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Abstract 

Caspase recruitment domain-containing protein 9 (CARD9) is an adaptor protein expressed on myeloid 
cells and located downstream of pattern recognition receptors (PRRs), which transduces signals involved 
in innate immunity. CARD9 deficiency is associated with increased susceptibility to various fungal 
diseases. Increasing evidence shows that CARD9 mediates the activation of p38 MAPK, NF-κB, and 
NLRP3 inflammasome in various CVDs and then promotes the production of proinflammatory cytokines 
and chemokines, which contribute to cardiac remodeling and cardiac dysfunction in certain 
cardiovascular diseases (CVDs). Moreover, CARD9-mediated anti-apoptosis and autophagy are 
implicated in the progression of CVDs. Here, we summarize the structure and function of CARD9 in 
innate immunity and its various roles in inflammation, apoptosis, and autophagy in the pathogenesis of 
CVDs. Furthermore, we discuss the potential therapies targeting CARD9 to prevent CVDs and raise 
some issues for further exploring the role of CARD9 in CVDs. 
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Introduction 
Despite the development of more advanced 

therapeutics, cardiovascular diseases (CVDs) remain 
the leading cause of mortality globally, increasing 
from 12.1 million in 1990 to 18.6 million in 2019 [1]. 
The immune system mainly defends against invading 
pathogens via a complex interplay between innate 
and adaptive immunity [2, 3]. Immune therapies, 
particularly immune checkpoint blockade and 
chimeric antigen receptor T cells, provide a new 
strategy for treating various cancers [4]. In myocardial 
injury, the immune system evolves into an acute 
inflammatory response and repair progress [5]. 
Therefore, immune mechanisms underlying CVDs 
have been explored to elucidate the role of immune 
responses in cardiac tissue injury and repair, in order 
to promote the development of efficient therapeutic 
methods for CVDs. 

As a critical adaptor protein, caspase recruitment 

domain-containing protein 9 (CARD9) is mainly 
expressed on myeloid cells, downstream of pattern 
recognition receptors (PRRs) involved in innate and 
adaptive immunity. Clinically, CARD9 single- 
nucleotide polymorphisms have been found to be 
involved in autoimmune diseases, such as Crohn’s 
disease, ulcerative colitis, ankylosing spondylitis, IgA 
nephropathy, and rheumatoid arthritis [6–9]. In fact, 
CARD9 also plays a role in both infectious and 
non-infectious pathophysiological processes of heart 
injuries, including myocarditis, myocardial ischemia 
reperfusion (I/R) injury, and angiotensin II (Ang 
II)-induced cardiac remodeling and dysfunction [10–
12]. Previously, Tian et al. summarized the 
proinflammatory role of CARD9 in metabolic 
diseases, including insulin resistance and obesity, 
which are the risk factors of CVDs, and in heart 
diseases [13]. In contrast, we focus on the various 
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potential roles of CARD9 in CVDs from different 
perspectives based on recent studies. First, we briefly 
summarize the structure and function of CARD9 as 
part of the innate immune response. Then, we 
describe the activation of CARD9 signaling in CVDs 
and the role of CARD9 in inflammation-, autophagy-, 
and apoptosis-mediated myocardial injury and 
cardiac remodeling in CVDs. Finally, we discuss the 
clinical therapeutic prospects for CVDs based on the 
regulation of CARD9 and raise some questions that 
need to be answered through further investigations 
on the involvement of CARD9 in CVDs. 

Structure and function of CARD9 in 
innate immunity 

Although CARD9 is highly expressed in myeloid 
cells, including macrophages, dendritic cells, and 
neutrophils [14], it is also expressed to some degree in 
other tissues, including the brain, lung, liver, spleen, 
and heart [15]. Structurally, CARD9 belongs to the 
scaffold proteins of the caspase recruitment domain 
(CARD)-containing membrane-associated guanylate 
kinase (MAGUK) (also called CARMA) family, along 
with CARMA1 (CARD11), CARMA2 (CARD14), and 
CARMA3 (CARD10). Unlike the other CARMA 
family members, CARD9 lacks the C-terminal 
MAGUK and linker regions that mediate the binding 
between CARMA proteins and the plasma membrane 
(Figure 1) [16]. 

Specifically, CARD9 consists of an 
amino/N-terminal CARD and a carboxy-terminal 
coiled-coil domain (CCD) of ~450 amino acids that 
mediate protein oligomerization [17, 18]. Prior to 
stimulation, CARD9 is held in an autoinhibited state, 

which is important for maintaining the normal 
physiological conditions [19–21]. Until now, one of 
the identified structural bases of this autoinhibition is 
the dependence on an extensive interface between the 
two domains, CARD and CCD. Once stimulated, 
CARD9 can be activated via ubiquitination at Lys125 
by disrupting the extensive interface or 
phosphorylation at Thr231 by modulating coiled-coil 
interactions. Then, the B-cell lymphoma/leukemia 10 
(BCL10)-templating filaments of CARD9 are formed, 
leading to BCL10 activation, which in turn propagates 
the CARD9/BCL10 signaling cascade [22].  

CARD9 is recognized as an adaptor protein and 
is located downstream of PRRs, which are expressed 
on innate immune cells. PRRs recognize 
pathogen-associated molecular patterns (PAMPs) 
derived from microbes to protect against infectious 
diseases. As illustrated in Figure 2, C-type lectin 
receptors (CLRs), as membrane-bound PRRs, 
including Dectin-1, Dectin-2, and Mincle, are 
activated by phosphorylation. Src family kinases 
phosphorylate these three receptors to recruit and 
activate spleen tyrosine kinase (SYK). Subsequently, 
SYK phosphorylates protein kinase C (PKC)-δ, which 
contributes to CARD9 phosphorylation at T231. 
Finally, the N-terminal of CARD9 recruits 
BCL10/mucosa-associated lymphoid tissue 1 
(MALT1) to form the CARD9/BCL10/MALT1 (CBM) 
signalosome complex, which activates MAPKs 
and/or NF-κB to stimulate the production of 
proinflammatory cytokines, chemokines, and 
adhesion molecules; however, it remains unclear how 
and when it specifically activates its downstream 
MAPKs, NF-κB, or both pathways. Furthermore, the 

 

 
Figure 1. Structural features of the CARMA proteins. CARD9, CARMA1 (CARD11), CARMA2 (CARD14), and CARMA3 (CARD10) consist of homologous N-terminal CARD 
and C-terminal CCD domain. In addition, CARMA1, CARMA2, and CARMA3 contain the MAGUK domain, including a PDZ, SH3 and GUK domain. 
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synthesis of NLR family pyrin domain-containing 3 
(NLRP3) and pro-IL-1β as the first signal of the 
NLRP3 inflammasome activation was induced by 
relayed signals from NF-κB, and cathepsin B 
secretion, which were induced by relayed signals 
from JNK and ERK pathways and act as the second 
signal for production of bioactive IL-1β [14, 23–32]. In 
addition to CLRs, cytosolic PRRs, including 
nucleotide-binding oligomerization domain- 
containing protein 2 (NOD2), can directly activate 
CARD9, thereby promoting p38 MAPK and JNK 
signaling. Moreover, RAD50 and the nucleic acid 
sensor retinoic acid inducible gene I (RIG-1) recruit 
BCL10 to activate NF-κB [17, 33, 34]. As revealed by 
Cao et al., another mechanism responsible for CARD9 
activation is ubiquitination by E3 ubiquitin ligase 
TRIM62 of the K125/Lys125 residue on the CARD9 
C-terminal domain to facilitate K27-linked 
polyubiquitination of CARD9 that subsequently 
activates NF-κB [35, 36]. 

Damage-associated molecular patterns (DAMPs) 
secreted by damaged and dying host cells can also be 
sensed by PRRs to promote sterile inflammation 
through CARD9 signaling. Sterile inflammation is 
beneficial for tissue repair and regeneration; however, 
it can also cause inflammatory disorders observed in 

various diseases, including cancers and CVDs [37]. 
Apart from the role of CARD9 in inflammation, its 
role in autophagy and apoptosis has been 
investigated in CVDs (Figures 3, 4). In the following 
sections, CARD9-mediated pathogenesis in CVDs will 
be discussed in detail. 

Evidence for the role of CARD9 in CVDs 
Sterile and non-sterile infections are known to be 

involved in the acute and chronic pathological 
processes of CVDs. In immune inflammation, PAMPs 
and DAMPs are pathogenic factors in CVDs. As 
detected in infectious models of acute viral 
myocarditis and cardiac arteritis [38, 39], PAMPs can 
induce immune responses that cause acute 
myocardial injury. In myocarditis induced by 
coxsackievirus B3 (CVB3), a single-stranded RNA 
virus, CARD9-knockout (KO) mice showed less 
myocardial inflammation and structural 
disorganization [10]. In addition, CARD9-KO mice 
were also protected from Candida albicans 
water-soluble extract (CAWS)-induced cardiac 
vasculitis, as evidenced by decreased vascular 
inflammation score [39].  

