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Part I
ITAM-Coupled Activating Receptors



Chapter 1
Dectin-2 in Antimicrobial Immunity
and Homeostasis

Rikio Yabe and Shinobu Saijo

Abstract Dendritic cell-associated lectin-2 (Dectin-2) is one of the most well-
characterized members of the C-type lectin family. Recent studies have revealed its
indispensable functions as a pattern recognition receptor (PRR) for a wide variety
of pathogens, including fungi, bacteria, and viruses. This receptor recognizes
microbial carbohydrates as a pathogen-associated molecular pattern (PAMP).
Upon ligand ligation, Dectin-2 induces secretion of the pro-inflammatory cytokines
such as interleukin (IL)-1p, IL-6, and TNF, as well as the inhibitory cytokine IL-10.
These cytokines differentiate T cells into IL-17-producing Th17 cells to eliminate
pathogens. In addition to microbes, Dectin-2 also binds to allergens such as those of
house dust mites and helminths to activate the NLRP3 inflammasome. In vivo,
Dectin-2 plays a key role in antimicrobial infection, especially antifungal infec-
tions. Owing to these abilities, Dectin-2 agonists could be promising adjuvants in
vaccinations. In this section, we summarize the current knowledge of Dectin-2 in
detail, describing its structure, ligand recognition, signaling, and associated human
diseases.

Keywords Dectin-2 « Fungal infection ¢ Bacterial infection ¢ Innate immunity *
Inflammation ¢ Carbohydrate « High mannose

1.1 Introduction

Dendritic cell-associated lectin-2 (Dectin-2, gene symbol: Mus musculus Clec4n,
Homo sapiens CLEC6A or CLEC4N) was originally found as a Langerhans cell-
specific C-type lectin that recognizes self-ligands expressed in CD4*CD25* T cells
(Ariizumi et al. 2000). Subsequently, Dectin-2 expression was found in myeloid
cells, including monocytes, tissue macrophages, neutrophils, several dendritic cell
(DC) subsets, and B lymphoid cells (McDonald et al. 2012; Robinson et al. 2009;
Seeds et al. 2009; Taylor et al. 2005). The expression of the gene is rather low in
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these cells, although it is greatly enhanced with the inflammatory stimuli. Never-
theless, the molecular mechanisms underlying the regulation of Dectin-2 expres-
sion still remain to be elucidated.

Dectin-2 is encoded in the mouse chromosome 6F and in the syntenic region on
human chromosome 12q13, where several C-type lectin genes are located and form
clusters, including Dectin-1 and Dectin-2 clusters (Fig. 1.1a) (Balch et al. 2002;
Fujikado et al. 2006). In the mouse, nine members, DCIR4, DCIR3, DCIR2,
DCAR2, DCIR1, DCAR-1, Dectin-2, MCL, and Mincle (gene symbols: Clec4al,
Clec4a3, Clecdad, Clec4bl, Clec4a2, Clec4b2, Clec4n, Clec4d, and Clec4e), are
mapped in close vicinity on the Dectin-2 cluster of chromosome 6, sharing a
common structure (see next section). By contrast, fewer molecules are found in
the Dectin-2 cluster in humans, i.e., BDCA-2, DCIR, DECTIN-2, MCL, and
MINCLE (gene symbols: CLEC4C, CLEC4A, CLEC6A, CLECSFS8, and
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Fig. 1.1 a Organization of mouse and human Dectin-1 and Dectin-2 clusters. b Dectin-2 senses
a-mannosylated chains and initiates cellular responses through association with the Fc receptor y
chain (FcRy), which contains immunoreceptor tyrosine-based activation motif (ITAMs). Dectin-2
is presented as a homodimer through a disulfide bond or in association with FcRy, whereas it forms
a heterodimer with MCL linked by FcRy. The heterodimeric complex has relatively strong affinity
to pathogen-associated molecular patterns (PAMPs) in comparison with the homodimeric complex
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CLEC4E). Due to the common gene structure shared by the receptors and the
variation of the family members between species, it is speculated that this gene
cluster may have been established by gene duplication. Interestingly, this region of
the chromosome harboring the Dectin-2 and Dectin-1 clusters has been implicated
in several autoimmune diseases by linkage studies (Fujikado et al. 2006; Wandstrat
and Wakeland 2001). Therefore, it is possible that C-type lectins could be one of the
susceptibility genes for these diseases (Caliz et al. 2013).

Of note, Dectin-2 may have an immune inhibition role because of its unique
ability to produce anti-inflammatory cytokine, interleukin (IL)-10. However, com-
pared to its immune-activating or antimicrobial functions, the physiological role of
the immune-inhibiting activity of Dectin-2 remains largely unknown. In this sec-
tion, we update paradigm and summary findings on Dectin-2 and its functions that
have been made in recent years.

1.2 Structure of Dectin-2

Dectin-2 is a glycosylated type II transmembrane protein, whose C-terminal portion
encodes the extracellular region and the N-terminal portion encodes the cytoplas-
mic region of the receptor (Ariizumi et al. 2000). This protein is encoded by six
exons and has a single carbohydrate recognition domain (CRD) in the extracellular
region, a stalk region, a transmembrane region, and a short cytoplasmic domain
with no known signaling motif. These structures are shared among other C-type
lectins in the Dectin-2 cluster with the exception of DCIR and DCIR2, which have
an inhibitory motif, immunoreceptor tyrosine-based inhibitory motif (ITIM), in
their cytoplasmic region. Dectin-2 associates with an adapter molecule, Fc receptor
vy chain (FcRy, gene symbol: Fcerlg) to transduce its signaling. Although Dectin-2
contains an arginine residue, which often mediates associations with
immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor mol-
ecules in the transmembrane region, the interaction between these two molecules is
not dependent on the arginine residue unlike other FcRy-coupled receptors, but
instead requires the cytoplasmic tail of Dectin-2 (Sato et al. 2006). As Dectin-2 has
a conserved cysteine residue in its stalk region, which can form disulfide-linked
homodimers, it was implicated that this receptor forms homodimers by ligand
recognition. Recently, Zhu et al. demonstrated that Dectin-2 forms heterodimers
with another C-type lectin, MCL, as well as homodimers, and the heterodimers
showed stronger affinity to the ligand than the homodimers (Fig. 1.1b). Require-
ment of the cysteine residue of Dectin-2 for the heterodimerization and the molec-
ular mechanism for this dimer formation are still unknown.
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1.3 Ligands of Dectin-2

Dectin-2 contains an acid—proline—asparagine (EPN) amino acid triplet in its
extracellular CRD, a common feature that is known to facilitate binding to man-
nose, glucose/N-acetylglucosamine, and fucose in a Ca®*-dependent manner and
has attracted much attention with respect to its role as a pattern recognition receptor
(PRR) (Fernandes et al. 1999). Indeed, a study using a glycan array revealed that
Dectin-2 binds to high-mannose structures that are distributed in a wide range of
species, including fungi, parasites, bacteria, and mammals (McGreal et al. 2000).
Consistent with this, using a recombinant soluble form of Dectin-2 CRD as a probe,
or Dectin-2-expressing reporter cells, it was shown that Dectin-2 binds to a variety
of pathogenic microorganisms, including Candida spp., Saccharomyces cerevisiae,
Cryptococcus neoformans, Trichophyton rubrum, Paracoccidioides brasiliensis,
Malassezia spp., and Aspergillus fumigatus, Mycobacterium spp., Streptococcus
pneumoniae, and Ebola virus, whose cell wall polysaccharides contain a high-
mannose structure (Table 1.1) (Barrett et al. 2009; Brudner et al. 2013; McGreal
et al. 2006; Miyasaka et al. 2013; Ritter et al. 2010; Sato et al. 2006).

Among these pathogens, the best-studied interactions are with Candida albicans
(C. albicans), Malassezia, and Mycobacterium. The C. albicans cell wall is com-
posed of multiple layers, including the outermost mannans (polymers of mannose),
middle-layer B-glucans (polymers of D-glucose linked by p-glycosidic bonds), and
the inner-layer chitins (polymers of N-acetylglucosamine) (Odds 1988). Mannans
from C. albicans have -1,2-linked mannose residues attached to their a-1,2-linked
oligomannose side chains with a-1,6-linked mannose backbone (Fig. 1.2a) (Cutler
2001; Shibata et al. 2003). Since the p-1,2-linked mannose residues are not syn-
thesized when this fungus is cultured in a carbon-limited (C-limited), low-pH

Table 1.1 Dectin-2 sensing microbial pathogens

Category Microbial pathogens Ligands

Bacteria Mycobacterium spp. Man-LAM
S. pneumonia

Fungi Candida spp. a-mannans, high-mannose-type N-glycans
Malassezia spp. O-linked mannobioses
A. fumigates

C. neoformans (non-capsulated)

Saccharomyces cerevisiae

Coccidioides spp.
B. dermatitidis
H. capsulatum

T. rubrum

P. brasiliensis
Virus Ebola
Others S. mansoni

House dust mite allergen
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Fig. 1.2 The structure of the mannosyl residues of an N-linked mannoprotein. a C. albicans
cultured at 37 °C with normal medium. b C. albicans cultured at 27 °C with C-limiting medium.
a-1,6-linked mannose (pink circles), a-1,2-linked mannose (yellow circles), p-1,2-linked mannose
(gray circles), a-1,3-linked mannose (green) (Adapted from Hobson et al. 2004)

medium at a low temperature, only a-1,2-mannose residues are synthesized and
secreted into the medium as a water-soluble fraction (Shinohara et al. 2006)
(Fig. 1.2b). When Dectin-2-deficient bone marrow-derived DCs (BMDCs) are
stimulated with these a-mannans, the production of cytokines such as interleukin
(IL)-6 and TNF was abolished, indicating that Dectin-2 is a receptor for C. albicans
a-mannans. C. albicans is a dimorphic fungus that can exist in yeast or hyphal form
depending on its growth environment (Saijo et al. 2010). A previous study revealed
that Dectin-2 selectively binds to the hyphal form of C. albicans (Sato et al. 2006).
Indeed, significant, but not complete, reduction in cytokine secretion was found in
Dectin-2-deficient BMDCs upon stimulation with the hyphal form of C. albicans.
Notably, cytokine production of Dectin-2-deficient BMDCs was eradicated in
response to the yeast form of C. albicans, indicating that Dectin-2 is the only
receptor to produce cytokines for the yeast form of the fungus.

Malassezia, which is found in the normal flora of the human skin, is another
opportunistic fungal pathogen. Ishikawa et al. identified the O-linked mannoprotein
fractionated from the Malassezia cell wall as a distinct Dectin-2 ligand. By using
Dectin-2-expressing reporter cells, they also showed that a-1,2-mannosyl residues
were necessary and sufficient for recognition by the receptor (Table 1.1) (Ishikawa
et al. 2013). Recently, Dectin-2 was found to recognize a cell wall component of
Mycobacterium, mannose-capped lipoarabinomannan (Man-LAM), which consists
of a mannosyl-phosphatidyl-myo-inositol anchor, a mannose backbone, and an
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arabinan domain with mannose capping (Yonekawa et al. 2014). Interestingly, a
distinct mycobacterial cell wall component, trehalose-6,6'-dimycolate (TDM), is
recognized by MINCLE and MCL, whose genes are closely located to the Dectin-2
locus (Ishikawa et al. 2009; Miyake et al. 2013).

1.4 Dectin-2 Signaling

Upon recognition of the carbohydrate structures in pathogens, Dectin-2 initiates a
series of cellular responses beginning with the association of the ITAM-containing
adaptor molecule FcRy, followed by recruitment of phosphorylated Syk (Fig. 1.3).
Subsequently, phosphorylated Syk activates a CARD9-BCL10-MALT1 (CBM)
complex, resulting in activation of nuclear factor (NF)-xB (Hara et al. 2007; Saijo
et al. 2010). The activated NF-kB induces expression of inflammatory cytokines
such as IL-23 and pro-IL-1f. At the same time, Syk activation induces reactive
oxygen species (ROS) production. ROS are important for the direct killing of
pathogens and activation of the NLRP3 inflammasome that enhances processing
of pro-IL-1f into mature IL-1p (Ritter et al. 2010). The mitogen-activated protein
kinase (MAPK) pathway is also activated simultaneously, although the biological
significance of this pathway in the host defense mechanism is not known (Fig. 1.3).

It is noteworthy that Dectin-2 signaling also induces the production of an
inhibitory cytokine, IL-10, by the stimulation of a-mannans of the C. albicans
cell wall as well as Man-LAM of the Mycobacterium tuberculosis cell wall (Saijo
et al. 2010; Yonekawa et al. 2014). Since the capping moieties at the terminal
extremity of the arabinan domain in LAM differ among Mycobacterium species,
Man-LAM is rather unique to pathogenic mycobacteria such as M. tuberculosis. In
this context, it has been shown that M. tuberculosis suppresses the host immune
system and phagosome-lysosome fusion, suggesting that IL-10 production via the
Man-LAM-Dectin-2 interaction might be an explanation for the severe pathoge-
nicity of M. tuberculosis.

1.5 Role of Dectin-2 in Diseases

The importance of Dectin-2 in antifungal immunity has been clearly shown in
mouse models (Robinson et al. 2009). Dectin-2-deficient mice showed decreased
survival against C. albicans infection, because of increased fungal growth in the
kidney (Saijo et al. 2010). This demonstrated the important role of Dectin-2 in
pathogen elimination; however, the in vivo mechanism remains unclear. One
possibility is that the pro-inflammatory cytokines secreted from Dectin-2-
expressing myeloid cells enhance IL-17 expression in lymphocytes. Indeed,
IL-17A-deficient and IL-23-p19-deficient mice are more vulnerable to
C. albicans infection, suggesting that IL-17A is crucial for the host protection
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Fig. 1.3 Upon ligand binding, Dectin-2 recruits phosphorylated Syk to ITAM of the FcRy,
leading to activation of the CARD9-BCL10-MALT1 (CBM) complex. At the same time, reactive
oxygen species (ROS) production is induced in a Syk-dependent manner, resulting in the direct
killing of pathogens and activation of the NLRP3 inflammasome. The CBM complex activates
NF-xB, which induces the production of cytokines such as pro-IL-1f, IL-6, and IL-23. In contrast,
the NLRP3 inflammasome activates caspase 1 and/or caspase 8 to process pro-IL-1p into mature
IL-1p. IL-1p, IL-6, and IL-23 preferentially induce the differentiation of Th17 cells, which play an
important role in the host defense against microbes by recruiting neutrophils

against this fungus (Kagami et al. 2010; Saijo et al. 2010). Although single
nucleotide polymorphisms (SNPs) or inborn errors in the human Dectin-2 gene
have not been reported yet, mutations that affect human IL-17F and IL-17 receptor
A (IL-17RA) functions cause the development of chronic mucoepithelial fungal
infection (CMC), which is due to impaired IL-17-mediated immunity (Puel
et al. 2011). Consistent with these observations, Dectin-2-induced cytokines pref-
erentially promote the differentiation of Th17 cells in vitro, although the specific
IL-17A- and IL-17F-producing cells upon fungal infection remain to be elucidated.
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On the other hand, it was recently reported that Dectin-2-induced IL-6 and IL-23
enhanced IL-17A production in neutrophils that constitutively express the tran-
scription factor RORyt, upon infection with A. fumigatus. IL-6 and IL-23 also
induce the expression of IL-17RC and Dectin-2 in an autocrine manner, resulting
in the production of ROS and increased fungal killing (Taylor et al. 2014) (Fig. 1.3).

Regarding Th17 differentiation caused by Dectin-2-mediated signaling, as
described above, Dectin-2 recognizes Mycobacterium Man-LAM, which has been
known to have both inhibitory and stimulatory effects on host immunity (Briken
et al. 2004; Chan et al. 2001; Gringhuis et al. 2009; Mazurek et al. 2012).
Man-LAM stimulation of BMDCs cocultured with T cells led to increased produc-
tion of IL-17 in T cells. More importantly, Man-LAM stimulation was sufficient to
promote host immunity for the development of experimental autoimmune enceph-
alomyelitis (EAE), a mouse model of multiple sclerosis. Given that Th17 cells play
a pivotal role in the pathogenesis in these mice, this Mycobacterium component or
other Dectin-2 agonists might serve as a beneficial adjuvant (Yonekawa
et al. 2014).

Dectin-2 also senses mannan-containing parasites, including house dust mite and
Schistosoma mansoni (Barrett et al. 2011; Norimoto et al. 2014; Ritter et al. 2010).
In these cases, Dectin-2 seems to induce Th1, Th2, as well as Th17 differentiation,
suggesting a broader swath of its immunological roles.

1.6 Concluding Remarks

The significant functions of Dectin-2 in the host defense against pathogen infection
have been studied and are described in this review. However, the in vivo roles of
Dectin-2 remain to be unveiled. Interestingly, some other C-type lectins have
redundant biological functions to Dectin-2. For example, MCL senses the same
ligand, C. albicans a-mannan, as Dectin-2, and, more importantly, MCL and
Dectin-2 form heterodimers as well as homodimers (Zhu et al. 2013). On the
other hand, MCL also stabilizes Mincle expression, and both receptors sense
mycobacterial TDM (Miyake et al. 2013, 2015). These findings suggest that the
C-type lectin system provides a sophisticated and fail-safe method to respond to
pathogens using a limited number of molecules. Determining the collaboration
between C-type lectins and other innate immune receptors such as toll-like recep-
tors (TLRs), retinoic acid-inducible gene-I-like receptors (RLRs), or nucleotide
oligomerization domain-like receptors (NLRs) could be another interesting area of
research. For instance, Dectin-1 and TLR-2 collaboratively enhance IL-12 produc-
tion to induce Thl differentiation, which is important for fungal and bacterial
protection (Dennehy et al. 2009; Gerosa et al. 2008). These studies could help to
elucidate the whole picture of the role of the C-type lectin system in host defense,
with valuable implications for the development of new therapeutic and vaccine
strategies.
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Chapter 2
Pathogen-Sensing by Mincle: Function
and Molecular Aspects

Masahiro Nagata, Zakaria Omahdi, and Sho Yamasaki

Abstract The C-type lectin receptor called Mincle (macrophage-inducible C-type
lectin) is a pattern recognition receptor (PRR) mainly expressed by myeloid cells.
Over the years, Mincle has been reported to recognize pathogen-associated molec-
ular patterns (PAMPs) from several microorganisms. Among these PAMPs, the
most studied is trehalose-6,6-dimycolate (TDM), which is also the most abundant
glycolipid present in the cell wall of Mycobacterium tuberculosis. Moreover, it has
also been demonstrated that Mincle is involved in fungi recognition, and a growing
number of reports show that this PRR may recognize other pathogens. However, in
some cases the ligands are still unknown, or the exact role of Mincle in the immune
response against these pathogens is unclear. In this chapter, we will begin by
presenting the pathogens recognized by Mincle. Then, the Mincle-glycolipid inter-
action will be described at the molecular level. And last but not least, we will
discuss the immune response triggered through Mincle.

Keywords Mincle ¢ C-type lectin « Glycolipid recognition ¢ Adjuvant receptor

2.1 Introduction

Prior to the discovery of pattern recognition receptors (PRRs) in the 1990s, the
innate immune system was thought to be nonspecific and solely implicated in the
clearance of pathogens. The PRRs expressed by antigen-presenting cells (APCs) in
fact allow innate immune cells to recognize and discriminate pathogens, which is of
tremendous importance for the establishment of a robust and adequate acquired
response (Kawai and Akira 2010). By recognizing PAMPs (pathogen-associated
molecular pattern), molecular signatures from essential components shared by
entire groups of microorganisms, PRRs allow the innate immune system to orient
the acquired response efficiently (Geijtenbeek and Gringhuis 2009).
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One of the most important and studied PRR families is the C-type lectin family
of receptors (CLRs). Lectins are proteins characterized by their capacity to bind
carbohydrates (Teuschl et al. 2014). C-type lectins are a particular subfamily of
lectins that require Ca®* to bind sugar moieties (Zelensky and Gready 2005;
Richardson and Williams 2014). They share homology in their compact globular
module responsible for the carbohydrate-binding activity called CRD (carbohy-
drate recognition domain) (Zelensky and Gready 2005; Cummings and McEver
2009). Due to this ability, CLRs can elicit the immune response through the
recognition of various glycosylated or even non-glycosylated targets.
Macrophage-inducible C-type lectin (Mincle), also called Clec4e or Clecsf9, is a
type II transmembrane CLR, genetically mapped to mouse chromosome 6F2 and
human chromosome 12p31 (Matsumoto et al. 1999; Flornes et al. 2004). Mincle
was at first characterized as one of the transcriptional targets of NF-IL6 (nuclear
factor for interleukin-6, formerly known as C/EBPf), and it was shown that
although its expression in resting cells is low, it can be induced by various cellular
stresses and stimuli in professional APCs (dendritic cells, macrophages, neutro-
phils, and B cells). However, its function remained elusive for about a decade
(Richardson and Williams 2014; Matsumoto et al. 1999). It is in 2008 that the first
reports, revealing the function and the ligands recognized by Mincle, were
published. On one hand, Wells et al. showed that Mincle is an essential actor in
the immune response against Candida albicans by inducing inflammatory signaling
(Wells et al. 2008). On the other hand, it was demonstrated that Mincle is also
involved in sensing danger signals through the recognition of SAP130 (one of the
nuclear proteins forming the spliceosome complex) released by dead cells. In
addition, the signaling pathway initiated by Mincle was also revealed in the same
report (Yamasaki et al. 2008). As many other activating receptors, Mincle is
incapable of transducing activating signals by itself. A positively charged arginine
present in the transmembrane region of Mincle allows its interaction with the
adaptor protein containing an immunoreceptor tyrosine-based activation motif
(ITAM), called Fc receptor y-chain (FcRy). When Mincle recognizes a PAMP, its
activation induces a dual phosphorylation of the ITAM of FcRy that becomes a
high-affinity docking site for Syk (spleen tyrosine kinase) family proteins through
their SH2 (Src homology 2) domain. The signal is then transmitted to NF-xB by the
CARD9-BCL10-MALT1 pathway that leads to the production of pro-inflammatory
cytokines that orient the maturation of naive T cells (Richardson and Williams
2014; Yamasaki et al. 2008; Mdcsai et al. 2010).

Shortly after, Mincle was also shown to be involved in mycobacterial recogni-
tion (Ishikawa et al. 2009). It is now well established that most ligands recognized
by Mincle are glycolipids mainly found in mycobacteria and fungi (Ishikawa
et al. 2013; Richardson and Williams 2014). However, recent articles show evi-
dence about the recognition of other pathogens by Mincle (Fig. 2.1). Consequently,
we wish to firstly describe the PAMPs recognized by Mincle. We will then present
the molecular aspects of the ligand recognition by this CLR before describing the
establishment of the acquired immune response through Mincle.
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Fig. 2.1 Danger sensing by the C-type lectin receptor Mincle. Mincle is a pleiotropic pattern
recognition receptor that has been reported to recognize several danger signals. Mincle binds to
ligands from mycobacteria (Sect. 2.2) and the fungi family Malassezia (Sect. 2.3). However, many
others remain to be determined (Sects. 2.3 and 2.4). Mincle interacts with FcRy to trigger
downstream signaling pathway, but there is also evidence about a Mincle/TLR synergistic
signaling (Sect. 2.3) or a possible interaction with MCL. Mincle-dependent signaling is essential
to the Th1/Th17 polarization in response to TDM (Sect. 2.6). Yet, whether Mincle is crucial or not
for the clearance of pathogens or homeostasis maintenance is still unclear

2.2 Mincle Recognizes Mycobacterial PAMPs

On March, on the occasion of the World Tuberculosis Day, the World Health
Organization called on the countries to continue the efforts against this disease.
Although remarkable progress has been made in the past few years, the mortality is
still alarming with 1.5 million people dying of tuberculosis each year (World Health
Organization Global tuberculosis report 2015). Mycobacterium tuberculosis, the
bacilli that causes this infectious disease, possesses various cell wall components
that affect host immune response, and some of them are Mincle ligands (Fig. 2.1;
Sect. 2.2).
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2.2.1 Mincle Recognizes TDM

In the beginning of the 1950s, a toxic glycolipid was isolated from M. tuberculosis cell
wall by Bloch. As it was related to the capacity of forming cord, a characteristic feature
of the virulence of the bacilli, Bloch named it cord factor (Bloch et al. 1953). Shortly
after, its final structure was determined and shown to be trehalose-6,6'-dimycolate
(TDM) (Noll et al. 1956; Julian et al. 2010). TDM is presently known as one of the
most bioactive components of M. tuberculosis, triggering pro-inflammatory cascades
and granuloma formation as well as having adjuvant activity (Geisel et al. 2005;
Hunter et al. 2006). However, despite all the studies on this cell wall component, the
actors implicated in its recognition stayed indefinable until a few years ago.

Our team showed that the receptor at the origin of TDM-dependent inflamma-
tory responses is Mincle. In this study, by using nuclear factor of activated T-cell
(NFAT)-driven green fluorescent protein (GFP) reporter cells, Mincle was first
shown to recognize mycobacteria. Afterwards, lipid extraction and separation
strategy with high-performance thin-layer chromatography (HPTLC) revealed
that TDM is a direct ligand of Mincle from M. tuberculosis. Moreover,
TDM-induced granuloma formation in the lung was abrogated, and
pro-inflammatory cytokine production was highly reduced in Mincle-deficient
mice (Ishikawa et al. 2009).

In a recent report, we also studied the recognition of TDM in guinea pig
(Toyonaga et al. 2014). It is a highly relevant animal model since the clinical and
morphological features of guinea pig tuberculosis are very similar to those of
human tuberculosis. We showed that in guinea pig, TDM binds to and induces
activation signal through Mincle. Group 1 CD1 proteins (involved in the presenta-
tion of mycobacterial glycolipid antigens to T-cells) are present in human and
guinea pig but are not expressed in mice and rats (Moody et al. 1997; Layre
et al. 2009). Besides, it has been reported that TDM orients the maturation of
T-helper (Th) cells toward Th1 and Th17 subsets (Schoenen et al. 2010). Thus, this
animal model would be appropriated to investigate the role of Mincle in the entire
T-cell response against M. tuberculosis. Taken together, these two reports demon-
strated that the TDM-induced immune response relies on Mincle.

