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Abstract
Necroptosis is a recently defined type of programmed cell death with the specific signaling cascade of receptor-interacting
protein 1 (RIPK1) and RIPK3 complex to activate the executor MLKL. However, the pathophysiological roles of
necroptosis are largely unexplored. Here, we report that fungus triggers myeloid cell necroptosis and this type of cell death
contributes to host defense against the pathogen infection. Candida albicans as well as its sensor Dectin-1 activation
strongly induced necroptosis in myeloid cells through the RIPK1-RIPK3-MLKL cascade. CARD9, a key adaptor in
Dectin-1 signaling, was identified to bridge the RIPK1 and RIPK3 complex-mediated necroptosis pathway. RIPK1 and
RIPK3 also potentiated Dectin-1-induced MLKL-independent inflammatory response. Both the MLKL-dependent and
MLKL-independent pathways were required for host defense against C. albicans infection. Thus, our study demonstrates a
new type of host defense system against fungal infection.

Introduction

Fungal infections severely influence human life quality
and are common worldwide health problem. One and a
half million people die from invasive fungal infection every
year [1]. Especially for individuals with AIDS, fungal
infection can develop into disseminated candidiasis and
even result in mortality in severe cases [2]. As the limited

antifungal drugs used in clinical application and increased
drugs resistance, it is of great importance to investigate how
host defenses against fungal infection to develop new
strategies and targets to treat fungal infection.

C-type lectin receptors are the pathogen recognition
receptors to detect fungus, activation of which initiates host
immune response against fungal infection [3]. Dectin-1
receptor is the most well-studied C-type lectin receptor,
which recognizes β-glucan of fungal cell wall [4]. Some key
kinases and adaptor proteins have been identified to parti-
cipate in Dectin-1-mediated signaling. SYK, a Dectin-1
downstream signaling kinase, promotes the formation of
CARD9–BCL10–MALT1 complex that triggers NF-κB-
dependent production of inflammatory cytokines [5].
These inflammatory cytokines can further induce Th1 and
Th17 cell responses that have been reported to be
critical to control Candida albicans infection [6, 7].
Recently, Dectin-1 activation in dendritic cells can
induce caspase-8-dependent inflammasome activation
which cleaves pro-IL-1β and pro-IL-18 to mature IL-1β and
IL-18 to defend C. albicans infection [8]. Thus, Dectin-1-
induced signaling can initiate both innate and adaptive
immune responses to fight against fungal infection.

Necroptosis is a recently identified form of programmed
necrotic cell death [9]. TNF is the most investigated trigger
of necroptosis, studies of which lead to the fundamental

These authors contributed equally: Mengtao Cao, Zhengxi Wu, Qi Lou

Edited by H.-U. Simon

* Youcun Qian
ycqian@sibs.ac.cn

1 CAS Key Laboratory of Tissue Microenvironment and Tumor,
CAS Center for Excellence in Molecular Cell Science, Shanghai
Institute of Nutrition and Health, Shanghai Jiao Tong University
School of Medicine (SJTUSM) & Shanghai Institutes for
Biological Sciences (SIBS), Chinese Academy of Sciences (CAS),
200031 Shanghai, China

2 School of Life Science and Technology, ShanghaiTech University,
200031 Shanghai, China

Supplementary information The online version of this article (https://
doi.org/10.1038/s41418-019-0323-8) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0323-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0323-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0323-8&domain=pdf
http://orcid.org/0000-0002-8814-7378
http://orcid.org/0000-0002-8814-7378
http://orcid.org/0000-0002-8814-7378
http://orcid.org/0000-0002-8814-7378
http://orcid.org/0000-0002-8814-7378
http://orcid.org/0000-0002-2269-888X
http://orcid.org/0000-0002-2269-888X
http://orcid.org/0000-0002-2269-888X
http://orcid.org/0000-0002-2269-888X
http://orcid.org/0000-0002-2269-888X
mailto:ycqian@sibs.ac.cn
https://doi.org/10.1038/s41418-019-0323-8
https://doi.org/10.1038/s41418-019-0323-8


understanding of necroptotic signaling process. The two
kinases RIPK1 and RIPK3 and the pseudokinase MLKL are
three key proteins of TNF-induced necroptosis [9, 10].
RIPK1 and RIPK3 form complex through their receptor-
interacting protein kinase (RIP) homotypic interaction motif
(RHIM) after necroptosis triggers like TNF [11–13].
Autophosphorylation of RIPK1 promotes the phosphoryla-
tion and oligomerization of RIPK3, which leads to RIPK3
activation [13–16]. Activated RIPK3 then phosphorylates
MLKL, resulting in MLKL oligomerization, translocation
to plasma membranes and disruption of membranes
[17–19]. In addition to TNF, some other stimuli including
pathogen-associated molecular patterns (PAMPs) from
virus or bacteria have been found to induce necroptosis in
diverse cell types recently [1]. While both LPS-induced
TLR4 signaling and poly I:C-induced TLR3 signaling uti-
lize the signaling adaptor TRIF to activate the type I
interferon-producing pathway, TRIF is also required for the
two TLRs-induced necroptosis pathway in which TRIF
directly associates with RIPK3 via RHIM domain in mac-
rophages [20]. Interferons including interferon α, interferon
β and interferon γ have also been reported to induce
necroptosis in epithelial cells and macrophages [21]. Both
the TLRs-induced TRIF-dependent necroptosis and the
interferons-induced necroptosis have been shown to play
vital roles in necroptosis-related embryonic lethality and
inflammation [22, 23]. Similar to PAMPs, live viruses and
bacteria, such as HSV, influenza virus and Staphylococcus
aureus, are reported to induce RIPK3 and MLKL-
dependent necroptosis, activation of which contributes to
the pathogenesis and host defense of those infections
[24–27]. However, whether fungal infection can induce
necroptosis and what is the potential pathophysiological
outcome of necroptosis during fungal infection still remain
to be determined.

