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The scaffold protein CARD9 plays an essential role in anti-
fungus immunity and is implicated in mediating Dectin-1/Syk-
induced NF-kB activation in response to Candida albicans
infection. However, the molecular mechanism by which CARD9
mediates C. albicans-induced NF-kB activation is not fully char-
acterized. Here we demonstrate that CARD9 is involved in
mediating NF-kB activation induced by the hyphal form of C.
albicans hyphae (Hyphae) but not by its heat-inactivated unicel-
lular form. Our data show that inhibiting Dectin-2 expression
selectively blocked Hyphae-induced NF-kB, whereas inhibiting
Dectin-1 mainly suppressed zymosan-induced NF-kB, indicat-
ing that Hyphae-induced NF-kB activation is mainly through
Dectin-2 and not Dectin-1. Consistently, we find that the
hyphae stimulation induces CARD9 association with Bcl10, an
adaptor protein that functions downstream of CARD9 and is
also involved in C. albicans-induced NF-kB activation. This
association is dependent on Dectin-2 but not Dectin-1 following
the hyphae stimulation. Finally, we find that although both
CARD9 and Syk are required for Hyphae-induced NF-kB acti-
vation, they regulate different signaling events in which CARD9
mediates IkBa kinase ubiquitination, whereas Syk regulates
IkBa kinase phosphorylation. Together, our data demonstrated
that CARDDO is selectively involved in Dectin-2-induced NF-xB
activation in response to C. albicans hyphae challenging.

Candida albicans is a major opportunistic fungal pathogen
that predominantly causes infection to cancer patients and
immunocompromised individuals. During C. albicans infec-
tion, macrophages and dendritic cells recognize components
from the fungal cell wall through their pattern recognition
receptors (1, 2), which triggers a series of signaling cascades
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leading to activation of various transcription factors including
NE-kB (1). The activation of NF-«B and other transcription
factors further induce the expression of various cytokines and
chemokines and inflammatory responses. However, the pattern
recognition receptors that recognize fungal cell wall compo-
nents are not fully defined (3).

NE-kB is a family of transcription factors that control the
expression of pro-inflammatory genes in immune cells (4). In
resting cells, the activity of NF-«B is tightly controlled by the
IkB family of proteins, which bind to NF-kB dimers and keep
these dimers in the cytoplasm. The canonical NF-«B activation
pathway by most of NF-kB-inducing stimuli activates the IkBa
kinase (IKK)?> complex. The IKK complex is controlled by sig-
nal-induced phosphorylation of IKKa and IKKf subunits (5)
and signal-induced K63-linked ubiquitination of the regulatory
subunit NEMO (6). The activated IKK complex in turn phos-
phorylates IkBa proteins on N-terminal conserved serine resi-
dues to target them for ubiquitination-dependent degradation
(5). This process releases NF-«B and allows its translocation
into the nucleus for the activation of its target genes (4).
Although it has been shown that bacterial and viral infections
induce IKK activation by Toll-like receptors (TLRs), the molec-
ular mechanism by which fungal infection induces NF-«B acti-
vation is not fully defined.

Dectin-1 is a glycosylated type II transmembrane receptor
and is mainly expressed in myeloid cells (7). It contains a single
extracellular C-type lectin-like domain and a cytoplasmic
domain containing an immunoreceptor tyrosine-based activa-
tion-like motif (7, 8). The ligand for Dectin-1 is B-glucan (9,10),
a carbohydrate found in the cell wall of plant and fungi. Upon
binding to B-glucan, Dectin-1 recruits and activates Syk (11,
12), an intracellular tyrosine kinase, through its immunorecep-
tor tyrosine-based activation-like motif, which triggers several
intracellular signaling cascades leading to induction of various
cytokines (10, 13, 14). In addition, it has been shown that
Dectin-1 collaborates with TLRs to activate inflammatory
responses following fungal infection (14). Therefore, it has been

2The abbreviations used are: IKK, |kBa kinase; TLR, Toll-like receptor; LPS,
lipopolysaccharide; ERK, extracellular signal-regulated kinase; BMDM,
bone marrow-derived macrophage; shRNA, small hairpin RNA; IL, interleu-
kin; EMSA, electrophoretic mobility shift assay; MOI, multiplicity of
infection.
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proposed that Dectin-1 functions as a pattern recognition
receptor for fungal infection and mediates anti-fungus immune
responses (8, 14, 15). Although the definite role of Dectin-1 in
anti-fungus immunity remains to be fully determined (16, 17),
the deficiency in human Dectin-1 expression results in a defect
of mucosal anti-fungal defense (18). In addition, it has been
shown that B-glucan on the surface of C. albicans is predomi-
nantly buried beneath a monoprotein coat upon transforming
C. albicans into its hyphal form under the infection condition
(19). Therefore, the B-glucan moiety on the cell wall of C. albi-
cans is invisible for the host, suggesting that the host innate
immunity is also induced by other components rather than
B-glucan on the surface of C. albicans.

