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Abstract: The caspase recruitment domain-containing protein 9 (CARD?Y) is an intracellular adaptor
protein that is abundantly expressed in cells of the myeloid lineage, such as neutrophils, macrophages,
and dendritic cells. CARD?9 plays a critical role in host immunity against infections caused by fungi,
bacteria, and viruses. A CARD9 deficiency impairs the production of inflammatory cytokines and
chemokines as well as migration and infiltration, thereby increasing susceptibility to infections.
However, CARD? signaling varies depending on the pathogen causing the infection. Furthermore,
different studies have reported altered CARD9-mediated signaling even with the same pathogen.
Therefore, this review focuses on and elucidates the current literature on varied CARD9 signaling in

response to various infectious stimuli in humans and experimental mice models.

Keywords: caspase recruitment domain-containing protein 9 (CARDY); microbial infections;
cytokines; chemokines; infiltration; neutrophils

1. Introduction

The activation of the immune system against invading pathogens such as fungi,
bacteria, and viruses is a critical process in host defense. These pathogens are recognized
by pattern recognition receptors (PRRs) expressed on immune cells, which in turn activate
the immune response. There are four main types of PRRs: Toll-like receptors (TLRs), c-
type lectin receptors (CLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs),
and nucleotide oligomerization domain (NOD)-like receptors (NLRs) [1]. Other PRRs
include AIM2-like receptors (ALRs), peptidoglycan-binding proteins (PGBPs), the signaling
lymphocytic activation molecule family (SLAMF), and oligoadenylate synthetase (OAS)-
like receptors (OLRs) [2]. TLRs and CLRs are transmembrane proteins responsible for
extracellular signaling, while RLRs and NLRs are cytoplasmic proteins responsible for
intracellular signaling. Some TLRs (TLR1, 2, 4, 5, 6, and 10) are expressed on the surface of
immune cells as hetero or homodimers and primarily recognize the membrane components
of microorganisms, such as lipids, lipoproteins, and proteins. Others (TLR3, 7, 8, and 9) are
expressed primarily as homodimers that recognize the nucleic acids of microorganisms [3].
CLRs (dectin-1, dectin-2, mincle, mannose receptors, and dendritic cell-specific intracellular
adhesion molecule (ICAM)-3-grabbing non-integrins (DC-SIGN)) respond to pathogens
primarily through the recognition of carbohydrate structures such as mannose, fucose, and
glucan [4]. NLRs (NOD1 and 2) are major sensors of bacterial peptidoglycans and are
important for tissue homeostasis and host defense against bacterial pathogens [5]. RLRs are
the key PRRs that are essential for recognizing RNA virus infections [6]. PRRs trigger the
signaling pathways such as the mitogen-activated protein kinases (MAPKs), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B), interferon regulatory factors, and
inflammasomes, and subsequently the downstream immune effector modules including
cytokines, antimicrobial peptides, and antibodies [2].
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The caspase recruitment domain-containing protein 9 (CARD?9) is an adaptor protein
that is abundantly expressed in myeloid cells, including neutrophils, macrophages, and
dendritic cells (DCs). CARD9 comprises 536 amino acids with an estimated molecular
weight of 62.3 kDa, and it is mapped to the chromosomal region 9q34.3 [7,8]. CARD9
contains a CARD domain at the N-terminus that mediates homology interactions between
CARD9-containing molecules and a coiled-coil region at the C-terminus that functions as
an oligomerization domain [8,9]. The levels of CARD9 expression vary in different organs;
it is abundant in organs rich in cells associated with immune response such as the bone
marrow, spleen, lung, and lymph node but it is not expressed in organs such as kidney,
liver, intestine, colon, and brain [8,10].

CARD? is required for the downstream signal transduction of PRRs, including TLRs
and CLRs. CLRs such as dectin-1, dectin-2, and mincle utilize the signaling pathway
involving spleen tyrosine kinase (Syk)/CARD?9 [11,12]. Upon pathogen recognition via
the CLRs, Syk is phosphorylated and induces the activation of protein kinase C, which
mediates the recruitment and activation of CARD9. Activated CARD9 binds to B-cell
lymphoma/leukemia (BCL) 10 and mucosa-associated lymphoid tissue lymphoma translo-
cation protein (MALT) 1 to form the CARD9-BCL10-MALT1 (CBM) complex, which acti-
vates NF-kB and MAPKSs. These pathways lead to the transcription of genes involved in
inflammation and pro-inflammatory cytokine and chemokine production. CARD9 is also
involved in cell invasion and induction of oxidative stress [13].

Cytokines are small proteins that are released by immune cells as well as a variety of
other cells (fibroblasts, endothelial cells, epithelial cells, etc.) in the body in response to
inducing stimuli [14]. They can be grouped by structure into families: Interleukin (IL)-1
family, interferon (IFN) family, tumor necrosis factor (TNF), and chemokines [15,16]. The
immune cells secrete cytokines in response to activation by PRRs. The cytokines (IL-1f3,
IL-6, IL-17, IFN-y, and TNF-«) and chemokines (CXCL1 (keratinocyte chemoattractant,
KC), CXCL2 (macrophage inflammatory protein, MIP-2), and CXCL5) are the primary
cytokines regulated by CARD9 [17]. IL-1 and IL-6 are produced primarily by macrophages
and activate lymphocytes and inflammatory responses. IL-17 is secreted by the T cells
and stimulates lymphocytes to induce inflammatory responses and activate cytokine and
chemokine production. IFN-y is produced primarily by T cells and natural killer (NK) cells
and stimulates the neutrophil, monocyte, and macrophage functions. TNF-o is produced
primarily by macrophages and activates phagocytes. Chemokines control innate immune
cell trafficking. CXCL1, CXCL2, and CXCL5 induce neutrophil migration [18].

The CARD9-mediated responses to pathogenic stimuli exhibit variability contingent
upon the type of stimulus, the cellular context, and the affected organ. This review aims to
elucidate the role of CARD9 in infections caused by various pathogens.

2. Effects of CARD9 on the Immune Response to Fungal Infections

CARD? is considered a crucial activator of the immune response against fungi [17].
The most common infectious fungi include Aspergillus, Candida, Cryptococcus, Exophiala,
Mucor, and Prneumocystis (Table 1). Recognition of fungi primarily relies on CLRs, which
utilize the signaling pathway involving Syk and the CBM complex, subsequently leading
to activation of the NF-«B and MAPK pathways [11,12].

2.1. Aspergillus fumigatus

Aspergillus fumigatus (A. fumigatus) is a filamentous mold of the genus Aspergillus. It
is one of the most common and clinically important species in the genus. It is generally
harmless to healthy individuals but can pose a serious health risk to individuals with
weakened immune systems or underlying respiratory conditions [19].

In CARD9-deficient patients with an A. fumigatus infection, there was a decrease in
the production of cytokines (TNF-«, granulocyte-macrophage colony-stimulating factor
(GM-CSF), IEN-y, IL-13, IL-6, IL-17A, and IL-22) in the peripheral blood mononuclear cells
(PBMCs) and T helper (Th) cells including the Th1, Th17, and Th22 cells [20,21]. However,
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in these patients, the phagocytosis and killing capacity of neutrophils were not impaired,
though they exhibited impaired extrapulmonary infiltration [20]. These results are consis-
tent with results from studies on CARD9-deficient mice, wherein a decrease in cytokine
(IL-1pB, IL-6, IL-22, TNF-&, and IFN-y) and chemokine (CXCL1, CXCL2, and CXCLS5) levels
was observed except for IL-17A levels, which were found to be normal [21-23]. Further,
the CARDY-deficient mice were also observed to have a reduced infiltration of neutrophils
and T cells. Moreover, the fungal burden in the footpads and lungs was found to be higher
in CARD9-deficient mice compared to the wild type [21].

In summary, the immune response to A. fumigatus is impaired, with a decrease in
cytokine and chemokine production as well as an infiltration of inflammatory cells in
CARD9-deficient animal models and patients. It is known that A. fumigatus is recognized
by dectin-2, and Syk plays an essential role in NF-«B activation and reactive oxygen species
(ROS) production mediated by dectin-2 activation following A. fumigatus stimulation [24].
Therefore, CARD9 may play a role via the dectin-2/Syk signaling pathway in A. fumigatus
infection.

