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CARD?9 is a cytosolic adaptor in myeloid cells, has a critical role in inflammatory disorders,
and provides a protective function against microbial pathogen, especially fungal infection.
Recently, CARD9 polymorphisms are of interest, showing a positive correlation with the
elevated risk of fungal infection, inflammatory bowel disease, and other autoimmune
diseases. Mechanistically, CARD9 polymorphisms impair the activation of RelB, a subunit
of non-canonical NF-«kB, which lead to the reduced cytokine and chemokine production by
innate immune cells. In addition, CARD9 polymorphisms show a defective neutrophil
accumulation in infectious sites. Furthermore, CARD9 polymorphisms could alter the

composition of the gut microbiome. In this review, we summarize the latest findings of

CARD9 polymorphisms with respect to inflammatory diseases.

Caspase recruitment domain-containing protein 9 (CARD9) is
a cytosolic adaptor protein in myeloid cells, which plays an
important role in immunity response. CARD9 can trigger the
NF-«kB and MAPK signaling pathways, induce the inflamma-
tion cytokine cascade, and subsequently protect the host from
microbial invasion, especially fungal infection.

Although the functions of CARD9 are widely demonstrated
in the last decade, the correlation between CARD9 poly-
morphism and disease risk is not well understood. Recently,
increasing evidence has indicated that CARD9 gene

polymorphisms predispose to inflammatory diseases, such as
fungal infection and autoimmune. Thereby, this review aims
at comprehensively examining all known CARD9 poly-
morphisms as well as their nature.

CARD9 structure and protein expression

CARD?9 is a novel member of the CARD protein family, which is
defined by the presence of a characteristic caspase-associated
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Fig. 1 Schematic diagram of the human CARD9 gene and its
known pathogenic mutations. Several CARD9 loss-of-
function mutations associated with fungal infections are
indicated in red. CARD9 mutations associated inflammatory
bowel diseases are indicated in green, in which CARD95**N
SNP increase disease risk while CARD9 c.IVS11+1G>C
variant has protective function.

recruitment domain. CARD9 is located on chromosome
9g34.3, and its full-length 2108-bp cDNA encodes a 536-amino
acid protein with a predicted molecular mass of 62.3 kDa [1].
CARD? is structurally similar to the CARMA family members
but lacks the C-terminal MAGUK motif, and contains an
amino-terminal CARD and a carboxy-terminal coiled-coil
domain [Fig. 1] [2]. The N-terminal CARD region of CARD9,
comprising of 7—98 amino acids (aa), can interact with CARD
motifs from many apoptosis proteins including BCL10 and
RIP-associated Ich-1/Ced-3 homologous protein (RAIDD) [3].
The coiled-coil region of 140—420 aa at the C terminus of
CARD9 serves as an oligomerization domain [4]. CARD9
expression is detected in a variety of human adult tissues,
including the spleen, thymus, liver, placenta, lung, bone
marrow, brain, and peripheral blood [4]. CARD9 is abundantly
expressed by myeloid cells, particularly antigen presenting
cells such as macrophages, dendritic cells and neutrophils.

CARD?9 polymorphisms and fungal infections

CARDO loss-of-function mutations in patients have unequiv-
ocally demonstrated its importance in fungal infections, pre-
dominantly localizing to the central nervous system (CNS),
subcutaneous tissues, oral mucosa, bone, and abdominal or-
gans [5—9]. The species of pathogenic fungi are found to be
Candida species, dark-walled molds, and yeast-like fungi (e.g.,
Phialophora, Aspergillus, fumigatus and Exophiala), some of them
maybe cause lethal infections [5—9]. Although many CARD9-
deficient patients have a high susceptibility to fungal in-
fections, there are diverse genetic mutations in CARD9. More
than 24 missense and nonsense mutations of CARD9 are re-
ported in the N-terminal CARD and C-terminal coiled-coil
domains, as well as the promoter region [Fig. 1] [5,10]. Inacti-
vation of both alleles is necessary for disease occurrence, so
CARDOY-deficient patient follows an autosomal recessive mode
of inheritance.