Dectin-2 is another C-type lectin-like receptor and is
expressed in myeloid cells (20). In contrast to Dectin-1, Dec-
tin-2 does not contain an immunoreceptor tyrosine-based acti-
vation-like motif in its cytoplasmic tail (20, 21). The extracellu-
lar carbohydrate-recognition domain of Dectin-2 appears to
have specificity for high mannose such as Man9GIcNAc2 and
Man8GIcNAc2 (22), suggesting that these molecules may be
the ligand for Dectin-2. It has been suggested that Dectin-2
recruits Fcy triggering intracellular signaling cascades, lead-
ing to activation of NF-kB upon encountering the hyphal
form of C. albicans (23, 24). However, the molecular mech-
anism by which Dectin-2 mediates anti-fungus immunity is
not fully characterized. In addition, the nature ligand for
Dectin-2 and the signaling pathway induced by Dectin-2
remain to be determined.

CARD?O is an adaptor protein that contains an N-terminal
caspase recruitment domain and a C-terminal coiled-coil
domain and is mainly expressed in myeloid cells (25, 26). Recent
studies demonstrate that CARD9 plays important roles against
bacterial and fungal infection, and Card9-deficient mice are
more susceptible to Listeria monocytogenes and C. albicans
infection (26-28). More recently, it has been shown that
human mutation in Card9 gene results in a defect in anti-fungal
defense (29). Although the molecular mechanism by which
CARD9 is involved in anti-fungal responses is not fully char-
acterized, it has been shown that CARD9-deficient cells are
defective in zymosan-induced NF-«B activation (27). Zymo-
san is a B-glucan, a component of yeast cell wall, and a ligand
for Dectin-1 (9). Therefore, the current model for fungal
infection-induced NF-«B activation is that fungal cell wall
components, such as 3-glucan, activate Dectin-1, and then
Dectin-1 activates NF-kB through a Syk- and CARD9-de-
pendent pathway (2, 27, 30).

In this study, we demonstrated that CARD9-deficient
macrophages were defective for C. albicans-induced NF-kB
activation. Our data indicate that NF-«kB activation induced by
live C. albicans is mainly through its hyphal form, which acti-
vates Dectin-2 but not Dectin-1. In contrast, NF-kB activation
induced by zymosan, a B-glucan from yeast, is mainly depen-
dent on Dectin-1 but not Dectin-2. Furthermore, our results
indicate that CARD9 mediates Dectin-2-induced IKK ubiq-
uitination, but not IKK phosphorylation, following Hyphae
stimulation.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Curdlan, zymosan, and LPS were
purchased from Sigma. Piceatanol was purchased from Calbio-
chem. Antibodies to phospho-Syk (antibody 2701), Syk (anti-
body 2712), phospho-p38 (antibody 9211), p38 (antibody 9212),
phospho-ERK (antibody 4307), phospho-IKKa/B (Ser8°/18%)
(antibody 2681), phospho-IKKa/B (Ser'”*'*%%) (antibody 2697),
and phospho-IkBa (antibody 9246) were from Cell Signaling
Technology; antibodies for ERK (antibody sc-154), IKK« (anti-
body sc7218), IKKB (antibody sc8014), Bcll0 (antibody
sc5213), IKKy (NEMO) (antibody sc8032), Ub (antibody
sc8017), IkBa (antibody sc371), and «a-actin (antibody sc8432)
were from Santa Cruz Biotechnology. CARD9 antibody was
described previously (26).

Mice and Cell Cultures—CARD9 and Bcl10 null mice were
described previously (26, 31), and MyD88 null mice were kindly
provided by Dr. S. Akira (32). They were housed under specific
pathogen-free conditions in the M. D. Anderson Cancer Center
animal facility. All of 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 Texas M. D. Anderson
Cancer Center. RAW264.7 and THP-1 cells were cultured in
RPMI 1640 medium with 100 unit/ml penicillin, 100 ug/ml
streptomycin, and 10% fetal calf serum. Primary cultures of
bone marrow-derived macrophages (BMDMs) were prepared
as previously described (26).

Fungus Strains—C. albicans (SC5314) was kindly provided
by Dr. Michael C. Lorenz (Department of Microbiology and
Molecular Genetics, University of Texas Medical School, Hous-
ton, TX). A single colony of C. albicans was grown overnight at
30 °C in yeast peptone dextrose medium. For preparing the
hyphal form, washed C. albicans was resuspended in RPMI
1640 complete medium and grown for 3 h or were heat-inacti-
vated by boiling for 45 min. After washing in phosphate-buff-
ered saline twice, the hyphae and heat-inactivated yeast were
used for stimulation.