The function of Mincle in macrophages and dendritic cells is well studied.
However, during mycobacterial- or TDM-induced inflammation in the lung, other
immune cells are recruited to the inflammation site. Berry et al. found that inter-
feron (IFN)-inducible transcripts are overexpressed in purified blood neutrophils
from tuberculosis patients (Berry et al. 2010). This result hinted that neutrophils are
probably involved in the acute phase of mycobacterial infection. Furthermore, it has
been shown that Mincle in neutrophils may be important for the lung inflammation
triggered by TDM (Lee et al. 2012). Interestingly, by inoculating TDM-coated
beads as well as activated bone marrow macrophages (BMMs) subcutaneously, Lee
et al. could demonstrate that neutrophils are recruited to the inoculation site in wild-
type (WT) mice but not in Mincle-deficient mice. The presence of BMMs,
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that should play the role of resident macrophages, did not rescue the impaired
recruitment observed in knockout mice. Although this result is likely to indicate
that neutrophil recruitment in the lung depends on direct recognition of TDM by
Mincle on neutrophil, further experiments should be done to confirm this conclu-
sion. A first possibility would be that either BMMs did not mimic correctly the
resident macrophages or that another cell type, such as endothelial cells, is impli-
cated in the recruitment of neutrophils. Also, to strongly confirm the role of Mincle
in this cell type, a conditional knockout mice line, in which Mincle is not expressed
in neutrophils exclusively, should be used.

Nevertheless, this study reported an important and currently poorly understood
function of Mincle in neutrophil migration and is among the growing number of
articles showing the implication of Mincle in neutrophil immune response. This
report also demonstrated that TDM is recognized by Mincle in neutrophils as well.
However, TDM is not the unique mycobacterial PAMP recognized by Mincle.

2.2.2 Human Mincle Recognizes Glycerol Monomycolate

As we mentioned in the previous section, it has been shown that CD1b presents a
mycobacterial cell wall component to T cells. This glycolipid, glycerol
monomycolate (GroMM), is a mycoloyl-based lipid that has a single mycolate
linked to a glycerol unit (Layre et al. 2009). The presence of GroMM in the cell wall
of Mycobacterium strains was assessed in the 1950s (Tsumita 1956; Bloch
et al. 1957; Noll 1957; Noll and Jackim 1958). Andersen et al. reported the
immunostimulatory activity of GroMM and its capacity to directly activate
human dendritic cells, but the recognition mechanism has been uncovered only
recently (Andersen et al. 2009). By using NFAT-driven GFP reporter cells
expressing either human or mouse Mincle, Hattori et al. reported that human
Mincle, contrarily to its mouse homologue, recognizes GroMM (Hattori
et al. 2014), a result that was further confirmed by challenging WT and human
Mincle transgenic mice with GroMM liposomes. Unlike WT mice, a marked
accumulation of macrophages and eosinophils was observed in transgenic mice
expressing human Mincle. The authors also identified two stretches of amino acids
(positions 174—176 and 195-196) that are implicated in the human Mincle-GroMM
interaction. In fact, replacing these two stretches in mouse Mincle by their human
equivalent induced GFP expression by reporter cells in response to GroMM.
These results show that human Mincle recognizes GroMM and illustrate that
Mincle ligand binding can differ from mouse to human. It also raises the question as
to how the recognition of GroMM contributes to the control of mycobacterial
infection. However, to push the investigation further, using the same human Mincle
transgenic mice or humanized mice and examine the immune response after
GroMM stimulation should improve our understanding on this subject. In the
case of a possible use for GroMM as an adjuvant for vaccination, this data should
also be confirmed in an animal model that displays this recognition. The short
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amino acid stretches reported by Hattori et al. are likely to be of importance for the
interaction between GroMM and human Mincle. These motifs are conserved in
chimpanzee and differ in one amino acid in the case of rhesus monkey. Analysis in
these model organisms would therefore generate valuable information. Also, TDM
and GroMM both induce Mincle-dependent inflammatory response. Yet the differ-
ences between these two responses are still unclear and need further investigations.

2.2.3 Role of Mincle in the Clearance of Mycobacteria

With the emergence of resistant mycobacteria, new therapeutic strategies against
tuberculosis are needed. Mincle, with its role in mycobacterial recognition, is
therefore considered to be a potential target. Hence, Behler et al. first investigated
the role of Mincle by using intratracheal mycobacterial infection. Tuberculosis is
initiated by the inhalation of aerosol droplets containing the bacilli. As a result, the
first immune cells to encounter the pathogen are generally lung alveolar macro-
phages and newly immigrating macrophages. The authors showed in a first report
that in Mincle-deficient mice, the cytokine and chemokine production as well as the
leukocyte recruitment after BCG (bacillus Calmette-Guérin) infection were
severely impaired (Behler et al. 2012). Plus, they detected a delayed expression
of Mincle following primary infection with BCG which suggests that Mincle
participate in the late antimycobacterial response in mice lung. In a subsequent
study, they challenged mice intravenously with M. bovis to mimic a systemic
infection (Behler et al. 2015). They could detect higher mycobacterial loads in
the spleen and liver of Mincle-deficient mice compared to WT mice. An interesting
result is that granuloma formation was attenuated in the spleen but not in the liver of
Mincle-deficient mice. These preliminary data indicate that Mincle may contribute
to granuloma formation in an organ-specific manner and show that another
PRR(s) could be implicated in this phenomenon. The results presented in these
two articles show a probable contribution of Mincle in the control of mycobac-
terial infection in mice.

Conversely, another study reported that Mincle is not required to efficiently
control M. tuberculosis infection (Heitmann et al. 2013). In their study, Heitmann
et al. used M. tuberculosis (H37Rv strain) to examine the consequences of Mincle
deficiency in mice after aerosol infection. They could show that mycobacterial
burden in the lung of Mincle-deficient mice and WT mice was comparable at early
or late stage of infection. Then, they measured the production of pro-inflammatory
cytokines from lung homogenates at the transcriptional and protein levels. In both
cases, no significant differences were detected. TDM strictly depends on Mincle to
induce the development of Thl and Thl7 (Sect. 2.6.1). Therefore, the authors
assessed the activity of these two subsets. Again, the number of IFN- and IL-17-
producing cells as well as gene expression of these cytokines in the lung was similar
in WT and Mincle-deficient mice. Lastly, they performed aerosol infection with a
high dose of M. tuberculosis and evaluated the mycobacterial loads in the lung,
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spleen, and liver. Consistent with their previous results, bacterial burden was once
more not influenced by Mincle deficiency, in contrast with the data showed by
Behler et al. with the M. bovis strain BCG (Behler et al. 2015). However, Lee
et al. demonstrated that after aerosol infection with the Erdmann M. tuberculosis
strain cytokine levels and mycobacterial burden were higher in the lung of Mincle-
deficient mice (Lee et al. 2012). As the major difference between those three studies
is the strain used for the infection, Heitmann et al. consequently proposed that the
abundance of cell wall components might vary from one strain to another and
generate these different results. In sum, the exact role of Mincle in the immune
response against tuberculosis is still unsolved and remains controversial. Additional
studies are necessary in order to clarify this subject and to determine whether or not
Mincle could be a therapeutic target for treating tuberculosis.

Nevertheless, it has been clearly demonstrated that the cytosolic adaptor caspase
recruitment domain family member 9 (CARD?9), which is involved in transducing
signals from several ITAM-coupled receptors (including Mincle), is essential to
control pulmonary M. tuberculosis infection (Dorhoi et al. 2010). The authors
showed that CARD9Y deficiency resulted in accelerated death and granulocyte
recruitment, higher mycobacterial burden as well as elevated production of
pro-inflammatory cytokines. Since Mincle is one of the PRRs upstream of
CARD? signaling pathway, it remains a relevant candidate for the establishment
of a new treatment for tuberculosis.

2.3 Mincle Recognizes Fungal PAMPs

Fungi are part of the normal human flora, mainly found in the gastrointestinal tract
(Bernhardt and Knoke 1997) but also on the skin and oral mucosa (Roth and James
1988). While most fungal microorganisms are usually harmless, some species can
have high pathogenicity if host immune defense weakens. It results in several
diseases called mycoses, ranging from superficial infection to fatal systemic inva-
sion (Liu 2011). PRRs are also critically involved in the recognition of this family
of pathogens. For instance, TLR2 is a key receptor for pathogenic fungi due to its
recognition of zymosan. In the CLR family of receptors, Dectin-1, which recog-
nizes P-glucan, also has the ability to trigger immune response after binding this
fungal PAMP (Goodridge and Underhill 2008). In this section, we will thus discuss
the contribution of Mincle in the immune response against fungi (Fig. 2.1;
Sect. 2.3).

2.3.1 Mincle Recognizes Candida albicans

As we mentioned in the introduction, the implication of Mincle in fungal recogni-
tion was first illustrated by Wells et al. (2008). They studied the role of Mincle in
the macrophage-dependent immune response to Candida albicans, a fungus
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responsible for invasive candidiasis particularly in hospital environments. The
authors showed that the production of the pro-inflammatory cytokine TNF (tumor
necrosis factor) was reduced in Mincle-deficient macrophages. In addition, the
absence of Mincle enhanced mice susceptibility to systemic candidiasis, and expo-
sure to live C. albicans induced the upregulation of Mincle contrarily to the other
CLRs tested. BMMs produced TNF when stimulated by C. albicans, but in Mincle-
deficient BMMs, or when an anti-Mincle antibody was used, this response was lost.
On the other hand, they showed that Mincle was not required for phagocytosis of
this pathogen by macrophages. Wells et al. also examined the implication of Mincle
in the case of a systemic infection. Intravenous injection of the fungi in Mincle-
deficient mice resulted in a higher colony number of C. albicans in the kidney. This
study suggested that the major role of Mincle in the response against C. albicans is
the induction of pro-inflammatory cytokines. In another report published the same
year, Bugarcic et al. investigated the interaction between C. albicans and Mincle
(Bugarcic et al. 2008). They generated refolded recombinant Mincle CRD (from
mouse and human) and showed the recognition of soluble extracts as well as whole
yeast cell by ELISA. Using Mincle-expressing NFAT-GFP reporter cells, our team
screened 50 fungi species for a possible recognition (Yamasaki et al. 2009). Inter-
estingly, the three Candida albicans species screened in this study did not induce
the expression of GFP. Although the species were different from the one used by
Wells et al., this indicated that Mincle alone is not sufficient but may be implicated
in the immune response against Candida albicans. Furthermore, Mincle ligand(s) in
C. albicans has yet to be determined, and identifying it (or them) may provide new
insights and details about Mincle ligand recognition.

2.3.2 Mincle Recognizes Malassezia

Among the 50 different fungal species (Aspergillus, Microsporum,. . .) tested in the
screen referred to in the previous section, we could determine that only Malassezia
species elicited Mincle signaling, and the use of anti-Mincle antibody completely
inhibited Malassezia-induced GFP expression (Yamasaki et al. 2009). Similar
results were observed in vivo with intraperitoneal injection of Malassezia to WT
and Mincle-deficient mice. The production of pro-inflammatory cytokines detected
in WT mice after infection was lost in the absence of Mincle. These results showed
the involvement of Mincle in the recognition of Malassezia, but the ligand was
determined a few years later (Ishikawa et al. 2013). Our team extracted compounds
from Malassezia using different solvents. We showed that only the chloroform/
methanol extract induced GFP expression in reporter cells. This indicated that
the Mincle ligands from Malassezia were most likely lipids. This extract was
then separated with silica gel column chromatography, followed by HPTLC, and the
obtained fractions were used to stimulate NFAT-GFP reporter cells. This allowed
us to discover two activating ligands for Mincle, and their chemical structures were
identified by mass spectrometry and nuclear magnetic resonance analysis. Both
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ligands are glycolipids and induced the production of pro-inflammatory cytokines
in a Mincle-dependent manner. Moreover, we could also demonstrate that the
intraperitoneal injection of one of the two ligands has the ability to induce neutro-
phil infiltration in vivo. These two studies showed strong evidences of the impli-
cation of Mincle in Malassezia-induced immune response. This family of fungi is
thought to be involved in atopic dermatitis since it was reported that patients
suffering from this disease develop enhanced allergic reaction to Malassezia
(Young et al. 1989). Furthermore, Malassezia-specific IgE was detected in the
serum of atopic dermatitis patients (Devos and van der Valk 2000). It was also
shown that the expression of Mincle was upregulated in mast cells when incubated
with extracts from Malassezia sympodialis (Ribbing et al. 2011). Moreover, some
reports showed the improvement of symptoms of atopic dermatitis patients after
antifungal treatment (Kobayashi et al. 2006). Hence, it suggests that Mincle acti-
vation may contribute to atopic dermatitis, but it warrants further investigation.

2.3.3 Mincle/TLR Synergistic Response to Fonsecaea
pedrosoi

The chronic fungal subcutaneous disease called chromoblastomycosis is caused by
the infection of the skin and subcutaneous tissue, generally after saprophagous
dematiaceous fungi enters through an open wound (Kim et al. 2011). In most cases,
chromoblastomycosis originates from the infection by the melanin-producing path-
ogen, Fonsecaea pedrosoi (Alviano et al. 2004). Information about this fungus was
scarce but Sousa Mda et al. investigated the chronicity of chromoblastomycosis and
showed interesting results about F. pedrosoi recognition (Sousa Mda et al. 2011).
The authors used a mouse model that displays, after intraperitoneal infection, a
similar cytokine profile to the one assessed in chromoblastomycosis patients. They
could show that F. pedrosoi binds to macrophages but does not trigger inflamma-
tory response. The use of heat-killed fungi had the same outcome. Fungi cell wall
components are thought to be shielded, and it has been suggested that heat treat-
ment lay bare underlying PAMPs (Robinson et al. 2009). Therefore, these results
showed that, even if F. pedrosoi binds to macrophages, the activation is not
successful which results in a lack in inflammatory response. In a subsequent
experiment, Sousa et al. co-stimulated macrophages and bone marrow-derived
dendritic cells (BMDCs) with F. pedrosoi and TLR agonists or ligands, which
elicited robust inflammatory response. This response was severely impaired in
MyDS88 (the essential adaptor protein for TLR signaling)-deficient and Mincle-
deficient BMDCs.

This result shows that Mincle and TLR signaling are required to trigger efficient
inflammatory response against F. pedrosoi. However, the PAMP(s) from
F. pedrosoi that binds to Mincle is also still unknown. In addition, Mincle was
recently shown to recognize another member of this fungi family, called Fonsecaea
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monophora, and also responsible for chromoblastomycosis (Wevers et al. 2014).
But in this case, it interferes with the Dectin-1-induced immune response. Wevers
et al. showed that F. monophora induced Dectin-1 signaling that triggers interleu-
kin (IL)-12 production through IRF-1 (interferon regulatory factor 1).
F. monophora also simultaneously activated Mincle signaling which leads to
proteasomal degradation of IRF-1 and consequently prevents IL-12 transcription.

Although chromoblastomycosis is nonfatal, treatment usually involves heavy
procedures such as chemotherapy, surgical excisions. .. Understanding the recog-
nition mechanisms might lead to the establishment of new and less abrasive
therapeutic solutions. But the studies discussed above illustrate that many aspects
of fungal recognition by Mincle remain obscure.

2.4 A Role for Mincle in Pneumonia?

Recent reports showed evidence about the Mincle-dependent recognition of Kleb-
siella pneumoniae and Streptoccocus pneumoniae, two bacteria responsible for the
development of pneumonia (Fig. 2.1; Sect. 2.4). K. pneumoniae belongs to the
gram-negative family of bacteria and colonizes the nasopharynx as well as the
intestinal tract (Podschun and Ullmann 1998), while S. preumoniae, also called
pneumococcus, are gram-positive commensal bacteria that colonize the nasophar-
ynx (Chaguza et al. 2015).

It has been shown that neutrophils have a protective role in K. pneumoniae
infection through phagocytosis but also by extracellular traps (NETs) formation
(Papayannopoulos et al. 2010). As mentioned in Sects. 2.2.1 and 2.3.2, Mincle is
expressed by this cell subset and contributes to immune responses against Candida
and mycobacteria. Thus, Sharma et al. investigated the involvement of Mincle
signaling in the infection by K. pneumoniae (Sharma et al. 2014). WT and
Mincle-deficient mice were infected with a sublethal dose of K. pneumoniae.
Every Mincle-deficient mice died by day 6 after intranasal infection, whereas
more than 70 % of WT mice survived until at least day 14. Mincle deficiency
also resulted in higher bacterial systemic dissemination. Subsequently, to explain
the high susceptibility of Mincle-deficient mice to K. pneumoniae, the authors
examined the neutrophil-dependent immune response in the absence of Mincle.
They could show that the two protective mechanisms involved in neutrophil
clearance of bacteria were impaired. Indeed, it resulted in a significant reduction
of phagocytosis of nonopsonized K. pneumoniae. It was shown recently that, in
macrophages, Mincle may not be required for the uptake of TDM (Kodar
et al. 2015). These results show that Mincle could possibly be implicated in
phagocytosis by neutrophils but not by macrophages. The lack of Mincle caused
NET formation impairment upon infection as well. Hence, it links this CLR to a
new biological function, and this report demonstrates that Mincle plays an impor-
tant protective role in K. pneumoniae infection.
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Rabes et al. recently examined if CLRs are implicated in the recognition of
Streptococcus pneumoniae (Rabes et al. 2015). Using a CLR-Fc fusion protein
library, they discovered that Mincle binds heat-killed S. pneumoniae. The interac-
tion between Mincle-Fc and live S. pneumoniae was confirmed afterwards by flow
cytometry. However, Mincle signaling seems to be redundant in the infection by the
invasive serotype 2 and 3 pneumococcal strains. The production of inflammatory
cytokines by alveolar and bone marrow macrophages isolated from mice and
exposed to S. pneumoniae did not vary in the absence of Mincle and FcRy. The
same observation was made for phagocytosis. To confirm these results, the authors
evaluated the innate immune response of Mincle- and FcRy-deficient mice during
S. pneumoniae infection. Consistent with the previous results, survival, bacterial
loads in blood and bronchoalveolar fluid, as well as macrophage and neutrophil
recruitment in the lung were similar in knockout and WT mice. This study, in
contrast to the one published by Sharma et al., suggests that Mincle is not involved
in the immune response against invasive S. pneumoniae. Nevertheless, Mincle
specifically binds to this pathogen, and its expression is upregulated in the lung
after pneumococcal exposure in vivo. Therefore, complementary studies may
unravel a possible role for Mincle in S. pneumoniae-induced immune response
(Rabes et al. 2015).

These two reports show how Mincle-induced immune response can differ
drastically depending on the pathogen recognized. Although in both cases the
ligands have yet to be described, the results discussed in this section are innovative
and promising. They provide new insights in the role of Mincle in neutrophils and
NET formation, opening new fields of research for this C-type lectin receptor.

2.5 Glycolipid Recognition by Mincle

We showed that a significant number of pathogens and ligands have been reported
to bind to Mincle. An important topic to explore is the nature of the receptor-ligand
interaction at the molecular level. Mincle, like the other members of the CLRs
family, has a CRD in its extracellular region that allows carbohydrate recognition
(Zelensky and Gready 2005). This compact globular domain contains a three amino
acid motif implicated in the binding specificity. In the case of Mincle, a glutamic
acid and an asparagine separated by a proline in a cis conformation, called the EPN
motif (residues 169-171 in human), coordinate a Ca®" ion that interacts with
monosaccharides through hydrogen bonds (Furukawa et al. 2013). This motif is
usually associated with glucose/mannose-binding ability while the QPD motif
(glutamine-proline-aspartic acid), another typical motif found in CLRs, generally
implies galactose-binding activity. Feinberg et al. generated crystals of a minimal
bovine CRD and firstly demonstrated that the overall fold was comparable to other
CLRs and that the Ca®* ion was found at the cation-binding site (Feinberg
et al. 2013). Then, the authors crystallized the bovine Mincle CRD bound to
trehalose, the disaccharide of TDM. Interestingly, in addition to the canonical
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EPN-Ca”* site, two complementary sites were shown to be important for the
interaction with TDM. Another sugar-binding site interacts with the second glucose
residue of TDM and a hydrophobic groove that binds its diacyl group. Moreover,
mutations in these two nonconventional sites resulted in a loss of binding affinity.

In a collaborative study with our team, Furukawa et al. further confirmed the
results presented by Feinberg et al. (Furukawa et al. 2013). The authors crystallized
the extracellular domain of human Mincle and found that its CRD structure was
highly similar to the CRD of DC-SIGNR, except for the regions in the vicinity of
Ca”* binding site. To assess the implication of the EPN motif in Mincle-TDM
interaction, the authors mutated it into the galactose-recognition sequence, QPD.
As expected, it induced the loss of interaction between soluble Mincle and
TDM-coated plates. Then, the role of the unusual region surrounding the sugar-
binding site was investigated. This region contains hydrophobic residues that,
when mutated, induced a diminished NFAT activity of reporter cells expressing
Mincle after TDM stimulation. Furthermore, replacing the hydrophobic region by
the corresponding amino acids of the CLR Dectin-2, that does not contain this
unusual groove, resulted in a severe impairment of NFAT-GFP activity. However,
the secondary sugar-binding site in human Mincle CRD described by Feinberg
et al. has not been reported by Furukawa et al. But in a recent paper, Jegouzo
et al. demonstrated that this secondary binding site was conserved in human Mincle
(Jégouzo et al. 2014). Another interesting result was the comparison between
monoacyl and diacyl binding affinity. Between monoacyl and diacyl derivatives
with the same acyl length, human Mincle CRD bound diacyl derivatives with much
higher affinity.

In sum, the reports discussed above demonstrate that TDM recognition by
Mincle displays singular aspects compared to other CLRs. In addition to the Ca®*
-dependent carbohydrate-binding site, from which originates the name of C-type
lectins, a hydrophobic region and a secondary carbohydrate-binding site participate
in TDM recognition, by interacting with the acyl chains and the second sugar
moiety, respectively. Moreover, in the report by Hattori et al. showing the recog-
nition of GroMM by human Mincle (Sect. 2.2.2), the authors also demonstrated that
two short stretches of amino acids were important for the interaction (Hattori
et al. 2014). One of the two stretches, Val-Thr at positions 195-196, is part of the
hydrophobic region discussed above. Thus, this entire hydrophobic groove may
also be important for the recognition of the acyl chain of GroMM.

Many predicted mannose- or galactose-specific lectins do not actually bind to
these carbohydrates (Richardson and Williams 2014). The discovery of additional
binding region in the CRD of Mincle implies that the carbohydrate-binding motif
may not be the unique major motif implicated in PAMP recognition by
CLRs (Kiyotake et al. 2015).
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2.6 Mincle-Induced Acquired Immunity

Professional APCs are the pivots of the immune system for the reason that they
assure the link between innate and acquired immunity. The PRRs expressed by
APCs allow them to recognize pathogens and then to orchestrate the acquired
immune response accordingly. Consequently, PRRs raised increasing interest,
particularly for the establishment of new adjuvants. In this section, we will present
the immune response triggered by Mincle and its probable role as an adjuvant
receptor (Fig. 2.1; Sect. 2.6).

2.6.1 Mincle Elicits Th1/Th17 Immune Response

At first, three complementary studies allowed to improve our understanding of the
Mincle-induced acquired immune response. Werninghaus et al. investigated the
signaling pathway triggered by TDM and TDB (trehalose-6,6-dibehenate), the
latter being a synthetic analogue of TDM (Werninghaus et al. 2009). Using
immunization strategy in several knockout mice, the authors could demonstrate
that the adaptor protein FcRy is required for the engagement of the Syk-CARD9-
BCL10-MALT1 pathway by both glycolipids. This activation was shown to pro-
mote T-cell maturation towards Th1 and Th17 subsets that produce IFNy and IL-17,
respectively. As discussed in Sect. 2.2.1, our team then revealed that TDM is a
direct ligand of Mincle (Ishikawa et al. 2009). And shortly after, Schoenen
et al. confirmed the previous results and linked the activation of Th1/Th17 immu-
nity to Mincle in vivo (Schoenen et al. 2010). In Mincle-deficient mice, when TDB
was used as an adjuvant to the H1 subunit vaccination protocol, the Th1 response as
well as IL-17 production were highly weakened. Altogether, these reports put
forward evidence suggesting that Mincle is essential for the adjuvant activity of
TDM and TDB. However, it was proposed not long ago that another pathway may
be involved in this mechanism (Desel et al. 2013). Werninghaus et al. demonstrated
that TDM and TDB induce APC activation in absence of MyDS88 in vitro
(Werninghaus et al. 2009). But it was previously reported that in MyD88-deficient
mice, the Th1 immune response after TDB immunization is significantly decreased
(Agger et al. 2008). Thus, Desel et al. investigated the implication of MyD88 in
TDB adjuvanticity in vivo (Desel et al. 2013). The authors first showed that footpad
swelling after subcutaneous TDB immunization was reduced in MyD88-deficient
mice, confirming that this adaptor protein is involved in this process. Interestingly,
cells from footpads secreted IL-1p, and blockade of its receptor IL-1R diminished
IFNy and IL-17 secretion. As IL-1p is firstly produced as an immature cytokine
(pro-IL-1pP) and necessitates inflammasome activation to be functional, Desel
et al. observed the consequences of the loss of an essential adaptor protein for
this process called ASC (apoptosis-associated speck-like protein containing a
caspase recruitment domain). The IFNy secretion was not affected while footpad
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swelling and IL-17 production was reduced. This could mean that the
inflammasome activation is not the unique mechanism implicated in T-cell matu-
ration in response to TDB. It is therefore plausible that Mincle recognizes TDB and
induces the production of IL-1p, which in turn activates IFNy and IL-17 secretion
through IL-1R-MyDS88 signaling. These results were corroborated by the study by
Shenderov et al. in which they observed the Th17 response induced by complete
Freund’s adjuvant (CFA) (Shenderov et al. 2013). This adjuvant, a water-in-oil
emulsion containing heat-killed M. tuberculosis, was used to immunize mice and
examine the intracellular production of IL-17. In accordance with the results
presented by Desel et al., the authors showed that MyD88, IL-1f, and IL-1R were
needed for the CFA-induced Th17 maturation, and the role of the inflammasome
was confirmed as well. Interestingly, by fractionating heat-killed H37Ra strain, they
could also observe that peptidoglycan alone activated the inflammasome. More-
over, CARDY deficiency and, to a lesser extent, Mincle deficiency resulted in
impaired IL-1p production and Th17 polarization. This result hints that Mincle,
although important, is not the unique PRR to signal through CARD?9 in response to
CFA. Therefore, it would appear that Mincle, after recognizing TDM, induces
CARDO9-dependent signaling and pro-IL-1p production. Peptidoglycan, by an
unknown mechanism in this case, triggers inflammasome activation and cleavage
of pro-IL-1f into its mature form which in turn elicits Th17 maturation through the
IL-1R-MyD88 pathway.

Taken together, these studies showed evidence that improved our understanding
of how Mincle stimulates T-helper maturation. To fully understand the mechanism
by which Mincle induces Th1 and Th17 response might facilitate the establishment
of adjuvants that precisely modulate the immune response.