To date, CARD9 mutations in patients were found to
associate with fungal meningitis. A 4-year-old Turkish girl
was detected with a homozygous point mutation in exon 6
(c.883C>T) of CARD?9, hospitalized for chronic Candida albicans
(C. albicans) meningitis [11]. A 13-year-old Asian girl with

Candida dubliniensis meningoencephalitis was diagnosed as a
result of c.214G>A and c.1118G>C mutations in the CARD9
gene [12]. An 11-year-old girl from USA was reported with C.
albicans infection of the CNS, due to c.170G>A CARD9
missense mutation [13]. An 8-year-old girl developed Exophiala
dermatitidis pachymeningitis, who was found to have CARD9
R18W, a homozygous c.52C>T missense mutation in exon 2,
located in the N-terminal caspase-recruitment domain [14].
The other mutations in CARD9, including homozygous R70W
(c.208C>T in exon 3), R35Q (c.104G>A in exon 2), Q289T
(c.865C>T in exon 6), Y91H (c.-529T>C), G72S, R373P, and R57H
mutation, also presented with severe Candida meningoen-
cephalitis [15—18]. The potential mechanisms maybe attribute
to the following several aspects: First, CARD9 gene mutation
impaired CARD9 protein expression level and its biological
function. CARD9 ¢.883C>T, ¢.214G>A and ¢.1118G>C muta-
tions showed the complete absence of protein level, led to the
loss of its function. CARD9 c.170G>A missense mutation
maintains the normal expression level of protein, but dam-
ages its protein structure and then inhibited its biological
functions. Second, CARD9 gene mutation exhibited a defective
neutrophil accumulation and significant eosinophil infiltra-
tion in the CNS of CARD9-deficient patients [12,13,15—17]. As
previously reported, neutrophils played a critical role against
systemic C. albicans infection, while eosinophils did not [19]. In
the infected cerebrospinal fluid (CSF) of CARD9-deficient pa-
tients, CXCL1, CXCL2, CXCLS5 and IL-8 known as neutrophil-
targeted chemokines were obviously reduced. Conversely,
the CSF of patients with the wild-type mature CARD9 protein
greatly increased the expression level of IL-1p and CXCL1
neutrophil-recruitment chemokines [20]. Thereby, the phe-
nomenon of CNS-specific neutropenia in CARD9 deficiency
patients was caused by a striking lack of neutrophil-targeted
chemoattractants.

CARD9 mutation was found in patients with fungal sub-
cutaneous infection. 3 mutations of CARD9, 2 compound
heterozygous mutations (c.191192insTGCT and c.472C>T,
p.L64fsX59 and p.Q158X) and 1 homozygous frameshift mu-
tation (c.819820insG, p.D274fsX60), were validated in the
subcutaneous phaeohyphomycosis caused by Phialophora
verrucosa, exhibiting a lack expression of CARD9 protein but
sufficient level of CARD9 mRNA [21]. In addition, a homozy-
gous nonsense mutation in CARD9 (Q295X), resulting in a
premature termination codon and a loss of CARD9 protein
function, gave rise to chronic mucocutaneous candidiasis in a
large consanguineous family [8]. A homozygous premature
stop codon mutation (Q289*), homozygous missense muta-
tion (R101C) and homozygous R101L, and compound hetero-
zygous (c.883C>T and ¢.1118G>C, Q295X and R373P) mutation
in CARDY were identified in patients, resulting in a suscepti-
bility to dermatophytes such as Trichophyton violaceum, Micro-
sporum ferrugineum, and T. rubrum [7,22—26]. The underlying
mechanisms that cause susceptibility to fungal subcutaneous
infection are not well understood, and could be related to
immunodeficiencies in CARD9-deficient patients via impair-
ing the pivotal cytokine production of innate immune cells
and differentiation of TH17 cells [21].