Knockdown of Dectin-1 and Dectin-2—Lentiviral vectors for
Dectin-1 and Dectin-2 shRNA were purchased from Sigma.
Infectious lentiviral particles were prepared by co-transfection
of shRNA plasmids together with packaging plasmids into
HEK293T cells according to the manufacturer’s protocol.
Mouse bone marrow cells were collected and infected with viral
stocks at day 1 and again at day 2. The infected bone marrow
cells were cultured to develop into BMDMs as previously
described (26). Lentiviral knockdown efficiency by each shRNA
was analyzed by quantitative PCR. The most efficient sShRNA
was used to knock down Dectin-1 and Dectin-2 in mouse bone
marrow cells. THP-1 and RAW264.7 cells were infected with
lentivirus encoding Dectin-2 or Dectin-1 together with lentivi-
rus-encoding green fluorescent protein. The infection rate was
analyzed by flow cytometry.

Cytokine Measurements—The enzyme-linked immunosor-
bent assay kit for mouse tumor necrosis factor o and IL-12p40
was purchased from eBioscience, and that for mouse IL-10 was
from R & D Biosciences. All of the samples were measured in
triplicate according to the manufacturer’s protocol.

VOLUME 285+NUMBER 34+AUGUST 20, 2010



A

C.albicans (n Calbacansw Zymosan w Zymosan (n
- 30 &0 _-3060 -3060 - 30'60"

o

OCH B bbb dndtd o T s W

CARD9 Mediates Dectin-2-induced NF-kB Activation

Curdlan (n NF-kB activation induced by C.

Curdlan v

: albicans. We found that C. albicans
could effectively activate NF-«B in
wild-type macrophages, but this
activation was defective in CARD9-
deficient macrophages (Fig. 1A).
However, we surprisingly found

30' 60° - 30 80

-

Card9-WT  Card9-KO Card9-WT  Card9-KO Card9-WT  Card8-KO that zymosan could activate NF-«B
in both wild-type and CARD9-defi-
B Catbicans § Calbicans & © Cobicons ,, Colbicans cient macrophages (Fig. 14), suggest-
C.albicans - 30'60° - 30'60° Zymosan - 15' 30’ 45' 60’ S s 04s 60 0 ing that zymosan can still activate
p-ixga> IS pxBa> | === ===—=—  NF-«B through a CARD9-inde-
xBa * ——— m——— IxBa=> pendent mechanism. Although it
pp3s * |- p-p38 > has been suggested that CARD9
[ *———I —— 038 > may be differentially required for
ol s zymosan-induced signaling (33), we
Clin > [ — a-actin = =

a-actin found that zymosan could effec-
Card3-WT  Card9-KO Card9-WT Card9-KO tively induce NF-kB activation in
D o w w m " both wild-type and CARD9-defici-
et i o i s S i net bone marrow-derived dendritic

- 30 60 - 3060 30" 60 30" 60’ 30" 60 30' 60’

e Mut‘ "‘

owu_n-—-

cells (supplemental Fig. S1). Con-
sistent with these results, C. albi-
cans failed to induce IkBa phos-
phorylation and degradation in
CARD9-deficient macrophages (Fig.
1B), whereas zymosan could effec-

Bcl10-WT  Bcl10-KO Bcl10-WT  Bcl10-KO

FIGURE 1. CARD9 and Bcl10 are required for NF-«B activation induced by C. albicans but not activation
induced by zymosan and curdlan. A, wild-type (WT) and Card9™/~ (KO) BMDMs were stimulated with C.
albicans (MOl = 1), zymosan (50 ng/ml), curdlan (50 wg/ml), or LPS (100 ng/ml) for the indicated times. The
nuclear extracts were prepared from these cells and subjected to EMSA using *?P-labeled NF-«B or Oct-1 probe.
Band C, WT and Card9 ™/~ (KO) BMDMSs were stimulated with live C. albicans (MOl = 1) and LPS (100 ng/ml) (B)
or zymosan (50 ug/ml) and LPS (100 ng/ml) (C) for the indicated times. The cell lysates were subjected to
immunoblotting analysis using the indicated antibodies. D, WT and Bcl10™/~ (KO) BMDMs were stimulated
with C. albicans (MOl = 1), zymosan (50 pg/ml), curdlan (50 wg/ml), or LPS (100 ng/ml) at the indicated times.
The nuclear extracts were prepared from these cells and subjected to EMSA using *?P-labeled NF-«B or Oct-1
probe. A set of representative results from three independent experiments was presented.

