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Abstract Natural killer gene complex (NKC) encodes a
group of proteins with a single C-type lectin-like domain,
(CTLD) which can be subdivided several subfamilies
according to their structures and expression patterns. The
receptors containing the conserved calcium binding sites in
the CTLD fold belong to group II of C-type lectin super-
family and are expressed on myeloid cells and non- myeloid
cells. The receptors lacking conserved calcium binding sites
in the CTLD fold have evolved to bind ligands other than
carbohydrates independently on calcium and thereby are
named as C-type lectin-like receptors. The C-type lectin-
like receptors are previously thought to be exclusively
expressed on natural killer (NK) cells and enable NK cells
to discriminate self, missing self or altered self. However,
some C-type lectin-like receptors are identified in myeloid
cells and are intensely investigated, recently. These myeloid
C-type lectin-like receptors, especially Dectin-1 cluster,
have a wide variety of ligands, including those of exogenous
origin, and play important roles in the physiological func-
tions and pathological processes including immune homeo-
stasis, immune defenses, and immune surveillance. In this
review, we summarize each member of the Dectin-1 cluster,
including their structural profiles, expression patterns, sig-
naling properties as well as known physiological functions.
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Abbreviations
NKC Natural killer gene complex
CTLD C-type lectin-like domain
hemITAM A single tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibitory motif
Syk Spleen tyrosine kinase
CLR C-type lectin
TLR Toll-like receptor
MHC Major histocompatibility complex
ROS Reactive oxygen species
PRR Pattern recognition receptor
DC Dendritic cell

Introduction

The region onmouse chromosome 6was first found to contain
genes encoding NKR-P1 and Ly49 in natural killer cells,
which gives rise to the term natural killer gene complex
(NKC) [1, 2]. A significant number of genes in NKC encode
type II transmembrane proteins with a single C-type lectin-
like domain (CTLD) in their extracellular region, which play
important roles in immune homeostasis and surveillance [3,
4]. These receptors can roughly be subdivided into two groups
according to the structural motif CTLD: classical and non-
classical C-type lectins (CLR) [5]. Classical C-type lectins,
such as Dectin-2 and Mincle, bear carbohydrate-recognition
domains that bind glycan ligands in a calcium-dependent
manner [6, 7]. In contrast, non-classical C-type lectins, such
as NKG2D and CD69, share structural homology with those
classical counterparts, but lack the residues involved in calci-
um binding in the CTLD fold, and have evolved to recognize
non-sugar ligands such as proteins and lipids [8–10]. These
non-classical C-type lectins are traditionally thought to be
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selectively expressed on NK cells, NKTcells and subsets of T
cells [3]. However, some of these receptors are recently iden-
tified to be primarily expressed on myeloid cells [11, 12].
These non-classical C-type lectins, also named as C-type
lectin-like receptors, on myeloid cells appear to have a wider
variety of functions and ligands, compared with their counter-
parts on NK cells that primarily control cellular activation
through recognition of major histocompatibility complex
(MHC) class I and related molecules [13, 14]. In recent years,
intense investigations are focused on these myeloid C-type
lectin-like receptors, especially on those of Dectin-1 cluster.

The Dectin-1 cluster consists of LOX-1, Dectin-1,
CLEC-1, CLEC-2, CLEC9A, CLEC12A, and CLEC12B.
The cartoon representation of their structures is shown in the
order of the genomic organization in human chromosome 12
(Fig. 1). They share a common structure that contains a
single extracellular CTLD, a neck region, a transmembrane
region and a short cytoplasmic tail [12]. The pre-mRNA of
them can be alternatively spliced to generate invariants,
which may be an important way to regulate receptor func-
tions. The potential N-linked glycosylation sites infrequent-
ly appear in the long loop region, which plays a key role in
specific ligand binding for the CTLD [15], implying that the
modification of N-linked glycosylation may not directly
participate in the ligand binding. Most of these receptors
possess cysteine residues in the neck region, which can form
the intrachain disulfide bond. Dectin-1, CLEC-2 and
CLEC9A bear a single tyrosine-based activation motif,
termed hemITAM motif, in their cytoplasmic tails and func-
tion as the activating receptors [16]. In contrast, CLEC12A
and CLEC12B bear the immunoreceptor tyrosine-based
inhibitory motif (ITIM) in their cytoplasmic tails and may

play a role in the immune homoeostasis. Despite possessing
several potential phosphorylation sites, the cytoplasmic tails
of LOX-1 and CLEC-1 have a lack of any known consensus
signaling motifs. These myeloid C-type lectin-like receptors
selectively bind a wide range of ligands through the struc-
turally conserved CTLD fold with some variations. The
natural ligands of some members of this cluster remain to
be identified and their biological functions are unclear. Here,
we in brief review the members of the Dectin-1 cluster,
respectively.