Human CARD9 mutation is associated with specific fam-
ilies of pathogenic fungi. CARD9 variant (c.191-192InsTGCT,
p.L64fsX59) was identified with a Chinese patient, leading to
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Corynespora cassiicola infection [27]. C. cassiicola are plant
pathogens, which rarely cause human infection [27].
€.1118G>C, ¢.820_821insG, and p.Glu9Lys (c.25G>A) mutations
in CARD? are linked to porotrichosis infection [28]. c.759dup (p.
Lys254fs) mutation in the exon 5 of CARD9 was associated
with E. dermatitidis (E dermatitidis) [29]. A synonymous variant
c951G>A, A317A and a missense variant ¢.1138G>C, A380P
caused a specific susceptibility to endogenous Candida
endophthalmitis and osteomyelitis [30]. Patients with phaeo-
hyphomycosis caused by Exophiala spinifera, Ochroconis musae,
Phialophora americana, and C. cassiicola showed CARD9 muta-
tions (c.68C>A and ¢.819-820insG in exon 2, p.S23X and
p-D274£sX60 in exon 6, c.191e192insTGCT and p.L64fsX59 in
exon 3) [27,31,32]. Saprochaete capitata infection was associated
with p.Q295* mutation in CARD9, which disseminated to
common bile duct and lymph nodes [33]. The CARD9 c.3G>C,
M1l mutation was found to increase susceptibility to extrap-
ulmonary Aspergillus infection in the abdomen and brain [6].
Another CARD9 mutation, Ser12Asn, rs4077515, predisposed
patients to idiopathic recurrent vulvovaginal candidiasis [34].
The CARD9 S12N (c.35G>A, rs4077515) polymorphism was
identified as a risk factor for the development of candidemia
[35]. A homozygous R18W CARD9 mutation in patients was
strongly linked to invasive Exophiala infection [14]. However,
the unique genetic alteration in CARD9, which is associated
with a specific fungal infection, remains to be fully explored.

Vaezi et al reported that fungal infectious diseases were
associated with 24 CARD9 mutations, further evaluated the
frequency and geographic distribution of CARD9 mutations
[10]. Three CARD9 genetic mutations, p.Q289X (c.865C > T),
p-Q295X (c.883C > T) and p.D274fsX60 (c.819-820insG), were
identified most frequently, which accounted for 25.8%, 17.7%,
and 8.1% of the patients, respectively. CARD9 p.Q289X (c.865C
> T) and p.Q295X (c.883C > T) mutations were associated with
a high risk of candidiasis and dermatophytosis infection [10].
CARD9 p.Q289X (c.865C > T) and p.Q295X (c.865C > T)
accounted for 75% and 37.9% of the African and Asian cases,
indicating an obviously different geographical distribution
[10].

CARD?9 polymorphisms and inflammatory bowel
disease

Several single nucleotide polymorphisms (SNPs) in the human
CARD?9 gene are closely associated with inflammatory bowel
diseases (IBD). CARD9 rs10870077, rs4077515, and rs10781499,
as the predisposing variants, exhibit an increased risk, while
c.IVS11+1G>C and rs200735402, as the protective variants, are
shown to have a protective effect on IBD [36—42]. CARD9
rs10870077 refers to the intronic substitution of base C (cyto-
sine) for G (guanine) in the CARD9 genetic locus on chromo-
some 9, which presumably influence the function of CARD9
adaptor protein and thereby modulate the CARD9-dependent
inflammatory signaling [36]. CARD9 variant rs4077515 is
known to carry an asparagine instead of a serine residue in the
CARD domain in position 12 (CARD9?N). CARD9%'?N leads to
aberrant activation of NF-kB and inflammatory factors in
response to A. fumigates, potentially contributing to intestinal
inflammation [37,38]. CARD9 rs10781499, the substitution of A

for G at position 139266405, could alter the composition of the
gut microbiota, leading to a higher risk of developing IBD
[39—41]. Different from the risk SNPs, CARD9 c.IVS11+1G>C
with the substitution of G for C at position 1 of exon 11, CARD9
1s200735402 with the substitution of C for T at position
139265120, could provide a protective function in the intesti-
nal immune system during IBD pathogenesis [42—44]. CARD9
c.IVS11+1G>C leads to create a CARD9 protein with a short-
ened C-terminal tail, so that CARD9 fails to bind TRIM62 for
NF-«B activation, and is unable to induce pro-inflammatory
cytokines production [45]. Among 500 IBD patients and 1000
unrelated healthy controls, CARD9 rs200735402 showed an OR
of 0.09 (95% CI 0.22 to 0.37, P = 5.28 x 10~°) with a functionally
protective role in IBD [44].