2.6.2 Mincle Regulates the Activation of B Cells

As stated earlier, Mincle is mainly studied in macrophages and dendritic cells.
However, throughout this chapter we could see that other cell types, and especially
neutrophils, might utilize Mincle to induce important immune responses. B cells
express Mincle and also have the ability to present antigens (Matsumoto
et al. 1999). Therefore, Kawata et al. studied the role of Mincle in human B cells
by analyzing its expression upon different stimuli (Kawata et al. 2012). They
showed that the number of Mincle-expressing B cells increased significantly
when stimulated with the TLR ligand CpG-B, while no variation of total B-cell
number was detectable. When peripheral blood mononuclear cells (PBMC) are
cultured in presence of TDB, the number of Mincle-expressing B cells raised as
well, although not as strongly as with CpG-B alone. The authors subsequently
measured the secretion of the immuglobulins IgG, IgA, and IgM by PBMCs and
Mincle-positive B cells when stimulated by TDB, CpG-B, or both. TDB seems to
inhibit IgG and IgA, but not IgM secretion. On the other hand, TDB had no impact
on the secretion of inflammatory cytokines, and IL-1 was not detected in
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supernatant fluid, which may suggests that B cells do not strongly participate in
helper T cell differentiation. These results put forward the possibility that Mincle-
dependent signaling in B cells might promote IgM production. Still, the data on this
particular subject is scarce and needs further study.

2.7 Discussion and Conclusion

Throughout this chapter, we described the role and characteristics of Mincle in the
immune response to pathogens. We could see that this CLR recognizes PAMPs
from various microorganisms, resulting in pro-inflammatory signals for the most
part. Depending on the cell type, tissue, or the pathogen recognized, the Mincle-
dependent immune response ranges from redundant to essential. However, as we
could emphasize numerous times, many aspects concerning Mincle-dependent
immune response require further investigation. For instance, we can cite the
conditions of up- and downregulation of this CLR. As the expression level of
Mincle in resting cells is low, understanding these conditions would be valuable
in order to be able to target Mincle efficiently in therapies.

Another topic that we did not discuss in this chapter, but of high significance
nonetheless, is the recognition of endogenous ligands by Mincle. As pointed out in
the introduction, one of the first Mincle ligand discovered was SAP130 (Yamasaki
et al. 2008). The recognition of this protein released by necrotic cells triggers
danger signaling through Mincle. Moreover, the interaction between SAP130
does not require the CRD, which suggests that Mincle possesses a distinct binding
motif that has yet to be determined. Vaccari et al. also showed the implication of
this recognition in the inflammatory response following traumatic brain injury
(de Rivero Vaccari et al. 2015). Likewise, this recognition also contributes to the
inflammation subsequent to ischemia (Suzuki et al. 2013). Moreover, Mincle is
thought to participate in the chronic inflammation of obese adipose tissue through
the recognition of endogenous ligand by macrophages (Tanaka et al. 2014). We also
recently reported that human Mincle binds to cholesterol crystals (Kiyotake
et al. 2015). These studies suggest a pathophysiological role for the recognition
of danger signal by Mincle.

Recent reports showed interesting results concerning the functional conforma-
tion of Mincle. It has been demonstrated that Mincle forms a heteromeric complex
with FcRy and MCL (macrophage C-type lectin), also member of the CLR family
of receptor. Lobato-Pascual et al. showed the interaction between these three pro-
teins and that in the presence of MCL, Mincle expression is increased in rats
(Lobato-Pascual et al. 2013). These results were confirmed in mice and human
(Miyake et al. 2015; Kerscher et al. 2015). These studies reported that two CLRs
could interact and influence the expression or signaling of one another, an unusual
and novel function in this family of receptor. Further investigations may uncover
the role of this function in the recognition of pathogens by CLRs. Lobato-Pacual
et al. also hypothesized that this heteromeric complex may possibly recognize
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ligands that Mincle alone cannot (Lobato-Pascual et al. 2013). This might explain
why Mincle-expressing reporter cells and APCs or in vivo experiments occasion-
ally result in opposite outcomes. However, it may not explain the results observed
for Candida Albicans (Sect. 2.3.1). Indeed, it was shown that MCL deficiency does
not result in a lack of immune response to this fungus in mice (Graham et al. 2012).

To finish, we saw that Mincle-induced immune response orient T-cell matura-
tion toward Th1/Th17 subsets. Mincle was therefore considered as a highly relevant
adjuvant receptor candidate. At present, TDB has made its way to phase I of clinical
trials in humans and shows promising results. The adjuvant called CAFO1 is the
association of TDB and a cationic liposome vehicle. van Dissel et al. recently
showed that this novel adjuvant was safe and induced long-lasting Mycobacterium
tuberculosis-specific cellular immune response in humans (van Dissel et al. 2014).
This result is encouraging for the establishment of a vaccine against mycobacteria
but also other pathogens that require a robust cellular immune response.
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Chapter 3
The DAP12-Associated Myeloid C-Type
Lectin SA (CLECS5A)

Shie-Liang Hsieh

Abstract Innate immunity is the first line of host defense mechanism against
pathogen invasion. In order to recognize various pathogen-associated molecular
patterns, myeloid cells express abundant innate immunity receptors on cell surface
to recognize diverse pathogen-associated molecular patterns (PAMPs). Toll-like
receptors (TLRs) are the most well-characterized innate immunity receptors for
pattern recognition, and activation of TLRs triggers the MyD88- and TRIF-
dependent pathways to induce the secretion of pro-inflammatory cytokines and
interferons (Akira and Takeda 2004; Athman and Philpott 2004). In addition to
TLRs, natural killer cells and myeloid cells, which are the key players in innate
immunity, recognize glycan and non-glycan structures on pathogen surface via the
C-type lectin receptors (denoted as CLRs), which are the most abundant lectins in
human genome. Among the myeloid CLRs, the spleen tyrosine kinase (Syk)-
coupled C-type lectin receptors (Syk-CLRs) have been shown to play critical
roles in host defense against pathogen invasion (Osorio et al. 2011; Sancho
et al. 2012). Here, we discuss the potential roles of CLECSA, also known as
“myeloid DAP12-associating lectin-1 (MDL-1),” in host defense and autoimmu-
nity. We would also discuss the impact of dual recognition by CLEC5A and TLRs
in future study of host-pathogen interaction.
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3.1 The Syk-Coupled C-Type Lectins (Syk-CLRs)
in Human Genome

There are approximately 150 proteins with “C-type lectin-like domain” (denoted as
CTLD family) classified into 17 groups in human genome (Varki et al. 2009). All
the Syk-CLRs are type II transmembrane proteins belonging to either group II or
group V of CTLD family. The type II C-type lectins contain four Syk-CLRs
[CLEC4B (DCAR2), CLEC4C (BDCA-2), CLEC4E (Mincle), and CLEC6A
(Dectin-2)]. In addition, the type V C-type lectins (also denoted as NK receptor-
like lectin) contains four Syk-CLRs [CLEC2, CLEC5A (MDL-1), CLEC7A
(Dectin-1), CLEC9A (CD370)] and 11 NK receptors [CLEC5B (NKR-P1A,
CD161), CLEC5C (KLRF1), CLEC15B (KLRG2), MAFA (KLRG1), NKG2A
(KLRC1, CD159a), NKG2B (KLRC1), NKG2C (KLRC2, CD159c), NKG2D
(CD314), NKG2E (KLRC3), NKG2F (KLRC4), NKG2I (KLRE1)].

3.1.1 Syk-CLRs with ITAM Motif

CLEC7A (Dectin-1) and CLEC9A (CD370) possess a cytoplasmic
immunoreceptor tyrosine-based activation-like YxxL motif (ITAM, YxxL-(X)10-
12-YxxL) that can recruit Syk kinase. CLEC2 has a YxxL motif in its cytoplasmic
tail, which is crucial for CLEC2-mediated signal transduction. This sequence is
called hemi-ITAM, since its cytoplasmic domain only has one YxxL motif. CLEC1
contains a tyrosine residue in the sequence YSST, which may represent a novel
signaling motif.

3.1.2 Syk-CLR Associated with Adaptor Fc Receptor
Gamma-Chain (FcRy)

All group II Syk-CLRs transduce signal via association with the ITAM-containing
adaptor protein FcRy: CLEC4B (DCAR2), CLEC4C (BDCA-2), CLEC4E
(Mincle), and CLEC6A (Dectin-2).

3.1.3 Syk-CLR Associated with Adaptor DNAX-Associated
Protein 12 (DAP12)

There are 12 DAPI12-associated proteins in the group V CTLD family. While
11 members belong to NK receptors, the myeloid C-type lectin CLECSA
(MDL-1) is abundantly expressed in monocytes, macrophages, and
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polymorphonuclear cells (PMNs), but not in NK cells, dendritic cells, lymphocytes,
or platelets. While human CLECS5A is only reported to associate with DAP12 (Chen
et al. 2008), mouse CLECS5A is able to associate with DAP12 (Bakker et al. 1999)
(in monocytes, macrophages, PMNs) and DAP10 (Inui et al. 2009) (in osteoclast).

3.2 CLECSA (MDL-1) and Its Known Ligands

There are four myeloid Syk-CLRs [CLEC7A (Dectin-1), CLEC6A (Dectin-2),
CLEC4E (Mincle), and CLEC5A (MDL-1)] involved in recognition of fungi
(Taylor et al. 2007; Saijo et al. 2007; Wells et al. 2008), mycobacterial glycolipid
(Ishikawa et al. 2009), virus (Chen et al. 2008, 2012), and bacteria (Rabes
et al. 2015). Compared to the other three myeloid Syk-CLRs, the functions of
CLECSA are relatively un-explored yet. In this chapter, we will discuss the
potential functions of CLECS5A in host-pathogen interaction, autoimmunity, and
septic shock.

3.2.1 Discovery of CLEC5A

CLECSA, initially named as “myeloid DAP12-associating lectin-1 (MDL-1),” was
cloned in Dr. Lanier’s group by indirect expression cloning in 1999 (Bakker
et al. 1999). DAP12 is located in the cytosol without the presence of DAP12-
associating receptor, while it was translocated to cell surface when cells where
co-transfected with DAP12 and DAPI12-associating proteins. By transfecting
mouse cDNA library with flag-tagged DAP12 cDNA, they identified CLEC5A, a
novel cDNA clone, associated with DAP12 (Bakker et al. 1999). Cross-linking of
CLECS5A is able to induce calcium mobilization, suggesting CLEC5A is able to
activate cells via DAP12-mediated signaling. Furthermore, CLEC5A is expressed
in the myeloid lineage, including monocytes, macrophages, neutrophils, microglia,
and osteoclasts, but not in monocyte-derived dendritic cells. The specific expres-
sion of CLEC5A in myeloid lineage is further confirmed by the observation that
CLECS5A is a novel PU.1 transcriptional target during myeloid differentiation
(Batliner et al. 2011). Furthermore, crystallization and X-ray diffraction analysis
of human CLECSA revealed that CLEC5A forms a homodimer on cell surface
(Watson and O’Callaghan 2010). However, the ligand and function of CLEC5A
were unknown until the discovery of CLECS5A as the dengue recognition receptor
(Chen et al. 2008).



38 S.-L. Hsieh

NCBI (AAI13100) 188 aa(CLEC5A):

1 MNWHMIISGL IVVVLKVVGM TLFLLYFPQI FNKSNDGFTT TRSYGTVSQI FGSSSPSPNG

61 FITTRSYGTV CPKDWEFYQA RCFFLSTSES SWNESRDFCK GKGSTLAIVN TPEKLKFLQD
121 ITDAEKYFIG LIYHREEKRW RWINNSVENG NVTNQNQNEN CATIGLTKTEF DAASCDISYR

181 RICEKNAK

NCBI (NP_037384) 165 aa(CLEC5A_S)

1 MNWHMIISGL IVVVLKVVGM TLFLLYFPQI FNKSNDGFTT TRSYGTVCPK DWEFYQARCF

61 FLSTSESSWN ESRDFCKGKG STLAIVNTPE KLKFLQDITD AEKYFIGLIY HREEKRWRWI

121 NNSVENGNVT NQNONFNCAT IGLTKTFDAA SCDISYRRIC EKNAK

Fig. 3.1 Alignment of human CLEC5A and its variant (CLEC5A_S). Human CLEC5A is a
188 a.a. polypeptide belonging to type II transmembrane protein. The transmembrane domain is
located in a.a. 3-25, the neck region is located in a.a. 26-70, and the CTLD is located in
a.a. 71-188. The “K;¢” is critical for association with DAP12. The CLECS5A_S is short of
23 a.a. (48SQIFGSSSPSPNGFITTRSYGTV5) in the neck region

3.2.2 Length Polymorphism of CLEC5A

The full-length CLEC5A cDNA encodes a 188 a.a. peptide belonging to type II
transmembrane protein with a putative N-linked glycosylation site in the extracel-
lular domain. In addition, the alternative splicing variant CLEC5A_S1 (165 a.a.)
was found in human peripheral blood cells. The CLECS5A_S1 lacks 23
a.a. (48SQIFGSSSPSPNGFITTRSYGTV) in the neck region (Fig. 3.1).

It is interesting to note that length polymorphism in the neck region was also
found in other CLRs. The 23 a.a. imperfect repeat segment (ONLTQLKAAVGEL-
SEKSKLQEIY) is responsible for the length polymorphism of CLEC4L
(DC-SIGN/CD209) and CLEC4M (DC-SIGNR/CD299). The predominant form
of CLEC4L (DC-SIGN/CD209) and CLEC4M (DC-SIGNR/CD299) contains
7 repeats of largely conserved 23 amino acid segment. It has been shown that the
neck region of CLR is responsible for homo-oligomerization and thus allows the
CLR to bind multivalent ligands with high avidity, thus the length polymorphism in
neck region would affect its binding affinity and specificity to their ligands. This
speculation is supported by the observation that variable repeats in the neck region
of CLEC4M (DC-SIGNR/CD299) affect its interaction with HIV-1 (Gramberg
et al. 2006) and associates with susceptibility to HCV infection (Nattermann
et al. 2006). The crystallography shows that CLEC5A forms homodimer, and
twisting of neck region can elicit conformation change to activate CLEC5A (Wat-
son et al. 2011). Whether the length polymorphism in CLEC5A neck region has
significant impact on ligand binding needs to be further characterized.
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3.2.3 CLECS5A Is the Pattern Recognition Receptor
to Flaviviruses

Even though the other three myeloid lectins (CLEC6A, CLEC7A, and CLEC4E)
have been shown to interact with various microbes, the ligand of CLEC5A was
unknown until Chen et al. showed that CLEC5A interacts with dengue virus
directly and plays a critical role in the pathogenesis of dengue hemorrhagic fever
and dengue shock syndrome (Chen et al. 2008; Hsu et al. 2009).

Previous studies on host-virus interaction focused on the identification of “viral
entry receptor.” In contrast, whether virus can bind and activate innate immunity
receptor via the “pathogen-associated molecular patterns” (PAMPs) has never been
tested until we showed that CLEC5A can interact with members of flaviviruses.
Similar to the outer most structures of microorganisms, most of the viral envelope
proteins are also glycosylated. Thus, the distinct distribution of glycans on either
the helical or icosahedral structures of each virus would be ideal PAMPs to bind and
activate pattern recognition receptors. To address this question, we cloned more
than 30 pattern recognition receptors, including C-type lectins, Siglecs, TLRs,
TREMs (triggering receptor expressed on myeloid cells), and TREM-like receptors
(TLTs) (Chen et al. 2008). The extracellular receptors of these receptors were fused
with the Fc portion of human IgG1 and the recombinant receptor. Fc fusion proteins
were expressed on mammalian 293 T cells. The conformation of these recombinant
proteins was examined by sugar completion assay to confirm their glycan-binding
specificity (Hsu et al. 2009).

By the ELISA-based binding assay, we found that the intact dengue virions bind
to CLEC4L (DC-SIGN/CD209), CLEC4M (DC-SIGNR/CD299), and CLEC5A,
specifically. Moreover, both live DV and UV-inactivated DV can induce DAP12
phosphorylation via CLEC5A in human macrophages, suggesting DV can trigger
DAPI12 phosphorylation via CLEC5A without replication. These results suggest
that virions can act as ligands to bind and activate CLEC5A directly. We further
clone CLEC5A_S (the short form of CLEC5A) and compare the binding specificity
of CLEC5A.Fc and CLEC5A_S_Fc binding to DV, JEV, and WNV. Similar
binding results were found between CLEC5A.Fc and CLEC5A_S_Fc, suggesting
the neck domain length polymorphism did not have significant influence of binding
specificity to members of flaviviruses. In addition, we also find that CLEC5A binds
specifically to influenza virus H5N1, but not HINT, specifically.

To further understand how CLECS5A interacts with dengue virus, we developed a
novel detection method based on nanostructured hemisphere-based biosensor for
lectin-virion interaction (Fig. 3.2) (Tung et al. 2014). Since glycans on icosahedral
virion is not on a flat plan, the interaction between viral glycans and immobilized
lectin.Fc is limited. The weak interaction between lectins and viral glycans makes it
extremely difficult in determining the stringency of washing to discriminate
specific vs. nonspecific interaction by conventional ELISA. To overcome this
problem, we immobilized the lectin.Fc fusion proteins on the nanostructured
hemisphere surface to form multiple-valence binding between lectins and virions.
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A)

b ([

Virus envelop protein GNP

CLECS5A  HigGlFc

Fig. 3.2 Interaction of virions with immobilized lectin.Fc fusion protein. (a) The interaction
between immobilized recombinant lectin.Fc on flat surface with glycans on virus surface is
limited. (b) The nanostructured hemisphere creates a three-dimensional space to all the
multiple-valence binding between immobilized lectin.Fc and glycans on viral surfaces (Figure b
is provided by Dr. Gou-Jen Wang and Yen-Ting Wang (National Chung-Hsing University))

By comparing the binding affinity between the wild-type (WT) and mutant deficient
of glycosylation site (Asn67 mutant and Asn153 mutant), CLEC5A was found to
interact with Asn153, while CLEC4L (DC-SIGN/CD209) interacts with Asn153 of
dengue virus (DV) envelope protein (un-published data). Since crystallography has
shown that DC-SIGN interacts with the glycans on Asnl53 (Pokidysheva
et al. 2006), this observation suggests that DV can bind to both CLEC5A and
DC-SIGN via glycans on Asn67 and Asn153, respectively, to trigger downstream
signaling pathways.
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3.3 CLECS5A in Flaviviral Infections

The Flavivirus genus includes the mosquito-borne dengue, Japanese encephalitis,
and yellow fever viruses (Mukhopadhyay et al. 2005), and infections of flaviviruses
can result in diverse clinical syndromes such as encephalitis, hemorrhagic fever,
and shock syndrome (Mackenzie et al. 2004). There are four serotypes of DV,
which can give rise to severe hemorrhagic syndrome (dengue hemorrhagic fever/
DHF) and capillary leakage induced-hypovolemic shock (dengue shock syndrome/
DSS) (Wilder-Smith and Schwartz 2005). Dengue is a major public health problem,
with ~50 million people infected each year (of whom ~20,000 die) and ~2.5 billion
people worldwide being at risk of infection. On the other hand, the Japanese
encephalitis virus (JEV) serological group, which includes West Nile virus
(WNYV) and St. Louis encephalitis virus, is a major contributor to the occurrence
of viral encephalitis worldwide (Weaver and Barrett 2004), with 50,000 new cases
and 15,000 deaths per annum (Hollidge et al. 2010). Myeloid cells, including
monocytes, macrophages, and dendritic cells, are the major targets of flaviviruses,
and overactivation of macrophages by DV causes massive release for cytokines
known as “cytokine storm,” which is believed to be responsible for DHF and DSS.
However, how DV activates macrophages to trigger release of inflammatory cyto-
kines is unknown till we showed that CLECS5A is critical for DV-induced lethality
in mouse model (Chen et al. 2008).

3.3.1 CLECS5A in the Pathogenesis of DV Infection

Dengue is a mosquito-borne infection caused by four serotypes of dengue virus
(DV1-4) and is currently the most common arboviral disease worldwide (Wilder-
Smith and Schwartz 2005). Primary infection with any of the four DV serotypes
typically results in mild dengue fever (DF) and provides lifelong immunity to the
infecting strain. However, secondary infection with different DV serotypes is
associated with increased risk of developing DHF (characterized by thrombocyto-
penia and capillary leakage) and can progress to life-threatening hypovolemic DSS
(Wilder-Smith and Schwartz 2005). The pathogenesis of DHF/DSS remains
unclear, but massive cytokine secretion (cytokine storm) is believed to be one of
the major contributory factors (Varki et al. 2009). Unfortunately, no DV-specific
therapies or vaccines are available (Wilder-Smith and Schwartz 2005).

Since wild-type mice are resistant to DV infection, we utilized the STATI-
deficient mice as a model system to demonstrate the role of CLEC5A in flaviviral
infection. We found that DV induces cytokine storms and causes systemic perme-
ability leakage, subcutaneous hemorrhage, and systemic shock syndrome (Chen
et al. 2008). Blockade of CLEC5A by antagonistic monoclonal antibodies (mAbs)
suppressed DV-induced cytokine storm and rescued mice from DV-induced lethal-
ity (Chen et al. 2008). To further evaluate the critical genes involved in DHF,
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Gomez et al. analyzed the gene expression in peripheral blood mononuclear cells of
dengue patients using the “support vector machines” (SM) algorithm. They found
that CLECS5A was associated with disease severity among the 28 dengue patients
they analyzed (Gomes et al. 2010). Furthermore, genetic variations at CLEC5A
were shown to increase the risk and regulate TNF secretion in dengue severity
among Brazilians (Xavier-Carvalho et al. 2013). These observations demonstrated
the critical role of CLECS5A in the pathogenesis of DHF and DSS.

3.3.2 CLECS5A in the Pathogenesis of JEV Infection

JEV is the most prevalent cause of encephalitis worldwide, even though both
inactivated (Hoke et al. 1988) and live-attenuated JEV vaccines (Xin et al. 1988)
have been used in Asia for decades. In fact, these vaccines are not completely
effective against all the clinical isolates (Ku et al. 1994), and there are still ~35,000
reported cases of Japanese encephalitis (JE) and 10,000 deaths each year (Olsen
et al. 2010). Unlike DHF and DSS, JE victims experience permanent neuropsychi-
atric sequelae, including persistent motor defects and severe cognitive and language
impairments (Mackenzie et al. 2004). However, the molecular mechanism for the
pathogenesis of JEV infection is still unclear.

We found that JEV also interacted with the CLEC5A and CLEC5A_S directly.
Moreover, JEV can infect and activate microglia to induce the secretion of
pro-inflammatory cytokines and neurotoxic substances. In contrast, blockade of
CLECS5A by antagonistic mAb can suppress the release of pro-inflammatory cyto-
kines and neurotoxic substances (Chen et al. 2012). Injection of antagonistic anti-
CLEC5A mAbs maintains the intact of blood brain barrier and prevents
JEV-induced permeability change and neurotoxicity. The protective effect is not
from inhibiting JEV infection to neuronal cells, but via the inhibition of neuronal
inflammation and cell infiltration from peripheral blood. Notably, mice receiving
anti-CLEC5A mAbs are still able to develop protective cellular and humoral
immunity against JEV infection. This observation demonstrated that blockade of
CLECS5A during acute infection does not interfere the development of host immune
response against JEV (Chen et al. 2012).

3.4 CLECS5A in Shock Syndrome

It is interesting to find that CLECS5A-positive cells play critical role in concanavalin
A (ConA)-induced liver injury and lethal shock in mouse model system (Cheung
etal. 2011). ConA-induced hepatic injury closely resembles the pathophysiology of
T cell-mediated liver diseases; it therefore has been used extensively as an animal
model for autoimmune and viral hepatitis (Tiegs et al. 1992). After ConA injection,
massive CLEC5A-positive cells were found to infiltrate into mouse liver. The
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expression of CLEC5A from high to low was found in CD11b*Ly6G*Ly6C'™ cells,
followed by the CD11b"Ly6G Ly6C™ and CD11b*Ly6G Ly6C' cells. Flow
cytometry analysis further demonstrated that the CLEC5A-positive cells express
CD33 and MHC class I, but not CD34 or MHC class II, suggesting the ConA-
induced CLEC5A-positive cells in liver are the immature myeloid cells. Interest-
ingly, activation of CLECS5A-positive cells by agonistic anti-CLEC5A mAb
induced NO and TNF-a release in vitro, while injection of agonistic anti-
CLECSA mAb or DV into ConA-treated mice caused lethal shock in wild-type
mice within 60 min and 24 h, respectively. This observation suggests that
CLEC5A-mediated signaling may contribute to lethal shock syndrome during
systemic inflammatory response syndrome (SIRS).

3.5 CLECSA in Autoimmunity

It is interesting to find that CLECS5A is not only limited to host defense against
flaviviral infection but also involved in the development of autoimmune diseases
(Joyce-Shaikh et al. 2010; Chen et al. 2014). CLEC5A is highly expressed in mouse
bone marrow and bone tissues, and highest levels of CLEC5A were found in the
CD11b"Ly6G™* cells. In the collagen antibody-induced arthritis (CAIA) model, the
CD11b"Ly6G™* cells increased up to 50 % and 40 % in bone marrow and peripheral
blood after injection of anti-collagen mAb, and co-injection of arthrogenic and anti-
CLECS5A mAb exacerbated disease severity. In addition, CLEC5A-deficient mice
are resistant to collagen-induced arthritis (CIA), and this observation provides
direct evidence that CLECS5A is critical for the pathogenesis of autoimmune
arthritis. Since injection of recombinant CLEC5A.Fc is able to suppress bone
erosion in CIA mice model, the CLECS5A-positive cells may recognize
yet-identified endogenous ligands expressed in synovia to cause tissue damage.

To further understand the role of CLEC5A in autoimmune arthritis, we examine
the expression of CLECS5A in peripheral blood isolated from arthritis patients
(Chen et al. 2014). We found that the number of CLEC5A-positive monocyte is
much higher in patients with active (53.6 %) and inactive (31 %) rheumatoid
arthritis than osteoarthritis (27.9 %) and healthy control (21.2 %). Moreover,
CLECS5A expression level in synovia was positively correlated with parameters
of disease activity, articular damage, and levels of pro-inflammatory cytokines
(Chen et al. 2014).
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3.6 Cross Talk Between CLEC5A and TLRs in Host
Defense Mechanism

Several intracellular receptors (TLR 3, 7, 8, 9) (Mikula et al. 2010) and sensors
(MDAS, RIG-I, and AIM) (Kanneganti 2010) have been shown to be responsible
for virus-induced inflammatory reactions via recognition of viral nucleic acids. In
addition, surface receptors TLR2 (Kim et al. 2012) and TLR4 (Kurt-Jones
et al. 2000) are also involved in host recognition to herpes simplex virus (HSV)
and respiratory syncytial virus, respectively. However, whether intact virions
physically interact with TLR2 and TLR4 is still unknown. It is interestingly
observed that even HSV-1 can signal via the TLR2, this receptor does not mediate
recognition of HSV glycoproteins (Reske et al. 2008). This observation suggests
that TLR2 may associate with other receptor on cell surface to recognize the
glycoproteins on HSV. We have shown that CLEC5A physically interacts with
flaviviruses, and flaviviruses can activate CLEC5A directly to trigger downstream
signaling. This observation suggests the possibility that virus may co-activate
CLECS5A with members of TLRs to trigger downstream signaling.