Western Blot and Immunoprecipitation—BMDMs were
serum-starved for overnight, stimulated, and lysed in lysis
buffer (150 mm NaCl, 50 mm HEPES, pH 7.4, 1 mm EDTA, 1%
Nonidet P-40, protease inhibitors). The cell lysates were immu-
noprecipitated with indicated antibody-conjugated agarose.
The resulting immunoprecipitates and lysates were subjected
to SDS-PAGE and then blotted using the indicated antibodies.

Electrophoretic Mobility Shift Assay (EMSA)—BMDMs were
stimulated with various inducers, and nuclear extracts
were prepared after the stimulation. Nuclear extracts (5-10 ug)
were incubated for 15 min at room temperature with **P-la-
beled NF-kB or Oct-1 probe (Promega). The mixtures were
then separated by 6% PAGE and viewed by autoradiography.

RESULTS

CARDY and Bcll0 Are Required for NF-«kB Activation
Induced by C. albicans but Not by Zymosan—A recent report
indicates that CARD9 is involved in the immune response
against fungal infection and suggests that CARD9 plays an
essential role in zymosan-induced NF-«kB activation (27). To
further investigate the molecular mechanism by which CARD9
is involved in anti-fungal responses, we directly examined the
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Bcl10-WT  Bcl10-KO tively induce IkBa phosphorylation

and degradation in both wild-type
and CARD9-deficient macrophages
(Fig. 1C). To further examine the
requirement of CARD9 on -glu-
can-induced NF-kB activation, we
stimulated wild-type and CARD9-
deficient macrophages with curdlan,
another 3-glucan that was shown to
activate cytokine production in a
CARD9-dependent manner (30), and found that curdlan could
also effectively activate NF-«B in wild-type and CARD9-defi-
cient macrophages (Fig. 1A4). Because zymosan is the ligand for
Dectin-1, which can also collaborate with TLRs to activate
inflammatory responses (13), we stimulated wild-type and
MyD88 knock-out macrophages with zymosan and then exam-
ined NF-«B activation. We found that zymosan could effec-
tively activate NF-«kB in both of these cells (supple-
mental Fig. S2), whereas LPS failed to activate NF-«B in
MyD88-deficient cells, suggesting that zymosan may be able
to use a CARD9- and MyD88-independent pathway to acti-
vate NF-kB.

Because CARDY associates with Bcl10 (25), another CARD-
containing protein that is also involved in anti-fungal immunity
(27), we examined whether Bcl10 is required for C. albicans-
and B-glucan-induced NF-«B activation. Similarly, we found
that C. albicans-induced NF-«B activation (Fig. 1D) and IkBa
phosphorylation and degradation (supplemental Fig. S3) were
defective in Bcl10-deficient macrophages. However, both
zymosan and curdlan could effectively induce NF-«B activation
in Bcl10-deficient macrophages (Fig. 1D). Together, these
results indicate that CARD9 and Bcl10 are required for C. albi-
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FIGURE 2. Both hyphal and yeast forms of C. albicans can induce NF-kB activation. A, wild-type (WT)
and Card9~/~ BMDMs were stimulated with C. albicans at MOl = 1 for the indicated time points. Nuclear
extracts were prepared and subjected to EMSA using *?P-labeled NF-«B and Oct-1 probes. B, wild-type
BMDMs were stimulated with heat-inactivated C. albicans (H.l.C.a) or live C. albicans (C.a) for the indicated
time points. The nuclear extracts were prepared and subjected to EMSA as in A. C, cell lysates from the
samples in B were subjected to immunoblotting analysis using the indicated antibodies. The results are
representative of three independent experiments. D, the morphological changes of both heat-inactivated
and live C. albicans in the condition for mammalian cell culture at the indicated time points were examined
with microscopy. E, wild-type and Card9~/~ BMDM:s stimulated with hyphae or the heat-inactivated form
of C. albicans at MOl = 1 or zymosan (50 ug/ml) for 1 h. The nuclear extracts were prepared from these cells
and subjected to EMSA using *?P-labeled NF-«B and Oct-1 probes. Stim., unstimulated; Unsti., unstimu-

lated; KO, knock-out.

cans-induced NF-«B activation, but B-glucan-induced NF-«B
activation is not fully dependent on CARD9 and Bcl10.