CARDY, one very prominent IBD susceptibility gene in in-
testinal homeostasis, is being increasingly understood, which
balances interactions between the host immune system and
the gut microbiome. CARD9-deficient mice were confirmed to
aggregate colitis severity, exhibiting a defect in intestinal
epithelial cell restitution and a great body weight loss during
IBD recovery [46]. CARD9 deficiency had also reduced the
expression levels of inflammatory cytokines (IL-22, IL-6, TNFa,
IFNYy etc), impaired the immunity responses of T-Helper 17 and
innate lymphoid cell. Furthermore, CARD9 signaling is
involved in the composition of the gut microbiome, exhibiting
an aberrant fungal microbiome from the C. rodentium and
Malassezia restricta [47], bacterial species from the Adlercreutzia
genus and Lactobacillus reuteri. Mechanistic studies have
demonstrated that the gut microbiome of CARD9™~ mice
failed to metabolize tryptophan into aryl hydrocarbon recep-
tor (AHR) ligands, which are critical factors for the production
of IL-22 [40,48,49]. IL-22, which binds to its receptor on intes-
tinal epithelial cells (IECs), drives their regenerative prolifer-
ation and stimulates the production of antimicrobial peptides
against intruding microbes, increases the regenerative pro-
liferation of basal epithelial cells, and regulates glycosylation
patterns of epithelial cell-surface molecules [50]. Finally,
CARD9 deficiency was found in patients with colitis caused by
invasive intestinal infection with Candida glabrata and B-
glucan-containing microalgae Prototheca zopfii [17,51].

CARD?9 polymorphisms and inflammatory
disease

Over the last decade, human CARD9 genetic mutation
emerged as a risk factor of prevalent inflammatory disorders,
including IgA nephropathy [52], primary immune thrombo-
cytopenia [53], leprosy [54], rheumatoid arthritis [55], intesti-
nal failure [56], ankylosing spondylitis [57], as well as
pulmonary tuberculosis [58].

CARD?9 154077515 in the human genome results from the
substitution from guanine (G) to adenine (A) nucleotide, which
encodes substitution of asparagine for serine at position 12
(S12N) in the protein CARD9 (CARD9'?). The CARD9
rs4077515-A allele was correlated with an increased risk of IgA
nephropathy [52]. This is probably because this substitution
encoded higher expression of CARD9 in immunity cells, which
leads to a hyper-reactive immune state. The CARD9 rs4077515
allele C and the genotype CC conferred significantly protective
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against primary immune thrombocytopenia [53] and anky-
losing spondylitis [57] in HLA-B27-negative Iranian patients.
One possibility was that this polymorphism decreased the
level of CARD9 expression, contributing to the CARD9-IL23
axis for the pathogenesis of inflammatory disorders [53,57].
The CARD9 mutation (rs4077515) was associated with intes-
tinal failure, showing the worse clinical outcomes in patients
[56]. One possibility was that CARD9 deficiency is unable to
modulate an adequate innate immune response to the
invading microbial agents [56]. CARD9 rs59902911, the minor/
low frequency T allele, was identified as a genetic risk factor
that influences joint damage in rheumatoid arthritis [S5]. A
rare variant rs149308743 in CARD9 (P = 2.09 x 108, odds ratio
[OR] = 4.75) showed involvement in the pathogenesis of
leprosy, an ancient infectious disease caused by Mycobacte-
rium leprae [54]. Although CARD9 mutant mice were found to
increase the severity of pulmonary tuberculosis [59], CARD9
genetic variants rs4077515, rs10781499 and rs10870077 in pa-
tients do not affect the susceptibility and severity of disease
[58]. Indeed, lung injures in humans were evaluated by
sputum microbiology and chest Xray scores, whereas lung
injures in mice were assayed by histopathologic examination
and inflammatory factors. As a result, the different methods
between mice and human likely led to the disparity results
[58].

Potential mechanism for CARD9 polymorphisms

CARD9 is an intracellular adaptor molecule that transmits
signals emerging from various microbe-sensing receptors.
CARDO is activated by all SYK-coupled C-type lectin receptors,
including Dectin-1, Dectin-2 and Mincle. Furthermore, Toll-
like receptors (TLRs) including TLR3 and TLR7, the cytosolic
nucleic acid sensors retinoic acid-inducible gene 1, as well as
RADS50, utilize CARD9 for signal transduction. CARD9Y could
couple to B-cell CLL/lymphoma 10 (BCL10) and mucosa-
associated lymphoid tissue lymphoma translocation protein
1 (MALT1), forming CARD-CC/BCL10/MALT1 (CBM) signal-
osomes. Such CBM signaling complexes mediate NF-«B acti-
vation, which results in induction of pro-inflammatory
cytokines, such as TNF-a, IL-1B, IL-6, IL-12, and IL-23 [60].
What is more, CARDO is required for the differentiation of T
lymphocytes into IL-17 producing T-Helper cells, further
mediating the innate immune and adaptive response [46].

