Chapter 6
C-Type Lectin-Like Receptor 2 (CLEC-2)

Katsue Suzuki-Inoue

Abstract C-type lectin-like receptor 2 (CLEC-2) has been identified as a receptor
for a platelet-activating snake venom, rhodocytin. CLEC-2 elicits powerful platelet
activation signals in a manner dependent on Src, Syk kinases, and phospholipase
Cy2, similar to the collagen receptor glycoprotein (GP) VI/FcRy-chain complex. In
contrast to GPVI/FcRy, which initiates platelet activation through tandem YxxL
motifs called the immunoreceptor tyrosine-based activation motif (ITAM), CLEC-
2 signals via a single YxxL motif called hemi-ITAM. An endogenous ligand of
CLEC-2 has been identified as podoplanin, which is expressed on the surface of
tumor cells and facilitates tumor metastasis by inducing platelet activation. CLEC-2
in platelets facilitates blood/lymphatic vessel separation by binding to podoplanin
in lymphatic endothelial cells during development. In adults, platelet CLEC-2
prevents the backflow of blood into lymphatic vessels at the lymphovenous junction
by forming thrombi. Moreover, platelet CLEC-2 maintains the integrity of high
endothelial venules in lymph nodes by binding to podoplanin on stromal cells and
in hyper-permeabilized capillaries during inflammation. In concert with GPVI,
platelet CLEC-2 plays a role in thrombosis and hemostasis, although the precise
mechanism remains unknown. Although CLEC-2 expression is almost specific to
platelets/megakaryocytes in humans, CLEC-2 is also expressed in dendritic cells in
mice, where it plays an important role in adaptive immunity. CLEC-2 may be a
good target for a novel antiplatelet drug or antimetastatic drug, which could prevent
arterial thrombosis and cancer metastasis, the main causes of death in developed
countries. In this article, we review the signal transduction, structure, expression,
and function of CLEC-2.
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6.1 History

Snake venom contains a vast number of toxins that target proteins necessary for
thrombosis and hemostasis. A platelet-activating snake venom, rhodocytin (also
called aggretin), was purified from Calloselasma rhodostoma venom independently
by the Huang (Huang et al. 1995) and Morita (Shin and Morita 1998) groups in the
1990s. Rhodocytin-induced and collagen-induced platelet aggregations are quite
similar in that both agonists induce platelet aggregation with a long lag phase and
are dependent on the Src family kinase, aspirin, and cytochalasin D (Suzuki-Inoue
et al. 2001; Navdaev et al. 2001; Inoue et al. 1999). However, rhodocytin induces
platelet aggregation independently of the collagen receptor GPVI/FcRy-chain, a
member of the immunoglobulin super family, since it can induce platelet aggrega-
tion in mice deficient in the receptor (Suzuki-Inoue et al. 2001; Navdaev
et al. 2001). This indicates that there is another platelet activation receptor. Initial
studies indicated that rhodocytin induces platelet aggregation by binding to integrin
a2p1 and GPIb/IX/V (Suzuki-Inoue et al. 2001; Navdaev et al. 2001). However,
later studies reported that rhodocytin stimulated the aggregation of platelets defi-
cient in a2f1 or the extracellular domain of GPIb/IX/V (Bergmeier et al. 2001),
indicating that there is another activation receptor for rhodocytin, although the
toxin may also bind to a2f1 and/or GPIb/IX/V. Finally, by rhodocytin affinity
chromatography and MS/MS-based analyses, C-type lectin-like receptor 2 (CLEC-
2) was identified as a receptor for rhodocytin (Suzuki-Inoue et al. 2006). CLEC-2
was first cloned during a bioinformatic screen for C-type lectin-like receptors
(Colonna et al. 2000). However, neither its function nor its ligand(s) had been
elucidated for several years.

In this article, we review the signal transduction, structure, expression, and
function of CLEC-2, updating our previous review (Suzuki-Inoue et al. 2011).