Here, we showed that both C. albicans infection and its
sensor Dectin-1 activation triggered the necroptotic signal-
ing cascade of RIPK1, RIPK3 and MLKL and cell death in
myeloid cells under the condition of apoptosis blockage.
We demonstrated that the Dectin-1-induced necroptosis and
cell death is independent on autocrine TNF. We further
found that Dectin-1 activation resulted in CARD9 associa-
tion with RIPK1 to induce necroptosis. Through genetic
deficiency of RIPK3 and MLKL as well as RIPK1 kinase
inhibition, we demonstrated that the induction of the
necroptosis pathway is important for the host to protect
against C. albicans infection in vivo. Furthermore, we
revealed that RIPK1 and RIPK3 potentiated Dectin-1-
induced MLKL-independent inflammation under apoptosis
blockage condition and that this MLKL-independent
inflammation also contributed to host defense against C.
albicans infection. Thus, our results demonstrate that fun-
gus can induce necroptosis in macrophages and the

induction of necroptosis signaling is critical for host defense
against fungal infection.

Results

Fungus and its PAMPs induce necroptosis in
myeloid cells

Necroptosis can be triggered by TNF, or FasL, under the
condition of apoptosis blockage or deficiency [28]. Some
bacteria and virus as well as their PAMPs like LPS and poly
I:C have also been reported to be able to induce necroptosis
in the condition of apoptosis blockage [9]. However, it is
still unknown whether fungus and its PAMPs can induce
necroptosis. To investigate whether fungal PAMPs can
trigger necroptosis, we stimulated macrophages cell line
J774a.1 with zymosan or curdlan. We found that costimu-
lation of zymosan or curdlan with the pan-caspase inhibitor
zVAD induced J774a.1 cell death (Fig. 1a), while the
PAMPs alone did not trigger cell death. Because caspase-8
has been reported to inhibit other triggers-induced necrop-
tosis [29], we sought to determine whether caspase 8
functions similarly in the PAMPs-induced cell death.
Indeed, zymosan alone was enough to trigger cell death in
caspase-8 knocked-down J774a.1 cells (Fig. S1a and S1b).
Consistent with the results from J774a.1 cell line, cotreat-
ment of zymosan plus zVAD or curdlan plus zVAD
induced cell death in peritoneal macrophages (PMs) and
bone-marrow-derived macrophages (BMDMs) as well as
bone-marrow-derived dendritic cells (BMDCs) (Fig. 1b–d).
In addition to the mouse myeloid cells, we also observed
that the fungal PAMPs triggered cell death in human THP-
1-derived macrophages in the presence of caspases inhibitor
(Fig. 1e). To further confirm the PAMPs-induced cell death,
we stained PMs with propidium iodide (PI). FACS analysis
indeed showed that PI-positive PMs increased after costi-
mulation of zymosan plus zVAD or curdlan plus zVAD
(Fig. 1f, g). Autocrine TNF has been reported to contribute
to necroptosis induced by TLR2 signaling. To explore
whether potential autocrine TNF is responsible for the
fungal PAMPs-induced cell death, we stimulated Tnf−/−

PMs with zymosan or curdlan together with zVAD. We
indeed observed that TLR2 ligand-induced cell death was
dependent on autocrine TNF (Fig. 1h and S1c), consistent
with the literature report [30]. However, zymosan or curdlan
still triggered cell death in Tnf−/− macrophages (Fig. 1h and
S1c). To further determine whether live fungus can trigger
necroptotic cell death, we stimulated macrophages with
C. albicans plus zVAD. Though low MOI C. albicans-
induced LDH release was less in Tnf−/− macrophages, high
MOI C. albicans-induced LDH release had no difference
between WT and Tnf−/− macrophages (Fig. 1i), suggesting
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C. albicans can induce TNF-independent necroptotic cell
death. We further found C. albicans and its PAMPs-induced
necroptotic cell death did not rely on FasL and TRAIL

(Fig. S2a–S2c), while FasL and TRAIL can trigger
necroptosis [31, 32]. We also found that the fungal PAMPs-
induced cell death was independent on MyD88 and Trif

Fig. 1 Fungus and its PAMPs induces myeloid cell death in the pre-
sence of caspase-8 inhibitor. a–e J774A.1 cells (a), peritoneal mac-
rophages (PMs) (b), bone marrow-derived macrophages (BMDMs)
(c), bone marrow-derived dendritic cells (BMDCs) (d) and THP-1-
derived macrophages (e) were treated with the indicated ligands (25
ng/ml LPS, 100 μg/ml zymosan, 100 μg/ml curdlan) combined with
the caspases inhibitor 20 μM zVAD or not for 12 h. Cell viability was
determined by measuring the released lactate dehydrogenase (LDH).
f Peritoneal macrophages (PMs) were stimulated with the indicated
ligands and zVAD for 12 h and then stained with propidium iodide
(PI) and analyzed with flow cytometer (FACS). Representative plots of

data are shown. g The percentage of PI-positive cells are shown from
(f). h Peritoneal macrophages from wild-type or Tnf−/− mice were
treated with the indicated ligands and zVAD for 12 h. Cell viability
was determined by measuring released LDH. Data are representative
of three independent experiments. i Peritoneal macrophages from wild-
type or Tnf−/− mice were treated with different MOI of C. albicans and
zVAD for 12 h. Cell viability as determined by measuring released
LDH. Error bars in (a, b, c, d, e, g, h and i) represent mean ± SEM.
*p < 0.05;**p < 0.01; ***p < 0.001; n.s. p > 0.05 by two-tailed test.
See also Figs. S1, S2
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(Fig. S1d). Collectively, these observations demonstrated
that C. albicans and its PAMPs could induce myeloid cell
death in the absence of caspase-8 activity.