Upon these immune receptors activation, CARD9 was
phosphorylated at T231 by PKC3. Subsequently, CARD9 re-
cruits the downstream binding partner, Bcl10, which interacts
through its own N-terminal CARD with the N-terminal CARD
of CARD9, a CARD—CARD interaction critical for subsequent
NF-kB activation. The CARD9-CARD assemblies form a
nucleating helical template that directly nucleates Bcl10
polymerization, along with other domains of activated
CARD9, then recruits downstream signaling molecules,
including MALT1, cIAPs, and TRAF6 that mediate subsequent
ubiquitination. Finally, these ubiquitination led to degrada-
tion of IkB and activation of IKK, thus allowing NF-«B to
translocate to the nucleus and to induce the synthesis of
proinflammatory molecules [61].
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Fig. 2 Potential mechanism for CARD9 polymorphisms. A:
CARD?9 rs4077515 impaired its interaction with RelB, which
led to RelB translocation into nucleus, and subsequently
Th2—mediated allergic responses; B: CARD9 R70W mutation
abrogated the binding ability of CARD9-CARD, prevented the
formation of CBM, and eventually failed to activate NF-«B.

In addition to N terminus, C terminus of CARD9 also played
a key role in CARD9-mediated signaling pathway. TRIM62 was
identified as a novel binding partner with the CARD9 C-ter-
minus (aa 416—536), and facilitated CARD9 ubiquitination at
residue K125. Ubiquitination of CARD9 K125 recruited BCL10
to form a CBM complex, which activated the canonical NF-kB
pathway. Conversely, CARD9 Al1, a splice variant in which
exon 11 of CARD9 C-terminus is deleted, could disrupt the
CARD9-TRIM62 interaction, and abrogate CARD9-induced NF-
kB signaling [45].

CARD?9 rs4077515 in the human genome encodes substi-
tution of asparagine for serine at position 12 (S12N) in CARD9
protein. CARD9%*?N did not significantly affect the degradation
of the NF-«B inhibitor IkBa or phosphorylation of the kinases
Syk, Erk, Jnk. CARD9%"?N had no influence on the translocation
of classical NF-«kB p65 to the nucleus, whereas it could facili-
tate the nuclear translocation of RelB [Fig. 2 A], a subunit of
noncanonical NF-kB. As a result, CARD95'N could facilitate
the activation of NF-kB subunit RelB in macrophages. In
addition, the co-localization of CARD9 and RelB was
confirmed in RAW?267.4 cells, and CARD9%'N disrupted the
interaction between CARDY9 and RelB. Furthermore,
CARD9S'™ facilitated the degradation of CARD9 protein in a
proteasome-dependent pathway [62]. Different from the
above result, CARD9 R70W (c.208C>T) mutation failed to
activate NF-«B [Fig. 2 B]. R70W mutation abrogated the ability
of CARD9-CARD to mediate filamentous forms of the protein,
inhibited the recruitment of downstream BCL10, prevented
the formation of CBM signalosomes, eventually failed to
activate NF-kB [18]. To our knowledge, these two papers have
first provided the direct evidence for CARD9 polymorphism,
indicative of its potential molecular mechanisms. To date, the


https://doi.org/10.1016/j.bj.2020.12.006
https://doi.org/10.1016/j.bj.2020.12.006

564 BIOMEDIGAL JOURNAL 44 (2021) 560-566

underlying mechanisms that CARD9 polymorphisms impact
NF-kB activation are not well understood.

Conclusion

Although many patients with CARD9 deficiency may share
similar clinical presentations, there is a high diversity of
CARD9 mutations underlying the condition. Lots of CARD9
genetic mutations are identified in the N-terminal CARD and
C-terminal coiled-coil domains, as well as the promoter re-
gion. Along with an in-depth understanding of CARD9 gene, de
novo variants in CARD9 are consistently reported. Of note,
some of CARD9 mutations are found in patients, whereas the
same mutations do not cause a similar clinical phenotype in
other patients. Therefore, it is still unclear which mutations
easily give rise to which clinical phenotypes, whether there is
any overlap among patients, whether frequency and
geographic distribution of CARD9 mutations are associated
with patients. More clinical experiments will be required to
confirm the correlation between the unique genotype of
CARD9 gene mutations and disease, and provide further in-
vestigations into CARD9-dependent inflammatory and im-
mune response, especially in humans. Identifying the impact
of CARDY genetic variation on inflammatory diseases will
improve our understanding of the etiology and may ultimately
aid future interventions.
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