Myeloid C-type lectin-like receptors in Dectin-1 cluster

LOX-1 (CLEC8A)

Lectin-like oxLDL receptor (LOX-1) was originally isolated
from a cDNA library of the bovine aortic endothelial cells
by screening receptors for oxidized LDL (oxLDL) [10].
Mouse and rat LOX-1 have the unique triple-repeat sequen-
ces in the neck region compared with human and bovine
homologs [17]. The neck region of LOX-1 possesses a
cysteine residue that can form the interchain disulfide bond,
resulting in the homo-dimerization of LOX-1 [18]. The
modification of N-linked glycosylation on the extracellular
region of LOX-1 facilitates the intracellular transport and
ligand binding [19]. LOX-1 can be cleaved at the juxtamem-
brane region by PMSF-sensitive proteases and sheds from
the cell surface [20]. Cytokines including IL-18 and TNF-α
can stimulate the cleavage of LOX-1 to be the soluble LOX-
1, which is found to be elevated in patients with acute
coronary syndrome, coronary artery disease and type 2
diabetes [21–23]. LOX-1 is found to be expressed on vas-
cular endothelial cells, smooth muscle cells, fibroblasts and
chondrocytes [24–26]. The expression of LOX-1 is also
detected in monocytes, macrophages, immature dendritic
cells (DCs), platelets and B cells, but not in mature DCs
and T cells [27, 28]. The level of LOX-1 expression can be
stimulated by a number of inflammatory cytokines and
pathologic factors, which indicates multiple roles of LOX-
1 in vivo [24, 29, 30]. An isoform of LOX-1, named as
LOXIN, lacks part of the C-terminus lectin-like domain,
resulting in a reduction of plasma membrane localization
and the loss of oxLDL-binding activity, which is thought to
have protective effect against acute myocardial infarction
[31, 32]. Co-expression of LOXIN with LOX-1 can form
hetero-oligomers and has an inhibitory role in LOX-1 acti-
vation by a decrease of LOX-1 on the cell surface and a
marked impairment of oxLDL binding and uptake. A func-
tional SNP (G501C), resulting in a missense mutation
(K167N), is shown to affect LOX-1-mediated ligand bind-
ing and ERK1/2 activation, which may be associated with
the risk of myocardial infarction [33].

Fig. 1 Schematic model of C-type lectin-like receptors of Dectin-1
cluster. Members of Dectin-1 cluster are type II transmembrane pro-
teins and share a common structure that contains a single extracellular
C-type lectin-like domain (CTLD), a neck region (Neck), a transmem-
brane region (TM) and a short cytoplasmic tail (CT). In their cytoplas-
mic tails, Dectin-1, CLEC-2 and CLEC9A bear a single tyrosine-based
activation motif (hemITAM). CLEC12A and CLEC12B bear an immu-
noreceptor tyrosine-based inhibitory motif (ITIM). It is not yet known
whether the cytoplasmic tails of LOX-1 and CLEC-1 have signaling
motifs
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OxLDL is able to stimulate the activation of LOX-1 on
endothelial cells and smooth muscle cells to induce cell
dysfunction or apoptosis [34]. Mice with the deletion of
LOX-1 and LDLR have a reduction in atherogenesis in
association with the decreased proinflammatory and pro-
oxidant signals [35]. The induction of LOX-1 expression
on macrophages can increase the oxLDL uptake, which
contributes to foam cell formation [36, 37]. Although
LOX-1 has the ability to bind and internalize oxLDL, mice
with the deletion of LOX-1 show no significant reduction in
uptake of oxLDL by macrophages [38]. LOX-1 is structur-
ally thought to be a C-type lectin-like receptor while LOX-1
is functionally classified as the type E scavenger receptor.
As a multiligand receptor, LOX-1 binds various ligands,
including oxLDL, aged and apoptotic cells, activated plate-
lets, heat shock proteins, C-reactive protein as well as gram+