Fungus and its PAMPs trigger the signaling cascade
of RIPK1-RIPK3-MLKL to induce necroptotic cell
death

As the fungus and its PAMPs-induced cell death exhibited
necroptotic morphology with swelling and rupture
(Fig. S1c), we postulated that RIPK1, RIPK3 and MLKL
may participate in the PAMPs-induced cell death. Firstly,
we made use of RIPK1 kinase inhibitor Nec-1 and found
that Nec-1 blocked the zymosan or curdlan-induced cell
death (Fig. 2a). We also found that siRNA-mediated
silencing of RIPK3 or MLKL severely reduced the cell
death triggered by the zymosan or curdlan in J774.1 cells
(Fig. S3a−S3d). In addition, PMs from Ripk3−/− mice or
Mlkl−/− mice were protected from the fungal PAMPs-
triggered cell death (Fig. 2b, c). To further determine
whether the signaling cascade of RIPK1-RIPK3-MLKL is
required for live fungus-triggered cell death, we stimulated
macrophages with C. albicans plus zVAD and found that
RIPK1, RIPK3 and MLKL were all required for C. albi-
cans-induced cell death (Fig. 2d, f). It has been reported that
MLKL can be phosphorylated and translocated to plasma
membranes to disrupt their integrity [17, 18]. Similarly, we
found that the fungal PAMPs plus zVAD stimulation in
PMs induced phosphorylation of MLKL while the ligands
alone did not (Fig. 2g). Similarly, we found that the fungal
PAMPs triggered the activation of MLKL in human THP-1-
derived macrophages (Fig. 2h). We further observed that C.
albicans plus zVAD triggered robust phosphorylation of
MLKL in PMs (Fig. 2i). We also found decreased phos-
phorylation of MLKL in RIPK3-deficient macrophages and
Nec-1 pretreated macrophages under the treatment of the
fungal PAMPs and zVAD (Fig. 2j, k). Previous studies have
implicated C. albicans can induce macrophage pyroptosis
through Caspase-1 [33, 34]. Because zVAD is pan-Caspase
inhibitor, it also can inhibit Caspase-1 function. Con-
sistently, we found that C. albicans could induce macro-
phage cell death and Caspase-1 activation while its PAMPs
zymosan and curdlan could not (Fig. S4a and S4b). We
further noticed that C. albicans with zVAD induced stron-
ger cell death while Caspase-1 was not activated under this
condition (Fig. S4a and S4b), suggesting Dectin-1-triggered
necroptosis is important for the fungus-induced cell death.
In addition, we found that none of RIPK1, RIPK3 and
MLKL was required for C. albicans-induced Caspase-1
activation (Fig. S4c−S4e). Together, all these data suggest
that fungal PAMPs induce RIPK1, RIPK3 and MLKL-
dependent necroptosis under the condition of apoptosis
suppression.

CARD9 mediates the fungal sensor Dectin-1-induced
necroptosis activation

Dectin-1 is the key receptor that senses fungal pathogen
infection [35]. The fungal PAMPs like zymosan and curdlan
directly activate Dectin-1 signaling to help host defense
against fungal infection [36]. We have demonstrated that
the fungal PAMPS induced the necroptotic signaling cas-
cade activation of RIPK1, RIPK3 and MLKL. Next we
explored if Dectin-1 is the sensor for the fungal PAMPs to
induce necroptosis. We found that siRNA-mediated
knockdown of Dectin-1 in macrophages made the cells
resistant to zymosan or curdlan-induced necroptosis
(Fig. 3a, b). We also observed that silence of Dectin-1 in
macrophages impaired the fungal PAMPs-induced activa-
tion of MLKL (Fig. 3c, d).

Next we tried to explore how the already known Dectin-
1-triggered signaling links to the necroptosis pathway.
CARD9 is a key signaling adaptor downstream Dectin-1
activation [37]. We found that siRNA-mediated knockdown
of CARD9 in macrophages made the cells resistant to the
Dectin-1 ligands-induced necroptosis, similar to siRNA-
mediated knockdown of Dectin-1 (Fig. 3e, f). CARD9 is
essential for Dectin-1-induced NF-κB-dependent TNF pro-
duction [5] and TNF is a strong inducer of necroptosis. To
determine whether CARD9 mediated necroptosis through
inducing TNF production, we knocked down CARD9 in
Tnf−/− macrophages and found that CARD9 was still
required for the Dectin-1 agonists-induced cell death in the
Tnf−/− macrophages (Fig. 3g). We also observed that si-
lence of CARD9 in Tnf−/− macrophages impaired activation
of MLKL induced by the Dectin-1 agonists (Fig. 3h, i).
These results indicate that CARD9 may be directly involved
in the activation of the necroptotic signaling cascade of
RIPK1-RIPK3-MLKL in Dectin-1-induced necroptosis.
Thus, we checked the potential interaction between RIPK1,
RIPK3 and CARD9. We found that CARD9 interacted with
RIPK1 and RIPK3 in overexpression system (Fig. 4a, b). To
determine if these interactions are direct associated, we
transcribed and translated CARD9, RIPK1 and RIPK3
in vitro and found that CARD9 directly interacted with
RIPK1 but not with RIPK3 (Fig. 4c, d). To avoid the
overexpression system, we immunoprecipitated the RIPK1
and RIPK3 complex by endogenous RIPK1 antibody and
found endogenous RIPK1 associated with CARD9 and
RIPK3 in the zymosan signal-dependent manner (Fig. 4e).
Considering that RIPK1 kinase activity was required for the
Dectin-1 ligands-induced activation of RIPK3 and MLKL
(Fig. 2), these results indicate that CARD9 is the direct
upstream signaling adaptor that links the Dectin-1 activation
to the necroptotic signaling cascade (RIPK1-RIPK3-
MLKL) to induce necroptotic cell death.
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Necroptosis protects host against Candida albicans
infection in vivo

While induction of necroptosis in vitro is characterized in
the need to inhibit caspase-8 activity, necroptosis has been

observed in the absence of caspase-8 inhibition in vivo
[38], indicating that apoptosis is somehow suppressed in
in vivo situations. In the animal model of TNF-induced
Lethal Systemic Inflammatory Response Syndrome
(SIRS), necroptosis is crucial for the lethality of