3.6.1 Cross Talk Between CLEC5A and TLR4 in NALP3
Inflammasome Activation

Fever is one of the most typical symptoms for all DV patients, but how DV causes
the severe high fever in patients is not clear, even though human macrophages have
been regarded as the major source of inflammatory cytokines (Chen and Wang
2002) and the major target cells for DV replication (Jessie et al. 2004). Macro-
phages are heterogeneous, and their phenotypes depend on the presence of cyto-
kines and other factors during its differentiation process. While M-CSF is essential
for the development of “resting macrophages” (denoted as M-M¢), high level of
GM-CSF is critical for monocyte differentiation into “inflammatory macrophages”
(also denoted as GM-M¢) during inflammatory reaction (Wu et al. 2013a). Since
IL-1p and TNF-a are the most potent endogenous pyrogens (Netea et al. 2000), we
are interested to identify the source of these two cytokines from human macro-
phages. We found that DV can induce pro-inflammatory cytokines (TNF-a, IL-1p,
and IL-18) from GM-M¢, but not M-Mdo, even though the expression levels of
CLECS5A and TLR4 are similar between these two populations (Wu et al. 2013b).

Unlike TNF-a, the production of IL-1a and IL-18 relies on the activation of
inflammasome (Schroder and Tschopp 2010). Thus, we asked whether CLEC5A is
also responsible for DV-induced inflammasome activation. While activation of
CLECS5A induces low levels of IL-1p and IL-18, co-activation of CLEC5A and
TLR4 induces high levels of IL-1p and IL-18 via NALP3 inflammasome. This
observation implies that GM-M¢ can produce high levels of endogenous pyrogens
upon DV and gram-negative bacteria infection and can explain why high mortality
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and morbidity were observed in dengue patients with concurrent bacterial infec-
tions (Lee et al. 2005).

3.6.2 Cross Talk Between CLEC5A and Other TLRs

It has been shown that DV can activate macrophages via CLEC5A and TLR7, and
co-activation of CLEC5A and TLR enhances the secretion of pro-inflammatory
cytokines such as TNF-a, IL-6, IL-8, and IP-10, but not IFN-a (Chen et al. 2008). In
contrast, knockdown of CLEC4L/DC-SIGN/CD209 did not affect DV-induced
inflammatory cytokine release significantly. Interestingly, blockade of CLEC5A
only suppressed the inflammatory cytokines, but not IFN-a. This observation
suggests that co-activation of CLEC5A and TLR7 has synergistic effect on
TNF-a production, and CLEC5A does not contribute to IFN-o secretion during
DV infection. Thus, targeting CLEC5A is able to attenuate inflammatory reaction
without attenuating antiviral immunity.

It has been shown that murine peritoneal neutrophils are the major source of
IL-10 during sepsis by using the cecum ligation model (Kasten et al. 2010). Inter-
estingly, co-activation of peritoneal neutrophils in Gr-1"/Ly6G™CD">> " mice
by immobilized anti-CLEC5A mAb, and TLR2 ligand Pam3 upregulated the
secretion of IL-10 dramatically (Zhang et al. 2009). This observation demonstrates
that the co-activation of CLEC5A and TLR2 is important for IL-10 secretion from
murine peritoneal neutrophils. However, human neutrophils do not produce IL-10
(Davey et al. 2011); thus the effect of CLEC5A and TLR2 co-activation in human
neutrophils needs to be further characterized in the future.

Above observations suggest that CLEC5A may form functional complex with
specific TLRs in different cell lineages to generate combinatorial repertoires to
recognize diverse PAMPs on pathogens. Genetic approach using CLEC5A and
TLRs double knockout mice will be able to answer the significance of CLEC5A and
TLRs in host defense mechanisms in the future.

3.7 Potential Functions of CLECSA in Inflammatory
Diseases

Previous studies have demonstrated that CLEC5A is involved in flaviviral infec-
tions, autoimmune arthritis, and aseptic shock syndrome. While flaviviruses have
been shown to be CLEC5A exogenous ligands, the endogenous ligands of CLEC5A
in autoimmunity are still unknown.

In addition to macrophages, CLEC5A is also upregulated in eosinophils and
neutrophils. It has been shown that CLEC5A is upregulated in eosinophils isolated
from asthma patients (Esnault et al. 2013), but whether CLEC5A is involved in
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allergen recognition is still unknown. In contrast, the abundant expression of
CLECSA in neutrophils (Chen et al. 2008; Zhang et al. 2009) suggests that
CLECS5A may play a critical role in neutrophil-mediated defense mechanisms,
such as phagocytosis, cytotoxicity, and the formation of neutrophil extracellular
traps (NETs). Since neutrophils are involved in host defense against bacteria, fungi,
and other pathogens, CLEC5A may be also involved in host defense against
nonviral pathogens. This argument is supported by the observation that CLEC5A
binds preferentially to mannans and fucose. Since mannans are the essential
components of fungal and bacterial cell walls, CLEC5A may also play important
roles in host defense against bacterial and fungi. In contrast, the fucose-containing
glycans play important role in blood transfusion reactions, leukocyte-endothelial
adhesion, host-microbe interactions, and Notch receptor signaling. Moreover, alter-
ations in the expression of fucosylated oligosaccharides were observed in cancer
and atherosclerosis. Therefore, CLEC5A may be involved in the recognition of
fucosylated glycans upregulated during microbe invasion, inflammation, cancer
progression, and atherosclerosis. Thus, CLEC5A is not only critical for flaviviral
infections and may be also involved in the pathogenesis of nonviral infections,
transfusion, and autoimmunity.
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Chapter 4
Dectin-1 (CLEC7A, BGR, CLECSF12)

Patawee Asamaphan, Janet A. Willment, and Gordon D. Brown

Abstract Dectin-1 is the archetypical example of the C-type lectin receptor (CLR)
family of pattern recognition receptors (PRRs). Expressed primarily by cells of the
innate immune system, this receptor is best known for its role in antifungal
immunity through its ability to recognise cell wall B-glucans. Upon recognition of
these carbohydrates, Dectin-1 transduces intracellular signalling through several
pathways activating or regulating numerous cellular responses such as phagocyto-
sis, the respiratory burst, neutrophil extracellular trap formation, inflammasome
activation and cytokine and chemokine production. Moreover, like the Toll-like
receptors (TLRs), Dectin-1 is able to instruct the development of adaptive immu-
nity, promoting Th1- and Th17-type responses. Dectin-1 collaborates with other
PRRs to synergise and regulate innate and adaptive immune responses. More
recently, Dectin-1 has been found to recognise a broader range of microbial
pathogens, including bacteria, as well as endogenous ligands, influencing autoim-
mune and other diseases, including rheumatoid arthritis, ulcerative colitis and
cancer. In this chapter, we will discuss the structure, expression and ligands of
Dectin-1, as well as the intracellular signalling pathways and cellular responses that
this receptor can induce. We will describe the role of Dectin-1 in antifungal
immunity and in immunity to other pathogens. We will briefly discuss the interac-
tion of Dectin-1 with other PRRs and its broader role in immunity, through
recognition of endogenous ligands, for example.
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4.1 Dectin-1 Structure, Expression and Ligands

Dectin-1 is a member of the group V C-type lectin family and encoded within the
Dectin-1 gene cluster located in the natural gene complex (NKC) on chromosome
6 in mouse and chromosome 12 in human (Zelensky and Gready 2005). This type IT
transmembrane receptor has a single carbohydrate recognition domain (CRD), a
stalk region, a transmembrane region and a cytoplasmic tail (Fig. 4.1a) (Drummond
and Brown 2011). The N-terminal cytoplasmic tail has an immunoreceptor
tyrosine-based activation motif (ITAM)-like, YXXL, which can activate down-
stream signalling pathways (Drummond and Brown 2011). The extracellular
domains of Dectin-1 possess several putative N- and O-glycosylation sites, and
N-glycosylation has been shown to be involved in cell surface expression and
function of this receptor (Kato et al. 2006). Dectin-1 is alternatively spliced into
two major isoforms (isoforms A and B, the latter of which lacks the stalk region)
and several minor isoforms (isoform C-H) (Willment et al. 2001; Heinsbroek
et al. 2006). Only the two major isoforms (A and B; Fig. 4.1a) are able to interact
with extracellular ligands (Willment et al. 2001; Heinsbroek et al. 2006). Dectin-1
minor isoform E, which contains the CRD and ITAM-like domain, has been shown
to be located in the cytoplasm and interact with a Ran binding protein, RanBPM,
although the functional significance of this interaction is unclear (Xie et al. 2006).

Dectin-1 is primarily expressed by innate immune cells including neutrophils,
monocytes, macrophages and dendritic cells (DCs) (Drummond and Brown 2011).
This receptor is also expressed on microglia, eosinophils, mast cells and certain
lymphocytes, including B cells and y8 T-cells (Drummond and Brown 2011). On
myeloid cells, the expression of this receptor can be regulated by cytokines and
growth factors. For example, expression of Dectin-1 is upregulated by granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-4 and IL-13, but
downregulated by IL-10, LPS and dexamethasone (Willment et al. 2003). There
is evidence that expression of Dectin-1 can be induced on epithelial cells (Lee
et al. 2009; Cohen-Kedar et al. 2014).

Originally identified through recognition of an endogenous ligand on T-cells,
Dectin-1 is best known for its ability to recognise f-1,3-glucans (Ariizumi
et al. 2000; Drummond and Brown 2011). These carbohydrates are commonly
found in the cell walls of fungi, and consequently, Dectin-1 has been found to
play a key role in antifungal immunity. Indeed, Dectin-1 has been shown to
recognise numerous fungal species including pathogens such as Candida albicans,
Aspergillus fumigatus, Coccidioides immitis and Pneumocystis carinii (Hardison
and Brown 2012; Viriyakosol et al. 2013). Although Dectin-1 is structurally similar
to classical carbohydrate-binding CLRs, the receptor lacks the residues typically
involved in sugar recognition, and the mechanisms by which Dectin-1 actually
recognises P-1,3-glucans is unknown. It has been shown that the minimum unit
ligand for Dectin-1 is between 11 and 13 glucose monomers and that the affinity of
its interaction with these carbohydrates is influenced by side chain branching
(Palma et al. 2006; Adams et al. 2008). Structural and mutation analyses have
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Fig. 4.1 Dectin-1 recognises p-glucan on fungi and mediates signalling through Syk-dependent
and Syk-independent pathways. (a) Dectin-1 consists of a single carbohydrate recognition domain,
a stalk region, a transmembrane and a cytoplasmic tail that contains an ITAM-like motif. Dectin-1
has two major isoforms in mice and humans, isoform A and isoform B, and six minor isoforms (not
shown). These two isoforms differ in the presence of the stalk region. (b) Upon recognition of
B-glucan on fungi, Dectin-1 mediates Syk-dependent NFAT and NF-kB pathways and the
Syk-independent Raf-1 pathway to promote the production of cytokine and chemokine produc-
tions which in turn promotes antifungal defence through Thl and Thl7 responses. In addition,
Dectin-1 signalling also promotes early release of arachidonic acid and eicosanoid production.
Dectin-1 also mediates antifungal responses through phagocytosis, reactive oxygen species (ROS)
production and inflammasome activation, which are essential in the cleavage and activation of
inactive pro-IL-1p to active IL-1f
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revealed a shallow groove on the surface of Dectin-1, which may be the ligand-
binding site, and that this groove is flanked by two resides, Trp221 and His223, that
are indispensable for ligand binding (Adachi et al. 2004; Brown et al. 2007).
Dectin-1 can interact with other pathogens, but the structures involved are unknown
(discussed below).

In addition to microbial pathogens, there is evidence that Dectin-1 interacts with
endogenous ligands. Dectin-1 has been reported to bind the intermediate filament
protein, vimentin, through which the receptor may be involved in driving lipid
oxidation in atherosclerosis (Thiagarajan et al. 2013). Dectin-1 was also shown to
be required for reverse transcytosis of secretory IgA-antigen complexes by intesti-
nal M cells and the induction of subsequent mucosal and systemic antibody
responses (Rochereau et al. 2013). In addition, Dectin-1 was shown to recognise
galactosylated IgGl, in part through association with FcgammaRIIB, which
resulted in inhibition of complement-mediated inflammation (Karsten
et al. 2012). Recently, Dectin-1 was found to recognise N-glycans present on the
surface of tumour cells and play a role in antitumour immunity (Chiba et al. 2014).

4.2 Dectin-1 Intracellular Signalling and Cellular
Responses

Upon recognition of f-glucans, the ITAM-like motif of Dectin-1 is phosphorylated
by Src kinases leading to the activation of Syk-dependent and Syk-independent
intracellular signalling cascades (Fig. 4.1b). The ability of Dectin-1 to induce
Syk-dependent signalling pathways is unusual, in that it is mediated by a single
phosphorylated tyrosine residue and is likely to require receptor dimerization
(Rogers et al. 2005; Drummond and Brown 2011). Signalling through this pathway
involves PKC delta and the CARD9-Bcl10-Maltl complex and leads to the induc-
tion of canonical and non-canonical NF-xB subunits (p65/c-REL and RelB, respec-
tively) and interferon regulatory factor (IRF) 1, resulting in gene transcription
(Drummond and Brown 2013; Wevers et al. 2014). Recently, however, CARD9
was found to be dispensable for NF-kB activation, but regulated extracellular
signal-regulated kinase (ERK) activation by linking Ras-GRF1 to H-Ras (Jia
et al. 2014). Syk activation by Dectin-1 also induces IRF5 and nuclear factor of
activated T-cells (NFAT), through phospholipase C gamma and Calcineurin; a
pathway inhibited by immunosuppressive drugs, such as cyclosporine (Goodridge
et al. 2007; del Fresno et al. 2013). The Syk-independent pathway from Dectin-1
involves activation of Raf-1, which integrates with the Syk-dependent pathway at
the point of NF-xB activation (Gringhuis et al. 2009). The ability of Dectin-1 to
induce productive intracellular signalling (i.e. leading to cellular responses)
requires receptor clustering into a ‘phagocytic synapse’ and exclusion of regulatory
tyrosine phosphatases (Goodridge et al. 2011). Moreover, the ability of Dectin-1 to
induce productive responses to purified agonists can be cell-type specific, an effect
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linked to differential utilisation of CARD9 (Rosas et al. 2008; Goodridge
et al. 2009).

Activation of Dectin-1 signalling pathways can induce or regulate multiple
cellular responses including actin-mediated phagocytosis, neutrophil extracellular
trap (NET) formation, activation of the respiratory burst and DC maturation and
antigen presentation, in part through the use of autophagy machinery such as light
chain 3 protein (LC3) (Drummond and Brown 2011; Hardison and Brown 2012; Ma
et al. 2012; Branzk et al. 2014). This latter process was recently shown to involve
the FYVE and coiled-coil domain containing 1 (FYCO1) protein, which facilitated
the maturation of Dectin-1 induced phagosomes (Ma et al. 2014). Dectin-1 also
induces the production of eicosanoids, several cytokines and chemokines (such as
TNF, IL-10, IL-6, IL-2, IL-23, IFN-B, CCL2, CCL3) and can modulate cytokine
production induced by other PRRs (see later) (Drummond and Brown 2011; del
Fresno et al. 2013). Dectin-1 is able to activate inflammasomes, facilitating the
production of IL-1P. Indeed, this receptor activates the NLRP3/caspase-1
inflammasome upon recognition of B-glucans, in a Syk-dependent manner (Drum-
mond and Brown 2011; Ganesan et al. 2014). Dectin-1 can also directly induce a
non-canonical caspase-8 inflammasome through Syk, CARD9, MALT1 and the
non-receptor tyrosine kinase Tec (Gringhuis et al. 2012; Zwolanek et al. 2014).
Although most cellular responses described here involve signalling through Syk,
this is not always the case in all cells. The induction of phagocytosis by Dectin-1 in
macrophages, for example, does not require Syk but rather Bruton’s tyrosine kinase
(Btk) and Vav-1 (Herre et al. 2004; Strijbis et al. 2013).

4.3 Dectin-1 in Antifungal Immunity

Dectin-1 plays an essential role in antifungal immunity in both mouse and human.
Polymorphisms of human Dectin-1, such as the Y238X polymorphism which
results in a truncated protein that is not expressed at the cell surface, have been
linked to increased susceptibility to infections with A. fumigatus, Trichophyton
rubrum and C. albicans (Ferwerda et al. 2009; Cunha et al. 2010). However, the
high prevalence of this polymorphism in European and African populations does
not correlate with disease prevalence, suggesting that there are other factors con-
tributing to susceptibility in affected individuals (Ferwerda et al. 2009). This likely
explains the lack of an effect of the Y238X polymorphism on fungal susceptibility
that has been reported in other studies. Deficiency of CARD9 on the other hand,
renders both humans and mice extremely susceptible to fungal infection highlight-
ing the importance of this pathway in antifungal immunity (Hardison and Brown
2012). In mice, Dectin-1 is required for protective immunity to several pathogens
including C. albicans, A. fumigatus, Pneumocystis carinii, Coccoidiodes posdasii
and most recently Paracoccidioides brasiliensis (Loures et al. 2014; Dambuza and
Brown 2015). Notably, the requirement for Dectin-1 in protective immune
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responses is dependent on fungal strain, at least in mouse models of candidiasis
(Marakalala et al. 2013).

The increased susceptibility to fungal infections caused by Dectin-1 deficiency
results from defective innate and adaptive antifungal immune responses. Indeed,
loss of Dectin-1 correlates with aberrant or defective cellular responses such as
fungal phagocytosis and killing, inflammasome activation and induction of inflam-
matory mediators. Recently, for example, NETs were shown to be selectively
released in response to large non-ingestible fungal hyphae (Branzk et al. 2014).
Dectin-1 acted as the sensor of microbial size, reducing NET formation following
phagocytosis of smaller-sized yeasts, and loss of this receptor led to aberrant NET
release and pathology (Branzk et al. 2014). Another example is the autophagy
machinery where Dectin-1 induces the phagosomal recruitment of LC3, an
autophagic factor required for the fungicidal activity of leukocytes. Loss of
Dectin-1 led to failure of LC3 recruitment and reduced fungal killing (Kyrmizi
et al. 2013; Tam et al. 2014).

Like the TLRs, Dectin-1 is capable of instructing the development of adaptive
immune responses, particularly Th1l and Th17 immunity (LeibundGut-Landmann
et al. 2007; Drummond and Brown 2011). While Th1 responses are important for
the control of systemic fungal infections, Th17 responses are critical for controlling
fungal infections at the mucosa (Kashem et al. 2015). Indeed, a number of human
diseases associated with chronic mucocutaneous candidiasis, including CARD9
deficiency, have been linked to alterations in components of the Th17 response
(Hernandez-Santos and Gaffen 2012). Several studies have shown that Dectin-1 is
required for Th17 polarisation during infection, such as during mucocutaneous
infections with C. albicans (Drummond and Brown 2011; Kashem et al. 2015).
How Dectin-1 promotes Th17 responses is incompletely understood, but involves
MALTI1-dependent activation of the NF-kB subunit c-REL, which is required for
the induction of polarising cytokines, such as IL-1p (through activation of the
inflammasome) and IL-23p19 (Drummond and Brown 2011; Gringhuis
et al. 2011). The ability of Dectin-1 to drive these responses is dependent on the
specific morphology of C. albicans (i.e. yeast versus hyphae) (Drummond and
Brown 2011; Kashem et al. 2015). Expression of Dectin-1 on lymphocytes, such
as Y0 T-cells, provides an important innate source for the rapid production of IL-17
and other key cytokines during infection (Martin et al. 2009; Drummond and Brown
2011). Dectin-1 can induce humoral responses, stimulate cytotoxic T-cell responses
and induce Thl7 cells in response to some fungi, such as Paracoccidioides
brasiliensis (Drummond and Brown 2011; Loures et al. 2014). Triggering of
Dectin-1 can induce innate memory (or trained immunity), through the epigenetic
reprogramming of monocytes and the induction of neutrophilic myeloid-derived
suppressor cells (Quintin et al. 2012; Rieber et al. 2015).

Fungal pathogens have evolved several mechanisms to avoid immune recogni-
tion by Dectin-1. For example, the surface conidial hydrophobin layer and cell wall
galactosaminogalactan mask Dectin-1 recognition of A. fumigatus (Carrion Sde
et al. 2013; Gravelat et al. 2013). Changes in cell wall structure during fungal
morphological switching can reduce immune recognition by Dectin-1, such as
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occurs with yeast versus hyphae in C. albicans (Gantner et al. 2005). In some
pathogens, there is active masking of -glucans upon infection, such as the switch to
a-glucan production following infection with Histoplasma capsulatum (Rappleye
et al. 2007). The differential exposure of fungal p-glucans can have substantial
impact on host immunity, such as the allergic Th2 responses induced by intact
Cladosporium cladosporioides (C. cladosporioides), which expose little of this
carbohydrate at the surface (Mintz-Cole et al. 2012). In contrast, heat-killed
C. cladosporioides and live Aspergillus versicolor both have exposed p-glucans
and induce Dectin-1-dependent pulmonary Thl7 responses (Mintz-Cole
et al. 2012).

4.4 Role of Dectin-1 in Immunity to Other Pathogens

While Dectin-1 is best known for its role in antifungal immunity, it can recognise
several other pathogens including Haemophilus influenzae, Salmonella
typhimurium, Mycobacterium tuberculosis and Leishmania infantum (Drummond
and Brown 2013; Lefevre et al. 2013; Heyl et al. 2014). For example, Dectin-1 was
found to be required for the induction of macrophage microbicidal and inflamma-
tory responses to L. infantum in vitro, and for the control pathogen growth in vivo
(Lefevre et al. 2013). However, the role of Dectin-1 in immunity to most of these
organisms is not well understood. For example, Dectin-1 was shown to be required
for IL-12 responses to mycobacteria in vitro, but loss of this receptor had no effect
on anti-mycobacterial immunity in vivo (Drummond and Brown 2013). How
Dectin-1 even recognises any of these organisms is still unclear.

4.5 Interaction of Dectin-1 with Other PRRs

The recognition of pathogens by leukocytes involves multiple PRRs, which interact
to promote pathogen-specific responses. Dectin-1 was one of the first receptors
shown to be capable of such ‘crosstalk’. For example, optimal responses to fungi
requires signalling from both Dectin-1 and TLRs to synergistically induce the
production of cytokines, such as TNF and IL-23, while repressing the production
of others, such as IL-12 (Drummond and Brown 2013). Such interactions can be
cell-type specific. For example, in DCs, Dectin-1 alone is sufficient for the produc-
tion of TNF-a, whereas in macrophages, the production of this cytokine requires
co-stimulation with TLRs (Drummond and Brown 2013). Dectin-1 interacts with
other surface proteins, such as the tetraspanins CD63 and CD37, which regulate the
surface expression and functional responses of Dectin-1 (Meyer-Wentrup
et al. 2007). Other examples include the indirect activation of complement receptor
3 by Dectin-1, through Vav signalling, that is required for effective neutrophil anti-
candida effector functions (Li et al. 2011).
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Dectin-1 can interact with other CLRs. For example, an optimal Th17 response
to C. albicans was found to require signalling from both Dectin-1 and Dectin-2
(Robinson et al. 2009). Dectin-1, in combination with TLR2, was shown to be able
to amplify mannose receptor-induced IL-17 production (van de Veerdonk
et al. 2009). However, these interactions can also have negative consequences.
For example, engagement of the CLR mincle during chromoblastomycoses was
recently shown to promote non-protective Th2 immunity by suppressing Dectin-1-
mediated Th1 responses (Wevers et al. 2014).

4.6 A Broader Role for Dectin-1 in Immunity

There is emerging evidence that Dectin-1 plays a broader role in immunity. As
discussed above, Dectin-1 recognises endogenous molecules, such as
galactosylated IgG1 complexes, and regulates the subsequent immune responses
induced by these ligands. Dectin-1 has been implicated in the regulation of auto-
immune diseases, such as arthritis and colitis. For example, stimulation of Dectin-1
can trigger the development of severe chronic arthritis in genetically susceptible
mice (Yoshitomi et al. 2005). In contrast, signalling from Dectin-1 was found to be
required for the control of excessive inflammation induced by pathogenic fungi
during ulcerative colitis (Iliev et al. 2012). These functions of Dectin-1 can have
therapeutic potential, such as promoting innate memory described above. Other
examples include administration of the Dectin-1 ligand, -glucan, to protect against
type 1 diabetes, enhance antitumor immune responses, promote wound healing, and
CNS axon regeneration, for example (Tian et al. 2013; Karumuthil-Melethil
et al. 2014; van den Berg et al. 2014; Baldwin et al. 2015). Even the CRD of
Dectin-1 has been used to develop novel therapeutic strategies, when engineered
into soluble fusion proteins or incorporated into chimeric T-cell receptors, for
example (Ricks et al. 2013; Kumaresan et al. 2014).

4.7 Conclusion

Dectin-1 is one of the best studied receptors, yet we are still discovering new roles
and functions for this archetypical PRR. Studies in mice and in humans have clearly
demonstrated that the innate and adaptive immune functions mediated by this
receptor play a key role in antifungal immunity. Less well understood is the role
of Dectin-1 in autoimmunity and its broader immune functions in other infectious
and noninfectious diseases. The ability of Dectin-1 to collaborate with other PRRs
adds significant complexity yet will be key to fully understand the physiological
roles of this CLR. Excitingly, our growing knowledge is already suggesting how
Dectin-1 can be targeted or used to provide novel therapeutic strategies for the
future.
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5.1 Introduction

DNGR-1 (also known as CLEC9A) is a C-type lectin homodimeric innate immune
receptor that detects the presence of dead cells (Sancho et al. 2009). In both mouse
and Man, DNGR-1 is specifically expressed at high levels by dendritic cells (DCs),
in particular the XCR1% ‘CD8a"-like’ subtype that excels in the ability to cross-
present cell-associated antigens to CD8 " T cells (Caminschi et al. 2008; Huysamen
et al. 2008; Poulin et al. 2010, 2012; Sancho et al. 2008). DNGR-1 plays a key role
in the latter process. The receptor is found both at the DC surface and within
endosomes, with its ligand-binding domains facing the exterior milieu or the
endosomal lumen. This topology allows for effective surveillance of cell corpses
with which DCs come into contact, as well as internalised dead cell debris. DNGR-
1 signalling, in part via Syk, in response to engagement by ligand, acts to delay
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endosomal maturation and slow cargo degradation, ensuring the preservation of
dead cell-associated antigens (Iborra et al. 2012; Sancho et al. 2009; Zelenay
et al. 2012). Whilst the actual mechanism underlying the regulation of cross-
presentation of antigens from cellular corpses by DNGR-1 remains a mystery,
progress has been made in identifying the ligand. This turns out to be F-actin, an
abundant intracellular component that is inaccessible in intact cells and whose
exposure therefore serves as a damage-associated molecular pattern (DAMP)
(Ahrens et al. 2012; Zhang et al. 2012). The recently solved structure of the
DNGR-1: F-actin complex shows that each ligand-binding domain of the receptor
nests in the groove between two F-actin protofilaments and contacts three actin
subunits. The structure clearly explains specificity of the receptor for F-actin and
sheds light into the mode of binding and its biophysical characteristics (Han¢
et al. 2015). Here, we review the properties and biology of DNGR-1 and the
importance of cytoskeletal recognition in innate immune detection of cell damage.