6.2 Mechanism of Signal Transduction

CLEC-2 has a YxxL motif in its cytoplasmic tail, which resembles the
immunoreceptor tyrosine-based activation motif ITAM; YxxL-(X)10-12-YxxL)
that has two YxxL motifs. The single YxxL motif that is found in CLEC-2 and other
receptors is called hemi-ITAM. ITAM is a signaling motif found in immune
receptors, such as the T-cell receptor and the platelet collagen receptor GPVI/
FcRy-chain. Cross-linking of GPVI leads to tyrosine phosphorylation of ITAM in
the cytoplasmic domain of the FcRy-chain, which is constitutively associated with
GPVI, by the Src family kinases, Fyn and Lyn. This leads to binding of the tandem
SH2 domain of the tyrosine kinase, Syk, to the phosphorylated ITAM. Subsequent
activation of Syk initiates downstream signaling events that culminate in the
tyrosine phosphorylation of LAT, SLP-76, and Vav1/3 and activation of effecter
enzymes including Btk, PI3-kinase, Rac/Cdc42, and phospholipaseCy2 (PLCy)
(reviewed in Watson et al. (2005) (Fig. 6.1a)).
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Fig. 6.1 The signal transduction pathway mediated through the GPVI/FcRy-chain and CLEC-2.
(a) CLEC-2 is cross-linked by its endogenous ligand, podoplanin, or by an exogenous ligand
(rhodocytin) and then undergoes tyrosine phosphorylation of a single YITL motif called hemi-
ITAM, which leads to activation of downstream signaling. (b) GPVI is cross-linked by its
endogenous ligand, collagen, and undergoes tyrosine phosphorylation on tandem YxxL motifs
called ITAM, which leads to activation of downstream signaling. Lipid rafts are necessary for
CLEC-2 and GPVI-mediated signal transduction. YP indicates phosphorylated tyrosine
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Rhodocytin stimulates the phosphorylation of the single YxxL motif in CLEC-2,
and then the tandem SH2 domains of Syk bind to the phosphorylated YxxL, and the
hemi-ITAM was shown to be necessary for CLEC-2 signal transduction (Suzuki-
Inoue et al. 2006; Fuller et al. 2007). CLEC-2 has only a single YxxL; however,
CLEC-2 is present as a dimer in resting platelets, and the tandem SH2 domains of
Syk bind to the phosphorylated YxxLs of two CLEC-2 molecules with a stoichi-
ometry of 2:1 (Watson et al. 2009; Hughes et al. 2010a). The ITAM of the GPVI/
FcRy-chain is tyrosine phosphorylated by the Src family kinases, Fyn and Lyn,
which are constitutively associated with the cytoplasmic tail of GPVI. This is
followed by the binding and subsequent activation of Syk. In the case of CLEC-
2, hemi-ITAM is mainly phosphorylated by Syk itself (Spalton et al. 2009). A
specific Src family kinase inhibitor, PP2, also inhibits CLEC-2 tyrosine phosphor-
ylation in human platelets, but not in murine platelets, suggesting that CLEC-2 is
phosphorylated by Syk and Src family kinases in human platelets, but only by Syk
in murine platelets (Suzuki-Inoue et al. 2006; Severin et al. 2011).

The signaling pathway of CLEC-2 downstream of Syk is almost the same as that
of GPVI and includes the tyrosine phosphorylation of LAT, SLP-76, and Vavl/3
and activation of effecter enzymes including Btk and PLCy2 (Suzuki-Inoue
et al. 2006; Fuller et al. 2007). Murine platelets deficient in Syk or PLCy2 failed
to respond even to the maximal concentration of rhodocytin, suggesting that Syk
and PLCy2 are crucial for CLEC-2-mediated signal transduction. On the other
hand, those deficient in the adaptor proteins, LAT or SLP-76, and the guanine
nucleotide exchange factor, Vav1/3, did not respond to the low concentration, but
did respond to the high concentration of rhodocytin, suggesting that these mole-
cules are necessary, but can be compensated for during CLEC-2 signaling (Suzuki-
Inoue et al. 2006). Btk, a tyrosine kinase that is necessary for PLCy2 activation, is
tyrosine phosphorylated upon rhodocytin stimulation (Suzuki-Inoue et al. 2006),
but the dependence of the CLEC-2 signaling pathway on this kinase is unknown
(Fig. 6.1b).