 

 
Figure 2. CARD9 signaling in innate immunity. As membrane-bound receptors of PRRs, including Dectin-1, Dectin-2, and Mincle, CLRs recognize β-glucans, α-mannans, and 
glycolipids, respectively. The ITAM of ITAM-containing receptor (Dectin-1) and ITAM-coupled receptors (Dectin-2, Mincle) can be phosphorylated by the Src family kinase to 
recruit and activate SYK for further phosphorylation of PKC-δ, subsequently leading to CARD9 phosphorylation. Next, CARD9 recruits BCL10 and MALT1 to form the CBM 
complex for the activation of MAPKs and NF-κB. The activation of NF-κB can lead to the synthesis of NLRP3 and pro-IL-1β and relayed signals from JNK and ERK pathways 
induce cathepsin B secretion, thus promoting NLRP3 inflammasome assembly for the production of bioactive IL-1β. In addition, cytosolic PRRs include NOD2, RAD50, and 
RIG-1. NOD2 recognizes intracellular bacteria and can directly activate CARD9 to activate p38 MAPK and JNK signaling pathways. RAD50 (for viral DNA) and RIG-1 (for viral 
RNA) can activate CARD9 and further recruit BCL10 to activate the transcription factor NF-κB. Finally, the activation of MAPKs and NF-κB contribute to the production of 
cytokines and chemokines. 
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Figure 3. Potential inflammatory mechanisms responsible for CARD9 signaling-induced cardiac dysfunction. Following the infiltration of innate immune cells (macrophages and 
neutrophils), CARD9 either activates NF-κB or forms a complex with BCL10 to phosphorylate P38 MAPK, leading to an increase of inflammatory cytokines and adhesion 
molecules. Then these inflammatory cytokines act on both cardiac fibroblasts and cardiomyocytes to mediate cardiac injury and remodeling and can lead to cardiac dysfunction. 

 
Meanwhile, DAMPs derived from the sterile 

CVDs are responsible for advanced cardiac 
remodeling. S100A8, S100A9 [40, 41], and vimentin 
[42] are recognized as DAMPs in myocardial 
infarction (MI) and atherosclerosis. In the mouse 
models of acute MI and myocardial I/R, knockout of 
CARD9 contributed to attenuated MI size, indicated 
by Evans blue and triphenyltetrazolium staining, and 
decreased neutrophil infiltration, shown by 
granulocytes-1 immunofluorescence staining [11]. 

Chronic diseases, such as cardiac hypertrophy, 
hypertension, and atherosclerosis, account for most 
CVDs, which are accompanied by inflammatory 
immune disorders and pathological remodeling in the 
late stage. In the Ang II-induced cardiac injury model, 
CARD9-KO mice showed less cardiac fibrosis, as 
demonstrated by less myofibroblast formation [12]. In 
the transverse aortic constriction (TAC)-induced 
pressure overload mouse model, CARD9-KO mice 
maintained normal cardiac function, and their hearts 
were not significantly enlarged or fibrotic compared 
with those of wild-type (WT) mice, which showed 
pathogenic and functional abnormalities [43] (Table 
1). These studies support the pathogenic role of the 
CARD9-mediated inflammatory pathway in chronic 
heart diseases. 

The upregulation of cardiac CARD9 protein 
expression along with cardiac fibrosis and 
dysfunction was recently found in obese mice 
induced by high fat diet (HFD); however, these effects 
were blunted in CARD9-KO mice [44]. In line with 
this study, we also showed that CARD9 expression 
and the CARD9/BCL10 complex were increased in 

HFD-induced obese mice with cardiac hypertrophy 
[45]. These studies suggest the essential role of 
CARD9 in obesity‑induced cardiac remodeling and 
dysfunction. However, deletion of hematopoietic 
CARD9 did not exhibit a protective effect in 
atherosclerosis. Instead, hematopoietic CARD9-KO 
showed an increase or no influence on atherosclerotic 
lesion area and lesion severity in hyperlipidemic [46] 
and hyperglycaemic mice [47], suggesting that 
CARD9 plays a different role in different conditions 
and pathogenic models.  

Taken together, the above studies (summarized 
in Table 1) have demonstrated the important 
pathogenic roles of CARD9 in various CVDs. 
Although CARD9 is mainly expressed on myeloid 
cells, its expression is also detected in endothelial cells 
and cardiomyocytes in response to different stimuli 
[48–50]. Therefore, the pathogenic role of CARD9 in 
atherosclerosis may be attributed to different 
experimental conditions, such as types of cells used 
(global KO vs. hematopoietic cell KO). Understanding 
the potential underlying mechanisms can further 
clarify the specific involvement of CARD9 in CVDs. 

Potential mechanisms underlying the 
pathogenic effects of CARD9 in CVDs 

Inflammation, apoptosis, and autophagy are 
involved in the initiation and development of CVDs. 
As a key adaptor of innate immune molecules, 
CARD9 is involved in these cellular events. In the 
following sections, we describe the pathogenic 
mechanisms of CARD9 in CVDs. 
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Table 1. CARD9 signaling in various CVDs. 

Disease model Name of 
Studied 
Gene 

Expression 
Change of 
Studied gene 

Immune Cells of 
Infiltration 

Inflammatory 
Molecules 

Signaling Cardiac/Vascular Effects Ref. 

Viral Myocarditis CARD9 not mentioned not mentioned IFN-γ, IL-6, 
TGF-β, IL-17A 

not mentioned CARD9 KO ameliorated myocardial 
inflammation and injury. 

[10] 

Cardiac Arteritis CARD9 not mentioned monocytes 
neutrophils 

IL-1β 
CCL2/MCP-1, 
CXCL-1 

Dectin2/CARD9/NLRP3 CARD9 KO mice were completely 
protected from CAWS-induced vasculitis. 

[39] 

Atherosclerosis CARD9 not mentioned macrophages MCP-1 not mentioned Hematopoietic CARD9 KO increased 
severity of plaque and lesion size. 

[46] 

Atherosclerosis CARD9 not mentioned macrophages 
CD3-positive 
cells 

none not mentioned Hematopoietic CARD9 KO did not affect 
lesion size. 

[47] 

M-I/R Injury CARD9 not mentioned neutrophils TNF-α, IL-6, 
CXCL-1, MCP-1 

p38 MAPK CARD9 KO decreased myocardial infarct 
size. 

[11] 

M-I/R Injury CARD9 upregulation NA NA CARD9/Rubicon CARD9 KO impaired autophagy and 
increased cardiac dysfunction. 

[49] 

M-I/R Injury CARD9 upregulation NA NA CARD9/Apaf-1 CARD9 knockdown increased the 
apoptotic rate of H9C2 cells in vitro and 
aggravated cardiomyocytes apoptosis in 
vivo. 

[50] 

Ang II-induced Cardiac 
Injury 

CARD9 upregulation macrophages IL-1β, TGF-β, 
CTGF 

p38 MAPK 
NF-κB 

CARD9 KO decreased cardiac 
inflammation and fibrosis. 

[12] 

Obesity-induced Cardiac 
Injury 

CARD9 upregulation macrophages IL-6, TNF-a, 
IL-1β 

p38 MAPK CARD9 KO increased cardiac autophagy 
and decreased cardiac fibrosis and 
dysfunction. 

[44] 

Hypertension 
(Transverse Aortic 
Constriction-induced) 

CARD9 not mentioned not mentioned not mentioned NF-κB CARD9 KO mice increased cardiac 
autophagy and did not develop cardiac 
fibrosis, hypertrophy, and dysfunction. 