and gram- bacteria [39, 40]. As an endocytic receptor, LOX-
1 utilizes a novel cytoplasmic motif (DDL) to internalize
oxLDL by a clathrin-independent and dynamin-2-dependent
pathway [41]. It has been shown that LOX-1 can mediate
the phagocytosis of aged/apoptotic cells by the recognition
of phosphatidylserine in a Ca2+-dependent manner [42, 43].
Recently, Parlato et al. reported that IFN-α-conditioned
DCs exhibit a marked up-regulation of LOX-1 expression,
which contributes the uptake of apoptotic cells and the
cross-presentation of cellular antigens [44]. In fact, LOX-1
on DCs is able to recognize and take up Hsp60 and Hsp70
together with the cross-presentation of coupled antigens [28,
45]. Also, LOX-1 acts as a cell-adhesion molecule involved
in leukocyte recruitment during inflammation and support-
ing the tether of the binding bacteria by the recognition of
unidentified ligands [46–48].

Although there is a lack of any known consensus signal-
ing motifs within its cytoplasmic tail, LOX-1 can mediate or
modulate a number of downstream signaling events. The
binding of oxLDL to LOX-1 on endothelial cells increases
production of intracellular reactive oxygen species (ROS) to
induce the activation of NF-κB and reduce the intracellular
concentration of nitric oxide. The activation of LOX-1 is
able to stimulate a series of signaling molecules, including
protein kinase C (PKC) and ERK1/2, which subsequently
regulate the expression of several genes leading to diverse
cell responses [49–51]. Recently, Sugimoto et al. reported
that the membrane type 1 matrix metalloproteinase (MT1-
MMP) forms a complex with LOX-1, which is crucial for
RhoA and Rac1 activation together with RhoA-dependent
endothelial NO synthase protein, Rac1-mediated NADPH
oxidase activity, and ROS generation [52]. In contrast,
LOX-1 is involved in redox-sensitive, Akt/eNOS and Ca2+

signaling pathways in monocyte adhesion to endothelial
cells independent of the oxLDL–LOX-1 axis [53]. Howev-
er, the signaling events triggered by LOX-1 in macrophages
and DCs remain little known.

Dectin-1 (CLEC7A)

Dectin-1 (DC-associated C-type lectin-1) was originally
identified through subtractive cDNA cloning from XS52
DCs and independently was isolated from RAW264.7 cells
using the β-glucan-rich particle zymosan [54, 55]. The neck
region of Dectin-1 lacks the cysteine residues that form the
interchain disulfide bond, resulting in the monomer of
Dectin-1 expression on cells [56]. In contrast to the murine
Dectin-1 with two probable N-glycosylation sites at CTLD,
human homolog has only one predicted N-linked glycosyl-
ation site at the neck region [57]. Although the N-linked
glycosylation of Dectin-1 affects the cell surface expression
of the molecule, the functional significance of the glycosyl-
ation differences including position and number remains to
be clarified [58]. Dectin-1 is predominantly expressed on
myeloid cells, including DCs, monocytes, macrophages,
and neutrophils, as well as weakly on a subset of T cells
and human homolog is also expressed on B cells, eosino-
phils, and mast cells [59]. Surface expression of Dectin-1
can be regulated by cytokines and other agents, including
microbial components [60]. Dectin-1 is alternatively spliced
generating two major and a number of minor isoforms,
which have different functionalities [61]. A minor human
isoform (hDectin-1E) with a lack of the neck and transmem-
brane regions shows a cytoplasmic localization and is capa-
ble of interacting with the cytoplasmic scaffold RanBPM
[62].