2.2. Candida albicans

Candida albicans (C. albicans) is an opportunistic pathogenic fungus commonly found
as part of the normal microbiome in the human digestive tract and genital organs, and
could cause systemic candidiasis under certain specific host conditions. The cell wall of C.
albicans is composed of 3-glucan, mannans, and cell wall proteins, which are recognized by
CLRs [25]. While a deficiency of CLRs does not impair survival and neutrophil accumula-
tion [26,27], the deficiency of dectin-1 and dectin-2 during C. albicans infection results in
increased fungal burden in the brain [27].

Impaired immune responses to C. albicans have been reported in patients with CARD9
deficiency and CARD9-deficient mice. During a C. albicans infection in CARD9-deficient
patients, the production of cytokines (IL-1f3, IL-6, IL-17, IL-22, TNF-o, GM-CSEF, and IFN-y)
and chemokines (CXCL1, CXCL2, and CXCLS8) were reduced in PBMCs [20,28,29]. The
production of IL-8 was also decreased in C. albicans-stimulated neutrophils of CARD9-
deficient patients [29]. Moreover, the proportions of Th17 and Th22 cells were decreased,
but the proportion of Thl cells was not affected [28]. Consistent with findings in patients,
bone marrow-derived macrophages (BMDMs) from CARD9-deficient mice stimulated with
C. albicans showed a decrease in the production of cytokines (CCL3 (MIP-1a), CXCL1,
CXCL2, and TNF-« [30].

In both CARD9-deficient patients and mice, phagocytosis of C. albicans, CLR (dectin-1
and dectin-2) expression, and ROS production remained intact [28-30]. However, the
killing capacity against C. albicans was impaired [29,31,32]. Moreover, the accumulation
of neutrophils in the infected central nervous system (CNS) was significantly reduced in
CARD9-deficient patients [31], and this reduction was associated with a decrease in several
chemokines (CXCL1, CXCL2, and CXCLS5). In C. albicans-infected CARD9-deficient mice,
neutrophil accumulation was reduced in the brain but increased in the kidneys [27,31].
However, the fungal burden was increased in the spleen, kidneys, liver, and brain of
CARD9-deficient mice [27,30,31]. The kidneys are recognized as a primary target organ
for candidiasis and renal failure is responsible for 30-50% of deaths in humans with
candidiasis [33]. Collectively, these results suggest that CARD9 plays a species- and organ-
specific role in the accumulation of neutrophils, and CARD9 can play a CLR-independent
role in the host defense against C. albicans infection.

In the kidneys of CARD9-deficient mice, IL-1«, IL-1f3, IL-6, CCL2 (monocyte chemoat-
tractant protein, MCP-1), and TNF-« were increased, while the levels of IFN-y were similar
to the wild type [30]. The increase in cytokines may be the result of an excessive inflam-
matory response. The presence of myeloperoxidase (MPO), an enzyme found primarily
in neutrophils that plays a crucial role in the defense system against microorganisms, was
increased in the kidneys of CARD9-deficient mice [30], suggesting an increased infiltration
of neutrophils. Furthermore, an increased fungal burden in the kidneys, liver, and lungs
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of CARD9-deficient mice infected with C. albicans and an increase in mortality has been
reported [34].

Taken together, these results suggest that during a C. albicans infection, CARD?9 is
required for cytokine and chemokine production in PBMCs and neutrophils as well as for
the killing capacity of neutrophils. However, CARD?9 is not associated with phagocytosis,
ROS production, or expression of CLRs in PBMCs and neutrophils. Moreover, the excessive
inflammatory response in the kidneys of CARD9-deficient mice is likely a result of signals
unrelated to CARD9.

2.3. Candida parapsilosis

Like other Candida species, Candida parapsilosis (C. parapsilosis) exists in the human
body as a commensal organism; and in most cases, causes no harm. However, C. parapsilosis
can become an opportunistic pathogen and cause infections, particularly in individuals
with compromised immune systems or those with medical implants [35].

During C. parapsilosis infection in CARD9-deficient mice, the production of TNF-«
and chemokines (CXCL1, CXCL2, and CCL3) was reduced and the activation of NF-kB
was impaired in BMDMs [30]. The phagocytic and killing capacities of BMDMs of CARDY-
deficient mice were not impaired, but the fungal burden increased in the spleen, kidney,
liver, and brain [30]. Although it is unclear which receptors are involved in C. parapsilosis
recognition, C. parapsilosis induces NF-«B activation through the Syk/CARD?9 pathway
and regulates cytokine production in BMDMs [30]. Interestingly, unlike in C. albicans, there
was no increase in cytokines (IL-13, IL-6, CCL2, and TNF-«) and MPO in the kidneys of
CARD9-deficient mice infected with C. parapsilosis. However, an increase in IFN-y was
observed, which is contrary to what was observed during a C. albicans infection [30]. This
suggests that fungi within the same genus elicit different immune responses, and the role
of CARD?9 varies depend on the stimulus.

2.4. Candida tropicalis

Candida tropicalis (C. tropicalis) is a yeast species belonging to the non-albicans Candida
group but is closely related to C. albicans. It is generally regarded as an opportunistic
pathogen that commonly causes infections in neutropenic hosts and can be transmitted to
the peripheral organs through the bloodstream [36].

CARD9-deficient mice infected with C. tropicalis revealed reduced survival and an
increased fungal burden in the kidney, brain, and liver, but not in the spleen [37]. The killing
ability of C. tropicalis did not vary in the monocytes from wild-type and CARD9-deficient
mice. However, it was reduced in CARD9-deficient BMDMs [37,38]. The expression of
IL-1B, IL-6, and IL-17 did not differ in the kidneys of CARD9-deficient and wild-type mice.
However, the production of TNF-o was reduced, suggesting that the reduced host defense
in CARD9-deficient mice did not involve Th17 cells or IL-17, and was associated with
reduced TNF-« [37]. Mice lacking dectin-1 are more susceptible to C. tropicalis infection [37].
Therefore, it is likely that dectin-1 acts as the primary receptor for C. tropicalis recognition,
and CARD?9 is essential for signal transduction and downstream cellular response of
dectin-1, leading to TNF-« production.

In summary, the deficiency of CARD9 in C. tropicalis infections leads to uncontrolled
fungal growth and tissue-specific damage due to a defect in TNF-« production, rather than
the involvement of IL-17 and Th17 cells. The reduced immune response is not associated
with the accumulation of neutrophils and monocytes [37]. Moreover, TNF-o produced in
a CARD9-dependent manner can enhance the killing activity of neutrophils but does not
affect monocytes [37].

2.5. Cryptococcus neoformans

Cryptococcus neoformans (C. neoformans) causes infections in individuals with weakened
immune systems. It caused life-threatening infections of the CNS in immunocompromised
patients [39]. CARD?9 deficiency resulted in impaired immune responses to C. neoformans
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infection [40-42]. The fungal burden was increased in the lungs and spleen, but not in the
brain, and survival was reduced in CARD9-deficient mice [40,42]. However, the leukocyte
infiltration was not impacted by CARD9 deficiency [40]. In contrast, the accumulation of
neutrophils was significantly increased in CARD9-deficient mice [42]. The production of
Th2-type cytokines (IL-4, IL-5, IL-6, IL-13, and IL-10) was increased, while that of IL-17 was
decreased in the lungs of CARD9-deficient mice [40]. Moreover, the chemokine production
was increased in the same study. However, in another study, the expression of chemokines
(CCL4, CCL5, CXCL9, and CXCL10) that attract NK cells and memory T cells was reduced,
and the cytokines critical for Th17 cell differentiation (IL-23p19, transforming growth factor
(TGF)-B) and retinoic acid receptor-related orphan receptor (ROR-yt) were decreased in
CARD9-deficient mice [42].

Anticryptococcal activity was impaired in CARD9-deficient macrophages, but not in
CARD9-deficient DCs [40]. Moreover, CARD9 was required for M1 macrophage activation.
CARD?9 also contributes to the phagocytosis of C. neoformans by bone marrow-derived
DCs (BMDCs), which is mediated by dectin-2 and CARD9 and occurs via actin polymer-
ization [41]. However, dectin-2-deficient mice showed normal survival when they were
infected with C. neoformans, while they showed increased mortality to C. albicans infec-
tion [41,43]. It appears that dectin-1 is not required for the recognition and signaling of C.
neoformans [44]. In addition to dectin-2, the mannose receptors and DC-SIGN have also
been reported to recognize C. neoformans [45,46].