Fig. 2 RIPK1, RIPK3 and MLKL are required for fungus and its
PAMPs-induced cell death. a Peritoneal macrophages were treated
with the indicated ligands and Nec-1 (50 μm/ml) for 12 h. Cell viability
was determined by measuring the released LDH. b, c Peritoneal
macrophages from wild-type, Ripk3−/− mice (b) or Mlkl−/− mice (c)
were treated with the indicated ligands and zVAD for 12 h. Cell via-
bility was determined by measuring released LDH. d Peritoneal
macrophages were treated with different MOI of C. albicans and
zVAD for 12 h. Cell viability was determined by measuring released
LDH. e, f Peritoneal macrophages from wild-type, Ripk3−/− mice (e)
or Mlkl−/− mice (f) were treated with different MOI of C. albicans and
zVAD for 12 h. Cell viability as determined by measuring released
LDH. g Immunoblot analysis of p-MLKL from peritoneal

macrophages treated with zymosan or curdlan together with or without
zVAD for 3 h. h Immunoblot analysis of p-MLKL (S358) from THP-
1-derived macrophages treated with zymosan or curdlan together with
or without zVAD for 3 h. i Immunoblot analysis of pMLKL from
peritoneal macrophages treated with MOI= 100 heat killed C. albi-
cans (HKCA) or MOI= 5 C. albicans together with zVAD or not for
3 h. j, k Immunoblot analysis of p-MLKL from wild-type, Ripk3−/− (j)
or Nec-1 pretreated (k) peritoneal macrophages treated with zymosan
or curdlan together with or without zVAD for 3 h. Data are repre-
sentative of three independent experiments. Error bars in (a–f) repre-
sent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by two-tailed
test. See also Fig. S3
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TNF-induced SIRS without caspase-8 inhibitor [39].
Therefore, these prompted us to examine whether Dectin-
1-induced necroptosis contributes to host defense C.
albicans infection. To explore the potential role of
necroptosis in fungal infection in vivo, we injected sub-
lethal dose of C. albicans to wild-type and Ripk3−/− mice
and found that Ripk3−/− mice showed more susceptibility
to C. albicans infection compared with wild-type mice

(Fig. 5a). Consistently, fungal loads in kidneys, livers and
spleens of Ripk3−/− mice were significantly increased
compared with those of wild-type mice under the same
low dose of fungal infection (Fig. 5b). Ripk3−/− mice also
exhibited increased renal inflammation and higher C.
albicans loads in the kidney (Fig. 5c, d). To further
investigate the role of RIPK1-mediated necroptosis during
C. albicans infection, mice were pretreated with RIPK1
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inhibitor Nec-1 and followed by infection with sublethal
dose of C. albicans. The mice pretreated with Nec-1
showed more susceptibility to C. albicans infection and
had more fungal load in their tissues (Fig. 5e, f). Since
RIPK1 and RIPK3 have also been reported to have
necroptosis-independent function in inflammatory sig-
naling pathway, the phenotypes from RIPK3 and RIPK1-
deficient mice may not reflect the function of necroptosis
[40–42]. To determine the potential role of necroptosis in
host defense against fungal infection, we infected Mlkl−/−

mice with sublethal dose of C. albicans, and found that
Mlkl−/− mice showed more susceptibility to C. albicans
infection compared to WT control mice (Fig. 5g, h).
However, the susceptibility of Mlkl−/− mice to C. albicans
infection was weaker than that of Ripk3−/− mice (Fig. 5h).
These in vivo results suggest that MLKL-dependent
necroptosis is important for host defense against fungal
infection while RIPK1 and RIPK3 also have MLKL-
independent function in host defense against fungal
infection. As necroptosis can promote inflammation in
contrast to apoptosis, we analyzed the expression of
inflammatory genes in kidney and found that the expres-
sion levels of Il6, GM-CSF and Il1β in Ripk3−/− mice
were much higher than those in wild-type mice at day 5
(Fig. S5a). As the increased inflammatory genes expres-
sion might be due to more fungal loads in the deficient
mice, we therefore analyzed the inflammatory gene
expression in the early period of infection, and found that
Ripk3−/− mice showed impaired proinflammatory cyto-
kines production (Fig. S5b). Thus, the impaired

inflammation in Ripk3−/− mice during the early period of
infection likely contributed to its higher susceptibility of
C. albicans infection.

RIPK1 and RIPK3 potentiate Dectin-1-induced MLKL-
independent inflammation

As described above, Ripk3−/− mice showed more suscept-
ibility to C. albicans infection compared with Mlkl−/− mice
(Fig. 5h), suggesting that RIPK3 has other function inde-
pendent of the MLKL-mediated cell death during fungal
infection. It has been recently reported that RIPK1 and
RIPK3 promote TLR3 and TLR4-induced TRIF-dependent
inflammation in the necroptotic cell death-independent
manner [43]. To investigate whether RIPK1 and
RIPK3 similarly regulate Dectin-1-induced inflammation,
we stimulated macrophages with zymosan in the presence
or absence of zVAD and found that zVAD could strongly
potentiate zymosan-induced proinflammatory cytokines
(Il6, GM-CSF, KC) expression (Fig. 6a). Knocking-down
caspase-8 in macrophages also promoted zymosan-induced
cytokines expression (Fig. S6a). To determine whether
RIPK1 and RIPK3 are involved in the inflammatory
response, we used Ripk3−/− macrophages or Nec-1 inhibitor
and found that the increase of inflammatory genes expres-
sion induced by the dectin-1 agonists together with zVAD
was abolished in Ripk3−/− macrophages or Nec-1-pretreated
macrophages (Fig. 6b, c and S6b, S6c). Consistently, the
increase of IL-6 protein level was blocked by RIPK3 defi-
ciency and RIPK1 kinase inhibition (Fig. 6d, e). To assess
whether MLKL is involved in the Dectin-1-induced
inflammation, we stimulated Mlkl−/− macrophages with
the denctin-1 agonists together with zVAD and found
MLKL was not required for the Dectin-1-induced inflam-
mation as the increase of IL-6 protein level and the induc-
tion of inflammatory genes expression were comparable
between wild-type and Mlkl−/− macrophages (Fig. 6f, g).
Collectively, these data demonstrated that RIPK1 and
RIPK3 potentiated Dectin-1-induced inflammation in a
necroptotic cell death-independent manner.