As a non-Toll-like receptor (TLR) pattern recognition
receptor (PRR), Dectin-1 specifically recognizes β-1-3-glu-
cans in a calcium-independent manner. Within the CTLD of
Dectin-1 there is an amino acid sequence WIH, which is
conserved in all identified Dectin-1 homologs. Mutational
analyses have revealed that two residues (W221 and H223)
that flank a shallow groove on the protein surface are
required for β-glucan binding [63]. The nature of ligands
determines the intracellular trafficking of Dectin-1 and
Dectin-1-induced inflammatory response. With the particu-
late ligand, Dectin-1 traffics to lysosomes. However the
receptor was observed to recycle when associated with
laminarin, a soluble ligand [64]. Dectin-1 signaling is only
activated by particulate β-glucans, which cluster the recep-
tor in synapse-like structures from which regulatory tyrosine
phosphatases CD45 and CD148 are excluded [65]. Large β-
glucan particles that induce frustrated phagocytosis lead to
enhanced downstream signaling events and production of
pro-inflammatory cytokines [66, 67]. Recognition of a num-
ber of fungal species by Dectin-1 triggers protective
responses including the production of ROS and the release
of cytokines and is thought to play an important role in
antifungal immunity [68]. Dectin-1 is also reported to be
involved in mycobacterial infections and promote bacterial
uptake as well as the induction of a number of cytokines and
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chemokines [69, 70]. The ligand recognized by Dectin-1
remains to be identified since mycobacteria do not have β-
glucans. In addition to exogenous ligands, Dectin-1 is
reported to recognize an unidentified self-ligand on T cells
to stimulate cell proliferation in vitro [54]. The endogenous
ligand of Dectin-1 is also detectable on tumor cells, which
could be induced by apoptosis [71]. Dectin-1-mediated rec-
ognition facilitates the uptake of apoptotic cells and cross-
presentation of cellular antigens. The delivery of antigens by
Dectin-1 on DCs has been shown to induce antigen-specific
CD4+ and CD8+ T cell responses, which indicates Dectin-1
as a potential targeting molecule for immunization [72, 73].

There are two tyrosine residues within the cytoplasmic
tail of Dectin-1. However only phosphorylation of the mem-
brane proximal one (Try15) within the hemITAM sequence
is required. This is sufficient to mediate signaling through
Syk [74]. Upon ligand binding, this motif becomes tyrosine
phosphorylated by Src family kinases and thereby recruits
Syk, which initiates a subsequent signaling cascade. The
receptor lacks cysteine residues in its stalk region and bind-
ing of the two SH2 domains of Syk to separate Dectin-1
molecules, which is thought to induce the dimerization of
two Dectin-1 molecules. The Syk-mediated signaling indu-
ces the formation of CARD9/Bcl-10/Malt-1 scaffold, which
activates both canonical NF-κB signaling and noncanonical
NF-κB signaling (RelB) pathway [75–77]. The activation of
Syk also triggers the activation of p38, ERK, and JNK
cascades, and NFAT as well as the generation of ROS
[78–81]. The binding of ligand to Dectin-1 also is reported
to induce a second signaling pathway mediated by the
serine-threonine kinase Raf-1 that can antagonize Syk-
induced RelB activation [82]. Notably, Dectin-1-mediated
signaling and cell activation is shown to be cell-type specific
[83]. Collectively, The Dectin-1 activation induces both
activation Th1 and Th-17 cell immune responses, thus pro-
viding antifungal immunity.

CLEC-1 (CLEC1A)

CLEC-1 was originally identified through a bio-informatic
approach to screen molecules with similarity to C-type
lectin-like receptors on NK cells [84]. Apart from six con-
served cysteine residues, the CTLD of CLEC-1 structurally
displays two more cysteines, which may form a fourth intra-
chain disulfide bond. Similar to LOX-1, CLEC-1 could
form disulfide-linked homodimers and two conserved cys-
teine residues in the stalk domain could potentially be used
in the formation of disulfide bridges between protein sub-
units [85]. CLEC-1 mRNA can be detected in endothelial
cells and some myeloid cells including monocytes, granu-
locytes and dendritic cells, but absent from NK cells and
lymphocytes [84]. Although immunoregulatory mediators
could increase CLEC-1 expression, the effect of inflammatory

stimuli on CLEC-1 expression seems dependent on cell sour-
ces and subtypes [85, 86]. CLEC-1 does not reach the cell
surface in endothelial or fibroblast-like cell transfectants and
recently Sattler et al. reported that CLEC-1 is actually local-
ized to the endoplasmic membrane compartment in human
endothelial cells, which may serve as an intracellular PRR
[85]. Neither TGF-β nor inflammatory stimuli could promote
significant translocation of CLEC-2 to the cell surface, which
supports a normal intracellular localization of CLEC-1 inde-
pendent of the activation state of cells. In contrast, Thebault et
al. reported the surface expression of CLEC-1 on rat DCs and
macrophages as well as a low level on endothelial cells,
implying that unknown molecules could facilitate the delivery
of CLEC-1 to cell surface [86].