2.6. Exophiala spinifera

Exophiala spinifera (E. spinifera) is a species of black yeast-like fungus belonging to the
genus Exophiala. These fungi are known for their ability to thrive in extreme environments
and can be found in various habitats, including soil, water, and decaying organic matter.
Exophiala species are known to be opportunistic human pathogens, capable of causing in-
fections in individuals with compromised immune systems. E. spinifera has been associated
with subcutaneous and systemic infections [47].

During E. spinifera infection, PBMCs from CARD9-deficient patients expressed lower
levels of cytokines (IL-13, IL-6, IL-17, IL-22, and TNF-«) and chemokines (CXCL1, CXCL2,
and CXCLS), and decreased activation of NF-kB than healthy PBMCs [28]. However,
phagocytosis and ROS production were not affected by CARD9 deficiency [28]. Patient
samples showed a significant reduction in Th17 and Th22 cells, while the relative proportion
of Th1 cells was comparable to that observed in healthy controls [28]. CARD9-deficient
humans have reduced cytokine secretion in response to dectin-1 and NOD2 ligands [28].
Since CARD?Y is involved in the dectin-1 and NOD2 signaling pathways, the impaired
immune response to E. spinifera may be due to impairment of these pathways. In addition,
cytokines (IL-1$3, IL-6, IL-17A, IL-22, IFN-y, and TNF-«) and chemokines (CXCL1 and
CXCL2) were decreased in the footpads of CARD9-deficient mice [28]. As the levels of
cytokines and chemokines decreased, there was a reduction in neutrophil infiltration and
an increase in the fungal burden in the footpads of E. spinifera-infected mice [28]. Moreover,
CARD9-deficient BMDMs stimulated with E. spinifera show diminished activation of the
NF-«B and p38 MAPK pathway [28].

2.7. Mucor irregularis

Mucor irregularis (M. irregularis) belongs to the Mucoraceae family. It is commonly
known as the “black bread mold” or simply “mucor mold.” Like other molds in the Mucor
genus, M. irreqularis is a fast-growing, saprophytic fungus that can be found in various
environments, especially on decaying organic matter [48].

CARD9-deficient mice exhibited increased susceptibility to M. irregularis infection and
impaired cytokine and chemokine production compared to the wild type [49]. Cytokines
(IL-1pB, IL-6, IL-12p70, IL-17A, IL-23, IFN-y, and TNF-«) and chemokines (CXCL1 and
CXCL2) were reduced in CARD9-deficient mice in response to an M. irregularis infection,
but IL-4, IL-10, IL-17A, and IFN-y increased over time to the levels of the wild type [49].
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Neutrophils of CARD9-deficient mice showed reduced formation of neutrophil extracellular
traps (NETs), and BMDMs showed impaired NF-«kB activation [49]. Furthermore, BMDCs
showed reduced Th1/Th17 cell differentiation, resulting in the decreased production of the
cytokines IL-1f3, IL-12p70, and IL-23 [49].

In summary, in response to M. irregularis infection, CARD9 regulates fungal clearance
as well as the production of cytokines and chemokines. It is also required for the proper
functioning of immune cells, including neutrophils, macrophages, and DCs.

2.8. Pneumocystis jirovecii (P. murina and P. carinii)

Pneumocystis pneumonia is a fungal infection caused by Pneumocystis jirovecii, which
causes infection in humans with weakened immune responses. The species P. carinii and P.
murina are members of the genus associated with rats and mice [50].

During P. murina infections, the production of cytokines (IL-1f3, IL-6, and TNF-c),
MPO, and granulocyte colony-stimulating factor (G-CSF) were reduced in the lungs of
CARD9-deficient mice [51]. The infiltration of alveolar monocytes/macrophages, neu-
trophils, and DCs was also decreased. However, there were no significant differences in the
survival rates in CARD9-deficient mice [51]. Moreover, the Th cell-derived cytokines (IL-4,
IL-17, and IFN-y) were not affected by the CARD9 deficiency, which demonstrates that
CARD? is not required for Th cell responses during a pneumonia infection [51]. In BMDMs
from the CARD9-deficient mice, the production of IL-6 and IL-12, and the activation of
MAPKSs were reduced [51]. Furthermore, CARD9-deficient BMDMs exhibited a defect in
the markers of M1 (inducible nitric oxide synthase, iNOS) and M2 (Arg-1) macrophages, as
well as in the expression of CLRs [51].

These results suggest that CARD9 regulates the production of inflammatory cytokines
and the infiltration of immune cells during Prneumocystis infections. However, cytokines
derived from Th cells, such as IL-4, IL-17, and IFN-y, are not affected in CARD9-deficient
mice. These results represent a different response from those observed in other fungal
infections, such as A. fumigatus and C. albicans.

CARD9 mediates distinct tissue-specific responses in infections caused by C. albicans,
C. parapsilosis, and C. neoformans. In C. albicans infection, CARD9-deficient patients exhibit
reduced production of cytokines (IL-1f3, IL-6, IL-17, IL-22, TNF-&, GM-CSE, and IFN-y) and
chemokines (CXCL1, CXCL2, and CXCL8) in PBMCs. However, in CARD9-deficient mice,
there is an increase in IL-1¢, IL-13, IL-6, CCL2, and TNF-« levels in the kidneys [20,28,29].
Additionally, TNF-« production is decreased in BMDMs but increased in the kidneys of
CARD9-deficient mice during C. albicans infection. Similarly, in C. parapsilosis infection,
TNF-« production is increased in BMDMSs of CARD9-deficient mice but show no alteration
in the kidneys [30]. These findings underscore the differential involvement of CARD9 in
immune response to various Candida species, although the cytokine production in both
C. albicans and C. parapsilosis infections is regulated by the CARD9/NF-«B signaling [30].
However, the elevated cytokine levels observed in the kidneys of CARD9-deficient mice
might suggest the involvement of PRRs other than dectin-1 or signaling pathways unrelated
to CARDO.

Table 1. Role of CARDY in fungal infections.

Pathogens: Host Effects of CARD9 Refs.
Fungi Positive Negative No Effect
H* Prﬁi‘g“ﬁfﬂ;’ic E?;;‘%\g:‘l B, Phagocytosis of PMNs
A ) (c.883C>T) ’ GM-CéF, IFI\f-y) & Killing abili?y of PMNS [20,21]
. fumigatus (c.3G>C) Th cell response (Th1, Th17, Th22) Chemotactic capacity

(c.819_820insG)