[43] 

 

CARD9 and inflammation 
CARD9 plays an essential role in cardiac injury, 

remodeling (hypertrophy and fibrosis), and 
dysfunction [12, 43–45]. During cardiac dysfunction, 
the CARD9 signaling-mediated production of 
inflammatory cytokines (IL-6, IL-1β, TNF-α, and 
TGF-β) and chemokines (MCP-1/CCL2 and CXCL1), 
which are mainly secreted by macrophages and 
neutrophils, in the heart has been investigated. 

p38 MAPK in CARD9-mediated inflammatory 
pathogenesis 

As shown in Figures 2 and 3, the CARD9- 
mediated activation of p38 MAPK is a major 
mechanism responsible for the transcription and 
production of inflammatory cytokines and 
chemokines, which are involved in the recruitment of 
immune cells, including macrophages and 
neutrophils, and in the pathological mechanism of 
CVDs [51–53]. Cardiac structural remodeling, one of 
the pathological outcomes of CVDs, includes cardiac 
hypertrophy (predominantly cardiomyocyte 
hypertrophy) and fibrosis (mainly in the cardiac 
extracellular matrix). Early remodeling often 
compensates for the loss of certain cardiomyocytes 
caused by various pathological stimuli; however, 
upon the transition to decompensation from 
compensatory remodeling, cardiac dysfunction 
occurs, leading to heart failure (HF) or cardiac arrest 
due to cardiac electrical remodeling. In patients with 
HF, the levels of inflammatory cytokines, including 
IL-6, IL-1β, and TNF-α, were increased and correlated 

with disease severity [54, 55]. These cytokines can 
affect cardiomyocytes and fibroblasts to mediate 
cardiac hypertrophy and fibrosis. IL-6 induces cardiac 
fibroblasts to express enhanced fibrosis-related factors 
in aldosterone-induced cardiac fibrosis in vitro, 
whereas its inhibition can prevent myocardial fibrosis 
and cardiac hypertrophy in vivo [56]. In addition, IL-6 
infusion in healthy animals directly induces 
cardiomyocyte hypertrophy and cardiac fibrosis [57]; 
in contrast, the deletion of IL-6 decreased pressure 
overload-induced ventricular hypertrophy [58], 
suggesting a direct pathogenic effect of IL-6 on the 
heart. Therefore, Tocilizumab, a human anti-IL-6 
receptor antibody for the IL-6 blockade, has been 
clinically applied to prevent atherosclerosis, MI, and 
even COVID19-related cardiac injury [59–61]. For 
TNF-α, its cardiac-specific overexpression in mice can 
cause ventricular hypertrophy and cardiac fibrosis, 
leading to HF [62], whereas TNF-α-KO mice showed 
less cardiac hypertrophy and reparative fibrosis in 
response to pressure overload [63]. 

Myeloid cells are crucial in cardiac remodeling 
[64]. In a mouse model of obesity, cardiac CARD9 
expression was increased, and the activation of p38 
MAPK was augmented [44, 45]. As discussed above, 
CARD9 upregulates cytokines IL-6, IL-1β, and TNF-α. 
Deletion of CARD9 downregulates p38 MAPK 
activity and reduces the levels of these inflammatory 
cytokines and macrophage infiltration, and improves 
cardiac hypertrophy, fibrosis, and dysfunction [11, 12, 
44, 45]. The essential role of p38 MAPK in 
CARD9-mediated cardiac pathogenesis was defined 
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by the fact that inhibition of p38 MAPK function both 
in vitro and in vivo using its inhibitor, SB203580, did 
not change the expression of CARD9, but it 
significantly inhibited the production of inflammatory 
cytokines, including IL-6 and TNF-α, and cardiac 
pathogenesis [45,65] (Figure 3). 

As one of the downstream targets of p38 MAPK, 
TGF-β has also been shown to contribute to pressure 
overload-induced cardiac fibrosis by activating 
Smad2/3 signaling in activated cardiac fibroblasts 
[66–70]. For instance, the inhibition of p38 MAPK 
significantly downregulated the mRNA levels of 
TGF-β signaling-related genes, including Tgfb2 and 
BMP4 [69]. TGF-β antibody treatment suppressed 
Smad activation in the interstitium but not in 
cardiomyocytes [68]. Moreover, the inhibition or 
knockdown of p38 MAPK using its inhibitor 
PH797804 or small-interfering RNA in isolated right 
ventricular fibroblasts of mice attenuated 
TGF-β-induced Smad2/3 phosphorylation and 
blocked TGF-β-induced fibroblast transdifferentiation 
[70]. Furthermore, the TGF-β signaling pathway was 
upregulated in the heart of a pressure overload mouse 
model [68], and in patients with hypertrophic 
cardiomyopathy [69]. Similarly, the deletion of 
CARD9 resulted in less Ang II-induced cardiac 
fibrosis and decreased activation of p38 MAPK and 
TGF-β expression [12] (Figure 3). Therefore, these 
studies indicate that CARD9 located upstream of 
these cytokines could be a potential therapeutic target 
to protect against cardiac remodeling. 

In addition to its involvement in 
TGF-β-mediated cardiac remodeling, the inhibition of 
p38 MAPK attenuated acute cardiac injury and 
improved heart function in chronic CVDs, such as 
myocardial I/R injury and diabetic cardiomyopathy 
[71, 72] via different signaling pathways. We found 
that in obesity-induced cardiac hypertrophy mice, 
obesity led to increased CARD9 expression, p38 
MAPK activation, and the increased expression of the 
hypertrophy-related genes of GATA4 and MEF2c. 
Inhibition of p38 MAPK activity then decreased 
GATA4 and MEF2 expression, but CARD9 expression 
was unchanged. Thus, CARD9 could also be involved 
in the pathogenesis of cardiac hypertrophy via p38 
MAPK-mediated activation of the GATA4 and MEF2 
signaling pathways [45, 65]. 

These results support the notion that the 
activation of CARD9-mediated p38 MAPK-dependent 
inflammation could be a vital pathogenic mechanism 
that leads to cardiac injury and remodeling. Thus, 
inhibiting p38 MAPK-dependent overactive 
inflammation could be a potential therapeutic target 
for CVDs (Figure 3). 

NF-κB and its downstream key component, NLRP3 
inflammasome, in CARD9-mediated pathogenesis 

As summarized in Figures 2 and 3, NF-κB is 
another component of the CARD9-activated 
downstream inflammatory pathways, in parallel with 
p38 MAPK [12, 73]. Unlike in the immune system, it is 
inconclusive whether NF-κB activation is regulated by 
CBM in CVDs, since experiments measuring the 
signalosome complex are lacking. NF-κB can activate 
multi-inflammatory cytokines and the NLRP3 
(previously known as NACHT, LRR, PYD 
domain-containing protein 3, and cryopyrin) 
inflammasome, which is an essential inflammatory 
pathway component in the pathogenesis of CVDs [74–
76]. Generally, the activation of NLRP3 triggers a 
rapid oligomerization of the inactive pro-caspase-1 
enzyme and the ASC adaptor protein to form the 
NLRP3 inflammasome that cleaves precursor 
pro-IL-1β into the mature and bioactive 
proinflammatory cytokine IL-1β [77], which is 
involved in innate immunity [78,79] and CVDs 
[80,81].  

Compared with WT mice, CARD9-KO mice 
showed significant resistance to pressure 
overload-induced cardiac remodeling and 
dysfunction and exhibited NF-κB inactivation [43]. In 
an Ang II-induced cardiac remodeling model, 
CARD9-KO mice presented less cardiac fibrosis and 
macrophage infiltration, no significant activation of 
NF-κB, and defective expression of IL-1β [12]. In 
another study, oxidized low-density lipoprotein 
(oxLDL) immune complexes (ICs), which are strong 
predictors of CVDs [82], induced increased 
transcription of inflammasome-related genes, 
including Nlrp3, Il1a, and Il1b, in WT bone marrow 
(BM)-derived dendritic cells (BMDCs) but not in 
NLRP3-KO BMDCs [83]. In addition, CARD9 
deficiency in BMDCs not only decreased the oxLDL 
ICs-induced expression of inflammasome-related 
Nlrp3 mRNA and the expression of IL-1β, but also 
inhibited the nuclear translocation of NF-κB [83]. 
Collectively, CARD9 promotes NF-κB translocation, 
Nlrp3 transcription, and IL-1β cleavage in BMDCs 
treated with oxLDL ICs (Figure 3). 