5.2 Cellular Distribution of DNGR-1

DCs comprise a heterogeneous group of cells and, therefore, are commonly
subdivided into subsets based on select functional attributes, differences in levels
of expression of certain cell-surface markers, localisation and ontogenetic criteria
(Hashimoto et al. 2011; Heath and Carbone 2009; Schraml and Reis e Sousa 2015;
Steinman and Idoyaga 2010). Plasmacytoid DCs (pDCs) comprise a subgroup of
DCs dependent on E2-2 and characterised, in part, by their rapid production of
interferon-a upon toll-like receptor 7, 8 and 9 engagement (Reizis et al. 2011).
Conventional DCs (cDCs) are another broad class of DCs best known for their
efficiency in initiating and directing T cell responses (Hashimoto et al. 2011; Heath
and Carbone 2009; Steinman and Idoyaga 2010). In the mouse, cDCs can be
stratified into CD11b™ and CD11b" subsets. CD11b™ ‘CD8a*-like’ cDCs comprise
the CD8a* DCs in lymphoid organs and their CD103* CD11b” DC counterparts in
tissues, which can migrate to lymph nodes both in the steady state and during
inflammation. All ‘CD8a*-like’ mouse cDCs share common gene expression
patterns, depend for their development on IRF8 as well as members of the Batf
transcription factor family and possess a well-developed capacity to cross-present
exogenous antigens to CD8" T cells (Edelson et al. 2010; Hashimoto et al. 2011;
Heath and Carbone 2009; Miller et al. 2012; Steinman and Idoyaga 2010; Hildner
et al. 2008; Tussiwand et al. 2012). CD11b" ¢DCs are more heterogeneous and
comprise multiple subtypes that share a common dependence on IRF4 for their
development (Persson et al. 2013; Schlitzer et al. 2013; Suzuki et al. 2004).

In mice, DNGR-1 is highly expressed by the CD8a*-like subset of cDCs and at
lower levels by pDCs but not by other leukocytes (Fig. 5.1) (Caminschi et al. 2008;
Sancho et al. 2008). In human, DNGR-1 identifies a BDCA-3" CD11b DC subset
in the blood and spleen that shows high resemblance to the murine CD8a " -like
¢DCs and can also develop in vitro and in humanised mice, but it is not detected in
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Fig. 5.1 Cellular distribution of DNGR-1 in the mouse. The cellular distribution of DNGR-1 in
the bone marrow, blood and peripheral tissues of mouse is depicted. DNGR-1 written in red
identifies cells expressing high levels of DNGR-1 and blue identifies cells with low DNGR-1
expression. A question mark denotes that DNGR-1 expression is unknown for that cell type. CDP
common DC precursor, pDC plasmacytoid DC, DC dendritic cell

human pDC (Huysamen et al. 2008; Poulin et al. 2010, 2012; Sancho et al. 2008). In
this respect, high expression of DNGR-1 identifies the ‘CD8a*-like’ ¢DC family
across species and largely mimics the expression pattern of XCR1 (Bachem
et al. 2010, 2012; Crozat et al. 2011; Vu Manh et al. 2015a). However, unlike
DNGR-1, XCRI is not expressed by mouse pDCs. Furthermore, XCR1 restriction
to CD8a*-like ¢DCs is conserved across mouse, Man, sheep and pig, whereas that
of DNGR-1 may fail in the latter species. For this reason, the CD8a " -like cDCs are
now often termed XCR1" DCs rather than DNGR-1" DCs (Vu Manh et al. 2015b).

Recently, DC precursors were found to also express DNGR-1, albeit at lower
levels than ‘CDS8a-like’ ¢DCs (Schraml et al. 2013). DCs originate from
haematopoietic stem cells in the bone marrow that gradually lose the ability to
generate other leukocytes until a stage is reached where the precursor can only give
rise to DCs. This cell is called the ‘common DC precursor’ (CDP) and its progeny,
the pre-DC, exits the bone marrow and seeds all tissues (Onai et al. 2007; Naik
et al. 2006, 2007; Liu et al. 2009). Interestingly, DNGR-1 marks CDPs and pre-DCs
in the bone marrow that have lost the ability to generate pDCs and only give rise to
c¢DCs (Schraml et al. 2013) (Fig. 5.1). This finding was exploited to construct a fate-
mapping system allowing for the indelible genetic marking of mouse DNGR-1*
cells and their progeny (Schraml et al. 2013). In such mice, the progeny of DNGR-1
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* CDPs/pre-DCs expresses yellow fluorescent protein (YFP) and thereby serves as
a means for identifying cDCs based on ontogenetic criteria (Schraml and Reis e
Sousa 2015). Analysis of such mice formally demonstrates that DNGR-1 expres-
sion is restricted to the DC lineage as no other cells, including ones of
non-haematopoietic origin, are labelled with YFP.

5.3 Antigen Targeting to DNGR-1

DNGR-1 at the plasma membrane is internalised upon binding ligand or antibodies
(HanC et al. 2015; Sancho et al. 2008). The latter finding, together with its
DC-restricted expression pattern, suggested that DNGR-1 could constitute a useful
target for antibody-mediated antigen delivery to DCs to facilitate immunisation or
tolerisation, much like DEC-205, another C-type lectin receptor (Bonifaz
et al. 2002; Hawiger et al. 2001). Indeed, antigenic peptides covalently coupled
to anti-mouse DNGR-1 are selectively cross-presented on MHC class I by DNGR-1
* CD8a " -like DCs. In the presence of adjuvants, this induces potent CTL responses
in vivo, which can prevent development, as well as mediate eradication, of trans-
plantable melanoma (Lahoud et al. 2011; Picco et al. 2014; Sancho et al. 2008). In
addition to cross-presentation, antibody targeting to DNGR-1 can also lead to
activation of CD4 " T cells through antigen presentation on MHC class I, resulting
in cellular as well as humoral responses in mice and nonhuman primates
(Caminschi et al. 2008, 2012; Joffre et al. 2010; Lahoud et al. 2011; Li
et al. 2015; Park et al. 2013). Interestingly, the requirement for adjuvant, indis-
pensable for the induction of cytotoxic T cells (Lahoud et al. 2011; Picco
et al. 2014; Sancho et al. 2008), is not universally seen when using DNGR-1
targeting to generate CD4" T cells (Caminschi et al. 2008, 2012; Joffre
et al. 2010; Lahoud et al. 2011; Li et al. 2015; Park et al. 2013). This may be a
function of the antibody used for targeting (Li et al. 2015) and allows for great
versatility in modulating the CD4 " T cell responses (Joffre et al. 2010). Thus, using
certain anti-DNGR-1 antibodies with or without different types of adjuvants, it is
possible, at least in the mouse, to induce antigen-specific regulatory T cells, Thl
cells or Th17 responses (Joffre et al. 2010). In sum, targeting antigens to DNGR-1
constitutes a promising approach for therapeutic or prophylactic vaccination
(Caminschi and Shortman 2012; Radford and Caminschi 2013) and might also be
useful for tolerisation.

5.4 Structure of DNGR-1

In human, DNGR-1 is encoded by the CLEC9A gene consisting of six exons with a
single splice variant (Huysamen et al. 2008; Sancho et al. 2008). The mouse Clec9a
gene contains seven exons that were numbered 1-7 by Sancho et al. (2008) whilst
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Huysamen et al. (2008) refer to the fourth and fifth exons as 4’ and 4, respectively.
In all, five splice variants of mouse DNGR-1 have been reported. Sancho
et al. (2008) described three isoforms, termed /ong (containing all seven exons),
short (lacking exon 4) and very short (containing only exons 1-3 and 7). Huysamen
et al. (2008) described two additional isoforms — one lacking exon 2, and the other
lacking exons 4 and 6 and containing a premature stop codon in exon 7 (for clarity,
we use the exon and splice variant notation as per Sancho et al. (2008)).

The genomic structure of DNGR-1 is conserved between mouse and human and,
in both species, exon 1 encodes a short cytoplasmic domain containing the
hemITAM signalling motif (see below), exon 2 encodes the transmembrane domain
and exons 3—6 (human) or 3—7 (mouse) are the extracellular domain composed of a
single C-type lectin-like domain (CTLD) and a membrane-proximal ‘neck’ region.
The neck region contains a conserved cysteine residue at position 94 (mouse) or
96 (human), which is thought to be involved in receptor dimerisation via formation
of a disulphide bond (Huysamen et al. 2008; Sancho et al. 2008). The CTLD
contains six canonical cysteine residues involved in forming three disulphide
bonds that stabilise the domain (Zelensky and Gready 2005) but lacks the conserved
residues involved in calcium coordination and carbohydrate binding that are present
in classical C-type lectins (Huysamen et al. 2008; Sancho et al. 2008). As such, it
belongs to group V of the C-type lectin superfamily, which is primarily known for
including NK cell receptors (Zelensky and Gready 2005).

The murine isoform that most closely resembles the human receptor is the short
isoform. However, whilst human DNGR-1 is expressed as a glycosylated
disulphide-bonded homodimer, the short mouse isoform was initially reported to
be expressed as a non-glycosylated monomer (Huysamen et al. 2008). This would
be surprising given that the short isoform still contains the putative dimerisation
cysteine, and there is a high degree of homology between the mouse and human
variants. Our data suggest, in fact, that the mouse short receptor also expresses as a
glycosylated dimer (unpublished observations), much like its long counterpart
(Sancho et al. 2008).

The crystal structure of a glycosylation-deficient S225D mutant CTLD of human
DNGR-1 has been published (PDB ID 3VPP) (Zhang et al. 2012). It covers residues
S111-L236 with a missing stretch of five amino acids between E202 and N208 that
was, presumably, disordered and did not generate electron density (Fig. 5.2a).
Using electron cryomicroscopy, we have recently found that this missing region
can be observed in ligand-bound DNGR-1, forming a loop that extends out of the
CTLD (Hanc et al. 2015; Fig. 5.2b). This is in line with the predicted flexibility of
the region and suggests that the interaction of DNGR-1 with ligand helps stabilise
the loop, even though its removal results in no significant decrease in DNGR-1
binding (Hanc et al. 2015). The crystal structure of the CTLD of human DNGR-1
further reveals a calcium ion involved in formation of a salt bridge between a2 helix
and P1/B5 sheet (Zhang et al. 2012) in the region corresponding to the calcium
coordination site 4 of other C-type lectins (nomenclature as per Zelensky and
Gready (2005); Fig. 5.2a). This is consistent with the notion that the ion helps
stabilise the CTLD fold but is not involved in ligand binding (Zhang et al. 2012).
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Fig. 5.2 Structure of DNGR-1 CTLD and DNGR-1 in complex with F-actin. (a) Structure of
hDNGR-1 CTLD (PDB ID 3VPP, (Zhang et al. 2012)) with the C- and N-termini as well as the
missing region labelled. Ca”* ion (green ball) and Ca2+—coordinating residues (sticks) are
highlighted. (b) DNGR-1 CTLD structure fitted into the electron density of DNGR-1: F-actin
complex with the flexible loop missing from crystal structure indicated by the arrow (PDB ID
3J82, (Han¢ et al. 2015)) (c) DNGR-1-decorated F-actin filament, actin in grey, DNGR-1 in gold
(Electron Microscopy Database ID EMD-6102, (Hanc et al. 2015)). (d) Schematic depiction of the
mode of DNGR-1 binding to F-actin. Golden ovals represent DNGR-1 and grey circles represent
monomers of G-actin

In the published DNGR-1 crystal, the asymmetric unit contained a dimer of
CTLDs (Zhang et al. 2012). The dimeric interface was, however, highly fenestrated
and buried within it was a loop, which is normally accessible to antibodies,
implying that the interface was likely an artefact of crystal packing (Zhang
et al. 2012). Structural homology of DNGR-1 to lectin-like oxidised low-density
lipoprotein (LDL) receptor-1 (LOX-1), also known as CLEC8A (PDB ID 1YPU)
(Park et al. 2005), led Zhang et al. to build a model of a ‘LOX-1-like’ dimer of
DNGR-1 CTLDs (Zhang et al. 2012). A subsequent study, however, showed that a
tryptophan residue in LOX-1 (W150) is crucial for maintaining the dimeric inter-
face as its loss results in abrogation of all inter-domain interactions between the two
LOX-1 CTLDs, even in the continued presence of the neck region dimerisation
cysteine (Nakano et al. 2012). Notably, this tryptophan is not conserved between
LOX-1 and DNGR-1, casting doubt on the validity of the ‘LOX-1-like’ model of
DNGR-1 CTLD dimerisation.
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5.5 DNGR-1 Ligand: F-Actin

DNGR-1 was originally found to bind a ubiquitous intracellular molecule exposed
in cells that have lost membrane integrity (Sancho et al. 2009). Further analysis
showed that the ligand is predominantly cytoplasmic, resistant to nucleases and
glycosidases and susceptible to protease and acid treatment and heat denaturation
(Sancho et al. 2009). Subsequently, the ligand was determined to be the filamentous
form of actin (F-actin) with no binding detected to G-actin monomers (Ahrens
et al. 2012; Zhang et al. 2012). Actin is evolutionarily highly conserved, and
human, turkey, trout, Drosophila and yeast F-actin can all be recognised by
mouse DNGR-1 (Ahrens et al. 2012).

It was suggested that DNGR-1 binds only to F-actin complexed with calponin
homology domain-containing actin-binding proteins (ABPs) such as -spectrin and
a-actinin (Zhang et al. 2012). However, this notion was disproved by the recent
structure of the extracellular domain of DNGR-1 bound to F-actin, which clearly
showed that individual actin filaments act as ligands for receptor binding
irrespective of decoration by ABPs (Han¢ et al. 2015). However, it is important
to note that F-actin depolymerises rapidly under a critical concentration of actin
monomers, a process that can be delayed or reversed by presence of certain ABPs.
Hence, filaments decorated with such proteins are more stable and, possibly, also
more prone to form bundles, providing a plausible explanation for the apparent
increase in binding of DNGR-1 to filaments containing ABPs (Ahrens et al. 2012).

The structure of the extracellular domain of DNGR-1 bound to F-actin reveals
that the binding site for each CTLD is within the groove between two F-actin
protofilaments and that the receptor contacts two actin subunits across the filament,
and two subunits along one protofilament (Fig. 5.2¢ and d) (Han¢ et al. 2015). The
composite nature of the binding site clearly explains why DNGR-1 binds to F-actin
but not G-actin (Ahrens et al. 2012; Zhang et al. 2012). Notably, the above is a very
uncommon mode of binding amongst ABPs, and, consequently, decoration of
filaments is unlikely to directly interfere with DNGR-1 binding (Hanc
et al. 2015). However, it is possible that proteins, which introduce conformational
changes into the filament, can still affect DNGR-1 binding.

Interestingly, only a handful of DNGR-1 residues is involved in the interaction
with ligand (Hanc et al. 2015). Accordingly, DNGR-1 shows only moderate affinity
for F-actin with fast association and dissociation and a K, in the low micromolar
range (Ahrens et al. 2012; Hanc et al. 2015). Avidity of the multivalent interaction
between membrane-bound DNGR-1 and the polymeric ligand, however, decreases
the off-rate, effectively increasing the overall strength of binding by as much as
three orders of magnitude, leading to a K4 in the nanomolar range and accounting
for the ability of DNGR-1 to efficiently recognise F-actin under physiological
conditions (Hanc et al. 2015).

It remains to be established whether one DNGR-1 dimer can bind with both
ligand-binding domains to a single actin filament (cis) and/or to cross-link two
adjacent filaments (trans). Electron cryomicroscopy experiments where DNGR-1
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did not appear to induce filament cross-linking would suggest that DNGR-1 pos-
sesses the ability to bind in cis (Hanc et al. 2015). Such mode of binding would have
interesting implications for the structure of the protein, as binding sites on the actin
filament create a pattern that repeats every 5.5 nm (Hanc et al. 2015). In order for
one dimer of DNGR-1 to be able to span this distance, the neck region would have
to be exceptionally flexible, and the ligand-binding domains would need to be able
to move and bind independently, confirming that the ‘LOX-1-like’ dimer model
(Zhang et al. 2012) is likely incorrect and suggesting a possible lack of CTLD
dimerisation altogether.

5.6 DNGR-1in Cross-Presentation of Dead Cell-Associated
Antigens

DNGR-1 bears an intracellular tail with a modified immunoreceptor tyrosine-based
activation motif (termed hemITAM) that couples to spleen tyrosine kinase (Syk)
(Huysamen et al. 2008; Sancho et al. 2009). Another structurally related C-type
lectin receptor, Dectin-1 (CLEC7A), possesses an analogous hemITAM (Rogers
et al. 2005) and, when engaged by fungal-derived p-glucans, signals via Syk to
activate NF-kB, MAPKs and NFAT (LeibundGut-Landmann et al. 2007). This
results in DC activation and allows for coupling of innate sensing of fungal particles
to the induction of an antifungal adaptive immune response (LeibundGut-
Landmann et al. 2007, 2008), thereby fulfilling the criteria for a pattern recognition
receptor (Janeway 1989). The finding that DNGR-1 binds to dead cells (Sancho
et al. 2009), together with a suggestion that the intracellular signalling domain of
DNGR-1 could induce pro-inflammatory cytokine production in macrophages
(Huysamen et al. 2008), led to the hypothesis that DNGR-1 might behave as a
danger receptor, i.e. one that mediates DC activation in response to contact with
necrotic cells (Matzinger 1994). This hypothesis led to the christening of the
receptor, later adapted to constitute an acronym for ‘DC, NK lectin group recep-
tor-1’ (Sancho et al. 2008).

Supporting the hypothesis, DNGR-1 deficiency was found to negatively impact
priming of CD8™ T cells against model antigens carried by dead cells in a model of
immunisation with ultraviolet radiation-treated cells (Sancho et al. 2009). However,
DNGR-1 was then found to be dispensable for inducing DC activation by dying
cells, which is likely triggered by unknown innate immune receptors and is mar-
ginal compared to that induced by microbes (Zelenay et al. 2012). Furthermore,
triggering of DNGR-1 with antibodies or dead cells did not activate DCs and
neither did a chimeric receptor containing a Dectin-1 ectodomain fused to the
intracellular domain of DNGR-1 upon treatment with Dectin-1 agonist (Zelenay
et al. 2012). A DEDG sequence immediately upstream of the hemITAM tyrosine
contributes to signalling by CLEC-2, another Syk-coupled C-type lectin receptor
(Fuller et al. 2007). This sequence is shared with Dectin-1 but, notably, in DNGR-1
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from all species, the glycine is replaced by an isoleucine. Mutation of the isoleucine
to glycine potentiated the ability of Dectin-1/DNGR-1 chimaeras to stimulate
pro-inflammatory cytokine production by myeloid cells (Zelenay et al. 2012).
These results indicate that the isoleucine and, likely, additional residues directly
preceding the hemITAM tyrosine of DNGR-1, dampen downstream signalling and
do not allow, for example, stimulation of NF-xB, which is a driver of DC activation.
The effect of these residues may be to decrease hemITAM tyrosine phosphorylation
by Src family kinases and/or the interaction with Syk as suggested for other C-type
lectin receptors such as CLEC-2 or NKp80 (Fuller et al. 2007; Ruckrich and Steinle
2013). The net result is that DNGR-1 does not act as a DC activatory receptor,
unlike Dectin-1.

Given that DNGR-1 does not activate DCs yet is necessary for efficient cross-
priming of CD8" T cells against dead cell-associated antigens, it began to be
suspected that it might impact directly on the mechanism of dead cell handling
and, specifically, cross-presentation, i.e. the means by which exogenous antigens
are processed and presented by MHC class I molecules. Consistent with that notion,
and further supporting the concept that DNGR-1 does not function by stimulating
DCs, DNGR-1 deficiency did not impair the ability of DCs to prime CD4 " T cells
specific for dead cell-associated antigens in vitro, nor impacted on the CD4 " T cell-
dependent herpes simplex virus type 1-specific antibody in vivo (Zelenay
et al. 2012). Therefore, the hypothesis was pursued that DNGR-1 signals to
preserve antigenic information present within cell corpses and makes it available
for cross-presentation. Interestingly, DNGR-1-bound antibodies are directed to
non-lysosomal compartments (Sancho et al. 2009; Zelenay et al. 2012), similar to
ones accessed by the mannose receptor to promote cross-presentation (Burgdorf
et al. 2007). Using dead cells as ligands, it was found that DNGR-1 diverts
endocytic cargo to a poorly degradative early endosomal compartment marked by
expression of EEA1, Rab5a and Rab27a and, at later time points, to recycling
endosomes that stain with anti-Rabl1 (Zelenay et al. 2012; Fig. 5.3). These
compartments have limited acidification potential and low proteolytic activity,
generating partially degraded antigens that are suitable substrates for cross-
presentation by MHC class I molecules (Burgdorf et al. 2007; Joffre et al. 2012;
Schuette and Burgdorf 2014). Notably, impaired cross-presentation of dead cell-
associated antigens by DNGR-1-deficient ‘CD8a " -like’ cDCs could be reversed by
blockade of lysosomal acidification or inhibition of lysosomal proteases (Iborra
et al. 2012), confirming that DNGR-1 functions primarily by retaining necrotic cell
cargo in endosomal compartments protected from lysosomal degradation. Thus,
DNGR-1 sensing of cell corpses impacts the endocytic fate of the cargo and
thereby, indirectly, the process of cross-presentation (Fig. 5.3). Other dead cell-
sensing pathways involving toll-like receptors, opsonins or the complement system
have been likewise implicated in the routing of dead cell cargo to non-degradative
endosomes and/or regulation of antigen processing (Apetoh et al. 2007; Baudino
et al. 2014; Peng and Elkon 2011).

In principle, the ability of DNGR-1 to regulate cross-presentation means that it
could impact cross-tolerance as much as cross-priming. Yet, DNGR-1 deficiency
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Fig. 5.3 DNGR-1 regulates cross-presentation of dead cell-associated antigens. DNGR-1 binds
to exposed filamentous actin (F-actin) on cells undergoing primary or secondary necrosis or cells
dying upon infection with cytophatic viruses (HSV-1 or VACV). DCs are also able to recognise
DAMPs released by necrotic cells and/or PAMPs from the virus through different innate immune
receptors that promote activation of the DCs. DNGR-1 bears an intracellular tail with a modified
immunoreceptor tyrosine-based activation motif (termed hemITAM) that couples and signals
through the spleen tyrosine kinase (Syk); however, there is no evidence that DNGR-1 can trigger
or modulate activation pathways in DCs. DNGR-1 sequesters cargo in a poorly degradative early
endocytic compartment. Inhibition of acidification-mediated proteolysis reverts defective cross-
presentation in DNGR-1-deficient cells. This suggests that DNGR-1 promotes CTL cross-priming
by preventing the rapid/complete degradation of antigenic cargo, allowing its further processing,
transport and binding to MHC class I molecules

did not affect cross-tolerance of OVA-specific CD8" T cells to pancreatic ovalbu-
min in RIP-mOVA transgenic mice, believed to be driven by antigens contained
within apoptotic p cells (Zelenay et al. 2012). This may be because apoptotic cells
do not expose F-actin (Ahrens et al. 2012) and, therefore, do not engage DNGR-1.
Indeed, in all models tested thus far, DNGR-1 appears to regulate immunity rather
than tolerance to dead cell-associated antigens. DNGR-1 deficiency in mice leads to
impairment of CD8" T cell priming to viral antigens in models of cytopathic
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infection with vaccinia virus or herpes simplex virus—1 (HSV-1) (Iborra et al. 2012;
Zelenay et al. 2012). This, in turn, indicates that the ability of DNGR-1 to facilitate
cross-presentation of dead cell-associated antigens is not redundant with DC acti-
vation induced by viral signals. These results suggest a novel control point in
immunity to infection where, in addition to receptors that detect pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) to promote DC activation, there are others such as DNGR-1 that sense
DAMPs to identify ‘antigenically interesting’ substrates for antigen processing and
presentation. This is relevant for vaccination as, in addition to novel adjuvants,
tissue damage agonists might enhance antigen cross-presentation and help elicit
CTL responses.

5.7 Open Questions

The molecular mechanism by which DNGR-1 regulates cross-presentation remains
unclear. The evidence that DNGR-1 favours localisation of cargo to a poorly
degradative compartment, and that impaired cross-presentation by DNGR-1-defi-
cient DCs can be rescued by inhibition of lysosomal proteases or acidification,
implies that DNGR-1 could function by diverting dead cell-derived cargo towards a
compartment devoted to cross-presentation. Alternatively, it could facilitate main-
tenance of the dead cell material-containing compartment in a poorly degradative
state, as well as controlling the cross-presentation process itself. The latter could
involve promoting fusion of dead cell-containing compartments with the ER-Golgi
intermediate compartment (Cebrian et al. 2011) or with the MHC class I rich
endosomal recycling compartment (Nair-Gupta et al. 2014). In addition, DNGR-1
could also assist translocation of the ligand to the cytosol as shown for another
myeloid CLR, the mannose receptor (Zehner et al. 2011). In this regard, the
downstream signals used by DNGR-1 to regulate cross-presentation are an active
area of research. Cross-presentation ability is impaired in Syk-deficient DCs (Iborra
et al. 2012; Sancho et al. 2009), suggesting that signalling through Syk is involved
in the process. This conclusion is additionally supported by the inability of a
tyrosine hemITAM mutant (Y7F) of DNGR-1 to promote cross-presentation of
dead cell-associated antigens, even though this mutant is still localised to the
recycling endosomal compartment ((Sancho et al. 2009) and unpublished
observations).

The regulation of dead cell-associated antigen cross-presentation by DNGR-1
provides a model for testing the role of cross-priming in vivo. Cross-priming is
often considered dispensable for generation of CD8™" effector T cell responses to
viruses, as many of these infect DCs directly (Zinkernagel 2002; Joffre et al. 2012).
However, whether cross-priming might play a more subtle role, for example,
influencing CD8" T cell effector versus memory cell fate decisions or shaping
different memory T cell compartments, has not been explored. Our recent data
point towards such a function for DNGR-1 in immune responses to viruses (Iborra
and Sancho, unpublished observations).
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Although regulation of cross-presentation is the main currently characterised
DNGR-1 function, it is possible that additional DC functions could also be affected
by DNGR-1 signalling. Further studies are required, for instance, to determine if
DNGR-1 expression by CD8a DCs, a prevalent DC subset in the thymus, affects T
cell selection. Furthermore, the function of DNGR-1, if any, in DC precursors is
presently unknown. Notably, DC differentiation from bone marrow precursors
deficient for DNGR-1 is normal in vitro. Similarly, DC accumulation in lymphoid
and non-lymphoid tissues appears unperturbed in DNGR-1-deficient mice, at least
under steady state conditions. Whether DNGR-1 engagement in DC precursors can
take place and modulate DC development in particular inflammatory settings is an
area of active current interest.