Infiltration of PMNss of PMNs




Int. J. Mol. Sci. 2024, 25, 2598

7 0f23
Table 1. Cont.
Pathogens: Host Effects of CARD9 Refs.
Fungi Positive Negative No Effect
Production of cytokines (IL-1f3,
M* IL-6, IL-22, TNF-«, IEN-y) Production of cytokine
(C57BL/6 Production of chemokines (IL-17A)
Vs (CXCL1, CXCL2, CXCL5) Survival [21-23]
CARD9~ /) Infiltration of PMNs and T cells Chemotactic capacity
Clearance of fungus in footpad of PMNs
and lung
Phagocytosis of PMNs
Production of cytokines (IL-1f3, and PBMCs
H IL-6, IL-8, IL-17, IL-22, TNF-«, ROS pll;(l)\jliKTCtion of
GM-CSF, IEN-v) s
(c.8§éCET) Production of chemokines Expression of CLRs [20,28-32]
(C1'7oc> g (CXCL1, CXCL2, CXCL5, CXCLS) (dectin-1, dectin-2)
(e >4A) Th cells response (Th17, Th22) Th1 cell response
Killing ability of PMNs Apoptosis of PMNs
31
C. albicans Product Py 311
Production of cytokine (TNF-«) (IL_rlo (xqul_({ré OHf_y6 OTII\?IS_S“
Production of chemokines CCL2) in the kidney )
(CX(IZ(L_lll,_ CX(IZ)L12£ C)(f(i)lii,l\l(:CLB) Mitochondrial ROS Phagocytosis of
M _ 1ng apiuty of s production of PMNs BMDMs and PMNs
(C57BL/6 Infiltration of PMNs in the brain Oxidative phosphorylation Killing ability of [27,30-32,34]
Vvs. g L. BMDMs e
CARD9~/7) Clearance of fungus in the spleen, il activity fOf PMNs h ROS production of
kidney, liver, and brain Infi tri[ilgge(; [I%I(\)/I%\Iﬁ In the PMNs
Survival R
A Apoptosis of PMNs [32]
Activation of NF-kB Pop
cHvationo : MPO stain in the kidney
Production of
cytokines (IL-1p3, IL-6,
TNF-«) in the kidney
Production of cytokine (TNF- o) Production of
M Production of chemokines : ; chemokine (CCL2) in
Production of cytokines :
C parpsitois (LIS civgtonof N LA INY) o productioninte 1)
CARD9 /™) Clearance of fungus in the kidney, nititration ot immune cells kidney
spleen, liver, and brain Phagocytosis of
BMDMs
Killing ability of
BMDMs
Production of
cytokines (IL-6, IL-1f3,
Production of cytokine (TNF-) {)L-ZC%, IL.'17Af)
M Clearance of fungus in the kidne; roduction o
C57BL/6 [ungus | 4 chemokines (CXCL1,
C. tropicalis ( . brain, and liver Infiltration of immune cells CXCL2, CXCL5) [37,38]
s, Killing ability of macrophages Clearance of fungus in
CARD9 /™) Survival the spleen
M2 differentiation Killing ability of PMNis
Infiltration of PMNs
and monocytes
Production of cytokines (IL-17,
IL-12p70, IL-23p19, TGF-3,
~ ROR-vt)
ngféf tl(?gl?; dclg(rélil;lrg)s(é%(f&& Production of cytokines (IL-4, Production of IFN-y
CS;\]/S[L 6 ’ ’ [42] ’ IL-5, IL-6, IL-13, G-CSF) Infiltration of
C. neoformans ( ve / Clearance of fungus in the spleen Pég%‘é‘%%igf Cclga(ikli%s leukocytes [40-42]
CARD9~/~ and lung ( i Angvtanid ) [40] Clearance of fungus in
) . 5 Infiltration of PMNs .
M1 differentiation M2 differentiation the brain
Survival
Phagocytosis of macrophages and
DCs
Killing ability of immune cells
Production of cytokines (IL-1f3, .
H IL-6, IL-17, IL-22, IFN-y, TNF-) ROS production of
h . PBMCs
(c.68C>A) Production of chemokines Phagocytosis of 28]
(c.819- 820insG) (CXCL1, CXCL2, CXCLB) BI%]/IC .
(c.191-192insTGCT) Th cells response (Th17, Th22)
Activation of NF-«B Thi cell response
E. spinifera Production of cytokines (IL-1f3,
IL-6, IL-17A, 1L-22, IEN-y,
M TNF-x)
(C57BL/6 Production of chemokines .
vs. (CXCL1, CXCL2) Expression of p38 [28]
CARD9 /") Infiltration of PMNs

Clearance of fungus in footpad
Activation of NF-«B and p38
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Table 1. Cont.

Pathogens:
Fungi

Host

Effects of CARD9 Refs.
Positive Negative No Effect

M. irregularis

M
(C57BL/6
VS.
CARD9~/7)

Production of cytokines (IL-1f3,
1L-6, IL-10, IL-17A, IL-17p70,
IL-23, IFN-y, TNF-«x)
Production of chemokines
(CXCL1, CXCL2) Production of cytokine (IL-4)
Activation of NF-«xB Infiltration of immune cells
NETosis
Th cells response (Th1, Th17)
Clearance of fungus on footpad
and lymph node

[49]

P. murina

M
(C57BL/6
VS.
CARD9~/7)

Production of cytokines (IL-1f3,
IL-6, IL-12, TNF-«, G-CSF) in
BMDMs
A%iﬁgtioanlf tN[AfPKS and}I\\TF—KB Producti ] . Production of
illing ability of macrophages roduction of cytokine p -
MPngroduction in the lurg1g (IFN-y)y cytokines (IL-4, IL-17) (>1]
Infiltration of immune cells
Clearance of fungus in the lung
M1 and M2 differentiation
Expression of CLRs

Survival

* H: human; M: mouse.

3. Effects of CARD9 on the Immune Response to Bacterial Infections

CARD?9 is involved in immune signaling linked to bacterial infections through TLRs
(TLR2 and TLR4) and NLRs (NOD1 and NOD?2) [5]. Additionally, CLR signaling con-
tributes to antibacterial immunity [52-54]. NODs collaborate with CARD9 to facilitate the
recognition of bacterial peptidoglycan monosaccharide units known as muramyl dipeptide
(MDP). This interaction triggers the activation of the c-Jun N-terminal kinase (JNK) and p38
MAPK signaling pathways, ultimately regulating the production of inflammatory cytokines
against bacterial infection [17]. The impact of CARD9 on the immune response to bacterial
infections is summarized in Table 2.

3.1. Citrobacter rodentium

Citrobacter rodentium (C. rodentium) is an extracellular intestinal murine-specific pathogen
that is commonly used to monitor human pathogenic Escherichia coli and inflammatory
bowel disease infections [55]. CARD9-deficient mice infected with C. rodentium showed
increased susceptibility, with increased fecal load and decreased body weight compared to
the wild type [56]. Moreover, the expressions of ReglIl'y (an antimicrobial peptide produced
by the intestinal Paneth cells), IL-6, and Th17 cytokines (IL-17A and IL-22) were lower
compared to the wild type [57]. In addition, they had significantly increased levels of C.
rodentium in the spleen after infection but showed no difference in survival rates. However,
when exposed to a tenfold higher dose of C. rodentium, mortality increased in CARDY-
deficient mice [57]. TLRs and myeloid differentiation primary response 88 (MYD88) protect
the host against C. rodentium infection by inducing multiple immune responses, includ-
ing recruiting neutrophils, macrophages, and DCs and triggering iNOS expression and
proliferation of epithelial cells [58,59]. NOD1 and NOD2 induce the host’s innate immune
response to C. rodentium infection [55]. CARD9 interacts with TLRs and MYD88 or NOD1
and NOD2 to activate MAPKs and NF-«B [12,60,61]. The impaired immune response to C.
rodentium infection may be a result of the absence of CARD? in these pathways.

3.2. Mycobacterium tuberculosis

Mycobacterium is a genus of bacteria that includes several species that can cause a
variety of infections in humans and animals. Mycobacterium tuberculosis (M. tuberculosis) is
characterized by its unique cell wall structure, which includes a lipid-rich outer layer that
makes it resistant to many antibiotics and disinfectants. M. tuberculosis is recognized by a
variety of PRRs, including TLRs, complement receptors, scavenger receptors, NLRs, and
CLRs [62-64].
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CARD9Y-deficient mice infected with M. tuberculosis exhibited higher mortality, high
bacterial burden, and increased cell death in the lungs, but showed no difference in the
spleen [65]. BMDMs from CARD9-deficient mice showed similar levels of nitric oxide (NO)
release, internalization, and killing ability similar to the wild type upon M. tuberculosis stim-
ulation, but showed impaired production of IL-1§3, IL-6, IL-12p40, TNF-«, and CCL5 [65].
Lung homogenates and serum from CARD9-deficient mice showed higher levels of G-CSF,
CXCL1, and CCL2 than the wild type. These are cytokines involved in the differentiation
and recruitment of neutrophils [65]. As a result, an accumulation of neutrophils and an
increase in MPO production were observed in the lungs of CARD9-deficient mice. Despite
the impaired cytokine production by macrophages and DCs, the proportion of T cells
and the production of cytokines (IL-2, IL-17, IFN-y, and TNF) in the lungs and spleen
of CARD9-deficient mice appeared to be at normal levels [65]. Thus, in M. tuberculosis
infection, CARD?9 is involved in the innate immune response by macrophages and DCs
rather than in the adaptive immunity by T cells.

In conclusion, M. tuberculosis infection can be recognized by multiple PRRs. CARD?9 is
involved in cytokine and chemokine secretion during M. tuberculosis infections. However,
it does not significantly affect T cell function. Furthermore, the high mortality and lung
damage in M. tuberculosis-infected CARD9-deficient mice can be explained by an excessive
immune response with a large increase in neutrophil accumulation.

3.3. Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a bacterium that is commonly found on the skin and
mucous membranes of humans and animals. While it is typically a harmless commensal
bacterium, it can also be a significant pathogen responsible for a wide range of infections.
S. aureus is known for its ability to cause skin and soft tissue infections, as well as more
serious invasive infections in various parts of the body [66].