Although there is a conserved tyrosine residue within the
cytoplasmic tail of CLEC-1, it is not found within a known
consensus signaling motif. There is a positively charged
arginine residue very close to the predicted transmembrane
region. The arginine residue in the transmembrane region is
essential for interaction with ITAM-containing adaptor mol-
ecules [87]. However, this residue did not mediate the
association of CLEC-1 with the signaling adaptor FcRγ
chain (unpublished data). How CLEC-1 activates the down-
stream signaling events remains elusive. The ligand of
CLEC-1 still remains unknown to date and little is known
about its physiological role. Recently, Thebault et al.
reported that CLEC-1 could be up-regulated in a model of
rat allograft tolerance, which may be induced by
alloantigen-specific regulatory CD4+CD25+ T cells [86].
The increased expression of CLEC-1 is associated with a
low expression of IL-17 and a high expression of Foxp3. In
vitro inhibition of CLEC-1 expression increases the subse-
quent differentiation of allogeneic Th-17 T cells and
decreases the regulatory Foxp3+ T cells. However, how
CLEC-1 signaling modulates subsequent T cell activation
needs to be further clarified.

CLEC-2 (CLEC1B)

CLEC-2 is first identified as one member of non-classical C-
type lectins by sequence similarity to C-type lectin-like
molecules with immune functions [84]. The amino acid
sequence of CLEC-2 homologs holds with an extraordinary
conservation, compared with other members of Dectin-1
cluster. The functional structures including N-linked glyco-
sylation sites and ligand-binding domain also implement a
structural and functional conservation. Two potential N-
linked glycosylation sites (N120 and N134) of CLEC-2 near
α1 helix of the CTLD are shown to be essential for the
traffic of CLEC-2 to cell surface [88]. Like LOX-1, the
shedding of mouse CLEC-2 could be observed in HEK293T
cell transfectants [89]. In fact, the soluble form of human
CLEC-2 could be detected during platelet activation
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(unpublished data). However, the functional significance of
soluble CLEC-2 remains elusive. There is a conserved Cys-
teine residue in the neck of CLEC-2 homologs, resulting in
the homodimers at least of soluble mouse CLEC-2 [89].
CLEC-2 is expressed in a number of hematopoietic lineages
including neutrophils, monocytes, macrophages, dendritic
cells, NK cells, granulocyte, and B cells [90, 91]. CLEC-2
is also reported to be expressed in liver sinusoidal endothe-
lial cells and Kupffer cells [92]. In contrast, CLEC-2 is
highly expressed on the surface of platelets and megakar-
yocytes [92]. Several alternative splicing isoforms of
CLEC-2 mRNA are detected in tissues and cell lines with
unknown functions [89].

By rhodocytin affinity chromatography to isolate platelet
components, CLEC-2 was identified as the receptor for
snake venom protein rhodocytin [93]. Analysis of the crystal
structure of CLEC-2 reveals that the semi-helical loop
region and flanking residues dominates the surface which
is available for ligand binding [94]. Recombinant CLEC-2
expressed in bacteria is able to bind rhodocytin with the lack
of glycosylation modification revealed by computational
bioinformatics with N- and O- glycosylation site prediction
programs, and confirmed by SDS-PAGE and mass spectros-
copy, which suggests that the recognition of rhodocytin by
CLEC-2 is based on protein-protein interaction. In fact, both
potential N-linked glycosylation sites of CLEC-2 are located
on the bottom of the CTLD fold, which might not be
involved in ligand binding, directly. Recently, podoplanin,
a type-I transmembrane mucin-like glycoprotein, was iden-
tified as the endogenous ligand of CLEC-2 [95]. The asso-
ciation of podoplanin with CLEC-2 is able to induce platelet
activation and aggregation. The binding of podoplanin to
CLEC-2 requires sialic acid on O-glycans of podoplanin.
Although a disialyl-core1-attached glycopeptide containing
the platelet aggregation stimulating (PLAG) region is
enough for the recognition of CLEC-2, the stereostructure of
the podoplanin protein seems critical for the CLEC-2-binding
activity of podoplanin [96]. Since CLEC-2 possesses a CTLD
with a lack of the consensus sequence for binding calcium and
sugars, the precise mechanism of the binding of sialic acid to
CLEC-2 needs to be further clarified.