JNK and P38 are required for the Dectin-1-induced
RIPK1 and RIPK3-mediated inflammation

We showed above that RIPK1 and RIPK3 promoted Dectin-
1-induced inflammation in an MLKL-mediated cell death-
independent manner (Fig. 6). To investigate how RIPK1
and RIPK3 potentiated the Dectin-1-induced inflammation,
we examined the signaling pathway of NF-κB and MAPKs
and found that zVAD-treated macrophages showed
increased activation of P65 (NF-κB), JNK and P38 but not
ERK that were all induced by the Dentin-1 ligands zymosan
and curdlan (Fig. 7a). We then utilized Nec-1 to inhibit

Fig. 3 Dectin-1 and CARD9 are required for fungus and its PAMPs-
induced necroptotic cell death. a Peritoneal macrophages were trans-
fected with scrambled siRNA oligos, Dectin-1 siRNA oligos for 60 h.
Knock-down efficiency was determined by detecting mRNA level
through qPCR. b Peritoneal macrophages were transfected with the
indicated siRNA oligos for 60 h and treated with zymosan or curdlan
for 12 h. Cell viability was determined by measuring released LDH.
c Immunoblot analysis of p-MLKL from peritoneal macrophages
transfected with the indicated siRNA oligos for 60 h and then treated
with zymosan, curdlan and zVAD for 3 h. d Densitometric quantifi-
cation of p-MLKL/GAPDH relative level is shown from (c) . e Peri-
toneal macrophages were transfected with scrambled siRNA oligos,
CARD9 siRNA oligos or RIPK3 siRNA oligos for 60 h. Knock-down
efficiency was determined by detecting mRNA level through qPCR.
f Peritoneal macrophages were transfected with the indicated siRNA
oligos for 60 h and treated with zymosan or curdlan for 12 h. Cell
viability was determined by measuring released LDH. g Peritoneal
macrophages from Tnf−/− mice were transfected with the indicated
siRNA oligos for 60 h and treated with zymosan, curdlan and zVAD
for 12 h. Cell viability was determined by measuring released LDH.
h Immunoblot analysis of p-MLKL from Tnf−/− peritoneal macro-
phages transfected with the indicated siRNA oligos for 60 h and then
treated with zymosan, curdlan and zVAD for 3 h. i Densitometric
quantification of p-MLKL/GAPDH relative level is shown from
(h). Data are representative of three independent experiments. Error
bars in (a, b, d–g, i) represent mean ± SEM. ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001 by two-tailed test
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RIPK1 kinase activity and found that Nec-1 severely sup-
pressed the zVAD-enhanced activation of JNK and P38 but
not P65 (Fig. 7b). Similarly, RIPK3 deficiency almost
blocked the zVAD-enhanced Dectin-1-induced activation of
JNK and P38 (Fig. 7c). However, under the same stimula-
tion the activation level of JNK and P38 had no difference
between Mlkl−/− macrophages and wild-type macrophages
(Fig. 7d). These results suggest that RIPK1 and RIPK3-
specifically mediate the zVAD-enhanced Dectin-1-induced
activation of JNK and P38 but not P65. To further inves-
tigate the role of JNK and P38 in the increased inflamma-
tion, we inhibited JNK and P38 activation respectively with
their specific inhibitors. We observed that JNK inhibition
dramatically reduced the expression of proinflammatory
genes induced by zymosan and zVAD (Fig. 7e). P38 inhi-
bition also decreased induction of the inflammatory genes
by zymosan and zVAD (Fig. 7f). Together, our data
demonstrated that JNK and P38 were responsible for the
RIPK1 and RIPK3-mediated Dectin-1-induced inflamma-
tion under condition of apoptosis blockage by zVAD.

Discussion

Necroptosis is a recently identified type of programmed
necrotic cell death. Some stimuli have been reported to
trigger necroptosis process, including host-derived cyto-
kines (TNF, FasL and interferons) as well as pathogen
PAMPs (LPS and poly I:C) [44]. The kinases RIPK1 and
RIPK3 are critical for the initiation and transduction of
necroptosis signaling and MLKL is the downstream
executor to disrupt cell membranes. In addition to the stu-
dies on PAMPs, some microbes have been reported to
induce necroptosis, including virus and bacteria. However,
whether fungus can induce necroptosis remains unknown.
Here we showed that the fungus C. albicans as well as its
PAMPs (zymosan and curdlan) triggered activation of the
RIPK1-RIPK3-MLKL cascade and consequently necropto-
tic cell death in both human and mouse myeloid cells (THP-
1-derived macrophage, PM, BMDM and BMDC) under the
conditions of apoptosis blockage or in the absence of
caspase-8 activity. We demonstrated that RIPK1 kinase

Fig. 4 CARD9 directly interacts with RIPK1 for necroptosis induction.
a 293T cells were transfected with plasmids expressing RIPK1-HA
and CARD9-myc. Immunoprecipitation of RIPK1 by anti-HA anti-
body and immunoblot analysis of cell lysates and IP samples.
b 293T cells were transfected with plasmids expressing RIPK3-HA
and CARD9-myc. Immunoprecipitation of RIPK3 by anti-HA anti-
body and immunoblot analysis of cell lysates and IP samples.
c RIPK1-HA and CARD9-myc were expressed in in vitro transcription
and translation system. Immunoprecipitation of CARD9 by anti-myc

antibody and immunoblot analysis of cell lysates and IP samples.
d RIPK3-HA and CARD9-myc were expressed in in vitro transcrip-
tion and translation system. Immunoprecipitation of CARD9 by anti-
myc antibody and immunoblot analysis of cell lysates and IP samples.
e Immunoprecipitation of endogenous RIPK1 in peritoneal macro-
phages treated with zymosan and zVAD for different time points and
immunoblot analysis of cell lysates and IP samples. Data are repre-
sentative of three independent experiments
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activity, RIPK3 and MLKL were all required for the
necroptosis induction by the fungus and its PAMPs. RIPK1
and RIPK3 were the upstream kinases for MLKL activation

in the fungal PAMPs-triggered necroptosis process. We also
found that Dectin-1 was the sensor for the fungal PAMPs to
induce necroptotic cell death. We further demonstrated that