PRRs such as TLRs, CLRs, and NLRs are involved in S. aureus recognition [67]. How-
ever, in an S. aureus infection, CARD9 was not involved in the accumulation of neu-
trophils and organ damage, and its role in the production of cytokines remains controver-
sial [20,29,31,34]. PBMCs from CARD9-deficient patients showed a significant decrease in
the production of cytokines IL-1f3 and IL-6 in response to unopsonized S. aureus infection,
with no difference in the response to opsonized S. aureus [29]. Also, there was no difference
in the neutrophils, in both opsonized and unopsonized S. aureus infection [29]. However,
when PBMCs from CARD9-deficient patients were stimulated with live S. aureus, the ex-
pression of these cytokines was similar to that of the healthy controls [20]. The brains and
spleens of CARD9-deficient mice infected with S. aureus showed similar levels of bacterial
burden and neutrophil accumulation similar to the wild type [31,34].

Taken together, CARD9-deficient mice showed no impairment in the bacterial bur-
den and neutrophil accumulation in the brain and spleen, suggesting that CARD? is not
involved in fungal clearance and neutrophil accumulation in mice during an S. aureus
infection. Reports of conflicting cytokine biology during S. aureus infections in CARD9-
deficient patients may be due to mutational differences between patients or differences in
the experimental procedures. For example, the cytokine production from the PBMCs of
patients with CARD9 mutation (c.883C>T) was normal following S. aureus stimulation [20].
However, it was impaired in another patient with a different mutation (c.214G>A and
¢.1118G>C) [29].

3.4. Salmonella enterica serovar Typhimurium

Salmonella Typhimurium (S. Typhimurium) is a strain of bacteria of the genus Salmonella
that is known to cause a variety of foodborne illnesses in humans and animals. S. Ty-
phimurium is one of the most common Salmonella serotypes associated with human infec-
tions [68].

Intracellular Salmonella activates NLRs that can induce IL-23 expression and assem-
bles the NLR family CARD domain-containing 4 (NLRC4)/NLR family pyrin domain-
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containing protein 3 (NLRP3) inflammasomes that activate caspase-1 to promote the se-
cretion of mature IL-1 and IL-18 [69]. BMDMSs from CARD9-deficient mice showed an
increase in IL-13 and a decrease in pyroptosis in response to S. Typhimurium infections,
indicating that CARD9 negatively regulates IL-1(3 production in the inflammasome [70].
This response contrasts with the role of CARD9 in inducing an infectious response to fungal
infections. Increased IL-1f3 is caused by enhanced NLRP3 activation after S. Typhimurium
infection, and CARD?9 inhibits Syk phosphorylation [70]. In this process, CARD9 regulates
the innate immune inflammatory response, acting as a negative regulator of IL-13 produc-
tion in macrophages by regulating pro-IL-1 expression and caspase-8 mobilization to the
inflammasome [70].

3.5. Streptococcus pneumoniae

Streptococcus pneumoniae (S. pneumoniae), commonly referred to as pneumococcus, is
a bacterium that lives in the human upper respiratory tract, especially in the nose and
throat. While it is a commensal bacterium in healthy individuals, it is also an important
human pathogen that causes a variety of infections, including invasive diseases such as
pneumonia, otitis media, sinusitis, bacteremia, and meningitis [71].

CARD9Y-deficient mice showed reduced specific-immune cell infiltration in the lungs
compared to the wild type in response to pneumococcal infection; specifically, the number
of neutrophils was significantly reduced compared to the wild type, but the number
of macrophages was not altered [54]. This is because the cytokines and chemokines
involved in neutrophil recruitment are reduced by CARD9 deficiency [54]. The alveolar
macrophages showed a CARD9-deficiency-induced decrease in cytokines (TNF-« and
CXCL1), in particular, CXCL1 via mincle [54], suggesting that neutrophil recruitment via
mincle in S. pneumoniae infection occurs in a CARD9-dependent manner. The defects,
such as immune cell infiltration and cytokine production seen in these CARD9-deficient
mice, were not seen in dectin-2-deficient mice, which showed defects in phagocytosis
of neutrophils [54]. In summary, the phagocytosis of neutrophils during pneumococcal
infection occurs through a dectin-2-CARD9-dependent mechanism, but responses such
as neutrophil recruitment and macrophage production of TNF-o&, CXCL1, and CXCL2 are
mediated by the signaling pathways of other CLRs, not dectin-2.

Table 2. Role of CARD9 in bacterial infections.

Pathogens: Host Effects of CARD9 Refs
Bacteria o8 Positive Negative No Effect
M* Production of cytokines (IL-6,
C.rodentiun (C57BL/6 IL-174, 112, Regllly) 15657
CARD9 /™) Bacterial susceptibility
Production of cytokines
M (IL-1pB, IL-6, IL-12p40, TNF)
(C57BL/6 Production of chemokine Production of
M. tuberculosis vs (CCL5) cytokines (CXCL1, [65]
CARD9~ ) Survival CCL2, G-CSF)
Clearance of bacterium in the
lung
H* Production of
(c.883C>T) Production of cytokines cytokines (IL-1§3, [20,29]
(c.214G>A) (IL-1B, IL-6) [29] IL-6) [20] ,
(c.1118G>C) and (IL-8) [29]
S. aureus
M Infiltration of PMNs
(C57BL/6 Clearance of [31,34]
vs. bacterium in the o
CARDY /) brain and spleen
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Pathogqns: Host _ Effects of CAR]?9 Refs.
Bacteria Positive Negative No Effect
(CS%L /6 Production of
S. Typhimurium vs Pyroptosis in BMDMs cytokine (IL-183) [69,70]
CARD9~ ) Activation of Syk
Production of cytokines
(IL-12p40, IFN-y, TNF-o)
M Production of chemokines
S. preumoniae (C57BL/6 (CXCL1, CXCL2) Infiltration of [54]
P vs. Phagocytosis of PMNs macrophages -
CARD9~/7) Infiltration of PMNs

Clearance of bacterium in the
lung

* H: human; M: mouse.

4. Effects of CARD9 on the Immune Response to Viral Infections

Several PRRs are involved in the recognition of viral components, and CARD9 plays
a crucial function in viral infections [17]. CARD9 interacts with viral DNA or RNA,
triggering the activation of NF-kB [72,73]. Studies investigating the significance of CARD9
with respect to the immune response to viral infections are compiled in Table 3.

4.1. Coxsackievirus B3

Coxsackievirus B3 (CVB3) is a virus of the genus Enterovirus that infects multiple
organs, sometimes causing severe systemic disease, including myocarditis and pancreati-
tis [74]. During CVB3 infection, CARD9-deficient mice expressed lower levels of BCL10,
TGF-3, and IL-17, along with a diminished production of cytokines (IL-6, IL-10, IL-17A,
IFN-y, and TGF-f3) compared to wild-type mice [75]. However, the expression level of
Syk was similar to that of the wild type. This suggests that CARD? interacts with BCL10
through Syk-independent signaling to induce an inflammatory response in CVB3 infection.
Furthermore, CARD9-deficient mice exhibited a lower pathological score during CVB3
infection compared to the wild type, which also indicates Syk-independent signaling [75].

Taken together, CARD9 induces the production of cytokines (IL-6, IL-10, IL-17A, IFN-
v, and TGF-f3) through the Syk-independent BCL10 signaling pathway in CVB3 infections,
and these cytokines are involved in the induction and differentiation of regulatory T cells
and Th17 cells [76,77]. Therefore, targeting CARD9 may offer a new therapeutic approach
to CVB3 infections, such as viral myocarditis.

4.2. Influenza Virus

Influenza viruses (IFVs) are members of the family Orthomyxoviridae, which contain a
negative-sense, single-stranded, segmented RNA genome protected by the capsid of the
viral ribonucleoprotein. It is classified into subtypes based on the expression of hemagglu-
tinin and neuraminidase on the surface of the viral envelope [78].