C. albicans Induces Two Independent Pathways Leading to
NF-kB Activation—To determine how CARD?9 is involved in C.
albicans-induced NF-«kB activation, we examined NF-«B acti-
vation following C. albicans stimulation at different time
points. Interestingly, we found that although C. albicans-in-
duced NF-«B activation was significantly defective in CARD9-
deficient macrophages (Fig. 24), a low level of activated NF-«B
could still be induced in these cells (Fig. 24). Because C. albi-
cans switches from its usual unicellular yeast-like form (Yeast)
into the invasive, multicellular filamentous forms, hyphae,
under vegetative growth condition during infection, the host
immune system mainly encountered the hyphal form of C. albi-
cans (Hyphae) in vivo. To distinguish whether NF-«B is mainly
induced by the multicellular hyphae or by the yeast-like, unicel-
lular form, we blocked the hyphal transformation by heat-inac-
tivating C. albicans. We then challenged bone marrow-derived
macrophages with live or heat-inactivated C. albicans.
Although the nuclear translocation of NF-«B (Fig. 2B) and IkBa
phosphorylation (Fig. 2C) could be induced by the heat-inacti-
vated form, which mainly consists of unicellular yeast form (Fig.
2D, top panels), the level of this induction was relatively low and
did not further increase after 1 h of stimulation. In contrast, the
level of NF-«B activation was continuously increased with the
time following the stimulation by live C. albicans, which was
correlated with the increased formation of hyphae during this
period of time (Fig. 2D, bottom panels). Therefore, this result
suggests that the time-dependent increase of NF-«B nuclear
translocation may be caused by the newly formed hyphae.
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To determine the requirement of
CARD9Y for the NF-«kB activation
induced by the heat-inactivated
yeast or hyphal form of C. albicans,
we challenged wild-type or CARD9-
deficient macrophages with hyphal
or heat-inactivated C. albicans, as
well as zymosan. We found that
CARDY deficiency mainly affected
the NF-«B activation induced by
Hyphae but not by heat-inactivated
yeast or zymosan (Fig. 2E). Consis-
tent with this result, Hyphae failed
to induce IkBa degradation in
CARD9-deficient macrophages (sup-
plemental Fig. S4). This defect is

H.I.Ca Ca
2 3

specific for NF-kB signaling, be-
cause CARD9 deficiency did not
affect Hyphae-induced ERK activa-
tion (supplemental Fig. S4).

Dectin-2 Mediates Signaling In-
duced by C. albicans Hyphae, but
Dectin-1 Responds to Heat-inacti-
vated C. albicans and Zymosan—1It
has been suggested that Dectin-2
mediates C. albicans hyphae-in-
duced NF-«B activation, whereas
Dectin-1 is also shown to be
involved in C. albicans-induced NF-«B activation. To confirm
that hyphae mainly utilize Dectin-2 to activate NF-«B, we used
shRNA specific for Dectin-1 or Dectin-2 (supplemental Fig. S5)
to knock down these receptors in murine bone marrow-derived
macrophages. Although inhibiting the expression of Dectin-1
partially suppressed the NF-«kB activation induced by zymosan
and heat-inactivated C. albicans, it had no inhibitory effects for
Hyphae-induced NF-«B activation (see Fig. 44). In contrast,
inhibiting the expression of Dectin-2 significantly suppressed
Hyphae-induced NF-«B activation but without any effect on
zymosan- or heat-inactivated C. albicans-induced NF-«B acti-
vation (Fig. 34). Consistent with these results, phosphorylation
and degradation of IkBa by zymosan were sensitive to the Dec-
tin-1 but not Dectin-2 knockdown, whereas Hyphae-induced
IkBa phosphorylation and degradation were sensitive to the
Dectin-2 but not Dectin-1 knockdown (Fig. 3B). Together,
these results suggest that Dectin-2 is selectively involved in
Hyphae-induced signaling, whereas Dectin-1 is involved in
B-glucan and heat-inactivated yeast-induced signaling.

To determine the physiological outcome of inhibiting Dec-
tin-1 and Dectin-2 expression, we measured the cytokine pro-
duction in macrophages with Dectin-1 or Dectin-2 knockdown
(Fig. 3C). With Dectin-1 knockdown, it inhibited the expres-
sion of tumor necrosis factor «, IL-12, and IL-10 following
zymosan or heat-inactivated C. albicans but not Hyphae stim-
ulation (Fig. 3C). In contrast with Dectin-2 knockdown, it spe-
cifically inhibited the expression of these cytokines following
Hyphae stimulation (Fig. 3C). These inhibitory effects were
highly specific for fungal infection, because inhibiting the

Cardg-WT Card9-KO
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gether, these results demonstrate
that Dectin-2 is the pattern recogni-
tion molecule for the hyphal form of
C. albicans.
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FIGURE 3. Dectin-2 but not Dectin-1 is required for NF-«B activation induced by C. albicans hyphae.
A, BMDMs with stable knockdown of Dectin-1, Dectin-2, or green fluorescent protein (shGFP) control (Mock)
were stimulated with hyphae or heat-inactivated (Yeast) C. albicans (MOl = 1), or zymosan (50 wg/ml) for 1 h.
The nuclear extracts were prepared and subjected to EMSA using *?P-labeled NF-«B or Oct-1 probes. B, lysates
prepared from the cells of A were subjected to immunoblotting analysis using the indicated antibodies. C, the
levels of tumor necrosis factor tumor necrosis factor « (TNF-a), IL-12p40, and IL-10 in the supernatants from
BMDMs with stable knockdown of Dectin-1, Dectin-2, or vector control were stimulated with C. albicans hyphae
(MOI = 1), C. albicans yeast (MOl = 1), zymosan (50 ng/ml), or LPS (100 g/ml) overnight (error bars, standard

deviation of triplicate each sample). Unsti., unstimulated.

expression of Dectin-1 or Dectin-2 did not have any effect on
LPS-induced cytokine production (Fig. 3C).