6.3 CLEC-2 Expression

CLEC-2 was first identified from a bioinformatic screen for C-type lectin-like
receptors. At that time, reverse transcriptase-PCR and Northern blot analyses
indicated that CLEC-2 mRNA is expressed in the liver and several hematopoietic
cell types, including monocytes, dendritic cells, NK cells, and granulocytes
(Colonna et al. 2000), although platelets and megakaryocytes were not checked
for expression. Later, the CLEC-2 protein expression was systematically analyzed,
and the CLEC-2 protein was found to be expressed in platelets, megakaryocytic cell
lines, liver sinusoidal endothelial cells (Chaipan et al. 2006), and liver Kupffer cells
(Tang et al. 2010) in humans. In mice, however, it has been reported that CLEC-2 is
also expressed in peripheral neutrophils (Kerrigan et al. 2009) and macrophages
(Chang et al. 2010), where it mediates phagocytosis and increases the expression of
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proinflammatory cytokines, including tumor necrosis factor o« (TNFa), as well as
Kupffer cells (Tang et al. 2010). Taken together, these findings indicate that CLEC-
2 is highly and relatively specifically expressed in platelets/megakaryocytes, but is
also present in other types of cells at low levels, especially in mice.

6.4 Structure and the Mode of Ligand Binding to CLEC-2

C-type lectins can be classified as “classical” and “nonclassical” C-type lectins
based on their ability to recognize carbohydrate and noncarbohydrate ligands,
respectively. CLEC-2 belongs to the nonclassical C-type lectins, which contain a
C-type lectin-like domain (CLTD) homologous to a carbohydrate recognition
domain, but lack the consensus sequence for binding sugars and calcium (Colonna
et al. 2000). In fact, Watson et al. reported that no glycosylation was observed on
either of the subunits of the CLEC-2 ligand snake venom rhodocytin in the crystal
structure, consistent with their bioinformatic, SDS-PAGE, and mass spectroscopy
results (Watson et al. 2007). Podoplanin is a type I transmembrane sialomucin-like
glycoprotein, which we found is an endogenous ligand for CLEC-2 (Suzuki-Inoue
et al. 2007) (see the “Function” section for details) (Sect. 6.5). Although the
association between CLEC-2 and podoplanin is dependent on the sialic acid on
the O-glycans of podoplanin (Suzuki-Inoue et al. 2007), not only sialic acid but also
the stereostructure of the podoplanin protein was found to be critical for the CLEC-
2-binding activity of podoplanin (Kato et al. 2008). This finding is consistent with
the characteristics of “nonclassical” C-type lectins.

CLEC-2 is also glycosylated and detected as 32- and 40-kDa forms in platelets,
probably due to differential glycosylation. Consistent with this finding, there are
two potential sites of N-glycosylation (at positions 120 and 134) (Watson
et al. 2007). In addition, the double band collapses to a single band of 27 kDa,
the molecular weight that is deduced from the amino acid sequence of CLEC-2
upon N-glycosidase treatment (Suzuki-Inoue et al. 2006). However, neither of the
two potential N-linked glycosylation sites are supposed to play a role in at least
rhodocytin binding (Watson et al. 2007). With regard to the interaction between
CLEC-2 and podoplanin, the stereostructure of the CLTD in CLEC-2 is necessary
for binding to podoplanin, since the extracellular domain of CLEC-2-Fc lacking
only a small part of the CLTD lost the ability to bind to podoplanin (Kato
et al. 2008).
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6.5 Function