CLEC-2 possesses a hemITAM motif in its cytoplasmic
tail and the tandem SH2 domains of Syk are able to bind this
phosphorylated motif [93]. Unlike the ITAM motif of the
GPVI/FcRγ chain, this motif is mainly phosphorylated by
Syk itself upon binding of rhodocytin, which is dependent
on the translocation of CLEC-2 to lipid rafts and actin
polymerization together with secondary mediators and
Rac1 [97, 98]. Subsequent activation of Syk results in
multiple downstream signaling events including tyrosine
phosphorylation of LAT, SLP-76, and Vav1/3 as well as
activation of Btk, Rac1, PI3-kinase, and phospholipase
Cγ2 (PLCγ2) [93, 99]. The ITIM-containing receptors on

platelets such as PECAM-1 and G6B-b have an inhibitory
action on CLEC-2-mediated signaling by recruitment of the
tandem SH2 domain-containing tyrosine phosphatases such
as SHP-1 and SHP-2 [100, 101].

Podoplanin is expressed in lymphatic endothelial cells,
type I alveolar cells, and kidney podocytes, but not in
vascular endothelial cells [102]. Recent reports indicate that
the interaction of podoplanin and CLEC-2 is necessary for
lymph/blood vessel separation during embryonic develop-
ment [103, 104]. The increased expression of podoplanin
during malignant transformation is observed on cells
derived from several tissues [105]. The association of podo-
planin and CLEC-2 triggers the platelet activation which has
a crucial role in the progression of tumor. The recognition of
podoplanin by CLEC-2 on platelets is also reported to
facilitate HIV-1 dissemination [92, 106]. Virion incorpora-
tion of podoplanin from HEK293T cells appears to be
required for efficient CLEC-2-dependent HIV-1 interaction.
In contrast, PBMC-derived viruses require unidentified fac-
tors other than podoplanin for CLEC-2-dependent capture.
In contrast, less is known about the role of CLEC-2 in
myeloid cells. Kerrigan et al. reported that murine CLEC-
2 is expressed in peripheral blood neutrophils and can
mediate phagocytosis of antibody-coated beads. Stimulation
of rhodocytin on neutrophils induces the production of
proinflammatory cytokines, including TNF-α [90]. Howev-
er, results from chimeric analyses reveal that signaling me-
diated by CLEC-2 does not induce the respiratory burst in a
macrophage cell line [90]. Using a monoclonal antibody,
Mourao-Sa et al. reported a more wide expression of CLEC-
2 on leukocytes. Antibody-mediated ligation of CLEC-2
initiates hemITAM-dependent signaling via Syk, Ca2+ and
NFAT, which modulates TLR signaling to selectively pro-
mote production of IL-10 in vitro and in vivo, but not
sufficiently activate NF-κB pathway and fail to stimulate
cytokine production by DCs [91]. In fact, both NF-κB and
NFAT activation can be observed in Dectin-1 signaling. The
precise signaling mediated by CLEC-2 in myeloid cells
awaits the investigation using physiologic ligands.

CLEC9A

CLEC9A (also named as DC, NK lectin group receptor-1
(DNGR-1)) is a very recently characterized receptor and
shares a ~20% identity with other members of Dectin-1
cluster [107–109]. The stalk region of human CLEC9A
has two cysteine residues, potentially involved in receptor
dimerization, and one predicted N-linked glycosylation site,
which is modified by carbohydrate. In contrast, the mouse
homolog lacks a cysteine residue in the neck region and has
two more predicted N-linked glycosylation sites at the ex-
tracellular domain. Human CLEC9A has a high level of
expression in thymus, spleen and brain as well as a moderate
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level in liver, lung and testis, revealed by RT-PCR analysis
[107, 109]. In peripheral blood, the expression of human
CLEC9A appears restricted to BDCA3+ DCs although this
receptor was also detected on small subsets of monocytes. In
mouse, CLEC9A is expressed at high levels on CD8α+

DCs, which are the putative equivalent of human BDCA3+

cells, and at low levels on plasmacytoid DCs [108]. The
selective expression of CLEC9A on CD8α+-like DCs
together with its endocytic capacity make it an attractive
target for antigen delivery to DCs. In fact, antibody-coupled
antigens are able to target CLEC9A to allow the efficient
cross-presentaion to CD8+ T cells by CD8α+ DCs [109]. In
mouse model, the delivery of antigens to MHC class I
pathway by CLEC9A elicits robust antitumor responses
with co-administration of the antibody against CD40
[108]. Also, the delivery of antigens mediated by CLEC9A
can be efficiently presented on MHC class II molecules,
resulting in potent CD4+ T cell responses and humoral
immunity [110, 111]. The adjuvants including poly I:C is
able to potentiate the responses elicited by CLEC9A. There-
fore, CLEC9A is thought to be a promising target for anti-
gen delivery to enhance the efficiency of vaccines.