Fig. 5 Necroptosis protects hosts against Candida albicans infection. a
Wild-type mice (n= 15) and Ripk3−/− (n= 15) mice were intrave-
nously injected with 5 × 105 C. albicans per mice. Mouse survival was
monitored and plotted. b Wild-type mice (n= 11) and Ripk3−/− (n=
11) mice were intravenously injected with 1 × 105 C. albicans per
mice. After 5 days WT and Ripk3−/− mice were sacrificed and kidneys,
livers and spleens were collected to count fungal load. Each dot
represents data from a single mouse. c HE staining of WT and Ripk3
−/− mice from (b). d PAS staining of WT and Ripk3−/− mice from (b).
e Wild-type mice were pretreated with DMSO (n= 16) or Nec-1 (n=
16) and then infected with 5 × 105 C. albicans per mice. Mouse sur-
vival was monitored and plotted. f Wild-type mice were pretreated
with DMSO (n= 13) or Nec-1 (n= 13) and then infected with 1 × 105

C. albicans per mice. Five days later, mice were sacrificed and kid-
neys, livers and spleens were collected to count fungal load. Each dot
represents data from a single mouse. g Wild-type mice (n= 18) and
Mlkl−/− mice (n= 18) were intravenously injected with 5 × 105C.
albicans per mice. Mouse survival was monitored and plotted. h Wild-
type mice (n= 10), Ripk3−/− mice (n= 10) and Mlkl−/− (n= 10) mice
were intravenously injected with 1 × 105 C. albicans per mice. Five
days later, mice were sacrificed and kidneys were collected to count
fungal load. Each dot represents data from a single mouse. Data in (c)
are representative of three independent experiments. Data in (a, b and
e−h) are compiled from two or three independent experiments. Error
bars in (a, b, e–h) represent mean ± SEM. ∗p < 0.05; ∗∗p < 0.01 by
two-tailed test
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the fungus and its PAMPs-induced necroptosis was not
dependent on autocrine TNF production by utilizing Tnf−/−

macrophages.

As Dectin-1 activation triggered RIPK1, RIPK3 and
MLKL-dependent necroptosis in macrophages independent
of autocrine TNF, we hypothesized that Dectin-1 signaling
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may directly activate the necroptotic pathway of RIPK1,
RIPK3 and MLKL. Interestingly, we found that CARD9,
the key adaptor of Dectin-1 signaling, interacted with
RIPK1 both in the overexpression system and in the
endogenous system in ligand-stimulation-dependent man-
ner. Consistently, knockdown of CARD9 in wild-type or
Tnf−/− macrophages greatly decreased the activation of
MLKL as well as the necroptotic cell death induction by the
Dectin-1 ligands. These data suggest that CARD9 links
upstream Dectin-1 signaling to the necroptotic cascade
RIPK1–RIPK3–MLKL to perform necroptotic cell death
under fungal infection.

Although its potential pathophysiological roles are still
largely undefined, necroptosis has recently been shown to
participate in host defense against viral infections. RIPK3
and MLKL mediate the virus-induced necroptosis and the
deficient mice showed susceptibility to HSV-1 and influenza
virus infections [9]. Here, for the first time we demonstrate
that fungus as well as its PAMPs can induce necroptosis
through RIPK1, RIPK3 and MLKL in myeloid cells. We
further found that both Ripk3−/− and Mlkl−/− mice showed
higher fungal burden and lethality compared to their repre-
sentative WT control mice. Similarly, RIPK1 kinase inhi-
bition by Nec-1 made mice more susceptible to C. albicans
infection. These data suggest that fungus-induced necrop-
tosis is important for host defense against fungal infection.
Considering necroptosis can result in release of cellular
contents like damage-associated molecular-pattern (DAMP)
molecules that can stimulate macrophages and dendritic cells
to induce production of cytokines and chemokines [45],
Dectin-1-induced necroptosis may thus function to amplify
the local inflammation to recruit more neutrophils and
macrophages to control C. albicans infection. In the early
period of fungal infection, we observed impaired inflam-
matory response in Ripk3−/− mice in vivo, which could be
the reason of the susceptibility in Ripk3−/− mice.

When we compared the phenotypes of RIPK3-deficent
mice with those of Mlkl−/− mice, we found that RIPK3-
deficent mice were more susceptible to C. albicans infection,

suggesting that RIPK3 has MLKL-independent function.
RIPK3 has been known to have necroptosis-independent
function in inflammasome activation induced by virus [24].
In addition, RIPK3 is also reported to be required for West
Nile virus-induced neuroinflammation in a cell death-
independent manner [46]. It has been well known that
RIPK1 is vital for TNF signaling and TLR signaling as a
scaffold protein in kinase independent manner [47].
Recently, it is reported that RIPK1 and RIPK3 potentiate
TRIF-dependent proinflammatory cytokines release through
ERK signaling [43]. Similarly, we found that RIPK1 and
RIPK3 promoted the Dectin-1 ligands-induced expression of
inflammatory genes which was MLKL-independent under
the condition of apoptosis blockage. However, we found that
JNK and P38 pathways instead of ERK signaling mediated
the promoting effects of RIPK1 and RIPK3 on the Dectin-1-
induced inflammation. Although the detailed mechanisms
remain to be further explored, our data suggest that RIPK1
and RIPK3 utilize differential signaling pathways to promote
cell death-independent inflammation driven by different
kinds of stimuli. Together, we demonstrate that fungus and
its Dectin-1 ligands activate the necroptotic signaling cas-
cade of RIPK1-RIPK3-MLKL through CARD9 in myeloid
cells and that both the MLKL-dependent necroptotic cell
death and the RIPK1 and RIPK3-mediated MLKL-inde-
pendent inflammation contribute to hose defense against
fungal infection. RIPK1, RIPK3 and MLKL are therefore
potential new targets for developing antifungal strategies.