6.5.1 Tumor Metastasis

It has long been recognized that several kinds of tumor cells cause the aggregation
of platelets, which facilitates tumor growth and metastasis (Katagiri et al. 1991;
Kitagawa et al. 1989; Kato et al. 2003). Platelet aggregates surrounding tumor cells
protect them from shear stress and/or NK cells (Nieswandt et al. 1999) in the blood
stream and serve as a place for tumor cell nesting, and the growth factors released
from activated platelets can stimulate angiogenesis and tumor growth. Podoplanin
is a type I transmembrane sialomucin-like glycoprotein expressed on several kinds
of tumor cells, including squamous cell carcinomas (Schacht et al. 2005; Kato
et al. 2005), seminomas (Kato et al. 2004), and brain tumors (Mishima et al. 2006a,
b; Kato et al. 2006), and it has been shown to induce platelet aggregation (reviewed
in Tsuruo and Fujita 2008). Podoplanin expression is reportedly associated with
tumor metastasis or malignant progression (Mishima et al. 2006b; Yuan
et al. 2006).

Suzuki-Inoue et al. noticed that the profile of podoplanin-induced platelet
aggregation is similar to that of rhodocytin-induced platelet aggregation, and they
identified CLEC-2 as a receptor for podoplanin (Suzuki-Inoue et al. 2007). In an
experimental mouse model of metastasis, an anti-podoplanin blocking antibody
significantly inhibited the number of metastatic lung nodules, consisting of tumor
cells expressing podoplanin (Kato et al. 2008). Conversely, the lung metastasis of
podoplanin-expressing tumors greatly inhibited in CLEC-2-deficient bone marrow
chimeric mice (Shirai et al. 2013), implying that CLEC-2/podoplanin may be a
promising target for antimetastatic drugs. However, tumor growth and lymphatic
metastasis were not inhibited in CLEC-2-deficient chimeric mice (Shirai
et al. 2013), suggesting that the CLEC-2/podoplanin interaction only plays a role
in hematogenous tumor metastasis, where tumors have access to platelets in the
blood flow.

6.5.2 Lymphatic/Blood Vessel Separation During
Development

Podoplanin is expressed not only in tumor cells but also in various kinds of normal
tissues, including lymphatic endothelial cells, type I alveolar cells, and kidney
podocytes, after which podoplanin was named (reviewed in Tsuruo and Fujita
2008). Podoplanin is expressed in lymphatic endothelial cells, but not in vascular
endothelial cells, and hence is used as a marker for lymphatic endothelial cells.
Under physiological conditions, the CLEC-2 in platelets cannot interact with the
podoplanin in lymphatic endothelial cells. During organ development, however, the
cluster of endothelial cells in the cardinal vein is committed to the lymphatic
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phenotype, and these sprout to form the primary lymphatic sacs from which part of
the peripheral lymphatic vasculature is generated by further centrifugal growth
(reviewed in Tammela and Alitalo 2010). At this stage, the CLEC-2 in platelets can
interact with the podoplanin in lymphatic endothelial cells.

Studies in CLEC-2-deficient mice revealed that CLEC-2 facilitates blood/lym-
phatic vessel separation during development. CLEC-2-deficient mice died at the
embryonic/neonatal stages, exhibiting disorganized and blood-filled lymphatic
vessels and severe edema due to abnormal blood/lymphatic vessel separation
(Bertozzi et al. 2010; Suzuki-Inoue et al. 2010) (Fig. 6.2). Platelet/megakaryo-
cyte-specific CLEC-2-deficient mice also showed blood-filled lymphatics (Finney
et al. 2011; Suzuki-Inoue et al. 2010), suggesting that the CLEC-2 in platelets is
required for blood/lymphatic vessel separation. Podoplanin deficiency and endo-
thelial cell O-glycan deficiency also caused the blood/lymphatic misconnections
(Fu et al. 2008), and it had been previously shown that the sialic acid present on the
O-glycans of podoplanin is essential for binding to CLEC-2 (Suzuki-Inoue
et al. 2007). These findings suggest that the interaction between CLEC-2 on
platelets and podoplanin on lymphatic endothelial cells is important for normal
lymphatic vessel development.

