ERK activation in response to hyphae is
completely abrogated, whereas ERK activation in response
to yeast is partially defective in PLC�2-deficient cells. This
result suggests that the ERK activation induced by hyphal
form of C. albicans is through a PLC�2-dependent pathway,
whereas yeast form of C. abicansmay stimulate both PLC�2-
dependent and -independent pathways leading to ERK acti-
vation. Because PLC�2 is downstream of Syk, our results are

FIGURE 4. PLC�2 contributes to cytokine induction by C. albicans stimulation. BMDMs from WT (black bars) and PLC�2-deficient (PLC�2�/�, white bars)
mice were stimulated overnight with C. albicans hyphae (MOI � 1) (A–D) or heat-killed yeast (MOI � 5) (E–H). ELISA was used to measure the level of cytokines
in these cultured media. The data are the means � S.D. of triplicate wells and are representative of three independent experiments.
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consistent with an earlier observation that zymosan-induced
ERK activation is dependent on Syk in macrophages and DCs
(34). However, a recent study using human macrophages
suggests that zymosan-induced ERK activation is mediated
through a PLC�2-independent, but a Syk-CaMK-Pyk2-de-
pendent pathway (35). These different results may be due to
differences between using zymosan versus the fungal orga-
nism or to species-specific differences between human and
mouse macrophages.
It is well established that the Grb2-SOS-Ras-Raf1 signal-

ing cascade leads to a potent ERK activation. Upon receptor
engagement, SOS, a Ras guanine nucleotide exchange factor,
is recruited to the membrane by the adaptor protein Grb2

leading to Ras activation (36, 37). Activated Ras can then
activate the Raf-1 kinase, which will ultimately activate
ERK1 and ERK2 kinases (38, 39). Thus, it is possible that C.
albicans yeast, but not hyphae, may also activate the Grb2/
SOS/Ras/Raf1 signaling cascade, which may explain the par-
tial defect of ERK activation. We will test this hypothesis in
our future studies.
In contrast to ERK activation, JNK activation is significantly

reduced in PLC�2-deficient cells following the stimulation by
both yeast and hyphae, indicating that JNK is activated through
the same PLC�2-dependent pathway by the stimulation of
yeast and hyphae. Because our preliminary studies found that
calcium chelator Bapta-AM and PKC inhibitor could not block

FIGURE 5. PLC�1 is not required for cytokine production by C. albicans yeast and hyphae. BMDMs from MxCre/PLCg1fl/� mice (WT, black bars) and
MxCre/PLCg1fl/fl mice (PLC�1�/�, white bars) were stimulated overnight with hyphae (MOI � 1) (A and B) or heat-killed C. albicans yeast (MOI � 5) (C and D).
ELISA was used to measure the level of cytokines in these cultured media. The data are the means � S.D. of triplicate wells and are representative of three
independent experiments.

FIGURE 6. PLC�2 is required for ROS production in response to C. albicans hyphae stimulation. A and B, ROS production in WT (black squares) or
PLC�2-deficient (white circles) BMDMs was measured by using a luminometer following the stimulation with C. albicans hyphae (A, MOI � 2) or phorbol
myristate acetate (B, 100 �M). C, ROS production in MxCre/PLCg1�/� (WT, black squares) and MxCre/PLCg1fl/fl (PLC�1�/�, white circles) BMDMs was measured
following the stimulation with hyphae (MOI � 2). The data are the means � S.D. and are representative of at least three independent experiments. RU, relative
units.
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the JNK activation in response to fungal infection (data not
shown), it suggests that JNK is activated through an unknown
pathway that is independent of PKC and calcium. Future stud-
ies are needed to reveal this signaling cascade following fungal
infection.
The phagocytosis of �-glucans in macrophages can acti-

vate the production of ROS (4). Although Syk is not involved
in controlling phagocytosis, it is required for ROS produc-
tion following fungal infection (18). However, CARD9,
another known component in the C-type lectin pathway, is
only partially required for fungal infection-induced ROS
production (27). Therefore, the mechanism by which fungal
infection triggers ROS production remains largely unknown.
In the current study, we provide evidence that PLC�2 but not
PLC�1 is necessary for ROS production in macrophages in
response to stimulation with C. albicans. Although it
remains to be determined how PLC�2 links to ROS produc-
tion, our data suggest that PLC�2-dependent PKC activation
is a critical link, because PKC has been shown to regulate
ROS production, and inhibition of PKC significantly blocks
ROS production following fungal infection (supplemental
Fig. S1). Future studies will determine which isoform(s) of
PKC are involved in fungal infection-induced ROS produc-
tion. In addition, ROS production in DCs has been shown to
be required for C. albicans-induced inflammasome activa-
tion (40). Therefore, our findings suggest a possible role for
PLC�2 in Nlrp3 inflammasome activation. This hypothesis
will be tested in the future studies. In conclusion, we dem-

onstrate that PLC�2 is a critical component of Dectin-2 sig-
naling and mediates anti-fungal innate immune responses.