Influenza pneumonia was dramatically attenuated in CARD9-deficient mice, which
showed improved mortality with reduced inflammatory cytokines and chemokines in
the infected lungs [79]. During IFV infections in CARD9-deficient mice, there was re-
duced infiltration of T cells and neutrophils. However, the infiltration of B cells, NK cells,
macrophages, and DCs remained intact [79]. Upon IFV infection, the levels of cytokines
(IL-6 and TNF-«) and chemokines (CCL3, CXCL1, and interferon gamma-induced protein
(IP)-10) were reduced in the lungs of CARD9-deficient mice which recovered with time [79].
This suggests that CARD9 is involved in early cytokine and chemokine production in IFV
infections. Moreover, the production of cytokines and chemokines in the lungs was im-
paired, but IFN-a/ 3 /vy production, CD8 T cell development, and IgG and IgA production
were not altered [79]. In addition, during IFV infections, impairment in the production of
IL-6 and TNF-o was observed in DCs but not in macrophages [79]. Inhibition of Syk in
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DCs reduces IL-6 and TNF-«, but not IFN-a/ 3 production [79]. Thus, the Syk/CARD9
signaling pathway probably controls the production of cytokines in DCs. Overall, CARD9
is involved in cytokine (IL-6 and TNF-o) production by DCs and the infiltration of T cells
and neutrophils but does not alter viral burden, the elevation of IFN-«/ 3, or the induction
of antiviral adaptive T and B cell responses in the IFV-infected mice.

4.3. La Crosse Virus

La Crosse virus is the most pathogenic member of the California encephalitis serogroup
and is the leading cause of neuroinvasive viral disease in young children, accounting for
up to 55% of all reported cases [80,81]. PRRs such as RIRs, TLRs, and CLRs are involved
in the recognition of the La Crosse virus [82-85]. Deficiency of mincle or CARD9 reduced
the production of IL-6 and TNF-« but does not affect viral clearance [85]. Thus, the
mincle/CARD? signaling pathway is involved in La Crosse virus recognition and cytokine
production but plays a limited role in viral clearance.

4.4. Theiler’s Murine Encephalomyelitis Virus

Theiler’s murine encephalomyelitis virus (TMEV) is a neurotropic picornavirus that
temporally affects the hippocampus and damages nerve cells [86,87]. CARD9-deficient
mice showed an increased transient viral burden in the brain, hippocampal damage,
and impaired production of cytokines (IL-13 and IFN-y) during TMEV infections [88].
However, IL-5 tended to increase, which may be a compensatory response to CARD9
deficiency. CARD9-deficient mice showed increased M2 macrophages and T cell counts
during TMEYV infection [88]. However, the ability to clear viruses and produce cytokines
(IL-1cx, IL-4, IL-6, IL-10, TGF-31, and TNF-«) and prime T cells was not impaired by the
CARD9 deficiency. Taken together, CARD9 can prevent hippocampal damage during
TMEYV infections by regulating IL-13 and IFN-y production and T cell count but is not
required for viral clearance.

Table 3. Role of CARD9 in viral infections.

. Effects of CARD9
Pat_hogen. Host — - Refs.
Viruses Positive Negative No Effect
M* Production of cytokines
.. C57BL/6 (IL-6, IL-10, IL-17A, Expression of Syk
Coxsackievirus B3 ( g . [75]
vs. IFN-vy, TGF-) Viral burden
CARD9~/") Expression of BCL10
Production of cytokines Production of cytokines
y TR e ORI
Influenza virs (C57BL/6 Production of cytokine (IFN-Y)In pnfiltration of B cells, 9]
vs. y chemokines (CXCL1, Surviv. agl NK cells, macrophages,
CARD9™/™) _CCL3, IP-10) Clearance of virus and DCs
Infiltration of T cells Production of IgA and
and PMNs IgG
M
La Crosse virus (CSZ,]:L/ 6 Prodl(llcﬁl_(é?]ﬂoi};}_/(t)gkmes Clearance of virus [85]
CARD9~/")
. Production of cytokines
Theiler’s murine C S%L /6 Production of cytokines frt% ililrfs(()lrli?;) (IL-1«, IL-4, IL-6, IL-10,
encephalomyelitis (IL-1B, IEN-y) yio S TNEF-o, TGF-1) [88]
virus vs. Hippocampal damage M2 differentiation Clearance of virus
CARD9~/~) ppocamp & T cells infiltration O
T cells priming
* M: mouse.

5. Effects of CARD9 on the Immune Response against Miscellaneous Stimuli

5.1. CLR Ligands (Curdlan, Mannan, and TDB)

Curdlan is a linear, 3-1,3-glucan polysaccharide produced by bacteria, particularly by
the Agrobacterium species, Bacillus species, and Cellulomonas species. It is similar to fungal
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cell wall component that has been identified as a dectin-1-specific ligand [89,90]. PBMCs
from CARD9-deficient patients produce less IL-1f3, IL-6, IL-22, IFN-y, and TNF-« and
fewer Th1, Th17, and Th22 cells in response to curdlan stimulation compared to healthy
controls [21].

Mannan is a type of polysaccharide comprising of mannose sugar units. It is found in
various natural sources, including the cell walls of yeast and certain plant tissues. Mannan
acts as a dectin-2-specific ligand [43,52]. PBMCs from CARD9-deficient patients showed
a decrease in cytokines (IL-13, IL-6, IL-17A, IL-22, IFN-y, and TNF-«) upon mannan
stimulation, with fewer Th1, Th17, and Th22 cells [21]. BMDMs from CARD9-deficient
mice also showed significantly lower levels of IL-6, IL-10, IL-12p40, and TNF production
than the wild type upon mannan stimulation [43].

Trehalose-6,6-dibehenate (TDB) is a glycolipid found in the cell walls of mycobacteria,
including M. tuberculosis. TDB acts as a mincle-specific ligand and induces Th1 and Th17
immune responses [91,92]. It also activates the CARD9 signaling pathway in myeloid
cells [93]. Stimulation of PBMCs from CARD9-deficient patients with TDB significantly
reduced cytokines (IL-13, IL-6, IL-17A, IL-22, IFN-y, and TNF-«) and Th cells (Th1, Th17,
and Th22) compared to the wild type [21]. Consistent with this, BMDCs from CARD9-
deficient mice also showed defects in TNF-a and IL-1f3 production in response to TDB
stimulation [94].

5.2. Zymosan

Zymosan is a type of molecule derived from the cell walls of the yeasts, typically the
cell walls of Saccharomyces cerevisiae. It is often used in laboratory research to study the
activation of the innate immune system and as a tool for simulating microbial infections.
Zymosan is a ligand for TLRs and dectin-1 which together trigger an inflammatory re-
sponse [95]. In contrast, depleted zymosan that was obtained by treating zymosan with hot
alkali to remove its TLR-stimulating properties can only signal through dectin-1 [95,96].

Macrophages derived from CARD9-deficient mice exhibited lower TNF-« levels com-
pared to the wild type in response to zymosan stimulation, and neither wild-type nor
CARD9Y-deficient macrophages produced TNF-« in response to depleted zymosan that had
been prepared by boiling zymosan in sodium hydroxide [97]. The IL-2, IL-6, and TNF-«
production by zymosan stimulation and TNF-« level by depleted zymosan stimulation
were reduced in CARD9-deficient DCs [34,97]. Consistent with this, zymosan and depleted
zymosan induced NF-«B activation in DCs, but depleted zymosan failed to induce NF-«B
activation in macrophages [97].

Despite decreased TNF-a production and reduced NF-«B activation due to CARD9
deficiency, phagocytosis of both macrophages and DCs to zymosan stimulation was unim-
paired [97]. The neutrophils from CARD9-deficient patients showed normal levels of hydro-
gen peroxide (H,O;) production upon zymosan stimulation [29,97]. CARD9-deficient mice
showed increased IL-1f3 and CCL2 during zymosan infection, with macrophages showing
increased M1 polarization, decreased M2 polarization, and increased infiltration into the
site of infection, whereas neutrophils and T cells showed no difference in infiltration [98].
Despite the increase in inflammatory cell infiltration, CARD9-deficient mice exhibited a
higher susceptibility to zymosan-induced peritonitis compared to the wild type, which
may have resulted from the impaired autophagy of macrophages [98].

Thus, we can see that CARD?9 is involved in the zymosan-induced immune response
by participating in the polarization and autophagy of macrophages. However, CARD? is
not involved in phagocytosis after zymosan stimulation in macrophages and DCs.