Mice deficient in the signaling molecules downstream of CLEC-2, including
Syk, SLP-76, and PLCy2, showed blood/lymphatic vessel misconnection (Ichise
et al. 2009; Abtahian et al. 2003). Inhibition of platelet activation by treatment of
pregnant wild-type mice with acetyl salicylic acid resulted in half of the embryos
exhibiting blood/lymphatic misconnection (Uhrin et al. 2010). These findings
suggest that platelet activation is required for blood/lymphatic vessel separation.
Platelet activation results in granule release and platelet aggregation. Platelet
granules contain a vast number of angiogenic factors, growth factors, and extracel-
lular matrix, implying that these factors could contribute to blood/lymphatic

Fig. 6.2 CLEC-2—/— and
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separation. Alternatively, platelet aggregates built up at the separation zone of
lymph sacs and cardinal veins, which may physically help in the separation. In
fact, Uhrin et al. and Bertozzi et al. reported that platelet aggregates build up at the
separation zone of podoplanin-positive lymph sacs and cardinal veins in wild-type
embryos, but not in podoplanin-deficient or SLP-76-deficient embryos (Uhrin
et al. 2010; Bertozzi et al. 2010). However, mice deficient in integrin ollbf3,
which is necessary for platelet aggregation, but not for granule release, do not
show the non-separation phenotype (Bertozzi et al. 2010), suggesting a role for
granule release. In line with this notion, supernatants from activated platelets and
their main content, TGFp, inhibited the migration and proliferation of lymphatic
endothelial cells (Osada et al. 2012). However, patients who lack sufficient platelet
density or a-granules also do not exhibit defective blood/lymphatic vessel separa-
tion (Michelson 2013). Further studies are therefore necessary to address these
mechanisms.

6.5.3 Maintenance of the Vascular Integrity in Adults

6.5.3.1 Prevention of the Backflow of Blood into Lymphatic Vessels at
the Lymphovenous (LV) Junction

The vascular networks connect at the LV junction, where lymph drains into blood.
An LV valve (LVV) prevents the backflow of blood into lymphatic vessels. Hess
et al. reported that the loss of CLEC-2 resulted in backfilling of the lymphatic
network with blood from the thoracic duct in both neonatal and mature mice, even
when the LVVs were intact (Hess et al. 2014). Fibrin-containing platelet thrombi
were observed at the LVV and in the terminal thoracic duct in wild-type mice, but
not in CLEC-2-deficient mice. An analysis of mice lacking LVVs or lymphatic
valves revealed that platelet-mediated thrombus formation limits LV backflow even
under conditions of impaired valve function. This indicates that hemostasis via
CLEC-2 functions with the LVV to safeguard the lymphatic vascular network
throughout life.

6.5.3.2 Integrity of High Endothelial Venules in Lymph Nodes

Circulating lymphocytes continuously enter lymph nodes for immune surveillance
through specialized blood vessels named high endothelial venules (HEV). This
process increases markedly during immune responses. Herzog et al. revealed the
mechanism by which HEVs permit lymphocyte transmigration while maintaining
the vascular integrity (Herzog et al. 2013). The podoplanin expressed on fibroblas-
tic reticular cells, which surround HEVs, stimulates platelets by binding to its
receptor, CLEC-2. Sphingosine-1-phosphate released from activated platelets pro-
motes the expression of VE-cadherin on HEVs, which is essential for overall
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vascular integrity. Mice deficient in CLEC-2, podoplanin, or sphingosine-1-phos-
phate exhibited spontaneous bleeding in mucosal lymph nodes and bleeding in the
draining peripheral lymph nodes after immunization. A role for platelet activation
via CLEC-2 in the maintenance of HEV integrity during immune responses was
added to the list of the roles platelets play beyond clotting.