Materials and methods

Mice

Wild-type C57BL/6J mice, MRL/lpr mice, ICR mice were
purchased from Slac Laboratory Animal Center, Chinese
Academy of Sciences. Ripk3−/− mice (on the C57BL/6
background) were generated from Ripk3tm1(KOMP)Wtsi
sperm purchased from KOMP Repository. Mlkl−/− mice (on
the C57BL/6 background) were provided by Dr. Haibing
Zhang (Shanghai Institute for Biological Sciences,
Chinese Academy of Sciences). Tnf−/− mice (strain
B6.129S-Tnftm1Gkl/J), Myd88−/− mice (strain B6.129P2
(SJL)-Myd88tm1.1Defr/J), TrifLPS2 mice (strain C57BL/6J-
Ticam1Lps2/J) were purchased from the Jackson Laboratory.
All mice were maintained in specific pathogen-free condi-
tions at the Institute of Health Sciences. Six- to 10-week-old
and gender-matched mice were used in all experiments. All
animal experiments were performed according to the
guidelines for the care and use of laboratory animals and are
approved by the institutional biomedical research ethics
committee of the Shanghai Institutes for Biological Sci-
ences (Chinese Academy of Sciences).

Fig. 6 Dectin-1-induced signaling triggers MLKL-independent but
RIPK1 and RIPK3-dependent inflammatory response. a qPCR analy-
sis of Il6, GM-CSF and KC mRNA in wild-type peritoneal macro-
phages treated with zymosan and zVAD for 3 h. b qPCR analysis of
Il6, GM-CSF and KC mRNA in wild-type peritoneal macrophages
treated with the indicated ligands and zVAD for 3 h. c qPCR analysis
of Il6, GM-CSF and KC mRNA in wild-type or Ripk3−/− peritoneal
macrophages treated with the indicated ligands and zVAD for 3 h. d–f
Elisa analysis of IL-6 in Nec-1 pretreated peritoneal macrophages (d),
Ripk3−/− peritoneal macrophages (e) or Mlkl−/− peritoneal macro-
phages (f) treated with the indicated ligands and zVAD. g qPCR
analysis of Il6, GM-CSF and KC mRNA in wild-type or Mlkl−/−

peritoneal macrophages treated with the indicated ligands and zVAD
for 3 h. Data are representative of three independent experiments. Error
bars in (a–g) represent mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p <
0.001 by two-tailed test. See also Fig. S6
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Cells

HEK293T cells and mouse macrophage line J774a.1 cells
were cultured in high glucose Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin. THP-1 cells were
cultured in RPMI 1640 medium containing 10% FBS, 100 U/
ml penicillin, 100 μg/ml streptomycin, THP-1-derived

Fig. 7 JNK and P38 are required
for Dectin-1-induced RIPK1 and
RIPK3-mediated inflammatory
response. a Immunoblot analysis
of phosphorylated P65, ERK,
JNK, P38 and GAPDH in
peritoneal macrophages treated
with the indicated ligands and
zVAD for 3 h. b Immunoblot
analysis of phosphorylated P65,
ERK, JNK, P38 and GAPDH in
peritoneal macrophages
pretreated with or without Nec-1
and followed by the indicated
ligands treatment for 3 h.
c Immunoblot analysis of
phosphorylated P65, ERK, JNK,
P38 and GAPDH in wild-type
and Ripk3−/− peritoneal
macrophages treated with the
indicated ligands and zVAD for
3 h. d Immunoblot analysis of
phosphorylated ERK, JNK, P38
and GAPDH in wild-type and
Mlkl−/− peritoneal macrophages
treated with the indicated
ligands and zVAD for 3 h.
e, f qPCR analysis of Il6 and KC
mRNA in peritoneal
macrophages pretreated with
JNK inhibitor SP600125 (e) or
P38 inhibitor SB203580 (f) and
then treated with the indicated
ligands and zVAD for 3 h. Data
are representative of three
independent experiments. Error
bars in (e, f) represent mean ±
SEM. ∗p < 0.05; ∗∗p < 0.01 by
two-tailed test
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macrophages were induced by 50 ng/ml phorbol
12-myristate-13-acetate (PMA) overnight. Peritoneal macro-
phages, derived from wild-type or the indicated deficient mice
injected with 4% thioglycolate medium for 3 days, were
cultured in high glucose DMEM with 10% FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin. Bone marrow-derived
macrophages from C57BL/6 mice were derived by incubating
murine bone marrow with DMEM containing 30% L929
conditioned medium supplemented with 10% FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin. After 6 days, the dif-
ferentiated cells were used for experiments. Bone marrow-
derived dendritic cells from C57BL/6 mice were generated by
incubating murine bone marrow with RPMI 1640 medium
containing 10% FBS, 100 U/ml penicillin, 100 μg/ml strep-
tomycin and 20 ng/ml mGM-CSF. After 9 days, the differ-
entiated cells were used for experiments.

Mouse model of systemic candidiasis

Candida albicans SC5314 strains were routinely grown in
YPD medium overnight at 30 °C. C. albicans were cen-
trifuged, re-suspended with sterile PBS and counted with
hematocytometer. To monitor the survival of wild-type and
the indicated deficient mice, 5 × 105 C. albicans were
injected to the indicated mice via tail veins. For the inhi-
bition of RIPK1 in vivo, 125 μg Nec-1 was injected intra-
venously to mice 30 min before C. albicans infection.
To determine fungal load, mice were given at the dose of
1 × 105 C. albicans via tail veins. After 5 days, organs were
aseptically removed and homogenized in sterile PBS.
Homogenized organs were diluted with sterile PBS and
plated on YPD agar plates. Colony-forming units (CFUs)
were counted after 24 h on YPDA agar plates at 30 °C.