Because the expression levels of Dectin-1 and Dectin-2 in
THP-1 and RAW264.7 cells are significantly lower than those
in BMDMs (supplemental Fig. S6A) and the level of NF-«B
activation in these cells was also lower than that in BMDMs in
response to C. albicans challenging (supplemental Fig. S6B), we
expressed Dectin-1 or Dectin-2 in THP-1 and RAW?264.7 cells
by lentiviral infection (supplemental Fig. S7). We found that
expression of Dectin-1 significantly enhanced zymosan-in-
duced NF-«B activation in both THP-1 cells (Fig. 44) and
RAW264.7 cells (supplemental Fig. S8). Although it was weaker
than zymosan, this expression of Dectin-1 also slightly
enhanced heat-inactivated C. albicans-induced NF-«B activa-
tion in these cells (Fig. 44 and supplemental Fig. S8). In con-
trast, expression of Dectin-2 selectively enhanced Hyphae-in-
duced NF-kB activation (Fig. 4 and supplemental Fig. S8).
Consistently, phosphorylation and degradation of IkBa
induced by zymosan and heat-inactivated C. albicans were
increased when Dectin-1 was expressed in THP-1 cells (Fig.
4B), whereas expression of Dectin-2 enhanced Hyphae-in-
duced IkBa phosphorylation and degradation (Fig. 4B).
Together, these results further confirm that Dectin-2 is selec-
tively involved in Hyphae but that zymosan-induced NF-«kB
activation is at least partially dependent on Dectin-1. Alto-
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Dectin-1 or Dectin-2 knockdown
and found that suppressing the
expression of Dectin-2 but not
Dectin-1 inhibited the CARD9-
Bcl0 complex formation following
Hyphae stimulation (Fig. 5B). To
further confirm that Dectin-2 medi-
ates Hyphae-induced activation of
CARD?Y, we examined the inducible formation of the CARD9-
Bcl10 complex in THP-1 cells or THP-1 cells with overexpres-
sion of Dectin-1 or Dectin-2 (Fig. 5C). We found that overex-
pression of Dectin-2, but not Dectin-1, significantly enhanced
the Hyphae-induced CARD9-Bcll10 association (Fig. 5C).
Together, these results demonstrate that Dectin-2 links
Hyphae-induced signaling to CARDO9.

CARDSY and Syk Mediate Hyphae-induced Signaling Cascade
through Independent Pathways—Syk is a key kinase for phago-
cytic cell activation, and recent studies suggested that Syk may
also function downstream of Dectin-2 and upstream of CARD9
(24). To determine how Syk is involved in the C. albicans-in-
duced NF-«B activation, we used the Syk inhibitor piceatanol to
determine whether Syk is involved in Hyphae-induced NF-«B
activation, and we treated the BMDMs with Syk inhibitors. We
found that Syk inhibitor (Fig. 6A) specifically inhibited NF-«B
activation and IkBa degradation induced by Hyphae and zymo-
san but not by LPS (Fig. 6A4). These data indicate that Syk func-
tions downstream from both Dectin-1 and Dectin-2.

Our above data demonstrate that CARD9 is selectively
involved in the Dectin-2 pathway, whereas Syk is required for
NE-kB activation induced by Dectin-1 and Dectin-2. There-
fore, we hypothesized that CARD9 and Syk might function
independently. To test this hypothesis, we examined the differ-
ent effect of CARD9Y deficiency and inhibition of Syk on
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FIGURE 4. Expression of Dectin-2 significantly enhanced C. albicans hyphae-induced NF-kB activation.
A, THP-1 cells stably expressing Dectin-1, Dectin-2, or control vector were stimulated with C. albicans hyphae,
C. albicans yeast, or zymosan for 1 h. The nuclear extracts were prepared and subjected to EMSA as described
in A. B, lysates prepared from samples in the A were subjected to immunoblotting analysis using the indicated
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It has been proposed that NEMO,
the regulatory subunit of the IKK
complex, undergoes a signal-in-
duced ubiquitination (6). We next
examined the effect of CARD9 defi-
ciency or Syk inhibition on NEMO-
associated ubiquitination. Interest-
ingly, we found that CARD9
deficiency blocked NEMO-associ-
ated ubiquitination, but Syk inhibi-
tion had no effect on this ubiquiti-
nation (Fig. 6C), suggesting that Syk
and CARD9 do not function in a lin-
ear arrangement in a signaling path-
way. Consistent with this hypothe-
sis, we found that inhibition of Syk
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FIGURE 5. Dectin-2 is required for the CARD9-Bcl10 interaction upon the
stimulation by C. albicans hyphae. A, wild-type BMDMs were challenged
with C. albicans hyphae at the indicated time points. The cell lysates were
collected and subjected to the immunoprecipitation (/P) using CARD9 anti-
bodies. The precipitates and lysates were subjected to immunoblotting anal-
ysis using the indicated antibodies. B, BMDMs with stable knockdown of Dec-
tin-1, Dectin-2, or vector control were stimulated with C. albicans hyphae for
the indicated time points. Cell lysates from these samples were subjected to
immunoprecipitation analysis as in A. C, THP-1 cells stably expressing Dec-
tin-1, Dectin-2, or its control vector were challenged with C. albicans hyphae
at the indicated time points. Immunoprecipitation analysis was performed as
inAandB.