6.5.3.3 Integrity of Vessels During Inflammation

It is known that platelets play a critical role in maintaining the vascular integrity,
especially during inflammation, when inflammatory cytokines enhance vascular
permeability. For this reason, petechial hemorrhage was observed upon the induc-
tion of severe thrombocytopenia even without traumatic injury. However, how
platelets maintain the vascular integrity during inflammation is unclear. Boulaftali
et al. proved that ITAM signaling, but not G-protein-coupled receptor (GPCR)
signaling, is critical for the prevention of inflammation-induced hemorrhage
(Boulaftali et al. 2013). Inflammation-induced hemorrhage in thrombocytopenic
mice was rescued by the transfusion of wild-type platelets or thrombin receptor-
deficient platelets, but not by the transfusion of platelets deficient in CLEC-2,
GPVI, or SLP-76. These results indicate that controlling the vascular integrity is
a major function of immune-type receptors in platelets. On the other hand, signaling
from GPCR is not necessary for controlling the vascular integrity, although it is
important for hemostasis. Upon platelet leakage from vessels, GPVI signaling is
likely activated at sites of inflammation by collagen and/or laminin, the two
physiological ligands for GPVI found in the vessel wall (Ozaki et al. 2009)
(Fig. 6.3b). How platelets are activated through CLEC-2 at the site of inflammation
is difficult to explain, but Boulaftali et al. speculated that podoplanin on the surface
of infiltrating macrophages, or an as yet unidentified ligand expressed in tissues
around vessels or in the vessel wall, stimulates platelets via CLEC-2.

6.5.4 Thrombosis and Hemostasis

Studies to investigate the role of CLEC-2 in thrombosis and hemostasis demon-
strated that CLEC-2-null mice exhibit mortality at the embryonic/neonatal stages,
while irradiated chimeric animals were rescued by transplantation of a CLEC-2—/—
fetal liver (Suzuki-Inoue et al. 2010). Antibody-induced CLEC-2-deficient mice
were also utilized for this purpose. The injection of an anti-CLEC-2 antibody into
mice leads to a specific loss of CLEC-2 in circulating platelets for several days,
although the precise mechanism underlying this observation remains unknown.
CLEC-2-deficient platelets resulting from both methods displayed normal adhesion
under flow conditions, but the subsequent thrombus formation was severely
impaired in vitro, although the in vitro platelet aggregation induced by agonists
other than rhodocytin was normal (May et al. 2009; Suzuki-Inoue et al. 2010).
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FeClsz-induced thrombus formation in the artery was also inhibited in CLEC-2-
deficient chimeras (May et al. 2009). These mice also showed mildly increased or
mild but not significantly increased tail bleeding (Suzuki-Inoue et al. 2010; May
et al. 2009; Tang et al. 2010). These findings suggest that CLEC-2 is involved in
thrombus stabilization in vitro and in vivo.

In contrast to these reports, Hughes et al. reported that CLEC-2 is neither
required for platelet aggregate stability in the presence of arteriolar shear nor for
normal hemostasis (Hughes et al. 2010b). The discrepancies between studies may
be because the role of CLEC-2 in thrombosis and hemostasis is relatively minor and
depends on the experimental conditions. Simultaneous deletion of GPVI and
CLEC-2 from mice, however, caused a severe bleeding tendency and profound
impairment of arterial thrombus formation (Bender et al. 2013). These findings
suggest that CLEC-2 plays a definite role in thrombosis and hemostasis, although
the deletion of CLEC-2 alone results in a relatively minor phenotype. The mech-
anism by which CLEC-2 and GPVI play a complementary role in thrombosis and
hemostasis is a topic of interest for future investigation.

6.5.5 A Role for CLEC-2 on the Surface of Dendritic Cells
in Immunity

CLEC-2 is also expressed on the surface of dendritic cells in mice, but not in
humans. Recently, accumulating evidence has suggested that the CLEC-2 in den-
dritic cells plays an important role in adaptive immunity.