In vitro stimulation of cells

J774.1 cells, BMDMs, BMDCs and PMs, THP-1-derived
macrophages were seeded in 96-well or 24-well plates. Cells
were pretreated with the indicated inhibitors (20 μM z-VAD-
FMK, 20 μM SP600125, 10 μM SB203580) for 30 min.
After that, cells were stimulated with the indicated ligands
(25 ng/ml LPS, 100 μg/ml zymosan, 100 μg/ml curdlan,
1 μg/ml pam3csk4, MOI= 100 HKCA) for the indicated
time. HKCA were produced by boiling C. albicans at
100 °C for 30 min and re-suspended with sterile PBS.

Cell viability assays

Cell viability was determined by detecting released lactate
dehydrogenase (LDH) or PI (propidium iodide)-positive
cells. For LDH release assay, 1 × 105 cells were seeded in
96-well plates. Before stimulation, medium was changed to
OPTI MEM. Cells were stimulated with the indicated

ligands or chemicals for the indicated time. Supernatant was
collected to detect released LDH with CytoTox96 LDH
release kit (Promega). Cell viability was determined by
comparing released LDH to the total released LDH in the
cell lysate. For PI staining, PMs were seeded in 24-well
plates at the density of 5 × 105 cells. The cells were treated
with the indicated ligands with or without zVAD for 12 h.
The cells were collected with EDTA (Ethylenediaminete-
traacetic acid) -Tripsin, washed in PBS, and then stained
with 2.5 μg/ml PI in PBS for 20 min. After that, the cells
were centrifuged and washed in PBS. The level of PI-
positive cells was analyzed using a flow cytometer (BD
Biosciences).

siRNA knockdown in peritoneal macrophages

Peritoneal macrophages and J774.1 cells were seeded in
96-well plates to detect cell viability or 24-well plates to
harvest proteins or RNA. To knock down the gene
expression of RIPK3, MLKL, caspase8, Tnfsf10 or
CARD9, cells were transfected with Scrambled siRNA
(control) or RIPK3 siRNA (5′GCUCUCGUCUUCAA
CAACU3′), MLKL siRNA (5′GAACCUGCCCG AUGA
CAUU3′), Caspase8 siRNA (5′GUGAAUGGAAC
CUGGUAUA3′), CARD9- 1 siRNA (5′GCAAGGACGA
GAACUAUGA3′), CARD9-2 siRNA (5′GGGUAAGC
UAGACAGGAAU3′), CARD9-3 siRNA (5′GACAAA
GAUAAGCUUCGAA3′), Dectin-1-1 siRNA (5′GGGAG
GAUGGAUCAGCAUU3′), Dectin-1-2 siRNA (5′GC
UGUUACCUAUUUAGCUU3′), Dectin-1-3 siRNA (5′
GCCCAUUGCAGUGGGUU UA3′), Tnfsf10-1 siRNA (5′
AAGAGGUG ACUUUGAGAACCUUU3′), Tnfsf10-2
siRNA (5′AAGCAGCUAAGUACUCCUCCCUU3′). The
cells were incubated with transfectin mixture for 60 h, and
then treated with the indicated compounds for the indicated
time. Knockdown efficiency was determined by detecting
protein level or mRNA level.

Immunoprecipitation and immunoblot analysis

Immunoblot and immunoprecipitation were performed
according to the following protocols. Briefly, the cells were
lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1.0% Triton X-100, 1 mM EDTA and 10% glycerol
containing protease inhibitors) for 30 min. Cell lysates were
collected by centrifugation at 13,000 rpm at 4 °C for 30 min.
The cell lysates were incubated with anti-CARD9 antibody
(sc-374569) from Santa Cruz and rotated overnight at 4 °C.
15 μl protein A beads were then added into the cell lysates
and rotated for 3 h at 4 °C. Beads were washed in lysis
buffer for three times and then boiled in 20 μl 1× SDS
loading buffer for 10 min. Protein samples were loaded on
SDS-PAGE gels followed by electroblotting onto PVDF
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membranes. To determine protein expression level, immu-
noblot was performed using the following antibodies: anti-
RIPK3 (2283) from Pro Sci; anti-pMLKL S345 (ab196436)
anti-pMLKL S358 (ab187091) from Abcam; anti-RIPK1
(610459) from BD Biosciences; anti-HA (MMS-101R)
from Covance; anti-M2 (F1804) from Sigma; anti-myc,
anti-pp65 (3033S), anti-pp38 (9211S) and anti-pJNK
(9251) from Cell Signaling, anti-GAPDH, anti-CARD9
(sc-374569), anti-Caspase-1 P10 (sc-514) from Santa Cruz.

RNA extraction and real-time PCR

RNA of cells or tissues was extracted by the TRIzol reagent
according to the manufacturer’s protocols. For real-time
PCR analysis, RNA was retro-transcribed by using Prime-
Script RT reagent kit (TaKaR). Real-time PCR was per-
formed using SYBR Premix ExTaq kit (TaKaRa) on ABI
PRISM 7900 Sequence Detection System (Applied Bio-
systems). Targeted gene transcription was normalized to the
level of housekeeping gene rpl13a. Primer sequences were
listed in Table S1.

Histology

Kidneys from infected mice or control mice were fixed with
4% paraformaldehyde for at least 2 days. The fixed kidneys
were embedded into paraffin and sliced into 5 μm sections.
Five micrometer sections were stained with H&E (Hema-
toxylin-eosin staining) or PAS (Periodic Acid-Schiff stain)
according to the standard procedures. Images were obtained
with a Leica FDM2500 microscope.

IL-6 cytokine measurement

Peritoneal macrophages were treated with the indicated
ligands for 12 h and culture supernatant was collected to
measure IL-6 cytokine level using IL-6 Elisa kit according
to the manufacturer’s protocol.

In vitro transcription and translation

TnT® T7 Quick Coupled Transcription/Translation System
from Promega was used according to the manufacturer’s
introduction.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software). Statistical significance between trea-
ted groups and their paired controls was determined using
two-tailed standard t tests. The differences of mice survival
were analyzed by log-rank test. Statistical significance was
defined as p< 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.
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