Dectin-2 is stimulated by microbial signals 
through SYK and CARD9, thereby contributing to 
NF-κB activation [84]. Following the systemic 
administration of CAWS extract to induce cardiac 
arteritis [39], Miyabe et al. reported the infiltration of 
inflammatory monocytes (peaked at day 1), 
monocyte-derived dendritic cells (Mo-DCs; increased 
at day 7 and continued until day 28 at approximately 
the same level), and neutrophils (observed at day 1 
and peaked at day 28) into the aortic root and 
coronary arteries. Then, they tracked the transferred 
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WT BM-derived monocytes labeled with green 
fluorescent protein and found the differentiation of 
Mo-DCs from inflammatory monocytes [39]. After 
CAWS extract injection, of all inflammatory cytokines, 
IL-1β was the most highly expressed in the heart on 
day 28, followed by IL-6 and TNF-α. On the other 
hand, IL-1α/β-KO mice did not develop 
CAWS-induced arteritis [39], confirming the direct 
pathogenic role of IL-1β in CAWS-induced arteritis. In 
addition, it has been reported that the 
Dectin-2/CARD9/NLRP3 inflammasome signaling in 
Mo-DCs from the heart is required for IL-1β secretion, 
based on the following evidence: first, mice with 
knockout of Dectin-2, CARD9, or mutant SYK, as well 
as mice with knockout of Nlrp3 or Caspase-1, were 
completely protected from vasculitis [39]. Second, 
mice with deleted Dectin-2 or mutant SYK showed 
reduced IL-1β levels [39]. Finally, compared with WT 
BMDCs, NF-κB p65 translocation to the nucleus, a key 
step in the activation of the NF-κB signaling pathway, 
was abolished in BMDCs with Dectin-2 deficiency 
following CAWS administration [39]. Overall, the 

Dectin-2/SYK/CARD9 pathway mediates NF-κB 
activation and the NLRP3 inflammasome-induced 
production of IL-1β in CAWS-induced vascular 
injury. 

To date, only a few studies have investigated the 
involvement of CARD9 signaling-mediated NLRP3 
inflammasome formation in CVDs; however, we can 
widen our understanding indirectly through other 
studies. CARD9 upregulates IL-1β production in 
fungal infection, whereas it negatively regulates the 
NLRP3 inflammasome-induced IL-1β production in 
BMDMs in response to Salmonella infection. In this 
study, CARD9 inhibited SYK phosphorylation and 
subsequently suppressed NLRP3 activation and the 
recruitment of caspase-8 to the inflammasome, 
resulting in decreased IL-1β levels [85]. Thus, SYK not 
only acts as an upstream mediator of CARD9 but is 
also regulated by CARD9 through changing SYK 
phosphorylation status to form a feedback regulation 
loop. Therefore, the role of CARD9 in regulating 
NLRP3-induced CVDs requires further study. 

 
 
 

 
Figure 4. CARD9 protects the heart by inhibiting apoptosis and activating autophagy. CARD9 expressed on cardiomyocytes inhibits apoptosis and promotes autophagy. In 
CARD9-mediated anti-apoptosis, CARD9 can bind to Apaf-1 to suppress the formation of the apoptosome complex (Apaf-1/procaspase-9), thus inhibiting caspase-9 
cleavage-mediated apoptosis. In CARD9-mediated autophagy, CARD9 binds to Rubicon, preventing Rubicon binding to UVRAG for avoiding the formation of a complex with 
Vps16 or beclin-1/PI3KC3, since Vps16 or beclin-1/PI3KC3 is able to directly or indirectly stimulate autophagosome maturation. Then Rab7, a Rab GTPase superfamily member 
that promotes the maturation or fusion of the autophagosome with the lysosome, is activated to promote autophagy for the degradation of unnecessary components. 
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In summary, signals from CVDs can induce the 
activation of CARD9 signaling following the 
infiltration of monocytes and neutrophils. 
Subsequently, p38 MAPK and NF-κB inflammatory 
pathways are activated. Cardiac injury and 
remodeling can occur after the release of 
proinflammatory cytokines, including IL-6, IL-1β, 
TNF-α, and TGF-β. To date, our understanding of the 
role of CARD9 signaling-mediated inflammatory 
responses in infectious or aseptic cardiac diseases is 
consistent, indicating that CARD9 contributes to 
proinflammatory effects. 

Apoptosis in CARD9-mediated pathogenesis 
Cardiomyocyte apoptosis can induce cardiac 

remodeling and lead to cardiac dysfunction in various 
CVDs [86–88], and CARD9 plays a role in this process.  

Mitochondria-dependent apoptosis is a 
prominent form of myocardial cell death after cardiac 
I/R injury and is characterized by the formation of the 
apoptosome, a complex comprising the apoptotic 
protease activating factor-1 (Apaf-1), cytochrome C, 
dATP, and procaspase-9 [89]. Reperfusion can trigger 
respiratory chain uncoupling, leading to ROS 
production [90]. Excessive ROS induces 
cardiomyocyte apoptosis and leads to cardiac 
dysfunction. An in vitro study reported an increase in 
CARD9 expression in H9C2 cardiac cells in response 
to hydrogen peroxide (H2O2). The knockdown or 
overexpression of CARD9 increased or inhibited 
cardiac apoptosis in response to H2O2, respectively. 
Meanwhile, compared with WT cardiac I/R mice, 
CARD9-KO mice had a higher number of apoptotic 
cells in the heart tissue [50]. These results indicate the 
anti-apoptotic role of CARD9. Li et al. subsequently 
found that CARD9 overexpression in H9C2 cells 
blocked H2O2-induced caspase-9 cleavage without 
affecting cytochrome C release. On the other hand, its 
downregulation increased the activation of caspase 9 
in response to H2O2. Furthermore, in CARD9-KO 
H9C2 cells, the inhibition of caspase-9 activity 
reduced H2O2-induced apoptosis, suggesting that the 
increased apoptosis by CARD9 is mediated by the 
activation of caspase-9. Further mechanistic studies 
showed that the CARD domain of CARD9 
contributed to mitochondria-dependent apoptosis, as 
this effect was disappeared in the mutant CARD9 
with a deleted CARD domain [50]. Moreover, 
co-immunoprecipitation assay and immunofluores-
cence staining revealed that CARD9 binds Apaf-1 to 
prevent the formation of the Apaf-1/procaspase-9 
complex (apoptosome) in response to H2O2 in H9C2 
cells [50]. Collectively, in H9C2 cells under oxidative 
stress, the CARD domain of CARD9 binds to Apaf-1 
to disrupt apoptosome formation, thereby 

suppressing caspase 9 activation and apoptosis 
(Figure 4). 

These findings suggest that CARD9 expressed 
on cardiomyocytes exhibited an anti-apoptotic role to 
protect the heart, which is different from its role in 
inflammation. Due to the limited number of studies 
on CARD9-mediated apoptosis in CVDs, we expected 
to find some clues from studies conducted on targets 
upstream of CARD9 to better explain this difference.  

In accordance with the adverse consequence of 
CARD9-mediated inflammation in the heart, Yan et 
al. observed improved infarct healing and an 
attenuated cardiomyocyte apoptotic rate in 
Dectin-2-KO mice at day 3 post-MI [91]. They also 
found that the knockout or inhibition of Dectin-1 
improved cardiac function and reduced 
cardiomyocyte apoptosis in a cardiac I/R mouse 
model [92]. Apart from the different parts of CARD9 
signaling, this discrepancy in the effect of CARD9 
signaling on apoptosis may be due to the differences 
in the cell types studied. Particularly, CARD9 
expressed on cardiomyocytes showed an 
anti-apoptotic role [50], whereas its expression on 
myeloid cells might play a pro-apoptotic role [91, 92]. 
In brief, different cell contexts could have their own 
regulatory mechanisms of apoptosis. In addition, the 
former anti-apoptotic mechanism [50] was revealed in 
an in vitro cell study that did not measure cardiac 
function, and the time point of apoptotic rate 
measurement was ahead of the latter studies [91, 92]. 
The underlying mechanisms responsible for these 
different outcomes should be investigated in future 
studies. 

Autophagy in CARD9-mediated pathogenesis 
Efficient flux through the autophagic pathway is 

essential for cell survival [93, 94]. In CVDs, autophagy 
is a double-edged sword. On the one hand, it is an 
adaptive response to stress conditions for limiting 
cardiac damage. On the other hand, excessive 
autophagy activation could be detrimental for the 
heart in some stress conditions [95–97].  

Myocardial reperfusion is an effective therapy 
for acute MI. Minimizing blood flow resumption time 
is critical to treat acute MI and reduce I/R injury. 
Autophagy in cardiomyocytes is activated by ROS 
following myocardial I/R injury [98]. CARD9 
expression was increased in myocardial I/R mouse 
hearts and in H9C2 and neonatal rat ventricular 
myocytes in response to hypoxia/reoxygenation 
(H/R) or H2O2. The deletion of CARD9 aggravated 
cardiac damage and dysfunction and impaired 
autophagy during myocardial I/R both in vivo and ex 
vivo. In contrast, its overexpression in H9C2 cells 
subjected to the same H2O2 concentration resulted in 
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increased autophagic flux as indicated by the 
increased LC3II/I ratio, autophagosome formation, 
and decreased p62 expression [49]. The inhibition of 
autophagy using 3-methyladenine or Bafilomycin A1 
abolished the protective role of CARD9 
overexpression in H/R or oxidatively stressed cardiac 
cells induced by H2O2, suggesting that the 
CARD9-mediated cardiac protection from oxidative 
stress is mediated by autophagy stimulation [49] 
(Figure 4). 