Acknowledgments—We thank Dr. Michael C. Lorenz (Department of
Microbiology and Molecular Genetics, The University of Texas Med-
ical School at Houston), Dr. David Underhill (Cedars-Sinai Medical
Center, University of California at Los Angeles), andDr. Shizuo Akira
(Department of Host Defense, Research Institute for Microbial Dis-
eases, Osaka University) for providing C. albicans (strain SC5314),
Dectin-1�/� bone marrow, and MyD88�/� mice, respectively.

REFERENCES
1. Saville, S. P., Lazzell, A. L., Monteagudo, C., and Lopez-Ribot, J. L. (2003)

Eukaryot. Cell 2, 1053–1060
2. Kadosh, D., and Johnson, A. D. (2005)Mol. Biol. Cell 16, 2903–2912
3. Netea,M. G., Brown, G. D., Kullberg, B. J., andGow,N. A. (2008)Nat. Rev.

Microbiol. 6, 67–78
4. Gantner, B. N., Simmons, R. M., and Underhill, D. M. (2005) EMBO J. 24,

1277–1286
5. Saijo, S., Ikeda, S., Yamabe, K., Kakuta, S., Ishigame, H., Akitsu, A., Fu-

jikado, N., Kusaka, T., Kubo, S., Chung, S. H., Komatsu, R., Miura, N.,
Adachi, Y., Ohno, N., Shibuya, K., Yamamoto, N., Kawakami, K., Yama-
saki, S., Saito, T., Akira, S., and Iwakura, Y. (2010) Immunity 32, 681–691

6. Sato, K., Yang, X. L., Yudate, T., Chung, J. S., Wu, J., Luby-Phelps, K.,
Kimberly, R. P., Underhill, D., Cruz, P. D., Jr., and Ariizumi, K. (2006)
J. Biol. Chem. 281, 38854–38866

7. Willment, J. A., and Brown, G. D. (2008) Trends Microbiol. 16, 27–32
8. Drummond, R. A., Saijo, S., Iwakura, Y., and Brown, G. D. (2011) Eur.

J. Immunol. 41, 276–281
9. Kerrigan, A. M., and Brown, G. D. (2011) Trends Immunol. 32, 151–156

FIGURE 7. PLC�2-deficient mice show higher susceptibility to C. albicans infection than WT mice. A, WT and PLC�2-deficient mice were challenged with
C. albicans (2 � 105) intravenously and monitored every day for lethality. B, WT and PLC�2-deficient mice (n � 3) were challenged with C. albicans (2 � 105)
intravenously, and serum samples from each mouse were tested for IL-6 levels by ELISA. The data are the means � S.D. from triplicate samples. C, 42 h after
intravenous infection with C. albicans (2 � 105 cells), some of the infected mice were sacrificed. The liver, kidney, lung, and spleens from WT and PLC�2-deficient
mice (n � 3) were homogenized, and serial dilutions of the homogenized organs were plated on yeast extract peptone dextrose agar plates to determine the
yeast colony formation unit (CFU). The data are colony formation unit/organ weight. The data are represented as CFU/organ weight. Similar results were
obtained in two repeated experiments.

PLC�2 in Dectin-2-induced NF-�B MAPK Activation

43658 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 51 • DECEMBER 23, 2011

http://www.jbc.org/cgi/content/full/M111.307389/DC1
http://www.jbc.org/cgi/content/full/M111.307389/DC1


10. Rogers, N. C., Slack, E. C., Edwards, A. D., Nolte, M. A., Schulz, O.,
Schweighoffer, E., Williams, D. L., Gordon, S., Tybulewicz, V. L., Brown,
G. D., and Reis e Sousa, C. (2005) Immunity 22, 507–517

11. Brown, G. D. (2011) Annu. Rev. Immunol. 29, 1–21
12. Brown, G. D., Taylor, P. R., Reid, D. M., Willment, J. A., Williams, D. L.,

Martinez-Pomares, L., Wong, S. Y., and Gordon, S. (2002) J. Exp. Med.
196, 407–412

13. Wheeler, R. T., and Fink, G. R. (2006) PLoS Pathog. 2, e35
14. Wheeler, R. T., Kombe, D., Agarwala, S. D., and Fink, G. R. (2008) PLoS

Pathog. 4, e1000227
15. Taylor, P. R., Tsoni, S. V., Willment, J. A., Dennehy, K. M., Rosas, M.,

Findon, H., Haynes, K., Steele, C., Botto, M., Gordon, S., and Brown, G. D.
(2007) Nat. Immunol. 8, 31–38

16. Saijo, S., Fujikado, N., Furuta, T., Chung, S. H., Kotaki, H., Seki, K., Sudo,
K., Akira, S., Adachi, Y., Ohno, N., Kinjo, T., Nakamura, K., Kawakami, K.,
and Iwakura, Y. (2007) Nat. Immunol. 8, 39–46