5.3. TLR Ligands (LPS and Pam3CSK4)

Lipopolysaccharide (LPS) is an outer membrane component of Gram-negative bacteria,
and Pam3CysSerLyn4 (Pam3CSK4) is a synthetic triacylated lipopeptide. They are both
molecules that play significant roles in the immune system and are often used in research
to study immune responses [99,100].
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LPS is recognized by TLR4 and induces the production of pro-inflammatory cy-
tokines [101]. Pam3CSK4 is known as a TLR2-specific ligand [102]. Conflicting results have
been reported on the production of cytokines (IL-13, IL-6, and TNF-«) in PBMCs from
CARD9-deficient patients and mice in response to LPS stimulation [10,20,21,28]. PBMCs
from patients and mice with CARD9 deficiency produced similar levels of IL-1f3, IL-6,
and TNF-« compared to PBMCs from healthy individuals upon LPS stimulation [10,20,28].
However, other studies have reported reduced levels of IL-13 and TNF-« compared to
control PBMCs [21]. These conflicting reports may be due to mutations in patients or
differences in the experimental conditions used in the studies. However, there is a prepon-
derance of evidence that these cytokines are unaffected by LPS stimulation [20,28,34]. In
mice, CARD9-deficient macrophages exhibited NF-«B activation comparable to that of the
wild type in response to LPS stimulation, while nitric oxide release was reduced [10,30,40].
Taken together, these data suggest that CARD9 does not significantly participate in cy-
tokine production in the Pam3CSK4- or the LPS-induced TLR2/4 signaling pathway but
is involved in the oxidative stress of macrophages in mice. Macrophages and DCs from
CARD9-deficient mice produced similar levels of TNF-« to the wild type in response to
Pam3CSK4 [97].

5.4. MDP

MDP is a bacterial peptidoglycan monosaccharide that is composed of two amino
acids, L-alanine and D-glutamine, linked to a sugar, N-acetyl-muramic acid. It is found in
the cell walls of Gram-positive and Gram-negative bacteria. It is a representative small-
molecule peptidoglycan mimic of bacteria and has been shown to interact with NLRs, such
as NOD2 and NLRP1 [103]. PBMCs from CARD9-deficient patients were impaired and
cytokines (IL-1§3, IL-6, and TNF-«) were decreased in response to MDP [28], suggesting
that CARD?9 is involved in the host immune response in the NOD2 induction pathway.

5.5. Dextran Sulfate Sodium

Dextran sulfate sodium (DSS) is a negatively charged sulfated polysaccharide that is
often used in laboratory research to induce colitis in animal models [104]. CARD9-deficient
mice stimulated with DSS have reduced body weight and a shorter colon length compared
to the wild type [57,105,106], and show impaired production of cytokines (IL-6, IL-17A,
IL-21, IL-22, IL-23, and IFN-y) and CCL20 in the colon of CARD9-deficient mice [58,105].
Additionally, TNF- and IFN-y were decreased in CARD9-deficient T cells [106]. Moreover,
in DSS-induced colitis, the absence of CARD?9 in neutrophils increases mitochondrial ROS
production leading to apoptosis, especially in oxidative environment [32,107].

5.6. Hydrogen Peroxide

Hydrogen peroxide plays a role as a signaling molecule and is involved in various
physiological processes [108]. The expression of cleaved caspase 3 and 9, and the number
of apoptotic cells were increased in cardiomyocytes and neutrophils of CARD9-deficient
mice [32,107], suggesting that CARD?9 is involved in apoptosis in response to HyO, stimu-
lation in neutrophils and cardiomyocytes.

5.7. Particulate Matter

Particulate matter (PM) refers to tiny particles or droplets in the air that can be
composed of various materials, including dust, soot, smoke, liquid droplets, and solid
particles. These particles can vary in size, composition, and origin and have significant
implications for air quality, human health, and the environment [109]. Upon stimulation by
PM, CARD9-deficient mice exhibited reduced ROS production and macrophage infiltration
compared to the wild type [110]. PM stimulation significantly increased M1 polarization
and suppressed M2 polarization via the ROS- and mammalian target of rapamycin (mTOR)-
mediated pathways, respectively [111]. These findings suggest that CARD9-mediated
signaling is essential to produce ROS and the induction of inflammatory responses in
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macrophages. The effects of CARD?9 in response to various stimuli are summarized in

Table 4.

Table 4. Role of CARD9 in response to various stimuli.

Effects of CARD9Y
Stimuli Host — - Refs.
Positive Negative No Effect
Production of cytokines
(IL-1B, IL-6, IL-10, IL-12p40,
H* IL-17A, IL-22, IEN-y, [21]
(c.819-820insG) TNF-«)
Th cells response (Th1,
Curdlan, TDB, and Th17, Th22)
Mannan
M* Production of cytokines
(C57BL/6 (IL-1B3, IL-6, IL-17A, IL-22, R 3
vs. IFN-y, TNF-ct) ACth?“"gl(’f I)\IF <B [43,94,112]
CARD9~/-) Activation of NF-kB curdian
RAW 264.7 cell (mannan)
Production of cytokines
M (IL-6, IL-17A, IL-22, IFN-y, Production of MPO
Dextran sulfate (C57BL/6 TNF-o) Infiltration of Infiltration of B and T
sodium vs Production of chemokines monocytes, cells [106] and PMNs [32,57,105,106]
C ARD9.* /-y (CCL2, CCL20) macrophages, and [32]
Bodyweight and colon PMNs [106]
length
M
(C57BL/6 Apoptosis of
Hydrogen peroxide vs. cardiomyocytes and Cyt?gle gosrfr:e ¢ [32,107]
CARD9~/) PMN5s
HO9¢2 cells
H Production of
(c.3G>C) Production of cytokines cytokines (IL-1j3, [20,21,28]
(c.819_820insG) (IL-1B, TNF-&) [21] IL-6, TNF-, vels
(c.68C>A) GM-CSF) [20,28]
LPS and Pam3CSK4 -
M Production of
. . cytokines (IL-6,
(C57BL/6 Production of NO in TNF-o) [10] [10,30,40,97]
vS. macrophages Activati £ NF-<B
CARDY/-) ctivation o K
and MAPKs
MDP (c 68P(I> A) Production of cytokines 28]
(.819-820insG) (IL-18, TL-6, TNF-o)
M ROS production of
Particulate matter (C57BL/6 . r_nacroPhages [110,111]
vs. Infiltration of inflammatory
CARD9~/7) cells
M
(C57BL/6 Production of cytokines
depleted Zymosan vs. (IL-2, IL-6, TNF-a) in DCs [97]
CARD9~/~)
H
(c.214G>A) Production of H;O, [29,97]
(c.1118G>C)
Zvmosan Production of cytokine Production of
y M (IL-2, IL-6, TNF-«) in DCs cytokine (IL-1P) Phagocytosis of
(C57BL/6 Production of cytokine Production of macrophages and
(TNF-«) in macrophages chemokine (CCL2) DCs [34,97,98]
vs. - . - . .
CARD9~/-) Survival Infiltration of Infiltration of T cells
Autophagy of macrophages macrophages and PMNs
M2 differentiation M1 differentiation

* H: human; M: mouse.

6. Conclusions

Activation of the immune response during infections is essential for pathogen clear-
ance and effective host defense. Innate immune cells play an important role in pathogen
clearance early in an infection. CARD9 is involved in the recruitment of innate immune
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cells like neutrophils, macrophages, and DCs. CARD?9 plays a critical role in responding to
pathogens, and its functions differ depending on the cell and tissue types as well as the
nature of the pathogen. The distinctions among various infections concerning primary
effector cells and functions are summarized in Table 5.

In the case of fungal infections, CARD9 primarily regulates cytokine and chemokine
production and cell migration. A CARD?9 deficiency results in a decrease in inflammatory
cytokines (IL-1f3, IL-6, and TNF-o) and chemokines (CXCL1, CXCL2, CXCL4, and CXCL5)
in both humans and mice [20-23,28-34,37,38,40,42,49,51]. CARD9 deficiency results in
a reduced infiltration of innate immune cells, and this may result from a decrease in
chemokines, which play a role in recruiting immune cells. However, discrepancies have
been noted between C. albicans and C. parapsilosis infection [30]. CARD9-deficient cells
revealed no impairment in phagocytosis and killing ability during A. fumigatus [20] and
certain Candida species infections [30,98]. However, in other studies, a CARD9 deficiency
resulted in impaired phagocytosis and killing ability against unopsonized C. albicans, C.
neoformans, and Pneumocystis infections [29,32,40,41,51]. These conflicting observations
suggest that CARD9 plays a pathogen- and cell-specific role in the infiltration, phagocytosis,
and killing by innate immune cells.