Regarding autophagy, there may be three key 
steps for the flux: autophagosome formation, 
maturation by the fusion of autophagosomes with 
lysosomes, and autophagolysosome formation. The 
formation of autophagosomes can be stimulated by 
the formation of a complex comprising 
UV-irradiation-resistance-associated gene (UVRAG), 
beclin-1, and the phosphatidylinositol 3-kinase 
catalytic subunit type 3 (PI3KC3). Meanwhile, the 
fusion of autophagosomes with lysosomes can be 
activated by Rab7, a member of the Rab GTPase 
superfamily that can be activated by forming a 
complex of UVRAG with the vacuolar protein 
sorting-associated protein 16 homolog (Vps16) 
(Figure 4). However, Rubicon can also bind UVRAG 
to interrupt its interaction with beclin-1/PI3KC3 or 
Vps16, thus inhibiting autophagosome formation or 
maturation, respectively [49] (Figure 4). Therefore, 
Rubicon is a well-recognized negative regulator of 
autophagy. Based on this notion, Li et al. revealed that 
CARD9 can competitively bind Rubicon with 
UVRAG, resulting in the release of UVRAG to form a 
complex with beclin-1/PI3KC3 or Vps16 and 
ultimately facilitating autophagosome formation, 
maturation, and endocytosis [49]. Above all, CARD9 
expressed in cardiomyocytes interacts with Rubicon 
to indirectly upregulate autophagy and protect the 
heart from myocardial I/R-induced cell death and 
injury [49], as illustrated in Figure 4.  

However, in the models of HFD-induced obesity 
and TAC-induced hypertension CARD9-KO 
alleviated myocardial dysfunction and restored 
dysfunctional myocardial autophagy accompanied by 
an increased ratio of LC3BII/I and decreased p62 
expression [43, 44]. These results are contrary to the 
protective role of CARD9 described in the previous 
paragraph. This inconsistency can be due to the use of 
different models: the former studied an acute injury 
model [49], whereas the latter investigated models of 
chronic disease [43, 44]. Of note, even in the same 
model, two studies also reported conflicting results 
[11, 49]: one study revealed that the knockout of 
CARD9 exerts a protective effect on myocardial 
I/R-induced infarct size [11], while another reported 
that the knockout of CARD9 resulted in a cardiac 

dysfunction [49]. These conflicting results may be due 
to the different conditions of the experimental model 
they used: the protective effects were observed in 
mice with 45 min occlusion of left anterior descending 
(LAD) coronary artery, followed by 24 h reperfusion 
[11] while the detrimental effect was observed in the 
mice with 30 min LAD occlusion, followed by 
reperfusion for 12 h [49]. In addition, the types of cells 
expressing CARD9, i.e., cardiomyocytes or innate 
immune cells, may also contribute to those 
inconsistent results. To confirm and validate these 
results, more studies focus on CARD9 (expressed on 
different cell types) mediated CVDs are needed. 

Therapeutic prospects 
Regarding MI therapy, the injection of 

pluripotent stem cells has been investigated. In a MI 
model injected with stem cells, CARD9-KO mice 
showed a reduction in early death rate and a 
decreased formation of granulomas containing 
macrophages and T cells [99]. Coronary artery bypass 
grafting is an important invasive vein graft strategy 
for coronary artery disease that aims to restore 
adequate blood supply to save ischemic hearts due to 
severe coronary stenosis or vessel occlusion. At 
present, progressive intimal hyperplasia and 
atherosclerosis have become the main constraints of 
long-term outcomes in vein grafts [100]. A recent 
study showed that CARD9 is highly expressed in 
macrophages infiltrating vein grafts [101]. Knockout 
of CARD9 reduced the necrotic smooth muscle 
cell-induced macrophage infiltration, NF-κB 
activation, and the expression of proinflammatory 
molecules, including IL-6. This subsequently resulted 
in decreased neointima formation in grafted veins in 
CARD9-KO mice [101]. Thus, the inhibition of CARD9 
prevented macrophage-mediated acute immune 
injury in stem cell therapy for MI and could be a 
target to avoid vein graft remodeling and failure. 

For clinical applications, effectiveness and safety 
are the two main considerations. To date, small 
molecules targeting posttranslational modifications of 
CARD9 have not been applied in the treatment of 
CVDs. However, small molecules that inhibit CARD9 
based on the CARD9-protective variant (CARD9Δ11) 
have been identified for infectious bowel disease 
(IBD). These molecules, i.e., BRD5529, BRD4098, 
BRD4203, and BRD8991, can mimic the CARD9Δ11 
protective actions in IBD to disrupt the direct 
interaction between CARD9 and TRIM62 and inhibit 
CARD9 ubiquitination and NF-κB activation [36]. 
Meanwhile, the deubiquitinase USP15 was shown to 
remove TRIM62-mediated CARD9 ubiquitination and 
suppress CARD9-mediated signaling in vitro [102]. 
Given the above, targeted CARD9 ubiquitination 
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could be a potential therapeutic strategy for CVDs. 
Due to the indispensable role of the CBM 

complex in the innate immune response, its 
disruption is another potential therapeutic strategy 
for CVDs. Zinc supplementation can prevent 
obesity-related cardiac hypertrophy in a mouse model 
by inhibiting CARD9/BCL10 signaling [45]. 
Picomolar zinc can bind to the CARD domain of 
CARD9 to inhibit the polymerization of 
CARD9-CARD into helical assemblies and prevent 
BCL10 nucleation, thus suppressing the propagation 
of CARD9/BCL10 signaling [18]. Therefore, zinc may 
be another form of CARD9 signaling inhibitor. 

Other therapeutic strategies, such as the 
inhibition of BCL10 or MALT1, have been studied in 
the context of lymphocyte-mediated immune diseases 
[103, 104], and their applications in CVDs remain to be 
investigated. 

Conclusions and perspectives 
In innate immunity, CARD9 signaling is 

involved in the transduction of signals from PRRs, 
including membrane-bound PRRs (Dectin-1, Dectin-2, 
and Mincle) and cytosolic PRRs (NOD2, RAD50, and 
RIG-1) in response to microbial infection. The 
pro-inflammatory effects induced by CARD9 
signaling have been confirmed to involve cardiac 
injury and remodeling. Thus, the inhibition of CARD9 
based on its role in inflammation is a promising 
strategy to treat CVDs. In contrast, CARD9-mediated 
anti-apoptosis and autophagy in cardiomyocytes 
showed protective effects on CVDs. Given the limited 
study on CARD9-mediated apoptosis and autophagy 
in CVDs, its exact role in different cell types (myeloid 
cells and cardiomyocytes) needs further exploration. 

There are still some issues that require further 
attention on CARD9-mediated inflammation in 
CVDs. Firstly, the mechanisms underlying the 
regulation of CARD9 signaling in inflammation 
should be investigated, including: 1) The recognition 
of endogenous DAMPs, the main upstream molecules 
of CARD9 in various CVDs, and the crosstalk with 
other signaling molecules (like Toll-like receptors), 
should be elucidated to ensure normal immune 
responses against pathogens and prevent the 
overactivation of inflammatory responses following 
cardiac injury; 2) The epigenetic modifications 
(including phosphorylation and ubiquitination) and 
the CBM complex regulation of CARD9 should be 
taken account into the future study for developing 
potential CVDs treatment strategies. Secondly, the 
link between CARD9 and its family proteins, 
especially CARMA1, which is mainly expressed on 
lymphoid cells and forms the CBM complex for 
NF-κB activation, also needs attention for the better 

understanding the immune macroenvironment of 
certain CVDs.  

Abbreviations 
CVDs: cardiovascular diseases; CARD9: caspase 

recruitment domain-containing protein 9; PRRs: 
pattern recognition receptors; I/R: ischemia 
reperfusion; Ang II: angiotensin II; CARD: caspase 
recruitment domain; MAGUK: membrane-associated 
guanylate kinase; CCD: coiled-coil domain; BCL10: 
B-cell lymphoma/leukemia 10; PAMPs: 
pathogen-associated molecular patterns; CLRs: 
C-type lectin receptors; SYK: spleen tyrosine kinase; 
PKC: protein kinase C; MALT1: mucosa-associated 
lymphoid tissue 1; CBM: CARD9/BCL10/MALT1; 
NLRP3: NLR family pyrin domain-containing 3; 
NOD2: nucleotide-binding oligomerization 
domain-containing protein 2; RIG-1: retinoic acid 
inducible gene I; DAMPs: damage-associated 
molecular patterns; CVB3: coxsackievirus B3; KO: 
knockout; CAWS: Candida albicans water-soluble 
extract; MI: myocardial infarction; TAC: transverse 
aortic constriction; WT: wild-type; HFD: high fat diet; 
HF: heart failure; oxLDL: oxidized low-density 
lipoprotein; ICs: immune complexes; BM: bone 
marrow; BMDCs: bone marrow-derived dendritic 
cells; Mo-DCs: monocyte-derived dendritic cells; 
Apaf-1: apoptotic protease activating factor-1; H2O2: 
hydrogen peroxide; H/R: hypoxia/reoxygenation; 
UVRAG: UV-irradiation-resistance-associated gene; 
PI3KC3: phosphatidylinositol 3-kinase catalytic 
subunit type 3; Vps16: vacuolar protein 
sorting-associated protein 16 homolog; LAD: left 
anterior descending; IBD: infectious bowel disease. 