Regarding the ligand, F-actin even from fungi is detected by human or mouse
DNGR-1. This opens the possibility that F-actin from some eukaryote pathogens
could be sensed in a similar fashion to dead cells, allowing such pathogens to
modulate immunity through DNGR-1. In addition, some CLRs that bind protein
ligands exhibit a certain level of plasticity in their ligand binding, and it is
conceivable that, similar to Mincle (Yamasaki et al. 2008, 2009), DNGR-1 might
bind additional ligands, even of a different nature. However, a glycan array using a
DNGR-1 ectodomain did not reveal any specific binding to glycans (unpublished
observations).

This points to the reason of why DNGR-1 may have been selected in evolution.
Current data support the notion that DNGR-1 confers an advantage in immunity
against viral infection (Iborra et al. 2012; Zelenay et al. 2012). It is thus conceivable
that DNGR1 has evolved to detect cells infected with intracellular pathogens
(e.g. vaccinia, Salmonella, Shigella), which often move inside or even between
cells by subverting host actin cytoskeleton (Goldberg 2001; Handa et al. 2013; Lee
et al. 2014; Patel and Galan 2005). In addition, DNGR-1 might play an important
role in the interdependence between DAMP and PAMP recognition. For instance, a
hierarchy in the nucleic acid-mediated activation of immune responses has been
reported, where promiscuous sensing of nucleic acids by HMGBs promotes selec-
tive activation of nucleic acid-sensing receptors (Yanai et al. 2009). HMGB-1 also
potentiates the pro-inflammatory activity of LPS (Qin et al. 2009). The study of
hierarchical, synergistic and/or antagonistic connections of PAMP and DAMP
sensing on innate and adaptive immune responses is, therefore, an important area
for further investigation.

5.8 Concluding Remarks

The study of DNGR-1 during the past years has uncovered several features that
make it unique amongst C-type lectin receptors involved in immunity. First,
DNGR-1 expression is restricted to the DC lineage with high levels found almost
exclusively amongst the CD8a*-like DC family. Second, its expression levels do
not change under inflammatory conditions, in contrast to those of other myeloid
cell-specific members of this group. Third, it has a dedicated role in controlling
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dead cell cargo fate, favouring presentation of dead cell-associated antigens to CDS8
T T cells. This feature, in turn, revealed the existence of specific innate immune
receptors able to decode antigenicity independently of adjuvanticity (Zelenay and
Reis e Sousa 2013) and underscored a nonredundant role for DAMP recognition in
both sterile and non-sterile settings. Lastly, the abundant nature of the DNGR-1
ligand, F-actin, the exposure of which, in damaged cells, acts as a ‘present me’
signal, adds to the concept of ‘find me’ and ‘eat me’ signals as critical components
of innate sensing mechanisms that instruct adaptive immunity. In fact, the unusual
way of DNGR-1:F-actin interaction compared to other ABPs and the notion that the
exposure of essential and highly conserved cytoskeletal proteins can be detected by
the immune system open new areas of investigation beyond the instruction of
adaptive immune responses.
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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
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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



94 K. Suzuki-Inoue

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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Chapter 7
Dendritic Cell Immunoreceptor (DCIR): An
ITIM-Harboring C-Type Lectin Receptor

Tomonori Kaifu and Yoichiro Iwakura

Abstract C-type lectin receptors (CLRs) have been recognized as one of the
pattern recognition receptors that trigger immune responses against pathogens.
Dendritic cell immunoreceptor (DCIR) is a type Il membrane protein that contains
an extracellular carbohydrate recognition domain (CRD) and a long cytoplasmic
tail with an immunoreceptor tyrosine-based inhibition motif (ITIM). Only one
molecular species is identified in humans (DCIR), while four family molecules
(DCIR1-4) are present in mice. Human DCIR and mouse DCIR1 dampen immune
responses through ITIM-mediated reaction. DCIR binds mannose and fucose and
also pathogenic organisms, but the structure of the ligand carbohydrates still
remains to be determined. DCIR1 is important for the homeostasis of the immune
system, and the deficiency causes autoimmune diseases. DCIR also acts as an
attachment factor for HIV in dendritic cells and HIV-infected T cells. DCIR1 is
also implicated in the pathogenesis of mosquito-transmitted virus and protozoan
infections. This chapter highlights the roles of human and mouse DCIR in immune
responses and immune homeostasis revealed by in vitro cell-based studies as well
as in vivo gene-depleted mouse analyses.

Keywords C-type lectins « HIV ¢ Phosphatases ¢« ITIM « Homeostasis * Bone
metabolism

A large array of membrane receptors is expressed on professional antigen-
presenting cells (APCs) to sense pathogen invasions for activating innate immunity
and to present foreign peptides on major histocompatibility complex II (MHC-II) or
MHC-I for activating adaptive immunity. DCs and macrophages express plentiful
germline-encoded innate receptors to recognize pathogen-associated molecular
patterns (PAMPs) of invading pathogens and conserved molecular structures of
pathogens. These receptors are called as pattern recognition receptors (PRRs). Toll-
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like receptors (TLRs) and C-type lectin receptors (CLRs) are membrane-embedded
PRRs that response to multiple types of PAMPs (van Vliet et al. 2007). Although
TLRs are able to stimulate maturation of DCs through recognition of different types
of PAMPs, they do not mediate antigen uptake to present peptides on MHC-I or
MHC-II. While CLRs detect diverse PAMPs to synthesize pro- and anti-
inflammatory mediators, they can incorporate pathogens into cytoplasm to facilitate
antigen presentation (Bergman et al. 2004; Hunger et al. 2004).

There is a diverse group of proteins in C-type lectin family. C-type lectins were
originally characterized by their abilities to bind carbohydrates. Soluble and
membrane-bound forms function as C-type lectin proteins, but they have a common
domain, termed the carbohydrate recognition domain (CRD), which contains disul-
fide bridges between cysteine residues. C type is termed by the property that
requires Ca®* for binding carbohydrate structures, but some C-type lectin receptors
bind their ligands in a Ca**-independent manner. Moreover, they recognize multi-
ple types of molecules, proteins, and lipids, other than carbohydrates. Whereas a
majority of CLRs recognize carbohydrate structures on pathogens, some are found
to interact with self-glycoproteins or endogenous ligands.

A group of immune receptors is consisted of counterbalancing two types of
receptors: one mediates upregulation of cellular activities and the other counter-
regulates the activation induced by these receptors. The former type of receptors
contains an immunoreceptor tyrosine-based activation motif (ITAM) in the cyto-
plasmic domain. Another type of receptors in this group, with a short cytoplasmic
tail and a charged amino acid residue in the transmembrane region, forms a
complex with an adaptor protein containing ITAM, such as Fc receptor y-chain.
On the other hand, counterbalanced receptors that are capable of dampening
activation signal contain immunoreceptor tyrosine-based inhibitory motif (ITIM),
which provides a docking site for phosphatases to dephosphorylate phospho-
tyrosine residues in signaling molecules or ITAMs. Thus, it is suggested that the
balance of signals between ITAM-harboring and ITIM-harboring receptors deter-
mines the adequate cellular conditions, and interruption of the delicate signal
balance causes harmful havoc, such as excessive inflammation, self-tissue dam-
ages, and autoimmune diseases. So far, two CLRs have been identified as an ITIM-
harboring receptor, and dendritic cell immunoreceptor (DCIR) is one of the best
studied receptors. In this review, we will introduce its expression pattern, intracel-
lular signal pathways, and physiological roles at the levels of cells and animals.

7.1 The DCIR Gene Is Located in the CLR Cluster

Cloning of the human and mouse DCIR gene has been reported in four reports.
(1) Human DCIR was identified by the homology search for the conserved seven
amino acid sequences of the CRD in hepatic asialoglycoprotein receptors
(ASGPRs) and macrophage lectin in the Human Genome Sciences databases.
Amino acid identity of the deduced CRD domain of human DCIR is 42 %, 35 %,
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and 37 % for macrophage lectin, ASGPR1, and ASGPR2, respectively. Mouse
DCIR1 molecule was also identified in the EST databases, using the deduced
protein sequence of human DCIR. The predicted protein sequence of mouse
DCIR is 54 % identical to human DCIR (Bates et al. 1999). (2) Human DCIR
gene was cloned by subtractive cloning of differentially expressed cDNA from
human monocyte-derived DCs, which were treated with or without keyhole limpet
hemocyanin. The gene was named lectin-like immunoreceptor (LLIR) gene in that
study. The predicted protein sequence of the LLIR is highly similar to ASGPRs in
the BLAST search. The LILR gene is located in the chromosome 12p13 locus, close
to NK cell receptors clusters that encode multiple lectin-like NK receptors. Two
shorter variants were isolated from human myeloid cell line, which lacked the
nucleotide sequence encoding the transmembrane region (Huang et al. 2001).
(3) Upregulation of DCIR mRNA was shown in GM-CSF-treated human neutro-
phils compared with non-treated neutrophils using differential display polymerase
chain reaction method. The gene was assigned as C-type lectin superfamily
6 (CLECSF6). A homologous BAC clone in nucleotide sequence databases was
assigned in chromosome 12p13.1 (Richard et al. 2002). (4) Yeast signal sequence
trap screening identified cDNA of mouse DCIR1 from mouse bone marrow-derived
DCs, which were induced maturation by TGF-f1. The predicted amino acid
sequence of the CRD region of mouse DCIR1 was 48 % identical to Dectin-2
(Kanazawa et al. 2002). Meanwhile, homology search for the rat Dcir to various
human and mouse C-type lectin-like receptors identified only one DCIR gene
located in the chromosome 12 in humans and four genes for mouse DCIR
(Dcirl-4) in the chromosome 6 at the telomeric region near the NK cell receptor
clusters (Kerscher et al. 2013; Flornes et al. 2004). Human DCIR and mouse DCIR1
have 55 % amino acid sequence identity, and mouse DCIRI1 is 74 %, 57 %, and
52 % identical to DCIR2, DCIR3, and DCIR4, respectively. In this review, we use
mouse DCIR as mouse DCIR1 hereafter.

7.2 DCIR Gene Is Expressed in Cells in the Inmune System

Human DCIR mRNA is highly detected in peripheral blood leukocytes and mod-
erate in bone marrow, spleen, and lymph node, while the DCIR mRNA level is low
in the thymus, spinal cord, and trachea. DCIR mRNA is observed in DCs, macro-
phages, and granulocytes, which are induced in vitro from CD34" cord blood
progenitors as well as freshly isolated blood monocytes. DCIR mRNA is slightly
detected in tonsil B cells, but not in blood T cells and NK cells. Peripheral blood
neutrophils express a low level of DCIR mRNA. In accordance with the presence of
DCIR mRNA, DCIR protein is detected in peripheral blood CD14" monocytes,
CD15" granulocytes (including neutrophils, eosinophils, and monocytes/macro-
phages), and CD19" B cells, but not in CD56" NK cells and CD3" T cells. In
immunohistochemical staining, the expression of DCIR in the tonsil is found in the
broad area below the epithelium and weakly in the mantle zone of the follicle, but
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not in the germinal center. DCIR-positive cells have a dendritic shape and are
negative for CD1a, which is a maker for Langerhans cells in the epithelium (Bates
etal. 1999). Thus, human DCIR is expressed in myeloid cells and APCs including B
cells, and the expression pattern is distinct among subsets of DCs.

The expression pattern of mouse Dcir is similar to humans. Mouse Dcir mRNA
is high in the spleen and lymph nodes, in which APCs, such as DCs, macrophages,
and B cells, accumulate in the resting and inflammatory conditions. Dcir mRNA is
detected in bone marrow-derived DCs but not in NK cells. Consistent with the
expression profiles of Dcir mRNA, mouse DCIR was detected on the surface of
splenic B220+ or CD19+ cells, CDllc+ cells, and Macl+ cells (Kanazawa
et al. 2002). Indeed, all the DCIR-expressing cells express MHC class II, indicating
that mouse DCIR is exclusively expressed on APCs. However, mouse DCIR
expression in neutrophils still remains undetermined. Mouse Dcir2 mRNA is
observed in macrophages, DCs, neutrophils, B cells, and NK cells. At present,
mouse DCIR?2 is used as a specific marker for CD8— DCs (Dudziak et al. 2007).
Mouse Dcir3 mRNA is detected in macrophages, DCs, neutrophils, and B cells,
while mouse Dcir4 mRNA is in macrophages, DCs, and neutrophils (Flornes
et al. 2004). The precise expression patterns of mouse Dcir3 and mouse Dcird
remain yet unclear.

7.3 DCIR Is One of the ITIM-Harboring C-Type Lectin
Receptors

The deduced amino acid alignment displays human DCIR as a type II receptor of
237 aa with a single CRD in the extracellular C-terminus portion and ITIM in the
intracellular N-terminus portion. Human DCIR carries no signal sequence but a
putative hydrophobic signal anchor sequence. A number of conserved cysteine
residues remain in the CRD of human DICR, in comparison with ASGPRs and
macrophage lectin. Human DCIR forms disulfide bonds with a pair of cysteines at
aa positions 106 and 117, 134 and 230, and 203 and 222 (UniPortKB; Q9UMR?7).
The CRD has the conserved calcium-binding domain consisted of an EPS motif
(at position 195-197), glutamate (at position 201), and asparagine and aspartate
(at positions 218 and 219) (Bates et al. 1999). The calcium-binding motif is
conserved in ASGPRs and macrophage lectin, although they have QPD motif
instead of EPS motif. It is noteworthy that the NKG2 receptors, which are Ca2+-
independent C-type lectin receptors mainly in NK cells, lack the motif in the amino
acid alignment. Crystal structure analysis of CD94 revealed the lack of the
corresponding loop at the position of the calcium-binding domain (Boyington
etal. 1999). Human DCIR has a potential consensus N-glycosylation site at position
185, which is suggested to have a hindrance effect on binding with DCIR ligands
(Bloem et al. 2013).
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The amino acid sequence of human DCIR displays the intracellular domain with
48 amino acids, containing ITYAEV at the position from residue 5-10. The
sequence matches the canonical ITIM, an inhibitory signal motif whose conserved
sequence is S/I/V/LxYxxI/V/L (Ravetch and Lanier 2000). The signal motif has
been shown to act as a docking site for phosphatases that counterbalances cellular
activities through inhibition of a cascade of tyrosine kinases.

Two mouse homologues have structural features similar to human DCIR. Mouse
DCIR and DCIR2 are type II protein with a single CRD, conserved cysteine
residues, and the ITIM sequence. They also have potential cysteine residues that
are supposed to be involved in disulfide bond formation. Mouse DCIR has con-
served EPS motif (at position 197-199), glutamate (at position 203), and asparagine
and aspartate (at positions 219 and 220), but DCIR2 has EPN motif, which is
thought to be responsible for mannose binding. DCIR has three potential
N-glycosylation sites, whereas DCIR2 has four potential N-glycosylation sites. In
contrast, DCIR3 and DCIR4 lack the consensus ITIM sequence, although a tyrosine
residue remains at the corresponding region. Asparagine in the calcium-binding
domain of DCIR3 and DCIR4 is replaced by serine, and aspartate of DCIR4 is
substituted for valine, suggesting that they may function in a Ca2+-independent
way (Flornes et al. 2004).

Human DCIR is a unique C-type lectin receptor with a long cytoplasmic tail and
an ITIM, similarly to Clec12a. The same structural features are conserved in mouse
DCIR and DCIR2. In B-cell lymphoma lacking Fc receptors, chimeric proteins
consisting of the extracellular region of FcyRIIB and the cytoplasmic of mouse
DCIR dampened B-cell receptor (BCR)-mediated Ca2+ flux and total tyrosine
phosphorylation. The inhibitory effect of DCIR depends on the tyrosine residue
in the ITIM (Kanazawa et al. 2002). The peptide covering the ITIM region of
human DCIR that contains phosphorylated tyrosine binds to SHP-1 and SHP-2, but
not SHIP, upon incubation with human neutrophil lysates (Richard et al. 2006)
(Fig. 7.1).

The expression of DCIR in DCs implies inhibitory roles in maturation, secretion
of soluble mediators, and antigen presentation. Human pDCs enriched by anti-
BDCA-4 magnetic beads from peripheral blood expressed BDCA-2 and DCIR but
not DC-SIGN, mannose receptor, or Dectin-1. Induction of DCIR-mediated signal
by cross-linking with anti-DCIR antibody reduced IFN-a production in response to
TLRY ligands, whereas DCIR triggering did not affect the expression levels of
co-stimulatory molecules in TLR9-activated pDCs (Meyer-Wentrup et al. 2008).
Thus, DCIR in DCs appears not to be involved in the regulation of antigen
recognition and co-stimulation in the process of antigen presentation. Many of
C-type lectin receptors on DCs are known to function as an endocytic receptor and
internalize bound ligands (Figdor et al. 2002). DCIR activation with antibody
causes internalization of DCIR in a clathrin-dependent manner. This may explain
the mechanism of the inhibitory effect of DCIR on TLR9-induced IFN-a produc-
tion, which locates in endosomal compartments. However, it still remains to be
elucidated whether the ITIM motif of DCIR is required for the downregulation of
cytokine production and whether the phosphatases (SHP-1 and SHP-2) are involved
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Fig. 7.1 Structures of human DCIR and mouse DCIR1, DCIR2, DCIR3, and DCIR4. Dendritic
cell immunoreceptor (DCIR) is a C-type lectin receptor with the ITIM in the cytoplasmic region.
The genes for human and mouse DCIR are located in chromosomes 12p13 and 6, respectively.
Four genes are identified in mice. The CRD of human DCIR and mouse DCIR1, DCIR3, and
DCIR4 has EPS motif that is important for Ca2+-dependent carbohydrate recognition, but mouse
DCIR2 has EPN motif. Human DCIR, mouse DCIR1, and mouse DCIR2 have the canonical
sequence of ITIM and mediate inhibitory signals through SHP-1 and SHP-2. In contrast, mouse
DCIR3 and DCIR4 lack the consensus ITIM sequence. They have a tyrosine residue in the
cytoplasmic part, but it is not yet known whether they transduce intracellular signal. CRD:
carbohydrate recognition domain. ITIM motif: S/I/V/LxYxxI/V/L. E: glutamic acid, P: proline,
N: asparagine, S: serine

in the signaling components downstream of TLR9. In addition, DCIR inhibits
TLR8-induced pro-inflammatory cytokine production from human monocyte-
derived DCs (moDCs). DCIR triggering by specific antibodies reduced the produc-
tion of TNF-a and IL-12 from moDCs upon stimulation with a ligand for TLRS8 but
not ligands for TLR3, TLR4, and TLR2/Dectin-1. This is probably explained by the
fact that DCIR is internalized into LAMP-1-positive lysosome compartments and
TLR8 and TLRY, but not TLR3, TLR4, or TLR2/Dectin-1, are also present in
endosomal/lysosomal compartment (Meyer-Wentrup et al. 2009; Kawai and Akira
2008; Kawasaki and Kawai 2014). There is no evidence of the crosstalk between
mouse DCIR and TLRs in mouse APCs. Nonetheless, these results indicate the
importance of DCIR-mediated inhibition in limiting and modifying DC-associated
immune responses.
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7.4 DCIR Interacts with Carbohydrates and Ligands
on Pathogens

Cell surface-embedded receptors such as TLR and immunoglobulin-like receptors
trigger downstream signaling cascades to exert their functions after engagement
with their ligands. CLRs bind not only to sugar moieties of membrane components
of invading pathogens but also to endogenous proteins and glycolipids (Zhang
et al. 2012; Ahrens et al. 2012; Ishikawa et al. 2009). To understand the molecular
basis of DCIR-mediated signals and its function, it is important to elucidate the
carbohydrate structures of the ligands. Glycan array data of the Consortium for
Functional Glycomics (CFG) shows that human DCIR-Fc protein binds to sulfated
lactose (Lac), LacNAc, and alpha-1-acid glycoprotein (AGP), which contains
biantennary N-glycans (Hsu et al. 2009). The glycan array data of CLRs, including
DCIR, are available from the CFG database. The human DCIR-Fc protein does not
bind polysaccharide extract from a fungus, Ganoderma lucidum, analyzed by
enzyme-linked immunosorbent assay. CLRs containing EPN motif, such as
mannose-binding protein (MBP) and macrophage mannose receptor (MMR), are
known to bind mannose (Man) and fucose (Fuc). Human DCIR-Fc protein, which
has EPS motif in the CRD, binds not only Man and Fuc but also galactose (Gal) and
GalNAc, although the binding affinities are lower than those of Man and Fuc (Lee
et al. 2011). Human DCIR-Fc protein binds Lewis® and Mans glycans, and trunca-
tion of N-glycosyl carbohydrate chains in the CRD increases the binding affinity for
these glycans. However, the truncated and non-truncated forms of human DCIR
expressed on CHO cells could not bind Lewis” and Mans glycans. These binding
assays using Fc-fusion protein reveal that human DCIR has a potential to bind a
variety of sugar chains.

Tyrosine phosphorylation of human DCIR was increased when it was expressed
in mutant CHO cells that lacked DCIR ligands compared to parent CHO cells,
suggesting that cis interaction of DCIR with its ligands may affect the phosphor-
ylation status of the ITIM (Bloem et al. 2013). Further analysis showed that human
DCIR-Fc protein with truncated form of N-glycans binds Lewis® and sulfo-Lewis?,
but human DCIR-Fc protein with N-glycan does not bind the glycans. Human
DCIR-Fc binds to keratinocytes, gastric cancer cells, colon carcinoma cells, and
prostate cancer cells as well as helminths such as S. mansoni and T. spiralis (Bloem
et al. 2014). Moreover, DCIR-Fc fusion protein weakly binds commensal
microbiota (Hutter et al. 2014). The structure of the DCIR ligands on microbiota
is unclear, but probably a minor population of commensal microbiota expresses
DCIR ligands. These data support the idea that DCIR recognizes both endogenous
and pathogenic ligands.

Intravenous immunoglobulin (IVIg) therapy is widely used as a therapy for
autoimmune diseases and inflammatory diseases. Although the action mechanism
of IVIg remains controversial, sialylated immunoglobulins (SA-IgGs) are
suggested to mediate the IVIg through SING-R1 (the murine homologue of
DC-SIGN) in the treatment of arthritis and thrombocytopenic purpura in mice as
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well as through CD22 (Siglec-2) in promoting apoptosis of human B cells (Anthony
et al. 2008; Kaneko et al. 2006; Seite et al. 2010). SA-IgG also ameliorates
ovalbumin-induced airway hyperresponsiveness (AHR) in mice by inducing
Foxp3+ Treg cells through induction of tolerogenic DCs (Massoud et al. 2012).
In this model, the effect of SA-IgG depends on DCIR in DCs. In immunofluores-
cence analysis, SA-IgG is fluorescently colocalized with DCIR, and DCIR-
expressing CHO cells are stained with SA-IgG, but not with non-SA-IgG, indicat-
ing that DCIR serves an important role in SA-IgG-induced inhibition (Massoud
et al. 2014). However, the direct binding between DCIR and sialic acid on IgG has
not yet been proved.

7.5 DCIR Is an Attachment Factor for HIV and HCV

Human DCIR is implicated in the attachment and transmission of HIV in DCs and
CD4+ T cells. Attachment of HIV to DCs is known as one of the entry routes to
establish infection to CD4+ T cells. The interaction of viral envelope glycoproteins
with CLRs, such as DC-SIGN, MR, and langerin, contributes to the attachment of
HIV to DCs and transfers the virus to CD4+ T cells or macrophages (Turville
et al. 2001, 2002; de Witte et al. 2007). Then, viral envelope protein binds CD4
protein and coreceptors such as CXCR4 or CCRS on T cells and macrophages,
causing membrane fusion of virus, following penetration into these cells. Knock-
down of DCIR expression with siRNA or treatment with antibodies against DCIR in
human immature moDCs decreased HIV transmission to autologous CD4+ T cells.
Raji-CD4+ T cells that was transfected with DCIR gene remarkably augmented the
binding and viral production, while Raji-CD4+ T cells expressing neck domain-
deficient human DCIR failed to promote HIV binding (Lambert et al. 2008). As the
stalk region of CLRs is responsible for multimerization, this result suggests that the
formation of dimeric DCIR is necessary for efficient recognition of possible DCIR
ligands on HIV (Jin et al. 2014). When the efficiency of HIV attachment and
transfer compares that of DC-SIGN which can form tetramer, DCIR is less efficient
than DC-SIGN (Jin et al. 2014). Under the physiological conditions, T cells do not
express DCIR, but DCIR expression is detected in CD4+ T cells and CD8+ T cells
of rtheumatoid arthritis patients (Eklow et al. 2008). Interestingly, surface expres-
sion of DCIR is induced in CD4+ T cells not only by HIV infection but also by
soluble factors from HIV-infected cells. The induction of DCIR in CD4+ T cells
results in increases of HIV binding, replication, and transmission to uninfected CD4
+ T cells (Lambert et al. 2010). The pathological importance of DCIR expression on
DCs and CD4+ T cells in HIV pathogenesis is still obscure, but the types of DCIR-
expressing cells imply potential roles of DCIR in the pathogenesis. Contribution of
ITIM-dependent signaling in HIV infection has also not yet been elucidated
completely, but pharmacologic inhibitors and gene silencing with oligonucleotides
suggest that phosphatases (SHP-1 and SHP-2) and tyrosine kinases are involved in
HIV binding to DCIR-expressing Raji cells (Lambert et al. 2011). Furthermore,
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DCIR is suggested to be a potential receptor for HCV. HCV glycoprotein E2, which
inhibits IFN-a and IFN-A production, binds DCIR on pDCs from healthy donors,
and treatment with anti-DCIR antibody recovers the cytokine production (Florentin
et al. 2012).

7.6 DCIR Maintains Imnmune Homeostasis by Negatively
Regulating DCs

DCIR is an important negative regulator in controlling autoimmune diseases.
Mouse Dcir has been identified as one of potential pathological genes related to
rheumatoid arthritis (Fujikado et al. 2006). The expression of Dcir gene was
increased in the inflamed joints of two models of rheumatoid arthritis, HTLV-1-
Tg mice, and IL-Irn—/— mice. To understand the physiological and pathological
roles of DCIR, Dcir—/— mice have been generated. Aged Dcir—/— mice on the
C57BL/6 background spontaneously develop several symptoms, such as swelling
of joints, enthesitis, and sialadenitis (Fujikado et al. 2008). In addition, young
Dcir—/— mice are highly susceptible to collagen-induced arthritis compared to
wild-type littermates. The development of experimental autoimmune encephalo-
myelitis, an animal model for multiple sclerosis, is also exacerbated in Dcir—/—
mice, indicating a protective role for DCIR in autoimmune diseases (Seno
et al. 2015). Interestingly, the proportion of CD11c+ DCs in lymph node increases
in these mice and Dcir—/— mouse-derived BM cells differentiates more efficiently
into DCs upon induction with GM-CSF compared with WT mice, suggesting that
excess differentiation and expansion of DCs in Dcir—/— mice may cause autoim-
munity. Thus, DCIR is important for the homeostasis of the immune system by, at
least in part, regulating DC differentiation. Consistent with the results obtained in
mouse models, polymorphisms of DCIR gene are associated with the susceptibility
to rheumatoid arthritis in humans (Eklow et al. 2008; Lorentzen et al. 2007; Guo
et al. 2012).