CLEC9A bears a hemITAM sequence within its cytoplas-
mic tail, which might act as an activation motif. A chimera
with the replacement of extracellular domain of CLEC9A by
that of Dectin-1 could signal through this motif to recruit
Syk kinase and induce the production of pro-inflammatory
cytokines on ligand binding [107]. Similarly, antibody-
mediated crosslinking of CLEC9A induced phosphorylation
of endogenous Syk in a CLEC9A-transfected B cell line
[112]. However, antibody-mediated crosslinking of
CLEC9A does not induce or regulate the maturation of
DCs in the absence or presence of TLR stimuli [109, 113].
Recently, Sancho et al. reported that CLEC9A recognizes an
endogenous unidentified ligand, which is hidden in cells
viable or undergoing primary apoptosis, but exposed when
cells undergo primary or secondary necrosis [112]. In con-
trat, the ligand of CLEC9A exposed on necrotic corpses is
able to trigger hemITAM-dependent CLEC9A signaling via
Syk in CD8α+ DCs. More recently, CLEC9A is shown to
bind to damaged cells by the recognition of F-actin [114,
115]. F-actin is able to trigger CLEC9A signaling via Syk,
which might be important for CLEC9A-dependent cross-
presentation. However, the stimulation of F-actin did not
lead to DC maturation and cytokine responses, implying
that CLEC9A is not involved in immune regulation [114].
It is interesting to clarify the difference between CLEC9A
signaling and other hemITAM-containing CLR signaling.

CLEC12A

CLEC12A (also named as C-type lectin-like molecule-1
(CLL-1), Killer cell lectin-like receptor 1 (KLRL1),

Myeloid Inhibitory C-type Lectin-like Receptor (MICL) or
dendritic cell associated C-type lectin 2 (DCAL-2)) was
independently cloned by several groups [116–118]. The
extracellular portion of human CLEC12A comprises six
potential N-glycosylation sites with the two more C-
terminal sites of the stalk region contributing the majority
of cell-specific N-glycosylation [118, 119]. This feature is
thought to prevent its dimerization despite the presence of
two conserved cysteine residues. In contrast, mouse homo-
log has one less stalk N-glycosylation site and has been
reported to exist as a dimer [120]. The mRNA of human
CLEC12A has a high level of expression in peripheral blood
leukocytes (PBMCs) and bone marrow as well as a moder-
ate level in lung. The surface expression of human
CLEC12A has been detected on several hematopoietic lin-
eages, including monocytes, DCs, granulocytes, and B cells
at a low level, but has been shown to be negative on blood
NK and T cells. The mouse orthologue has been found to be
expressed on monocytes, macrophages, DCs, neutrophils,
eosinophils, and basophils, B cells, as well as on bone
marrow NK cells, but absent from blood NK cells [120,
121]. CLEC12A could be alternatively spliced, generating
at least three variants including isoforms α (full-length
form), β (with a lack of the exon encoding the transmem-
brane region), and γ (with the second intron unspliced,
resulting in the introduction of a stop codon) [118].

A chimera of CLEC12A with the replacement of the
CTLD and partial stalk by that of Dectin-1 is able to recog-
nize, but not internalize, zymosan, which reveals the inabil-
ity of uptake for the cytoplasmic tail of CLEC12A [118].
The cytoplasmic tail of CLEC12A possesses an ITIM
sequence, which is able to recruit the tyrosine phosphatases
SHP-1 and SHP-2, but not SHIP [117]. As an inhibitory
receptor, this chimera suppresses Dectin-1-mediatd the
release of TNF-α in response to zymosan [118]. In fact,
the expression of CLEC12A is down-regulated following
myeloid cell activation, which may attenuate negative reg-
ulation to promote cellular activation [119].

In immature human DCs, Cross-linking of CLEC12A
alone could induce phosphorylation of both p38 and
ERK1/2, up-regulation of CCR7 expression, and the release
of cytokines including IL-6 and IL-10, but not induce DC
maturation [122]. In the presence of TLR agonists,
CLEC12A signals suppress TLR-induced IL-12 expression
and the induction of Th1 cells. In contrast, CLEC12A liga-
tion enhances CD40L-induced IL-12 production and Th1
polarization. Mouse CLEC12A is highly expressed on
splenic CD8+ DCs and plasmacytoid DCs [121]. A propor-
tion of splenic CD8- DCs with CLEC12A, which robustly
produce cytokines including IL-12, as well as efficiently
induced Th1 responses in response to CpG stimulation,
defines a distinct CD8α- DC subset [123]. Antibody-
mediated cross-linking of CLEC12A has no effects on
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mouse DC activation [121]. Targeting antigens to mouse
CLEC12A on DCs by a rat mAb elicits robust anti-rat Ig
responses and promote antigen-specific T cell proliferation
in conjunction with TLR stimuli [121].