Acknowledgements  
We thank Editage (www.editage.cn) for the 

language editing of the manuscript. 

Funding  
The authors of this work were funded in part by 

the National Natural Science Foundation of China 
(No. 82071570 and No. 81770372, SZ) and the 
American Diabetes Association (1-18-IBS-082, LC). All 
personnel expenses and partial research-related 
expenses for HZ, HM, and WZ when they worked in 
the University of Louisville (03/2019–09/2021) were 
provided by the First Hospital of Jilin University, 
Changchun, China under the agreement of U.S-China 
Pediatric Research Exchange Training Program and 
the Chinese Scholarship Council. 

Author Contributions  
Conceptualization, HZ, QL and LC; literature 

searching and reviewed the manuscript, YW, HM, 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

980 

WZ, and SZ; writing—original draft preparation, HZ; 
writing—review and editing, QL and LC.  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Roth GA, Mensah GA, Johnson CO, et al. Global burden of 

cardiovascular diseases and risk factors, 1990–2019. J Am Coll Cardiol. 
2020; 76: 2982–3021.  

2.  Bomfim GF, Cau SBA, Bruno AS, Fedoce AG, Carneiro FS. Hypertension: 
a new treatment for an old disease? Targeting the immune system. 
British Journal of Pharmacology. 2019; 176: 2028–48.  

3.  Heim MH, Thimme R. Innate and adaptive immune responses in HCV 
infections. J Hepatol. 2014; 61 (Suppl 1): S14-S25.  

4.  Yang Y. Cancer immunotherapy: harnessing the immune system to 
battle cancer. J Clin Invest. 2015; 125: 3335–7.  

5.  Epelman S, Liu PP, Mann DL. Role of innate and adaptive immune 
mechanisms in cardiac injury and repair. Nature Reviews Immunology. 
2015; 15: 117–29.  

6.  Zhernakova A, Festen EM, Franke L, et al. Genetic analysis of innate 
immunity in Crohn’s disease and ulcerative colitis identifies two 
susceptibility loci harboring CARD9 and IL18RAP. American Journal of 
Human Genetics. 2008; 82: 1202–10.  

7.  Ma X, Liu Y, Zhang H, et al. Evidence for genetic association of CARD9 
and SNAPC4 with ankylosing spondylitis in a Chinese Han population. 
The Journal of Rheumatology. 2014; 41: 318–24.  

8.  Wu C, Li G, Wang L. The interaction effect of rs4077515 and rs17019602 
increases the susceptibility to IgA nephropathy. Oncotarget. 2017; 8: 
76492–7.  

9.  Arya R, Del Rincon I, Farook VS, et al. Genetic variants influencing joint 
damage in Mexican Americans and European Americans with 
rheumatoid arthritis. Genet Epidemiol. 2015; 39: 678–88.  

10.  Sun C, Zhang X, Yu Y, Li Z, Xie Y. CARD9 mediates T cell inflammatory 
response in Coxsackievirus B3-induced acute myocarditis. Cardiovasc 
Pathol. 2020; 49: 107261.  

11.  Qin X, Peterson MR, Haller SE, Cao L, Thomas DP, He G. Caspase 
recruitment domain-containing protein 9 (CARD9) knockout reduces 
regional ischemia/reperfusion injury through an attenuated 
inflammatory response. PloS One. 2018; 13: e0199711.  

12.  Ren J, Yang M, Qi G, et al. Proinflammatory protein CARD9 is essential 
for infiltration of monocytic fibroblast precursors and cardiac fibrosis 
caused by Angiotensin II infusion. American Journal of Hypertension. 
2011; 24: 701–7.  

13.  Tian C, Tuo YL, Lu Y, Xu C-R, Xiang M. The role of CARD9 in metabolic 
diseases. Curr Med Sci. 2020; 40: 199–205.  

14.  Corvilain E, Casanova JL, Puel A. Inherited CARD9 Deficiency: Invasive 
Disease Caused by Ascomycete Fungi in Previously Healthy Children 
and Adults. Journal of Clinical Immunology. 2018; 38: 656–93.  

15.  Bertin J, Guo Y, Wang L, et al. CARD9 is a novel caspase recruitment 
domain-containing protein that interacts with BCL10/CLAP and 
activates NF-kappa B. The Journal of Biological Chemistry. 2000; 275: 
41082–6.  

16.  Gaide O, Favier B, Legler DF, et al. CARMA1 is a critical lipid 
raft-associated regulator of TCR-induced NF-kappa B activation. Nature 
Immunology. 2002; 3: 836–43.  

17.  Hsu Y-MS, Zhang Y, You Y, et al. The adaptor protein CARD9 is 
required for innate immune responses to intracellular pathogens. Nat 
Immunol. 2007; 8: 198–205.  

18.  Holliday MJ, Ferrao R, de Leon Boenig G, et al. Picomolar zinc binding 
modulates formation of Bcl10-nucleating assemblies of the caspase 
recruitment domain (CARD) of CARD9. J Biol Chem. 2018; 293: 16803–
17.  

19.  Lamason RL, McCully RR, Lew SM, Pomerantz JL. Oncogenic CARD11 
mutations induce hyperactive signaling by disrupting autoinhibition by 
the PKC-responsive inhibitory domain. Biochemistry. 2010; 49: 8240–50.  

20.  Chan W, Schaffer TB, Pomerantz JL. A quantitative signaling screen 
identifies CARD11 mutations in the CARD and LATCH domains that 
induce Bcl10 ubiquitination and human lymphoma cell survival. Mol 
Cell Biol. 2013; 33: 429–43.  

21.  Sommer K, Guo B, Pomerantz JL, et al. Phosphorylation of the CARMA1 
linker controls NF-kappaB activation. Immunity. 2005; 23: 561–74.  

22.  Holliday MJ, Witt A, Rodríguez Gama A, et al. Structures of 
autoinhibited and polymerized forms of CARD9 reveal mechanisms of 
CARD9 and CARD11 activation. Nat Commun. 2019; 10: 3070.  

23.  Strasser D, Neumann K, Bergmann H, et al. Syk kinase-coupled C-type 
lectin receptors engage protein kinase C-δ to elicit Card9 
adaptor-mediated innate immunity. Immunity. 2012; 36: 32–42.  

24.  Ruland J, Hartjes L. CARD-BCL-10-MALT1 signalling in protective and 
pathological immunity. Nat Rev Immunol. 2019; 19: 118–34.  

25.  Shenderov K, Barber DL, Mayer-Barber KD, et al. Cord factor and 
peptidoglycan recapitulate the Th17-promoting adjuvant activity of 
mycobacteria through mincle/CARD9 signaling and the inflammasome. 
J Immunol. 2013; 190: 5722–30.  

26.  Mao L, Zhang L, Li H, et al. Pathogenic fungus Microsporum canis 
activates the NLRP3 inflammasome. Infect Immun. 2014; 82: 882–92.  

27.  Chang TH, Huang JH, Lin HC, et al. Dectin-2 is a primary receptor for 
NLRP3 inflammasome activation in dendritic cell response to 
Histoplasma capsulatum. PLoS Pathog. 2017; 13: e1006485.  

28.  Gringhuis SI, Wevers BA, Kaptein TM, et al. Selective C-Rel activation 
via Malt1 controls anti-fungal T(H)-17 immunity by dectin-1 and 
dectin-2. PLoS Pathog. 2011; 7: e1001259.  

29.  Lee WB, Kang JS, Choi WY, et al. Mincle-mediated translational 
regulation is required for strong nitric oxide production and 
inflammation resolution. Nat Commun. 2016; 7: 11322.  