Recently, DCIR has been reported to be involved in the homeostasis of bone.
DCIR deficiency increases bone volume and causes aberrant ossification in joints,
and Dcir—/— mice spontaneously develop ankylosis accompanied by fibrocartilage
proliferation and ectopic ossification. Moreover, Dcir—/— mice increase IFN-y+ T
cells in peripheral blood and lymph nodes. Splenic CD11c+ DCs isolated from
Dcir—/— mice have higher potency to induce IFN-y+ T cells, relative to WT mice.
Notably, IFN-y is identified as an osteogenic factor that promotes chondrogenesis
and osteoblastogenesis (Maruhashi et al. 2015). These demonstrate that DCIR
deficiency causes an increase of IFN-y+ T cells, which accelerates mineralization
of OBs and proliferation of chondrocytes, leading to the increased bone volume.
Thus, DCIR has broad functional activities and is involved in not only the homeo-
stasis of the immune system but also the bone metabolism.
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DCIR-Fc protein weakly binds commensal microbiota, and Dcir—/— mouse-
bone-marrow-derived DCs (031932-UCD) secreted higher concentrations of
TNF-a in response to heat-killed microbiota. However, Dcir deficiency only mar-
ginally influenced the development of DSS-induced colitis, a mouse model for
ulcerative colitis, and pro-inflammatory cytokine production (TNF-a, IL-6, and
IL-1p) in colon organ culture, indicating a limited role of DCIR in experimental
colitis (Hutter et al. 2014). On the other hand, DCIR has a protective role in the
pathogenesis of chikungunya virus (CHIKV) infection (Long et al. 2013). CHIKV-
induced weight loss and edema were exacerbated in Dcir—/— mice but not in
DC-SIGN—/- and SIGNR3—/- mice. Cell infiltration and inflammatory tissue dam-
age were enhanced in the fascia of the inoculated foot and the ankle joint of Dcir—/—
mice. Cytokine production in response to CHIKV in DCIR-defective BMDCs was
enhanced even in the absence of viral replication in DCs (Long et al. 2013). There
was no evidence that DCIR directly interacts with CHIKV. Thus, DCIR plays a
protective role in limiting the CHIKV-induced inflammatory response and subse-
quent tissue and joint damages, probably by regulating the activation state and
pathological potential of the inflammatory cells entering the virally infected tissue.

Interestingly, Dcir—/— mice were protected from neurological symptoms of
cerebral malaria (CM) during Plasmodium berghei infection, although the inci-
dence of parasitemia was similar between Dcir—/— and wild-type mice (Maglinao
et al. 2013). Dcir deficiency diminished infiltration of CD8+ T cell and inflamma-
tion in the brain, TNF-a level in sera, and frequency of activated T cells in the
spleen. Because these phenotypes are rather unexpected from the function of DCIR
in DCs and macrophages, roles of DCIR in the pathogenesis of CM remain unclear.

DCIR can be used as a target molecule on DCs for enhancing antigen presenta-
tion to T cells. Targeting of antigens through CLRs on DCs induces efficient
antigen presentation to MHC-I-restricted or MHC-II-restricted T cells (Bonifaz
et al. 2004; Carter et al. 2006). Similar to the other CLRs, targeting of DCIR with
antigen-conjugated anti-DCIR antibody on human pDCs enhanced antigen-specific
proliferation of peripheral blood leukocytes, because antigens are internalized
together with DCIR after receptor triggering (Meyer-Wentrup et al. 2008). In
addition, delivery of antigens by DCIR to human skin-derived DCs and blood-
derived DCs induced cross-presentation to CD8+ T cells. TLR7/8 agonists or
combination of TLR7/8 agonist and CD40L further augmented the DCIR-mediated
cross-presentation (Klechevsky et al. 2010). Anti-DCIR antibody conjugated with
antigens may become a strong inducer of cytotoxic CD8+ T cells for virus-infected
cells and tumors.

7.7 Conclusion

DCIR is a unique CLR containing the ITIM in the cytoplasmic part. As Dcir—/—
mice spontaneously develop autoimmunity and bone morphogenic abnormality,
this molecule has important roles in not only the immune system but also the bone
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metabolism. DCIR in DCs negatively regulates their differentiation and functions,
and inhibition of DCIR shapes T cells to produce IFN-y. DCIR is suggested to be
involved in the susceptibility to HI'V infection, CHIKV-induced pathogenesis, and
Plasmodium berghei-induced cerebral malaria. In addition, targeting this molecule
to deliver antigens to DCs efficiently induces antigen-specific T cell responses.
Further investigation is needed to elucidate its functional ligands and the precise
mechanisms to regulate the immune and bone system.
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Chapter 8

Regulation and Function of the Inhibitory
C-Type Lectin Clec12A/MICL

Konstantin Neumann and Jiirgen Ruland

Abstract The C-type lectin domain family 12 member A (Clec12A/MICL) is an
inhibitory receptor encoded in the Dectin-1 cluster. It is widely expressed in
myeloid cells and was identified as a specific marker for cancer stem cells in
acute myeloid leukemia. Clec12A possesses an immunoreceptor tyrosine-based
inhibition motif (ITIM), which can counteract activating signals from
immunoreceptor tyrosine-based activation motifs (ITAMs). The receptor can
sense necrotic cell death and limit ITAM-coupled receptor-induced inflammation
in response to cell death or tissue damage. One Clec12A agonist released from dead
cells was identified as uric acid in its crystallized form. Clec12A limits ITAM-
dependent respiratory burst and IL-8 release from neutrophils in response to uric
acid crystal binding but does not interfere with crystal-induced inflammasome
activation. This review discusses recent insights into the regulation and biological
functions of Clec12A.

Keywords Clec12A « MICL « CLL1 « CLL-1 « DCAL2 « DCAL-2 « KLRLI «
MSU ¢ Sodium urate ¢ Uric acid ¢ Crystals « ITAM « ITIM e Sterile inflammation

8.1 Structure and Expression Pattern of Clec12A

The C-type lectin domain family 12 member A (Clec12A) is alternatively called
myeloid inhibitory C-type lectin-like receptor (MICL) (Marshall et al. 2004),
C-type lectin-like molecule 1 (CLL-1) (Bakker et al. 2004), dendritic cell-
associated lectin 2 (DCAL-2) (Chen et al. 2006), or KLRL1 (Han et al. 2004).
The Clec12A gene is located in the Dectin-1 cluster of C-type lectin receptors
(CLRs). Similar to other members encoded in this cluster, it is a type II transmem-
brane protein with an extracellular C-type lectin domain (CTLD), which lacks the
amino acid motif of classical CTLDs required for Ca®* complexation and carbo-
hydrate binding. Clec12A and the closely related orphan CLR Clec12B (Hoffmann

K. Neumann (0<) « J. Ruland (P<)

Institut fiir Klinische Chemie und Pathobiochemie, Klinikum rechts der Isar, Technische
Universitdt Miinchen, 81675 Munich, Germany

e-mail: konstantin.neumann@lrz.tu-muenchen.de; j.ruland@tum.de

© Springer Japan 2016 115
S. Yamasaki (ed.), C-Type Lectin Receptors in Immunity,
DOI 10.1007/978-4-431-56015-9_8


mailto:konstantin.neumann@lrz.tu-muenchen.de
mailto:j.ruland@tum.de

116 K. Neumann and J. Ruland

et al. 2007) are the only inhibitory receptors encoded in the Dectin-1 cluster. Their
intracellular domains contain an immunoreceptor tyrosine-based inhibition motif
(ITIM). Receptors harboring ITIMs generally antagonize activating immune recep-
tors harboring immunoreceptor tyrosine-based activation motifs (ITAMs) (Reth
1989). While ITAM-coupled receptors signal via tyrosine kinases like Syk, ITIMs
upon phosphorylation recruit the lipid phosphatase SHIP or protein tyrosine phos-
phatases SHP-1 or SHP-2 (Lanier 2003). Clec12A and B were shown to associate
both with SHP-1 and SHP-2 (Han et al. 2004; Marshall et al. 2004; Pyz et al. 2008;
Hoffmann et al. 2007). Several isoforms of Clecl12A exist (Gerhard et al. 2004,
Marshall et al. 2004). Notably, one isoform has an additional tyrosine-based
signaling motif that might transduce ITIM-independent signals. Another isoform
lacks the transmembrane domain, which potentially gives rise to an intracellular
protein, as Clec12A is a type II transmembrane protein. A functional relevance for
these isoforms is, however, unknown to date.

Clecl2A is mainly expressed on myeloid cells including monocytes,
granulocytes (neutrophils, eosinophils, basophils), both myeloid and plasmacytoid
dendritic cells, macrophages, and nearly absent in lymphocytes and NK cells
(Marshall et al. 2004, 2006; Bakker et al. 2004). Intriguingly, while the expression
level of Clec12A does not change during the differentiation of human monocytes
into macrophages, the amount of Clec12A glycosylation was shown to increase
during macrophage differentiation (Marshall et al. 2006). However, similar effects
have not been reported for murine Clec12A. Whether the differential glycosylation
of Clec12a has functional significance, e.g., by changing the affinity to its ligands or
to other receptors on the cell surface, remains to be determined.

Human Clecl12A was transcriptionally downregulated after TLR stimulation
in vitro, and human granulocytes and monocytes recruited to the site of acute
inflammation had reduced expression of Clec12A (Marshall et al. 2006). Similarly,
mouse Clec12A was downregulated on myeloid cells after TLR stimulation (Pyz
et al. 2008) and on cells recruited to the peritoneum during peritonitis induced by
uric acid crystals or thioglycolate broth (Heng et al. 2008). These findings indicate a
role for Clec12A in limiting immune responses in the absence of microbes or
danger. However, Clec12A-deficient mice do not develop spontaneous autoim-
mune or autoinflammatory syndromes indicating that Clec12A is largely dispens-
able for immune homeostasis (Neumann et al. 2014).

8.2 Clecl2A as a Dead Cell Receptor That Recognizes Uric
Acid Crystals

Most of the activating CLRs encoded in the Dectin-1 and the Dectin-2 clusters are
pattern recognition receptors (PRRs) that either recognize pathogen-associated
molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), or
both (Iborra and Sancho 2014). ITIM-containing immunoreceptors often recognize
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endogenous ligands to prevent autoimmunity, e.g., inhibitory NK cell receptors
recognize MHC class I (MHC I) molecules to prevent NK cell activation by healthy
host cells. Upon virus-induced downregulation of MHC I, ITAM-coupled activat-
ing NK cell receptors are no longer blocked by MHC I-specific ITIM receptors and
the host cell is attacked (Long 2008). Given the homology of Clec12A to inhibitory
NK cell killer cell lectin-like receptors, it was initially speculated that Clec12A
could be an inhibitory NK cell receptor (Han et al. 2004). Yet, NK cells do not seem
to express Clec12A under homeostatic conditions. Recombinant mouse Clec12A
(Clec12A-Fc fusion protein) still bound to cells from diverse primary mouse tissues
indicating that Clec12A can sense endogenous ligands. Furthermore, reporter cells
expressing mouse Clec12A fused to the intracellular signaling domain of CD3({
responded to stimulation with mouse tissues (Pyz et al. 2008) further supporting the
notion that Clec12A binds to endogenous agonists. By searching for cell types and
conditions that expose the ligand of Clec12A, we observed that in all tested tissues,
murine or human Clec12A selectively bound to dead cells that had lost the integrity
of the plasma membrane. In addition, reporter cells expressing either human or
mouse Clec12A fused to the intracellular domain of CD3{ did not respond to viable
cells. However, when certain cell types were killed by freeze-thaw cycles, they
were able to activate Clec12A reporter cells (Neumann et al. 2014). These findings
indicate that Clec12A is a sensor of cell death suggesting that Clec12A could
potentially inhibit cell death-induced immune cell activation by ITAM-coupled
PRRs like Mincle (Clec4E), which recognizes the intracellular protein SAP130
(Yamasaki et al. 2008), and DNGR-1 (Clec9A), which recognizes filamentous
(F) actin (Zhang et al. 2012; Ahrens et al. 2012; Sancho et al. 2009). Indeed, we
found enhanced sterile inflammatory responses in Clec12A-deficient mice in a
model of low-dose X-ray irradiation, in which inflammation is sensitive to an
antibody that blocks Mincle (Clec4E) and MCL (Clec4D) (Yamasaki et al. 2008;
Miyake et al. 2013) indicating that Clec12A can indeed inhibit Mincle-induced
inflammation in vivo. Whether Clecl2A also regulates DNGR-1-dependent
immune responses is unclear at this point.

Since Clecl2A reporter cell activation by dead cells was sensitive to
pretreatment of the killed cells with proteases, we anticipated that Clec12A recog-
nizes proteinaceous ligands. However, we have so far been unable to isolate a
proteinaceous ligand from dead cells using recombinant Clec12A, while we could
easily purify actin with recombinant DNGR-1 and SAP130 with recombinant
Mincle (K. Neumann, unpublished). Therefore, we additionally searched for other
danger-associated molecular patterns released from dead cells, including uric acid
(Shi et al. 2003). Uric acid is the end product of purine catabolism. The degradation
of nucleic acids after cell death leads to a local increase in uric acid concentration
that favors its crystallization (Kono et al. 2010).

Allopurinol is a drug, which is used to lower uric acid levels in gout patients by
inhibiting the conversion of xanthine to uric acid by xanthine dehydrogenase
(XDH). Interestingly, we found that allopurinol inhibited Clec12A-reporter cell
activation by dead cells. Moreover, both human and mouse recombinant Clec12A
specifically bound to uric acid crystals in vitro. In addition, reporter cells expressing
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human or mouse Clec12A were specifically activated by uric acid crystals but not
by the Dectin-1 ligands zymosan or curdlan or by other crystalline structures like
silica, calcium pyrophosphate (CPPD), or polystyrol beads (Neumann et al. 2014).
Together, these findings indicate that Clecl2A is a uric acid crystal-specific
receptor.

Dead cell-mediated activation of Clec12A reporter cells or binding of Clec12A
to dead cells was not completely blocked by allopurinol or uricase treatment,
respectively (Neumann et al. 2014). Therefore, we speculate that Clec12A may
sense additional agonists exposed or released by dead cells. Clec12A may bind to
parts of the protein complex containing the Mincle ligand SAP130. Given the high
expression of both Clec12A and DNGR-1 on CD8* dendritic cells in the mouse
(Heng et al. 2008; Kasahara and Clark 2012; Lahoud et al. 2009), it is also
conceivable that certain forms of cell death generate Clec12A binding sites asso-
ciated with the DNGR-1 ligand F-actin. Alternatively, ions released from the
cytoplasm of dead cells may crystallize with calcium ions in the extracellular
space, creating other crystalline structures that may be recognized by Clecl2A.
These possibilities need to be further explored.

While we identified Clec12A as the first mammalian crystal-recognition recep-
tor, it is interesting to note that C-type lectin-like domains had been identified as
crystal-binding domains before. They constitute one of three classes of antifreeze
proteins found in cold-water fish that prevent ice crystal formation, thereby lower-
ing the serum freezing temperature (Gronwald et al. 1998; Zelensky and Gready
2005). Thus, the C-type lectin domain is in principle well suited to bind to crystals.
The future will show if there are other mammalian C-type lectin domains or CLRs
that recognize other crystals like bone mineral or cholesterol.

8.3 Clecl2A Regulates Inflammatory Responses

The inflammatory properties of uric acid crystals (in the form of monosodium urate,
MSU) have been intensively investigated since they were discovered as the cause of
gout (Shi et al. 2010; Mccarty and Hollander 1961). It is now widely accepted that
uric acid has inflammatory properties only in its crystalline state and that crystal-
lization is facilitated in vivo by crystal-specific antibodies (Kanevets et al. 2009).
The crystals activate the complement cascade leading to the release of inflamma-
tory breakdown products (e.g., C5a) (Hasselbacher 1979; Russell et al. 1982), and
complement-deficient animals show reduced inflammation in response to uric acid
crystals (Tramontini et al. 2004). In myeloid cells, the crystals activate intracellular
NLRP3 inflammasomes, which leads to maturation of IL-1f and a form of inflam-
matory cell death called pyroptosis. NLRP3-deficient mice have a severely dimin-
ished inflammatory response to crystals (Martinon et al. 2006). It has further been
shown that in human whole blood, C5a release by complement activation is
required to prime the NLRP3 inflammasome (An et al. 2014). Whether specific
recognition of the uric acid crystals by myeloid cell surface receptors is required for
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NLRP3 inflammasome activation is unknown. It is becoming clear though that most
crystals or crystal-like structures activate the NLRP3 inflammasome, indicating that
probably there is not one specific crystal-recognition receptor linking to the NLRP3
inflammasome. Still, interaction of crystalline structures with the cell membrane is
essential for inflammasome activation (Hari et al. 2014).

Such interactions may occur via recognition of crystal-attached proteins like
complement or antibodies that are bound by complement receptors or Fc receptors,
respectively, but their contribution has not been investigated. The activation of
human neutrophils by pure unopsonized crystals depends on CD11b and/or CD16,
as antibodies targeting these receptors block crystal-induced neutrophil activation
(Barabe et al. 1998; Ryckman et al. 2004). Whether one of these receptors directly
binds to the uric acid crystals is currently unknown. Another receptor implicated in
the recognition of uric acid crystals is CD14, a co-receptor for TLR4. CD14 was
shown to bind to uric acid crystals and facilitate activation of macrophages by uric
acid crystals in the absence of serum, but CD14 is considered to neither have
sufficient affinity nor specificity in the presence of other proteins (Scott et al. 2006).

Last, it was shown that uric acid crystals directly interact with lipids in cellular
plasma membranes. The binding to cholesterol leads to membrane reorganization
(lipid sorting) that induces activation of Syk, presumably by cross-linking ITAM-
coupled receptors independent of their specificity (Ng et al. 2008). Alum crystals
were also shown to activate Syk in a similar manner, which seems to be required for
its adjuvanticity (Flach et al. 2011). Together, there seem to be various direct and
indirect modes of recognition for uric acid crystals by innate immune cells. All of
them depend on ITAM-coupled receptors and the downstream tyrosine kinase Syk.
Therefore, independent of how myeloid cells recognize uric acid crystals in a given
situation, their activation by the ITAM-coupled kinase Syk should be sensitive to
ITIM receptor-mediated inhibition by Clec12A. In line with this notion, neutrophils
deficient of Clec12A showed enhanced Syk-dependent reactive oxygen species
(ROS) production in response to uric acid crystals, which was accompanied by
enhanced phosphorylation of the NADPH oxidase (Neumann et al. 2014). Simi-
larly, antibody-mediated downregulation of Clec12A on human neutrophils or
siRNA-mediated downregulation of Clec12A on a human neutrophil cell line led
to enhanced IL-8 production in response to uric acid crystals (Gagne et al. 2013).
Most importantly, Clec12A has nonredundant functions in regulating the inflam-
matory response to uric acid crystals in vivo, as Clec12A-deficient mice showed
increased neutrophil influx in response to intraperitoneal injection of uric acid
crystal (Neumann et al. 2014). Although crystal-induced activation of the NLRP3
inflammasome and IL-1p secretion is dependent on Syk (Gross et al. 2009; Hara
et al. 2013; Shio et al. 2009), blocking of Clec12A on neutrophils did not enhance
IL-1p secretion in response to uric acid crystals (Gagne et al. 2013). This suggests
that Syk activity may not be the limiting factor for inflammasome activation. The
role of Clec12A in regulation of neutrophil activation in response to uric acid
crystals is summarized in Fig. 8.1.



120 K. Neumann and J. Ruland

Cba Uric acid crystals
C5
. IL-8
) E{éacti.ve.oxygen
IL-1B . *_ g Species
4 1 ' l(?Iec12A i

| |
ITAM l@)

Inflammasome

Fig.8.1 Clec12A limits uric acid crystal-induced respiratory burst (ROS production) and IL-8 but
not IL-1p secretion. Uric acid crystals induce activation of the complement system, which leads to
cleavage of C5 to C5a and C5b. C5a induces priming of the inflammasome by upregulating
transcription of pro-IL-1p. Direct or indirect interaction of the crystals with the plasma membrane
induces ITAM-dependent activation of Syk, which is required for NLRP3 inflammasome activa-
tion and IL-1p secretion. Syk also activates a signaling cascade leading to NADPH oxidase
activation that produces reactive oxygen species and to production of the chemotactic cytokine
IL-8. Upon cross-linking to the activated ITAMs, Clec12A is phosphorylated and recruits via its
ITIM protein phosphatase SHP-1 or SHP-2, which counteract Syk-induced NADPH oxidase
activation and IL-8 production

8.4 Function of Clec12A on Dendritic Cells

While Clec12A-mediated suppression of neutrophil inflammatory responses is
genetically established, the role in other cell types is unclear. Clec12A is strongly
expressed on various dendritic cell subsets (Lahoud et al. 2009; Kasahara and Clark
2012). As dendritic cells are the major antigen-presenting cells that initiate and
shape T cell responses, Clecl12A may also regulate adaptive immunity. In this
context, it was shown that antibody-mediated targeting of antigen to Clec12A for
antigen delivery to dendritic cells enhances humoral immune responses (Lahoud
et al. 2009). In the original study, Lahoud et al. used a monoclonal IgG antibody
against Clec12A, which probably does not extensively crosslink Clec12A. Since
this Clec12A antibody did not lead to activation of dendritic cells, co-injection of
adjuvant (LPS or CpG) was required to induce strong humoral immune responses to
Clec12A-targeted antigen (Lahoud et al. 2009). In a similar approach, in which the
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activating receptor DNGR-1 was targeted for antigen delivery, an adaptive humoral
immune response was achieved even in the absence of adjuvant (Lahoud
et al. 2011). Thus, targeting of an antigen to Clec12A does not activate dendritic
cells but seems to be sufficient for antigen internalization, processing, and presen-
tation. When uric acid crystals were co-injected with an antigen in vivo, these
crystals significantly enhanced the generation CD8" T cell responses (Shi
et al. 2003), which requires antigen cross-presentation. Since ROS production
favors antigen cross-presentation (Hari et al. 2015; Savina et al. 2006) and since
Clec12A can in principle regulate ROS production, this process might also be
sensitive to Clec12A inhibition.

It should be noted that cross-linking of Clec12A on human dendritic cells with a
monoclonal IgM antibody specific for Clec12A induced activation of the mitogen-
activated protein kinase (MAPK) pathway and CCR7 upregulation. This signal
synergized with the CD40 signaling pathway to enhance cytokine expression (Chen
et al. 2006). Whether this is physiologically relevant or a property of this specific
cross-linking antibody remains to be determined.

Together, these findings along with the expression of Clec12A on dendritic cells
indicate that Clec12A might modulate certain adaptive immune responses during
sterile injury or crystal recognition, but additional experiments are required to
address these questions.

8.5 Clec12A Expression on Acute Myeloid Leukemia Cells

Clec12A was independently identified in a screen for novel antibody targets for
acute myeloid leukemia (AML) (Bakker et al. 2004). Novel therapies are required
for this malignancy as tumor cell progenitors, or leukemic stem cells confer
resistance to chemotherapy (Dick 2005). Therefore, antibodies targeting surface
markers of leukemic stem cells could be useful to eradicate these cells. A preclin-
ical study using the surface marker CD44 already showed a promising outcome (Jin
et al. 2006). Interestingly, Clec12A is expressed in the malignant CD34*CD38"
stem cell compartment in the majority of CD34" AML patients, while it is absent on
normal CD34*CD38" resting bone marrow cells (van Rhenen et al. 2007). Indeed, it
was recently shown that Clec12A could serve as a diagnostic marker to quantify
minimal residual disease (Roug et al. 2014; Larsen et al. 2012). Research on the
possible use of Clec12A as a therapeutic target for immunotherapies against AML
is currently conducted both in academia and industry (Zhao et al. 2010;
Hangalapura et al. 2014; Noordhuis et al. 2010; Lu et al. 2014). Whether
Clec12A is simply a marker for AML cells or whether this receptor has also a
functional role in AML biology is currently unclear. Yet, it is conceivable that an
inhibitory signal delivered by Clec12A within the right microenvironment could
keep leukemic stem cells in a quiescent state.
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8.6 Conclusion

Work over the last few years identified Clec12A as an important inhibitory pattern
recognition receptor that regulates inflammatory responses to cell death. Such
reactions are important for the maintenance of homeostasis and tissue regeneration,
but inflammation can also cause further tissue damage that can even lead to organ
failure (Arslan et al. 2010; Imaeda et al. 2009; Jiang et al. 2005). Because cell
damage is often induced during infection, CLRs that sense dead cells may also play
critical roles in immune response against pathogens that have few or successfully
hide their PAMPs. The activating dead cell receptor DNGR-1 has already been
shown to be essential for protective immune responses against certain viruses
(Iborra et al. 2012; Zelenay et al. 2012). The circumstances in which Clec12A is
essential to either prevent excessive inflammation that is harmful to the host or
regulate protective immune responses against pathogens are currently unknown.
The further analysis of Clecl12A-deficient mice will identify these circumstances
and broaden our understanding of the immunological consequences of cell death
recognition. During production of this article a recent study has shown that
Clec12A indeed regulates immune responses against pathogens, as Clec12A-defi-
cient mice were shown to be more susceptible to Salmonella infection (Begun et al.
2015).
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Chapter 9
DC-SIGN in Infection and Immunity

Joris K. Sprokholt, Ronald J. Overmars, and Teunis B.H. Geijtenbeek

Abstract Dendritic cells (DCs) play a central role in the immune system by
patrolling peripheral tissues to sample antigens to induce antigen-specific adaptive
immune responses in lymphoid tissues. DCs express pattern recognition receptors
such as toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and C-type lectin
receptors (CLRs) to interact with pathogens for antigen presentation and immune
activation. One of the CLRs involved in different processes of DC function is
DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN).
DC-SIGN recognition of pathogens leads to efficient internalization and processing
of antigen for MHC class I and II presentation. In addition, triggering of DC-SIGN
induces intracellular signaling that affects immune responses. Although DC-SIGN
signaling by itself does not lead to activation of transcription factors such as NFkB,
it greatly modifies signaling pathways induced by other receptors, including TLRs,
RLRs, and interferon receptors. Modulation of signaling pathways by DC-SIGN
tailors adaptive immune responses to different pathogens by driving specific
T-helper cell responses. Intriguingly, DC-SIGN signaling depends on the carbo-
hydrate structures present on pathogens as mannose structures induce very different
signaling cascades than fucose structures, providing DCs with the plasticity to tailor
immune responses to a diverse range of pathogens. Several pathogens however
have evolved to subvert DC-SIGN functions for effective infection of DCs and
efficient transmission to target cells. In this chapter we will discuss DC-SIGN
structure, expression, and DC-SIGN functionality in shaping adaptive immune
responses and immunopathogenesis.
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9.1 Introduction

The primary function of dendritic cells (DCs) is patrolling peripheral tissues,
sampling the environment for antigens, presentation of antigen to T cells, and
shaping T-cell differentiation for effective immune responses and long-lasting
immunity. DCs express an array of pattern recognition receptors (PRRs), such as
toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors
(NLRs), and C-type lectin receptors (CLRs) which recognize conserved molecular
structures of pathogens. DCs use these receptors for pathogen binding, internal-
ization, antigen presentation, and immune activation. In addition to pathogens,
PRRs can recognize endogenous ligands to support key functions of DCs, including
cellular contact with other (immune) cells. DC-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN) (Geijtenbeek and Gringhuis 2009;
évajger et al. 2010), first described in 1992 in placenta (Curtis et al. 1992) and
identified in 2000 as a DC-specific receptor (Geijtenbeek et al. 2000a), is a
multifaceted CLR involved in primary functions of DCs.