Apart from being thought as a regulator of immune
homeostasis, CLEC12A has a pathological role. In acute
myeloid leukemia (AML), there is a high level of CLEC12A
expression with the majority of AML cases (68 of 74) [116].
Importantly, CLEC12A is also found to be present on the
CD34+CD38- stem cell compartment. CD34+CLEC12A+

population is able to engraft to generate CLEC12A-positve
blasts in non-obese diabetic/severe combined immunodefi-
ciency (NOD/SCID) mice [124]. The expression of
CLEC12A on CD34+CD38- cells is associated with clinical
remission or relapse status, which enables CLEC12A as
AML-specific stem-cell marker and possibly antigen-
targeting in future. Additionally, an increased gene expression
of CLEC12A correlates with rheumatoid factor (RF) values in
rheumatoid fibroblast-like synovial cells. Using a phenotype-
based approach, a potential genetic association of CLEC12A
with rheumatoid arthritis is observed [125, 126].

It is required to identify the ligand of CLEC12A to
clearly understand the physiological and pathological role
of CLEC12A. Pyz et al. report that CLEC12A recognizes an
endogenous ligand in a variety of murine tissues including
bone marrow, thymus, heart, spleen and kidney, suggesting
that the receptor has a role in the maintenance of immune
homeostasis [120]. Recently, Zhang et al. identified a panel
of peptides with a conserved LRS/T sequence that could
specifically bind to CLEC12A via the phage display [127].
However, the ligand of CLEC12A is to date unknown.

CLEC12B

CLEC12B is originally identified during a database search
for sequences with homology to NKG2D and shows a high
similarity to CLEC12A (34% similarity) [128]. Although
the CTLD of CLEC12B shows highest homology to human
NKG2D (36% similarity), CLEC12B does not bind NK2GD
ligands tested and its ligand yet remains unknown. Human
CLEC12B is widely expressed in various human tissues,
except brain, and at least two isoforms generated by alter-
native splicing are found. One of splicing variants lacks part
of C-type lectin-like domain and is thought to be nonfunc-
tional with preferential expression in lung, mammary gland
and ovary. Recently, Sattler et al. reported that four splicing
variants were detected in several cell lines tested, which
include three putative nonfunctional isoforms [129]. These
truncated variants constitute the majority of transcripts in
most cell types. However the full-length variant shows a low
expression level, which is consistent with no detection of
CLEC12B on freshly isolated monocytes or any other leuko-
cyte population by a specific antibody against CLEC12B. The

expression of CLEC12B on cell surface could be induced upon
the differentiation of monocytes into macrophages and the
PMA stimulation of U937 cells. In DCs, CLEC12B expression
is not significantly down-regulated during DC maturation, a
feature common to other C-type lectin-like receptors of the
myeloid subfamily. Murine CLEC12B displays a limited ex-
pression in the testes and lung [130]. A specific antibody
against murine CLEC12B reveals the expression on spermato-
gonial cells within the seminiferous tubules. Nevertheless,
Knockout of CLEC-12B shows no obvious phenotype with
regard to reproductive ability. Structurally, CLEC12B contains
an ITIM sequence within its cytoplasmic tail that can recruit the
inhibitory phosphatases SHP-1 and SHP-2, resulting in an
inhibition of cellular activation in a transfected-cell model.
The functional significance of CLEC12B needs to be further
understood.

Concluding remarks

Although extensive investigations are focused on C-type
lectin-like receptors in Dectin-1 cluster of natural killer gene
complex, their physiological roles remain most unknown.
Several members are still orphan receptors. The identifica-
tion of their endogenous and/or exogenous ligands will be
an important step forward for access to understanding their
functional significance. Another approach to shed light on
their functions will come from the characterization of their
employed signal transduction pathway, especially for
those without any known consensus signaling motifs.
The generation of mouse knockout models will allow
further unveiling their physiological functions. Collec-
tively, the future studies will provide more insight into
this cluster of C-type lectin-like receptors on myeloid
cells.
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