Hyphae-induced signaling. Interestingly, we found that
although both CARD?9 deficiency and inhibiting Syk resulted in
the blocking of IkBa phosphorylation and degradation induced
by Hyphae (Fig. 6B), inhibiting Syk also blocked Hyphae-in-
duced IKKa/B phosphorylation, whereas CARD9 deficiency
did not affect this signal-induced phosphorylation (Fig. 6B). In
addition, inhibiting Syk but not CARD9 deficiency also resulted
in inhibition of downstream ERK activation (Fig. 6B).
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did not significantly affect the

inducible association of CARD9
with Bcl10 but inhibited IKK phosphorylation following hyphal
stimulation (Fig. 6D). Together, these results challenge the
existing model of Syk function upstream of CARD9 in the Dec-
tin-1 signaling pathway (1, 2, 8). Instead, our studies suggest a
new model for C. albicans-induced NF-«B activation (Fig. 7) in
which CARD9 and Syk mediate ubiquitination and phosphor-
ylation of the IKK complex, respectively.

DISCUSSION

In this study, we have demonstrated that C. albicans can
induce NF-«B activation through two independent pathways.
One pathway is induced by the yeast-like, unicellular form of C.
albicans through recognizing Dectin-1 to activate downstream
signaling cascades, whereas the other pathway is induced by the
hyphal form of C. albicans through recognizing Dectin-2 to
activate downstream signaling cascades. Although Syk is
required for both the Dectin-1 and Dectin-2 pathways, CARD9
is mainly involved in the Dectin-2 pathway. Our data further
demonstrate that Syk and CARD9 function independently with
Syk regulating IKK phosphorylation and CARD9 regulating
IKK ubiquitination (Fig. 7). Therefore, our study proposes a
new model for fungi-induced NF-«kB activation in which C.
albicans infection mainly induces NF-«B through a Dectin-2-
CARD? signaling cascade, instead of the previously proposed
model that C. albicans infection induces NF-«B through the
Dectin-1-Syk-CARD?9 signaling cascade.

Fungi such as C. albicans are rapidly transformed from their
yeast forms to the hyphal forms under the vegetative growth
condition, such as in condition for mammalian cell culture or
after infecting into mammalian bodies. After they are trans-
formed to hyphae, the B-glucan in the surface of yeast cell wall
is mainly buried by other components (19), such as monosy-
lated glycoproteins (Mannan) (1). Therefore, it is likely that
macrophages recognize the Mannan moiety on their surface of
Hyphae and lead to activation of inflammatory signaling cas-
cades. Our findings that Dectin-2 is required for Hyphae-in-
duced NF-«B activation and cytokine production are consistent
with previous observations that Dectin-2 recognizes
Man9GIcNAc2 with a high affinity (22) and that C. albicans
contains Man9GIcNAc2 on its cell wall (34). Although our pre-
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prepared and subjected to immunoblotting analysis using the indicated antibodies. C, wild-type and Card9 '~
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hyphae at the indicated time points. The cell lysates were collected and subjected to the immunoprecipitation
using CARD9 antibodies. The precipitates and lysates were subjected to immunoblotting analysis using the
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we observed only a slight difference
of NF-kB activation in wild-type
and CARD9 knock-out dendritic
cells (supplemental Fig. S1).
Recently, Robinson et al. (24)
reported that Dectin-1 and Dec-
tin-2 appear to function in a redun-
dant manner for anti-fungi immu-
nity (24). Their data also suggest
that Syk functions downstream of
both Dectin-1 and Dectin-2 but
upstream of CARD9. Our data sup-
port the notion that Syk functions
downstream of both Dectin-1 and
Dectin-2. However, our results
argue that Dectin-1 and Dectin-2
function independently in response
to different ligands from C. albi-
cans. In particular, we find that
inhibiting Dectin-2 expression
completely blocks hyphae-induced
NF-«B and cytokine production.
The difference between our findings
versus those of Robinson et al. is
likely due to the fact that Robinson
et al. used Dectin-2 antibodies to
trigger the endocytosis of surface
Dectin-2, whereas we used Dectin-2
shRNA to block Dectin-2 expres-
sion. During the reviewing process
of our manuscript, Saijo et al. (35)
published a paper demonstrating
that Dectin-2-deficient mice but
not Dectin-1-deficient mice are

indicated antibodies. Unsti., unstimulated; Pic., piceatanol.