30.  Pandori WJ, Lima TS, Mallya S, Kao TH, Gov L, Lodoen MB. 
Toxoplasma gondii activates a Syk-CARD9-NF-κB signaling axis and 
gasdermin D-independent release of IL-1β during infection of primary 
human monocytes. PLoS Pathog. 2019; 15: e1007923.  

31.  Kottom TJ, Carmona EM, Limper AH. Targeting CARD9 with 
small-molecule therapeutics inhibits innate immune signaling and 
inflammatory response to pneumocystis carinii β-Glucans. Antimicrob 
Agents Chemother. 2020; 64: e01210-20.  

32.  Kingeter LM, Lin X. C-type lectin receptor-induced NF-κB activation in 
innate immune and inflammatory responses. Cell Mol Immunol. 2012; 9: 
105–12.  

33.  Bowie AG. Rad50 and CARD9, missing links in cytosolic 
DNA-stimulated inflammation. Nat Immunol. 2014; 15: 534–6.  

34.  Poeck H, Bscheider M, Gross O, et al. Recognition of RNA virus by RIG-I 
results in activation of CARD9 and inflammasome signaling for 
interleukin 1 beta production. Nat Immunol. 2010; 11: 63–9.  

35.  Cao Z, Conway KL, Heath RJ, et al. Ubiquitin ligase TRIM62 regulates 
CARD9-mediated anti-fungal immunity and intestinal inflammation. 
Immunity. 2015; 43: 715–26.  

36.  Leshchiner ES, Rush JS, Durney MA, et al. Small-molecule inhibitors 
directly target CARD9 and mimic its protective variant in inflammatory 
bowel disease. Proc Natl Acad Sci U S A. 2017; 114: 11392–7.  

37.  Gong T, Liu L, Jiang W, Zhou R. DAMP-sensing receptors in sterile 
inflammation and inflammatory diseases. Nat Rev Immunol. 2020; 20: 
95–112.  

38.  Caforio ALP, Pankuweit S, Arbustini E, et al. Current state of knowledge 
on aetiology, diagnosis, management, and therapy of myocarditis: a 
position statement of the European Society of Cardiology Working 
Group on Myocardial and Pericardial Diseases. Eur Heart J. 2013; 34: 
2636–48, 2648a–2648d.  

39.  Miyabe C, Miyabe Y, Bricio-Moreno L, et al. Dectin-2-induced CCL2 
production in tissue-resident macrophages ignites cardiac arteritis. J Clin 
Invest. 2019; 129: 3610–24.  

40.  Frangogiannis NG. S100A8/A9 as a therapeutic target in myocardial 
infarction: cellular mechanisms, molecular interactions, and translational 
challenges. Eur Heart J. 2019; 40: 2724–6.  

41.  Sreejit G, Nooti SK, Athmanathan B, Nagareddy PR. S100A8/A9 in 
Myocardial Infarction. Methods Mol Biol. 2019; 1929: 739–54.  

42.  Thiagarajan PS, Yakubenko VP, Elsori DH, et al. Vimentin is an 
endogenous ligand for the pattern recognition receptor Dectin-1. 
Cardiovasc Res. 2013; 99: 494–504.  

43.  Peterson MR, Getiye Y, Bosch L, et al. A potential role of caspase 
recruitment domain family member 9 (Card9) in transverse aortic 
constriction-induced cardiac dysfunction, fibrosis, and hypertrophy. 
Hypertens Res. 2020; 43: 1375–84.  

44.  Cao L, Qin X, Peterson MR, et al. CARD9 knockout ameliorates 
myocardial dysfunction associated with high fat diet-induced obesity. J 
Mol Cell Cardiol. 2016; 92: 185–95.  

45.  Wang S, Gu J, Xu Z, et al. Zinc rescues obesity-induced cardiac 
hypertrophy via stimulating metallothionein to suppress oxidative 
stress-activated BCL10/CARD9/p38 MAPK pathway. Journal of 
Cellular and Molecular Medicine. 2017; 21: 1182–92.  

46.  Thiem K, Hoeke G, van den Berg S, et al. Deletion of hematopoietic 
Dectin-2 or CARD9 does not protect against atherosclerotic plaque 
formation in hyperlipidemic mice. Sci Rep. 2019; 9: 4337.  



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

981 

47.  Thiem K, Hoeke G, Zhou E, et al. Deletion of haematopoietic Dectin-2 or 
CARD9 does not protect from atherosclerosis development under 
hyperglycaemic conditions. Diab Vasc Dis Res. 2020; 17: 
1479164119892140.  

48.  Freed JK, Greene AS. Proteomic analysis of shear stress-mediated 
protection from TNF-alpha in endothelial cells. Microcirculation. 2010; 
17: 259–70.  

49.  Li Y, Liang P, Jiang B, et al. CARD9 promotes autophagy in 
cardiomyocytes in myocardial ischemia/reperfusion injury via 
interacting with Rubicon directly. Basic Res Cardiol. 2020; 115: 29.  

50.  Li Y, Liang P, Jiang B, et al. CARD9 inhibits mitochondria-dependent 
apoptosis of cardiomyocytes under oxidative stress via interacting with 
Apaf-1. Free Radic Biol Med. 2019; 141: 172–81.  

51.  Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal 
Transduct Target Ther. 2017; 2: 17023.  

52.  Mussbacher M, Salzmann M, Brostjan C, et al. Cell type-specific roles of 
NF-κB linking inflammation and thrombosis. Front Immunol. 2019; 10: 
85.  

53.  Chen L, Deng H, Cui H, et al. Inflammatory responses and 
inflammation-associated diseases in organs. Oncotarget. 2017; 9: 7204–
18.  

54.  Belhadjer Z, Méot M, Bajolle F, et al. Acute heart failure in multisystem 
inflammatory syndrome in children in the context of global SARS-CoV-2 
pandemic. Circulation. 2020; 142: 429–36.  

55.  Testa M, Yeh M, Lee P, et al. Circulating levels of cytokines and their 
endogenous modulators in patients with mild to severe congestive heart 
failure due to coronary artery disease or hypertension. J Am Coll 
Cardiol. 1996; 28: 964–71.  

56.  Chou CH, Hung CS, Liao CW, et al. IL-6 trans-signalling contributes to 
aldosterone-induced cardiac fibrosis. Cardiovasc Res. 2018; 114: 690–702.  

57.  Meléndez GC, McLarty JL, Levick SP, Du Y, Janicki JS, Brower GL. 
Interleukin 6 mediates myocardial fibrosis, concentric hypertrophy, and 
diastolic dysfunction in rats. Hypertension. 2010; 56: 225–31.  

58.  Zhao L, Cheng G, Jin R, et al. Deletion of interleukin-6 attenuates 
pressure overload-Induced left ventricular hypertrophy and 
dysfunction. Circ Res. 2016; 118: 1918–29.  

59.  Choy EH, De Benedetti F, Takeuchi T, Hashizume M, John MR, 
Kishimoto T. Translating IL-6 biology into effective treatments. Nat Rev 
Rheumatol. 2020; 16: 335–45.  

60.  Kang S, Tanaka T, Narazaki M, Kishimoto T. Targeting interleukin-6 
signaling in clinic. Immunity. 2019; 50: 1007–23.  

61.  Han H, Ma Q, Li C, et al. Profiling serum cytokines in COVID-19 patients 
reveals IL-6 and IL-10 are disease severity predictors. Emerg Microbes 
Infect. 2020; 9: 1123–30.  

62.  Li YY, Feng YQ, Kadokami T, et al. Myocardial extracellular matrix 
remodeling in transgenic mice overexpressing tumor necrosis factor 
alpha can be modulated by anti-tumor necrosis factor alpha therapy. 
Proc Natl Acad Sci U S A. 2000; 97: 12746–51.  

63.  Sun M, Chen M, Dawood F, et al. Tumor necrosis factor-alpha mediates 
cardiac remodeling and ventricular dysfunction after pressure overload 
state. Circulation. 2007; 115: 1398–407.  

64.  Frieler RA, Mortensen RM. Immune cell and other noncardiomyocyte 
regulation of cardiac hypertrophy and remodeling. Circulation. 2015; 
131: 1019–30.  

65.  Wang S, Luo M, Zhang Z, et al. Zinc deficiency exacerbates while zinc 
supplement attenuates cardiac hypertrophy in high-fat diet-induced 
obese mice through modulating p38 MAPK-dependent signaling. 
Toxicol Lett. 2016; 258: 134–46.  

66.  Kuwahara F, Kai H, Tokuda K, et al. Transforming growth factor-beta 
function blocking prevents myocardial fibrosis and diastolic dysfunction 
in pressure-overloaded rats. Circulation. 2002; 106: 130–5.  