17. Robinson, M. J., Osorio, F., Rosas, M., Freitas, R. P., Schweighoffer, E.,
Gross, O., Verbeek, J. S., Ruland, J., Tybulewicz, V., Brown, G. D., Moita,
L. F., Taylor, P. R., and Reis e Sousa, C. (2009) J. Exp.Med. 206, 2037–2051

18. Underhill, D. M., Rossnagle, E., Lowell, C. A., and Simmons, R. M. (2005)
Blood 106, 2543–2550

19. Gross, O., Gewies, A., Finger, K., Schäfer, M., Sparwasser, T., Peschel, C.,
Förster, I., and Ruland, J. (2006) Nature 442, 651–656

20. Wilde, J. I., and Watson, S. P. (2001) Cell Signal. 13, 691–701
21. Wang, D., Feng, J., Wen, R., Marine, J. C., Sangster, M. Y., Parganas, E.,

Hoffmeyer, A., Jackson, C.W., Cleveland, J. L., Murray, P. J., and Ihle, J. N.
(2000) Immunity 13, 25–35

22. Fu, G., Chen, Y., Yu, M., Podd, A., Schuman, J., He, Y., Di, L., Yassai, M.,
Haribhai, D., North, P. E., Gorski, J., Williams, C. B., Wang, D., and Wen,
R. (2010) J. Exp. Med. 207, 309–318

23. Xu, S., Huo, J., Lee, K. G., Kurosaki, T., and Lam, K. P. (2009) J. Biol. Chem.
284, 7038–7046

24. Tassi, I., Cella, M., Castro, I., Gilfillan, S., Khan, W. N., and Colonna, M.

(2009) Eur. J. Immunol. 39, 1369–1378
25. Zhang, J., Berenstein, E. H., Evans, R. L., and Siraganian, R. P. (1996) J. Exp.

Med. 184, 71–79
26. Hsu, Y. M., Zhang, Y., You, Y., Wang, D., Li, H., Duramad, O., Qin, X. F.,

Dong, C., and Lin, X. (2007) Nat. Immunol. 8, 198–205
27. Wu,W., Hsu, Y.M., Bi, L., Songyang, Z., and Lin, X. (2009)Nat. Immunol.

10, 1208–1214
28. Bi, L., Gojestani, S., Wu, W., Hsu, Y. M., Zhu, J., Ariizumi, K., and Lin, X.

(2010) J. Biol. Chem. 285, 25969–25977
29. Brown,G.D., Herre, J.,Williams, D. L.,Willment, J. A.,Marshall, A. S., and

Gordon, S. (2003) J. Exp. Med. 197, 1119–1124
30. Gantner, B. N., Simmons, R. M., Canavera, S. J., Akira, S., and Underhill,

D. M. (2003) J. Exp. Med. 197, 1107–1117
31. Graham, D. B., Robertson, C. M., Bautista, J., Mascarenhas, F., Diacovo,

M. J., Montgrain, V., Lam, S. K., Cremasco, V., Dunne, W. M., Faccio, R.,
Coopersmith, C. M., and Swat, W. (2007) J. Clin. Invest. 117, 3445–3452

32. Chen, Z. J. (2005) Nat. Cell Biol. 7, 758–765
33. Hayden, M. S., and Ghosh, S. (2008) Cell 132, 344–362
34. Slack, E. C., Robinson, M. J., Hernanz-Falcón, P., Brown, G. D., Williams,

D. L., Schweighoffer, E., Tybulewicz, V. L., and Reis e Sousa, C. (2007) Eur.
J. Immunol. 37, 1600–1612

35. Kelly, E. K., Wang, L., and Ivashkiv, L. B. (2010) J. Immunol. 184,
5545–5552

36. Chardin, P., Camonis, J. H., Gale, N. W., van Aelst, L., Schlessinger, J.,
Wigler, M. H., and Bar-Sagi, D. (1993) Science 260, 1338–1343

37. Buday, L., and Downward, J. (1993) Cell 73, 611–620
38. Hirasawa, N., Scharenberg, A., Yamamura, H., Beaven, M. A., and Kinet,

J. P. (1995) J. Biol. Chem. 270, 10960–10967
39. Turner, H., and Cantrell, D. A. (1997) J. Exp. Med. 185, 43–53
40. Gross, O., Poeck, H., Bscheider, M., Dostert, C., Hannesschläger, N., En-

dres, S., Hartmann, G., Tardivel, A., Schweighoffer, E., Tybulewicz, V.,
Mocsai, A., Tschopp, J., and Ruland, J. (2009) Nature 459, 433–436

PLC�2 in Dectin-2-induced NF-�B MAPK Activation

DECEMBER 23, 2011 • VOLUME 286 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 43659