liminary studies indicate that Man9GlcNAc2 is not sufficient to
activate NF-kB (data not shown), it will be interesting to deter-
mine whether Man9GIcNAc?2 structure is required for hyphae-
mediated NF-«B.

Our data showing that CARD9 is required for the inflamma-
tory response induced by the live or hyphal form of C. albicans
but not by heat-inactive C. albicans suggest that the CARD9-
dependent inflammatory response induced by C. albicans is not
induced by B-glucan in the cell wall of C. albicans. Consistent
with this notion, we have found that 3-glucans, such as zymo-
san and curdlan, induce NF-«B through a CARD9-independent
pathway. This result appears to directly contradict a previous
report that zymosan-induced NF-«B is dependent on CARD9
(27).In our studies, we have used both EMSA and immunoblot-
ting analysis and demonstrated that the nuclear translocation
of NF-«kB and IkB phosphorylation/degradation is not defective
in CARD9-deficient macrophages. Although we cannot explain
the discrepancy regarding the role of CARD9 in zymosan-in-
duced NF-«B activation between our results and those reported
by Gross et al. (27), one possible explanation is that Gross et al.
used bone marrow-derived dendritic cells, whereas we used
bone marrow-derived macrophages. However, in our studies,
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highly susceptible to C. albicans
infection.

Our results also show that CARD?9 is inducibly associated
with Bcl10 following stimulation of the Dectin-2-dependent
pathway, which provides direct evidence that CARD9 functions
downstream of Dectin-2. However, it remains to be determined
what molecule(s) link CARD9 to Dectin-2 (Fig. 7). In addition,
we find that CARD9 deficiency significantly affects signal-in-
duced IKK ubiquitination, whereas inhibition of Syk activity
blocks the signal-induced IKK phosphorylation, suggesting
that CARD9 and Syk may not work in a linear arrangement in
the signaling pathway following C. albicans stimulation.

Although our data showing that suppressing Dectin-2
expression blocks hyphae-induced NF-«B activation clearly
demonstrate that Dectin-2 is an essential component of the
receptor for mediating C. albicans hyphae-induced NF-«B acti-
vation, we cannot rule out the possibility that other receptors,
such as TLRs, may also participate in mediating C. albicans
hyphae-induced NF-kB activation. Thus, future studies will
need to determine whether Dectin-2 is the only component or
whether it also forms a complex with other receptors to medi-
ate hyphae-induced NF-«B activation.

In summary, several important conclusions can be drawn
from our study. First, C. albicans induces the host-inflamma-
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Hyphae

Yeast/Zymosan

Dectin-2

Phosphorylation and degradation of IkBa

l

NF-xB activation

FIGURE 7. The model for C. albicans-induced signaling pathways leading
to NF-kB activation. The hyphal form of C. albicans recognizes Dectin-2,
whereas yeast and 3-glucans, such as zymosan, activate Dectin-1. Although
both Dectin-1 and Dectin-2 pathways are required for Syk that regulates IKK
phosphorylation, CARD9 and Bcl10 are selectively involved in Dectin-2-in-
duced signaling cascades leading to regulation of NEMO ubiquitination. The
phosphorylation and ubiquitination of IKK in the Dectin-2-induced signaling
pathway are required for activation of the IKK complex for NF-«B activation.
LPS and other TLR ligands activate NF-kB through a MyD88-dependent but
CARD9-independent pathway.

tory response mainly through its hyphal form. Second,
unknown components other than 3-glucan on the hyphal sur-
face are recognized by Dectin-2 on host cells. The stimulation
of Dectin-2 by hyphae induces at least two independent signal-
ing cascades in which the Syk-dependent cascade regulates IKK
phosphorylation, whereas the CARD9-dependent cascade con-
trols IKK ubiquitination. Thus, phosphorylation and ubiquiti-
nation of the IKK complex induce its kinase activity and leads to
phosphorylation and degradation of IkBa and activation of
NE-kB (Fig. 7). Together, our study reveals a more detailed
molecular mechanism of fungal infection-induced inflamma-
tory response and provides potential targets for designing ther-
apeutic agents against fungus infection.
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