67.  Khalil H, Kanisicak O, Prasad V, et al. Fibroblast-specific 
TGF-β-Smad2/3 signaling underlies cardiac fibrosis. J Clin Invest. 2017; 
127: 3770–83.  

68.  Koitabashi N, Danner T, Zaiman AL, et al. Pivotal role of cardiomyocyte 
TGF-β signaling in the murine pathological response to sustained 
pressure overload. J Clin Invest. 2011; 121: 2301–12.  

69.  Li Y, Li Z, Zhang C, et al. Cardiac fibroblast-specific activating 
transcription factor 3 protects against heart failure by suppressing 
MAP2K3-p38 signaling. Circulation. 2017; 135: 2041–57.  

70.  Kojonazarov B, Novoyatleva T, Boehm M, et al. p38 MAPK inhibition 
improves heart function in pressure-loaded right ventricular 
hypertrophy. Am J Respir Cell Mol Biol. 2017; 57: 603–14.  

71.  Zuo G, Ren X, Qian X, et al. Inhibition of JNK and p38 MAPK-mediated 
inflammation and apoptosis by ivabradine improves cardiac function in 
streptozotocin-induced diabetic cardiomyopathy. J Cell Physiol. 2019; 
234: 1925–36.  

72.  Kumphune S, Surinkaew S, Chattipakorn SC, Chattipakorn N. Inhibition 
of p38 MAPK activation protects cardiac mitochondria from 
ischemia/reperfusion injury. Pharm Biol. 2015; 53: 1831–41.  

73.  De Bruyne M, Hoste L, Bogaert DJ, et al. A CARD9 founder mutation 
disrupts NF-κB signaling by inhibiting BCL10 and MALT1 recruitment 
and signalosome formation. Front Immunol. 2018; 9: 2366.  

74.  Duewell P, Kono H, Rayner KJ, et al. NLRP3 inflammasomes are 
required for atherogenesis and activated by cholesterol crystals. Nature. 
2010; 464: 1357–61.  

75.  Sano S, Oshima K, Wang Y, et al. Tet2-mediated clonal hematopoiesis 
accelerates heart failure through a mechanism involving the 
IL-1β/NLRP3 inflammasome. J Am Coll Cardiol. 2018; 71: 875–86.  

76.  Suetomi T, Willeford A, Brand CS, et al. Inflammation and NLRP3 
inflammasome activation initiated in response to pressure overload by 
Ca2+/calmodulin-dependent protein kinase II δ signaling in 
cardiomyocytes are essential for adverse cardiac remodeling. 
Circulation. 2018; 138: 2530–44.  

77.  Elliott EI, Sutterwala FS. Initiation and perpetuation of NLRP3 
inflammasome activation and assembly. Immunol Rev. 2015; 265: 35–52.  

78.  Christ A, Günther P, Lauterbach MAR, et al. Western diet triggers 
NLRP3-dependent innate immune reprogramming. Cell. 2018; 172: 
162-175.e14.  

79.  Zeng Q, Yang F, Li C, et al. Paclitaxel enhances the innate immunity by 
promoting NLRP3 inflammasome activation in macrophages. Front 
Immunol. 2019; 10: 72.  

80.  Yao C, Veleva T, Scott L, et al. Enhanced cardiomyocyte NLRP3 
inflammasome signaling promotes atrial fibrillation. Circulation. 2018; 
138: 2227–42.  

81.  Kim SR, Lee SG, Kim SH, et al. SGLT2 inhibition modulates NLRP3 
inflammasome activity via ketones and insulin in diabetes with 
cardiovascular disease. Nat Commun. 2020; 11: 2127.  

82.  Lopes-Virella MF, Virella G. Modified LDL immune complexes and 
cardiovascular disease. Curr Med Chem. 2019; 26: 1680–92.  

83.  Rhoads JP, Lukens JR, Wilhelm AJ, et al. Oxidized low-density 
lipoprotein immune complex priming of the Nlrp3 inflammasome 
involves TLR and FcγR cooperation and is dependent on CARD9. J 
Immunol. 2017; 198: 2105–14.  

84.  Drummond RA, Saijo S, Iwakura Y, Brown GD. The role of Syk/CARD9 
coupled C-type lectins in antifungal immunity. Eur J Immunol. 2011; 41: 
276–81.  

85.  Pereira M, Tourlomousis P, Wright J, P Monie T, Bryant CE. CARD9 
negatively regulates NLRP3-induced IL-1β production on Salmonella 
infection of macrophages. Nat Commun. 2016; 7: 12874.  

86.  Melman YF, Shah R, Danielson K, et al. Circulating MicroRNA-30d is 
associated with response to cardiac resynchronization therapy in heart 
failure and regulates cardiomyocyte apoptosis: a translational pilot 
study. Circulation. 2015; 131: 2202–16.  

87.  Han F, Chen Q, Su J, et al. MicroRNA-124 regulates cardiomyocyte 
apoptosis and myocardial infarction through targeting Dhcr24. J Mol 
Cell Cardiol. 2019; 132: 178–88.  

88.  Li P, Yan Y, Shi Y, et al. Nicotinic agonist inhibits cardiomyocyte 
apoptosis in CVB3-induced myocarditis via 
α3β4-nAChR/PI3K/Akt-dependent survivin upregulation. Oxid Med 
Cell Longev. 2019; 2019: 9496419.  

89.  Ledgerwood EC, Morison IM. Targeting the apoptosome for cancer 
therapy. Clin Cancer Res. 2009; 15: 420–4.  

90.  Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen 
species (ROS) and ROS-induced ROS release. Physiol Rev. 2014; 94: 909–
50.  

91.  Yan X, Zhang H, Fan Q, et al. Dectin-2 deficiency modulates Th1 
differentiation and improves wound healing after myocardial infarction. 
Circ Res. 2017; 120: 1116–29.  

92.  Fan Q, Tao R, Zhang H, et al. Dectin-1 contributes to myocardial 
ischemia/reperfusion injury by regulating macrophage polarization and 
neutrophil infiltration. Circulation. 2019; 139: 663–78.  

93.  He C, Klionsky DJ. Regulation mechanisms and signaling pathways of 
autophagy. Annu Rev Genet. 2009; 43: 67–93.  

94.  Russo R, Varano GP, Adornetto A, et al. Rapamycin and fasting sustain 
autophagy response activated by ischemia/reperfusion injury and 
promote retinal ganglion cell survival. Cell Death Dis. 2018; 9: 981.  

95.  Sciarretta S, Maejima Y, Zablocki D, Sadoshima J. The role of autophagy 
in the heart. Annu Rev Physiol. 2018; 80: 1–26.  

96.  Fan Y, Lu H, Liang W, et al. Endothelial TFEB (Transcription Factor EB) 
positively regulates postischemic angiogenesis. Circ Res. 2018; 122: 945–
57.  

97.  Qi H, Ren J, Ba L, et al. MSTN attenuates cardiac hypertrophy through 
inhibition of excessive cardiac autophagy by blocking AMPK /mTOR 
and miR-128/PPARγ/NF-κB. Mol Ther Nucleic Acids. 2020; 19: 507–22.  



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

982 

98.  Tan Z, Liu H, Song X, et al. Honokiol post-treatment ameliorates 
myocardial ischemia/reperfusion injury by enhancing autophagic flux 
and reducing intracellular ROS production. Chem Biol Interact. 2019; 
307: 82–90.  

99.  Zhao S, Xu Z, Wang H, et al. Bioengineering of injectable encapsulated 
aggregates of pluripotent stem cells for therapy of myocardial infarction. 
Nat Commun. 2016; 7: 13306.  

100.  Wallitt EJW, Jevon M, Hornick PI. Therapeutics of vein graft intimal 
hyperplasia: 100 years on. Ann Thorac Surg. 2007; 84: 317–23.  

101.  Liu Y, Wang Y, Shi H, et al. CARD9 mediates necrotic smooth muscle 
cell-induced inflammation in macrophages contributing to neointima 
formation of vein grafts. Cardiovasc Res. 2015; 108: 148–58.  

102.  Xu W, Rush JS, Graham DB, Cao Z, Xavier RJ. USP15 Deubiquitinates 
CARD9 to Downregulate C-Type Lectin Receptor-Mediated Signaling. 
Immunohorizons. 2020; 4: 670–8.  

103.  Pilato MD, Kim EY, Cadilha BL, et al. Targeting the CBM complex causes 
Treg cells to prime tumours for immune checkpoint therapy. Nature. 
2019; 570: 112–6.  

104.  Bao W, Sun C, Sun X, et al. Targeting BCL10 by small peptides for the 
treatment of B cell lymphoma. Theranostics. 2020; 10: 11622–36. 