In bacterial infections, a CARD9 deficiency results in a decrease in inflammatory cy-
tokines (IL-13, IL-6, and TNF-a) and chemokines (CXCL1, CXCL2, and
CXCL5) [20-23,28-34,37,38,40,42,49,51]. Survival was reduced in CARD9-deficient mice infected
with C. rodentium and M. tuberculosis [20-23,28-34,37,38,40,42,49,51], and the clearance of bacte-
ria was impaired in M. tuberculosis or S. pneumoniae infections [20-23,28-34,37,38,40,42,49,51].
In addition, CARD9 plays various roles in viral infections. It contributes to cytokine
production and specific immune cell infiltration in CVB3 and IFV infections, influencing
the immune response, whereas in La Crosse virus infection, it participates in cytokine
production without significantly affecting viral clearance [20-23,28-34,37,38,40,42,49,51].
The primary cells and main immunological functions regulated by CARD9 are summarized
in Table 5.

Collectively, CARD9 predominantly governs the migration of inflammatory cells and
the production of cytokines. Some cytokines are directly produced downstream of CARD9
through the regulation of NF-kB and others are likely to be induced by the cytokines
regulated by CARD9 (secondary effects). CARD9 can indeed synergize with other signals,
particularly those activating NF-«B like TNF or IL-18. The nature and impact of this
synergistic interplay on various infections may vary. In certain infections, it can enhance
pro-inflammatory cytokine production and promote phagocyte activation, contributing
to pathogen clearance. On the other hand, in certain inflammatory conditions, excessive
activation of TNF and IL-18 may result in tissue damage and exacerbate inflammation.

During infections, CARD9-deficient humans and mice have an increased pathogen
burden. This results from impairments in the infiltration of immune cells or the clearance
of pathogens, such as phagocytosis. However, some organs are unaffected by CARD9
deficiency during infection by certain pathogens. For instance, the C. tropicalis infection
resulted in an increased fungal burden in the kidney, brain, and liver of CARD9-deficient
mice, but there was no increased fungal burden in the spleen [37]. This response is different
from the response to infection by other members of the Candida species, such as C. albicans or
C. parapsilosis. Similarly, a C. neoformans infection increases the fungal burden in the spleen
and lungs of CARD9-deficient mice, but not in the brain [40]. In bacterial infections caused
by S. aureus, S. pneumoniae, or Mycobacterium, different organs are affected [31,34,54,65]. This
suggests that the role of CARD? varies depending on the type of pathogen and the organ is
involved in the immune response. To date, we cannot explain why the CARD9 deficiency
plays a context-dependent role in different infections, even with the same type of pathogen.
However, this phenomenon may reflect the multifaceted nature of the immune responses
and the intricate interplay between pathogen variations, immune cell types, immune
crosstalk, and the inflammatory context. Understanding these complexities is essential
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for elucidating the mechanisms underlying CARD9-mediated functions and developing

targeted therapeutic interventions.

Table 5. The primary cells and immunological functions that CARD9 regulates.

Species Pathogens Primary Cells Functions Refs.
Production of cytokines
. PMNs Infiltration
A. fumiagtus PBMCs Phagocytosis [20-23]
Killing ability
Production of cytokines
Infiltration
C. albicans PMNs Phagocytosis [20,27-32]
PBMCs s s
Killing ability
ROS production
o Production of cytokines
C. parapsilosis BMDMs Phagocytosis [30]
. PMNs
Fungi C. tropicalis BMDMs Killing ability [37,38]
Monocytes
PMNs Infiltration
C. neoformans BMDMs Phagocytosis [40-42]
BMDCs Anticryptococcal activity
Production of cytokines
. PBMCs Phagocytosis
E- spinifera BMDMs ROS production 28]
Activation of NF-kB and MAPKSs
PMNs Production of cytokines
M. irregularis BMDMs NETosis [49]
BMDCs Activation of NF-«B
' PMNs Producthn of .cytokmes
P. murina BMDM Infiltration [51]
s Activation of MAPKs
PMNs
C. rodentium Macrophages Infiltration [58,59]
DCs
Production of cytokines
Production of NO
) BMDMs Infiltration
M. tuberculosis PMNs Internalization (6]
. Killing ability
Bacteria MPO production
PMNs Production of cytokines
S aureus PBMC Infiltration [20,29,31,34]
5. Typhimurium BMDMs Production of cytokmes [70]
Pyroptosis
‘ PMNs Producthn of f:ytokmes
S. pneumoniae Macrophages Infiltration [54]
phag Phagocytosis
. PMNs Production of cytokines
Influenza virus Macrophages . . [79]
DC Infiltration
Virus s
Theiler’s murine . L
Macrophages Differentiation [88]

encephalomyelitis virus
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CARD? also plays a crucial role in orchestrating Th cell-mediated immune responses.
Decreased proportions of Th cells (Th1, Th2, and Th17) and Th cell responses are observed in
CARD?9 deficiency. In both CARD9-deficient humans and mice, decreased levels of Th1l and
Th17 cytokines are evident in response to numerous fungal stimuli [20,21,28,40]. Conversely,
the levels of Th2 cytokines remain normal or sometimes even elevated [28,30,40,49,51].
This suggests that CARD9 influences Thl- and Thl7-related responses but has a less
pronounced role in Th2-related responses. Similarly, in immune responses to bacterial
infection and CLR ligands, a CARD9 deficiency leads to reductions in Thl and Th17
cytokines [21,43,54,56,57,70,94]. Furthermore, during fungal infections, such as A. fumigatus,
C. albicans, E. spinifera, and M. irregularis, CARD9 plays a regulatory role in immune cell
polarization and differentiation. A CARD9 deficiency results in decreased polarization of
macrophages into M1 and M2, although these reductions are diverse and fungus specific.

In summary, CARD9 contributes to the host defense by participating in diverse signal-
ing events essential for the immune response against various pathogens. Its involvement
spans the regulation of cytokine and chemokine production, cell migration, phagocy-
tosis, Th cell-mediated immune responses, and the polarization and differentiation of
macrophages. CARD? elicits cell- and organ-specific immune responses depending on the
pathogen types. Therefore, understanding the intricate interactions between pathogens
and cells is a crucial factor in grasping the pivotal role of CARD?9 in host defense responses.
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Abbreviations

ALRs AIM2-like receptors

BCL B-cell lymphoma/leukemia

BMDCs Bone marrow-derived dendritic cells

BMDMs  Bone marrow-derived macrophages

CARD9 Caspase recruitment domain-containing protein 9
CBM CARD9-BCL10-MALT1

CLRs C-type lectin receptors

CNS Central nervous system

DC-SIGN  Dendritic cell-specific ICAM-grabbing non-integrin
DCs Dendritic cells

DSS Dextran sulfate sodium

G-CSF Granulocyte colony-stimulating factor

GM-CSF  Granulocyte-macrophage colony-stimulating factor
ICAM Intracellular adhesion molecule

IEN Interferon

IL Interleukin

P Interferon gamma-induced protein

JNK c-Jun N-terminal kinase

LP Lipopeptide

LPS Lipopolysaccharide

MALT Mucosa-associated lymphoid tissue lymphoma translocation protein
MAPK Mitogen-activated protein kinase

MDP Muramyl dipeptide

MIP Macrophage inflammatory protein
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MPO Myeloperoxidase
MYD88 Myeloid differentiation primary response 88
NETs Neutrophil extracellular traps
NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells
NK Natural killer
NLRC4 NLR family CARD domain-containing 4
NLPR3 NLR family pyrin domain-containing protein 3
NLRs NOD-like receptors
NOD Nucleotide oligomerization domain
OLRs OAS-like receptors
Pam3CSK4  Pam3CysSerLyn4
PAMPs Pathogen-associated molecular patterns
PGBPs Peptidoglycan-binding proteins
PBMCs Peripheral blood mononuclear cells
PGN Peptidoglycans
PMNs Polymorphonuclear leukocytes
PRRs Pattern recognition receptors
RIG Retinoic acid-inducible gene
RLRs RIG-I-like receptors
ROR Retinoic acid receptor-related orphan receptor
ROS Reactive oxygen species
SLAMF Signaling lymphocytic activation molecule family
Syk Spleen tyrosine kinase
TDB Trehalose-6,6-dibehenate
TGF Transforming growth factor
Th T helper
TLRs Toll-like receptors
TNF Tumor necrosis factor
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