To initiate adaptive immunity, dendritic cells move from parenchymal tissues to
lymphoid organs by migrating along stromal scaffolds consisting of podoplanin-
positive fibroblastic reticular cells (FRCs). Acton et al. reported that CLEC-2
deficiency in DCs impaired their entry into the lymphatics and their trafficking to
and within lymph nodes, thereby reducing T-cell priming (Acton et al. 2012).
CLEC-2 engagement by podoplanin induces the spreading and migration of den-
dritic cells along stromal surfaces. CLEC-2 activation triggered cell spreading via
downregulation of RhoA activity and Racl activation. In turn, CLEC-2 in dendritic
cells controls the fibroblastic reticular network tension and lymph node expansion
by generating signals downstream of podoplanin in FRCs (Acton et al. 2014;

<
«<

Fig. 6.3 (continued) lymphatic separation in the developmental stage. (c) CLEC-2 stabilizes
thrombus formation under a normal blood flow, at least partly through homophilic interactions.
(d) CLEC-2 maintains the vascular integrity. The vascular integrity under inflammatory conditions
is maintained by signaling mediated through CLEC-2 and GPVI. High endothelial venule integrity
is maintained by the interaction between the CLEC-2 on platelets and the podoplanin on fibro-
blastic reticular cells. The integrity of the lymphovenous junction is maintained by thrombus
formation induced by the interaction between the CLEC-2 on platelets and the podoplanin on
lymphatic endothelial cells
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Astarita et al. 2015). Immunogenic challenge induces the infiltration and division of
lymphocytes, which markedly increases the lymph node cellularity, leading to
lymph node expansion. In the resting state, podoplanin signaling in stromal FRCs
maintains the physical elasticity of the lymph nodes by inducing actomyosin
contractility in FRCs via the activation of RhoA/C. Upon immunogenic challenge,
the engagement of CLEC-2 in mature dendritic cells causes podoplanin clustering
and rapidly uncouples podoplanin from RhoA/C activation, relaxing the actomyo-
sin cytoskeleton and permitting FRC stretching. This process allows increased
lymph node cellularity and provides places for antigen presentation by dendritic
cells to lymphocytes. Thus, the CLEC-2/podoplanin axis induces bidirectional
signaling between dendritic cells and FRCs, leading to increased motility of
dendritic cells and FRC extension, both of which are necessary for efficient
T-cell priming.

Benezech et al. showed that a constitutive lack of CLEC-2 expression leads to
defective lymphatic cell proliferation, resulting in impaired development of the
lymphatic vascular structures and involution of the LN anlagen in the embryo
(Benezech et al. 2014). In contrast, the deletion of CLEC-2 on the megakaryo-
cyte/platelet lineage still allows the formation of lymph nodes, although they are
blood-filled lymph nodes, as previously reported (Herzog et al. 2013). Thus, the
interaction between the CLEC-2 on dendritic cells and podoplanin on stromal cells
may regulate lymph node development.

6.6 Concluding Remarks

The discovery of the novel platelet activation receptor, CLEC-2, revealed that
platelets have various roles within and beyond clotting. Platelets regulate tumor
metastasis, blood/lymphatic vessel separation, and the integrity of vessels, includ-
ing HEVs in lymph nodes and the hyper-permeabilized capillaries that occur during
inflammation through the interaction between CLEC-2 and its endogenous ligand,
podoplanin. In concert with GPVI, the CLEC-2 in platelets plays a role in throm-
bosis and hemostasis, although the precise mechanism remains unknown. The roles
of CLEC-2 in platelets are summarized in Fig. 6.3. CLEC-2 in dendritic cells plays
an important role in adaptive immunity in mice. There is growing evidence that
CLEC-2 has other endogenous and exogenous ligands, the discovery of which
would also provide additional advances in the field of platelet biology. With regard
to the clinical aspects of the research on CLEC-2, it could be a good target for an
anti-hematogenous metastasis drug or as an antiplatelet drug. There is still a long
way to go before there could be a practical use of these drugs, but research on
CLEC-2 may lead to a better understanding of cancer and arterial thrombosis,
which are the main causes of death in developed countries.
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