DC-SIGN functions as an adhesion receptor involved in DC migration as well as
DC-T-cell interactions. DC-SIGN mediates endothelial rolling for DC emigration
from blood into peripheral tissue or secondary lymphoid organs (Geijtenbeek
et al. 2000c). Once inside lymphoid tissues, DC-SIGN establishes the initial contact
between DCs and T cells in order to scan MHC-peptide complexes by T-cell
receptors (TCR) (Geijtenbeek et al. 2000a). Interestingly, DC-SIGN not only
recognizes self-ligands but also interacts with different pathogens; and binding by
DC-SIGN leads to internalization for antigen processing and presentation on MHC
molecules (Engering et al. 2002a; Moris et al. 2004; Smith et al. 2007; Cambi
et al. 2009). Pathogen recognition by DC-SIGN shapes adaptive immune responses
by modulating signaling pathways induced by other receptors to tailor adaptive
immune responses to different pathogens (Hovius et al. 2008; Geijtenbeek et al.
2009; Geijtenbeek and Gringhuis 2009; Gringhuis et al. 2009b, 2014a, b). However,
DC-SIGN is also used by a diverse range of pathogens to subvert host immune
mechanisms and establish productive infection (Geijtenbeek et al. 2000b;
Trumptheller et al. 2003; Ludwig et al. 2004; Mesman et al. 2014). These aspects
of DC-SIGN functionality will be discussed in detail in this chapter.

9.2 DC-SIGN Structure Dictates Function

The molecular structure of DC-SIGN contains the blueprint for ligand specificity,
endocytic potential, and signaling capacities. DC-SIGN is a type II transmembrane
CLR with an intracellular N-terminus and an extracellular C-terminus (Cambi
et al. 2009), similar to dectin-1 and mincle (Matsumoto et al. 1999; Ariizumi
et al. 2000). The overall structure of DC-SIGN comprises a cytoplasmic tail
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followed by a membrane domain, neck region, and carbohydrate recognition
domain (CRD).

The cytoplasmic domain contains a di-leucine motif, which facilitates internal-
ization (Engering et al. 2002a; Azad et al. 2008), and a tyrosine residue, which
serves as a docking site for adapter proteins (Hodges et al. 2007; Gringhuis
et al. 2009b). Several proteins have been proposed as adapter proteins for
DC-SIGN, including leukemia-associated Rho guanine nucleotide exchange factor
(LARG) and Ras homolog gene family member A (RhoA), but only leukocyte-
specific protein 1 (LSP1) directly interacts with the cytoplasmic domain of
DC-SIGN and serves as a docking site for additional proteins (Gringhuis
et al. 2009b, 2014a; Hodges et al. 2007). The cytoplasmic domain is followed by
a transmembrane domain of 18 amino acids and a neck domain, which contains 7.5
repeats of 23 amino acids that form a-helicases. These a-helicases contain hydro-
phobic residues which direct the CRD away from the cell surface and mediate the
spontaneous formation of tetramers, thereby stabilizing DC-SIGN oligomers
(Frisont et al. 2003). Additionally, the formation of tetramers enhances DC-SIGN
specificity and avidity for repetitive structures (Frisont et al. 2003). Despite the
formation of stable tetramers, sufficient flexibility is retained in the structure of
DC-SIGN to adapt the CRDs for optimal binding of spatially distributed ligands
(Leckband et al. 2011), which could explain why DC-SIGN is capable of binding a
wide variety of ligands.

The CRD of DC-SIGN requires Ca”* for structural stability as well as ligand
binding (Geijtenbeek et al. 2000a; Cambi et al. 2009) and contains a conserved EPN
motif that is essential for ligand binding (Geijtenbeek et al. 2002b; van Die
et al. 2003). DC-SIGN is capable of binding mannose and fucose structures and
to a lesser extent N-acetylglucosamine (GIcNAc) structures (Appelmelk et al. 2003;
van Die et al. 2003; Meyer et al. 2005; Steeghs et al. 2006; van Liempt et al. 2006).
Site-directed mutagenesis has revealed that mannose and fucose binding depends
on the EPN motif and a valine residue in close proximity of the EPN motif
(Geijtenbeek et al. 2002b; van Die et al. 2003). For GlcNAc structures, little is
known about the amino acid residues of DC-SIGN involved in binding. In general,
DC-SIGN affinity for GIcNAc structures is lower compared to fucose or mannose
structures. It has been suggested that DC-SIGN binding to GlcNAc depends on the
oligosaccharide backbone on which GIcNAc is presented, which could increase
DC-SIGN avidity for GIcNAc structures (Steeghs et al. 2006).

In summary, the cytoplasmic domain of DC-SIGN is important for internal-
ization (i.e., antigen uptake), signaling to shape immune responses, and intracellular
trafficking for antigen processing; the neck domain is vital for protein stability and
tetramer formation, and the CRD determines ligand specificity.
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9.3 Cellular Expression of DC-SIGN Specifies Its Function

Cell-specific expression of DC-SIGN specifies its function, either by peripheral
location, expression of relevant (signaling) proteins, or cell-intrinsic characteristics.
DC-SIGN is expressed by distinct DC subsets in peripheral and lymphoid tissues
but can also be found on certain macrophages (Geijtenbeek et al. 2000a, 2002a;
Soilleux et al. 2001; Engering et al. 2002b, 2004; Granelli-Piperno et al. 2012).

Immature monocyte-derived DCs, differentiated using IL-4 and GM-CSF,
express high levels of DC-SIGN, and this model has been used extensively to
study DC-SIGN (Geijtenbeek et al. 2000a; Kwon et al. 2002; Engering
et al. 2002a; Gringhuis et al. 2009b, 2010). However, DC-SIGN™ DCs can also be
found in peripheral tissues, including the skin, small and large intestine, and blood.
Human skin harbors three distinct DC subsets: conventional CD1c* DCs, cross-
presenting CD141* DCs, and monocyte-derived CD14* DCs (Haniffa et al. 2012;
Mcgovern et al. 2014). Only CD14* DCs express DC-SIGN, and targeting this
subset in human tissue using DC-SIGN-specific ligands has been investigated as an
approach to induce tumor-specific immunity (Joshi et al. 2012; Unger et al. 2012).
Although CD14" DCs are not classified as bona fide cross-presenting DCs, DC-
SIGN-mediated endocytosis does lead to cross presentation on MHC class I mol-
ecules and activation of CD8* T cells (Unger et al. 2012; Fehres et al. 2015),
highlighting that general statements about cell-intrinsic capacities do not neces-
sarily hold true in the light of receptor-specific processes.

DC-SIGN* DCs in the large intestine are of clinical relevance in the sexual
transmission of human immunodeficiency virus (HIV)-1, and possibly other path-
ogens, as HIV-1 targets DC-SIGN for efficient transmission to CD4" T cells
(Geijtenbeek et al. 2000c; Kwon et al. 2002; Trumpfheller et al. 2003; Gurney
et al. 2005). The same holds true for DC-SIGN™ myeloid DCs in blood, which
efficiently transmit HIV-1 to CD4" T cells (Engering et al. 2002b). In addition,
DC-SIGN expression on blood DCs is important for endothelial rolling and DC
migration into tissues by interacting with ICAM-2 on endothelial cells (Geijtenbeek
et al. 2000c).

DC-SIGN* DCs in lymph nodes are likely to represent migrated DCs from
peripheral tissues as well as resident DCs (Engering et al. 2004). DC-SIGN
expression in lymph nodes is involved in establishing initial DC-T-cell interactions
via DC-SIGN and intercellular adhesion molecule (ICAM)-3 expressed on naive T
cells (Geijtenbeek et al. 2000a).

In addition to DCs, DC-SIGN is expressed by decidual macrophages and Hofbauer
cells in the placenta, where it could be involved in vertical transmission of HI'V from
mother to newborn (Geijtenbeek et al. 2001; Soilleux et al. 2001). DC-SIGN is also
expressed by alveolar macrophages, which could be important during mycobacteria
infections of the lung as DC-SIGN binds the mycobacterial cell wall component
ManLAM (Soilleux et al. 2002; Geijtenbeek et al. 2003). However, little is known
about the role of DC-SIGN in endocytosis, antigen processing, and signaling in
macrophages. On a genomic level, DC-SIGN is encoded by CD209, located on
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chromosome 19p13 and regulated by transcription factor PU.1 in combination with
either MYB or RUNX3, which confine DC-SIGN expression to DCs and macro-
phages (Dominguez-Soto et al. 2005). Expression of DC-SIGN is enhanced by 1L.-4
via IL-4 receptor-mediated JAK-STAT6 signaling (Relloso et al. 2002). This signal-
ing cascade is blocked by type I and II interferons (IFN) as they inhibit phosphory-
lation and nuclear translocation of STAT6 (Dickensheets et al. 1999; Svajger
et al. 2010). This indicates that STAT6 could be an additional transcription factor
for CD209 or that STAT6 indirectly influences PU.1-MYB/RUNX3 transactivation
activity. After translation, DC-SIGN is shuttled to the cell surface where it clusters
into micro domains of 100-200 nm in diameter. These clusters are important for
binding and internalization of virus particles (Cambi et al. 2005), probably by
increasing avidity or by creating signaling scaffolds.

In conclusion, DC-SIGN is encoded by CD209, regulated by transcription
factors PU.1, MYB, RUNX3, and possibly STAT6 and is expressed in micro
domains on the cell membrane of different DC as well as macrophage subsets.
The majority of studies investigating DC-SIGN are based on DCs, and it is
therefore difficult to address whether DC-SIGN function is similar in macrophages
without functional studies.

9.4 DC-SIGN Functionality Exposed

9.4.1 DC-SIGN Takes the Lead in Adhesion

DCs are professional antigen-presenting cells, which orchestrate adaptive immune
responses by sampling antigens in the periphery and presenting peptides on MHC
molecules to CD4* and CD8" T cells. One DC can present a vast number of
different peptides, and initial DC-T-cell contact allows scanning of MHC-peptide
complexes by TCRs. The initial contact is mediated by adhesion receptors, and
DC-SIGN facilitates scanning by T cells by binding ICAM-3 on T cells, which is a
N-linked glycosylated protein with high mannose oligosaccharides (Fig. 9.1b)
(Bleijs et al. 2001; Geijtenbeek et al. 2000a). This transient contact is further stabil-
ized via LFA-1-ICAM-1 interactions facilitating the formation of the immuno-
logical synapse for induction of T cell proliferation upon peptide recognition
(Geijtenbeek et al. 2000a).

DC progenitors originate in the bone marrow and circulate the blood before
migrating into peripheral tissues, where they sample antigen and home to secondary
lymphoid organs. The migration from blood to tissue is a complex process involving
leukocyte rolling, adhesion to endothelial cells, and transendothelial migration
(Springer 1995). Endothelial cells lining blood and lymphatic vessels constitutively
express the glycoprotein ICAM-2, which is crucial in leukocyte transendothelial
migration. DC-SIGN functions as a DC-specific rolling receptor for ICAM-2 and
mediates adhesion of DCs to the endothelium and subsequent transendothelial migra-
tion (Fig. 9.1a) (Geijtenbeek et al. 2000c, 2002a). In addition to ICAM molecules,
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Fig. 9.1 DC-SIGN function in DC migration, T cell responses and antigen processing. (a) DC
progenitors originate in the bone marrow and circulate the blood before migrating into peripheral
tissues to sample antigens. DC migration from blood into tissue is receptor-dependent and requires
interactions which can resist the shearing forces of blood circulation (Springer 1995). Endothelial
cells express the glycoprotein ICAM-2 and adherence of DC-SIGN to ICAM-2 mediates DC
rolling over endothelial surfaces. Once DCs have adhered to endothelial cells via LFA-1,
DC-SIGN-ICAM-2 interactions mediate transendothelial migration of DCs to peripheral tissues.
After sampling antigen, DCs migrate to secondary lymphoid structures for antigen presentation to
T cells. (b) In secondary lymphoid structures, DCs present antigens on MHC class I or Il molecules
to T cells for the induction of adaptive immune responses. Initial DC-T-cell contact is antigen
independent to allow scanning of MHC-peptide complexes by TCRs. DC-SIGN mediates this
process by adhering to ICAM-3 on T cells. (¢) DCs are professional antigen-presenting cells,
which requires internalization and processing of antigens. Targeting DC-SIGN with either single
molecules, pathogens, or carbohydrate-coated liposomes results in rapid internalization into
endosomes. The endosomal cargo is then further routed to lysosomal compartments where antigen
is processed for MHC class II presentation to CD4" T cells. Although the precise mechanism is
unclear, endosomal cargo is probably also transported to the cytosol where it is loaded on MHC
class I molecules for CD8" T cell presentation

DC-SIGN specifically interacts with p-integrin Mac-1 expressed by neutrophils
due to neutrophil-specific glycosylation of Mac-1. This interaction facilitates
DC-neutrophil clustering and DC maturation by activated neutrophils (van Gisbergen
et al. 2005). Hence, DC-SIGN plays a central role in establishing cell-cell contact
between DCs and other cells such as T cells, endothelial cells, and neutrophils to
support DC migration, maturation, and induction of adaptive immune responses.
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9.4.2 DC-SIGN Has Excellent Presentation Skills

A key characteristic of DCs is endocytosis of antigens and subsequent presentation
of peptides on MHC class I molecules for CD8" cytotoxic T cell responses or on
MHC class II molecules for the induction of CD4" T cell responses. Soluble
antigens, intact pathogens, and individual molecules are captured by DC-SIGN
and internalized via clathrin-coated pits (Cambi et al. 2009; Engering et al. 2002a).
Endocytosis of DC-SIGN depends on the di-leucine motif in the cytoplasmic
domain of DC-SIGN (Engering et al. 2002a; Azad et al. 2008). Upon internal-
ization, DC-SIGN* endosomes are routed to the endo-lysosomal pathway for
antigen processing and subsequent loading of peptides on MHC class II molecules
for presentation to CD4* T cells (Fig. 9.1c) (Geijtenbeek et al. 2002a; Engering
et al. 2002a; Schjetne et al. 2002). However, several pathogens that are captured by
DC-SIGN are not targeted to lysosomal compartments. Instead, they are retained in
(early) endosomes and remain infectious for extended periods of time, as has been
shown for HIV and HCV (Geijtenbeek et al. 2000b; Cormier et al. 2004; Ludwig
et al. 2004). This indicates that DC-SIGN-dependent internalization can lead to
different intracellular routing pathways depending on the ligand. Multivalency of
the carbohydrates or carbohydrate structures might be involved in the different
internalization routes.

In addition to MHC class II presentation, DCs have the unique capacity to
internalize and process antigen for cross-presentation on MHC class I molecules,
which can occur via two mechanisms. Either by (1) transporting antigen from
endosomes to the cytosol for proteasomal degradation and loading on MHC class
I molecules in the ER or (2) by processing and loading of antigen on MHC class I
molecules in endo-lysosomal compartments (Joffre et al. 2012). Targeting antigens
to DC-SIGN Ileads to efficient cross presentation and induction of CD8" T cell
responses using either monocyte-derived DCs and CD14% dermal DCs in
human skin explants or in vivo using mice (Tacken et al. 2012; Unger et al. 2012;
Fehres et al. 2015). Although it is unclear what the underlying mechanisms are for
DC-SIGN-dependent cross presentation, these studies indicate that internalization
of pathogens by DC-SIGN could lead to MHC class I presentation and CD8" T cell
responses. Indeed, HIV-1 capture by DC-SIGN can lead to MHC class I presenta-
tion under specific circumstances (Moris et al. 2004).

Receptor-mediated endocytosis is a fundamental component in inducing
antigen-specific immune responses and forms the basis for antigen uptake,
processing, and presentation. DC-SIGN binds with high affinity to a wide variety
of pathogens and mediates internalization and processing of pathogens for peptide
presentation on MHC molecules. Therefore, DC-SIGN plays a central role in
antigen-specific immune responses against numerous pathogens, which could be
harnessed in vaccine development.
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9.4.3 DC-SIGN Signaling Tailors Immune Responses

DC-SIGN is a multivalent receptor that interacts with mannose, fucose, and GlcNAc
structures present on a diverse range of pathogens, including HIV-1, Mycobacterium
tuberculosis, Candida albicans, and Schistosoma mansoni. Although DC-SIGN
signaling does not directly lead to induction of immune responses, it greatly affects
signaling induced by other PRRs such as TLRs and RLRs (Geijtenbeek et al. 2009;
Geijtenbeek and Gringhuis 2009; Gringhuis et al. 2007, 2009b; Mesman et al. 2014).
Interestingly, DC-SIGN signaling depends on the nature of the pathogen as mannose
structures induce very different signaling cascades from fucose structures, which
critically alters adaptive T cell responses (Geijtenbeek et al. 2003; Gringhuis
et al. 2009b, 2014a, b; Geijtenbeek and Gringhuis 2009).

9.4.3.1 Mannose Signaling

Under homeostatic conditions, DC-SIGN is constitutively associated with a signal-
ing complex consisting of LSP1, kinase suppressor of Ras (KSR)-1, connector
enhancer of KSR (CNK), and serine/threonine kinase Raf-1 (Gringhuis
et al. 2009b). Activation of DC-SIGN by mannose-containing structures or patho-
gens, including HIV-1, measles virus (MV), Candida albicans, and mycobacteria
recruits the additional proteins LARG, RhoA, and GTP-Ras (Gringhuis et al.
2009b). These proteins induce a complex chain of events that ultimately leads to
the phosphorylation, and thereby activation, of Raf-1 at Ser338 and Tyr340-341 by
p21-activated kinases (PAKSs) and Src kinases, respectively (Gringhuis et al. 2007).
Activation of Raf-1 subsequently leads to the phosphorylation of NFkB subunit
p65 at Ser276 (Gringhuis et al. 2007). A prerequisite for p65 phosphorylation by
Raf-1 is prior activation of NFkB by others PRRs, such as TLR4, as DC-SIGN
signaling by itself does not induce NFxB activation. Phosphorylated p65 by Raf-1
facilitates complex formation of p65 with CREB-binding protein (CBP) and p300,
leading to acetylation of p65 (Chen et al. 2005; Gringhuis et al. 2007). Acetylation
of p65 increases its DNA-binding affinity and transcriptional rate and prolongs
nuclear activity (Chen et al. 2002). This results in increased transcription of /10,
Il12a, 1112b, and 1l6 genes, which are critical cytokines for skewing Ty differenti-
ation (Fig. 9.2a) (Gringhuis et al. 2009b).

Raf-1 is known for its function in the Raf-MEK-ERK pathway. This pathway is
involved in cell fate decisions such as cell growth, differentiation, and survival.
However, binding of mannose structures to DC-SIGN leads to specific Raf-1
activation, without triggering ERK1/2 or MEK-1/2 (Wellbrock et al. 2004;
Gringhuis et al. 2007). It is unclear why DC-SIGN-dependent Raf-1 activation
does not lead to canonical ERK1/2-MEK1/2 signaling, but this is probably caused
by the cellular location of Raf-1 during DC-SIGN signaling and the DC-SIGN-
specific signaling complex that leads to Raf-1 activation. However, the lack of
ERK1/2-MEK1/2 signaling by mannose structures could also be ligand-specific as
other ligands of DC-SIGN, such as the tick saliva protein Salp15, induce MEK1/2
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Fig. 9.2 DC-SIGN modulates intracellular signaling pathways. DC-SIGN is unable to induce
gene expression on its own, but DC-SIGN signaling greatly affects signaling pathways induced by
other receptors with a decisive outcome on adaptive immune responses. (a) DC-SIGN is under
homeostatic conditions constitutively associated with the adapter molecule LSP1 in combination
with KSR1, CNKI1, and the kinase Raf-1. Triggering of DC-SIGN by mannose-containing
pathogens recruits LARG, Rhoa, and GTP-Ras, which ultimately leads to the phosphorylation
and activation of Raf-1 by PAKs and Src kinases. DC-SIGN-activated Raf-1 modulates NFxB
signaling of other PRRs by inducing the phosphorylation and acetylation of NFkB subunit p65.
This enhances the transcription of IL-/B, IL-6, IL-10, IL-12A, IL-12B, and IL-23A genes. These
cytokines are crucial for the induction of specific T cell responses. (b) DC-SIGN triggering by
fucose-containing pathogens leads to disassociation of KSR1-CNK1-Raf-1 from DC-SIGN-LSP1
and probably provides structural clearance for MK2-dependent phosphorylation of LSP1. MK2 is
activated by TLR signaling, including TLR2, TLR3, and TLR4. Phosphorylation of LSP1 recruits
the kinase IKKe and the deubiquitinase CYLD, which constantly removes ubiquitin chains from
the noncanonical NFkB subunit Bcl3. IKKe and CYLD recruitment to LSP1 results in CYLD
phosphorylation, decreasing its deubiquitinase activity and activating Bcl3. Ubiquitinated Bcl3
induces the formation of NFkB subunit p50 homodimers which decreases IL/B, IL-6, IL-12A, IL-
12B, and IL-23A gene transcription and increases IL-10, CCL17, and CCL22 transcription, thereby
shifting the cytokine responses from a Ty1-skewing profile to a Ty2-inducing profile. In addition
to CYLD-Bcl3, IKKe activation modulates IFNR JAK-STAT signaling, which is triggered by
TLR-induced type I IFN. IKKe phosphorylates STAT1 at Ser708, leading to the formation of
STAT1-STAT?2 heterodimers in complex with IRF9 (ISGF3). ISGF3 binds to ISRE-containing
genes including IL-27, a crucial cytokine in Tgy cell responses

but not ERK1/2 activation (Hovius et al. 2008); and triggering DC-SIGN using
recombinant Hepatitis C protein E2 leads to both MEK and ERK activation (Zhao
et al. 2013). In addition to distinct DC-SIGN signaling pathways induced by Salp15
and E2, MEK/ERK activation by these proteins could also be the results of
triggering additional receptors. Indeed, both E2 and Salpt15 are known to interact
with other receptors on DCs (Ogden and Tang 2015; Garg et al. 2010).
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Thus, DC-SIGN is under homeostatic conditions in complex with LSP1-KSR1-
CNK-Raf-1, and DC-SIGN activation by mannose-containing pathogens leads to
the recruitment of LARG and RhoA, which activates kinase Raf-1, leading to p65
phosphorylation and acetylation. Acetylated p65 increases the transcription of 7/10,
Il12a, 1112b, and 116 genes, which are pivotal in adaptive T cell responses. Hence,
DC-SIGN signaling plays a central role in innate and adaptive immune responses
against mannose-containing pathogens. Notably, fucose binding results in a differ-
ent composition of the LSP-1 signalosome, which will be discussed below.

9.4.3.2 Fucose Signaling

Mannose-induced DC-SIGN signaling depends on the LSP1-KSR1-CNK-Raf-1
signalosome. However, activation of DC-SIGN by fucose-containing pathogens,
including Schistosoma mansoni, Fasciola hepatica, and Helicobacter pylori leads
to disassociation of KSR1-CNK-Rafl without affecting LSP1-DC-SIGN inter-
action. This allows mitogen-activated protein kinase-activated protein (MAPKAP)
kinase 2 (MK2) to phosphorylate LPS1 at Ser204 and Ser252 (Gringhuis
et al. 2014a). MK2 activation depends on MAP kinase p38, which is not induced
by DC-SIGN signaling and requires additional PRR triggering. In particular,
Gringhuis et al. (2014a) have shown that TLR2, TLR3, and TLR4 signaling
activates p38-MK2 to phosphorylate LSP1 after fucose triggering of DC-SIGN.
Although this study investigated TLRs, numerous cellular processes can activate
p38-MK2, including cytokine receptor signaling, osmotic stress, and chemical
stress (Roux and Blenis 2004). Whether these processes also lead to LSP1 phos-
phorylation by fucose-triggered DC-SIGN has not been investigated.

Phosphorylation of LSP1 at Ser252 results in recruitment of IkappaB kinase €
(IKKe) and the deubiquitinase CYLD to DC-SIGN. Under homeostatic conditions,
CYLD prevents noncanonical NFkB subunit Bcl3 translocation to the nucleus by
continuous removal of K63-linked polyubiquitin chains (Massoumi et al. 2006).
However, fucose-DC-SIGN-induced complex formation of LSP1-IKKe-CYLD
results in IKKe phosphorylation at Ser172 and subsequent phosphorylation of
CYLD at Ser418. Phosphorylation of CYLD decreases its deubiquitinase activity,
allowing Bcl3 activation and nuclear translocation (Fig. 9.2b) (Gringhuis
et al. 2014a).

TLR4 activation by LPS normally leads to NFkB p50-p65 dimers, which bind to
promoter sites in /L6, IL10, ILI2A, ILI2B, and IL23A genes (Ghosh and Hayden
2008). However, simultaneous triggering of DC-SIGN by fucose structures leads to
Bcl3-induced p50 dimers with decreased transcriptional activity at IL6, ILI2A,
ILI2B, and IL23A genes and similar transcriptional activity at /L/0 compared to
p50-p65 heterodimers. In addition, Bcl3-p50-p50 complexes induce the expression
of Ty?2 attracting chemokines CCL17 and CCL22 (Gringhuis et al. 2014a). There-
fore, cross talk between TLRs and DC-SIGN shifts the cytokine responses from a
Tyl-skewing profile to a Ty2-inducing profile, which is crucial in clearing extra-
cellular parasites like Schistosoma mansoni (Gringhuis et al. 2014a).
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In addition to IKKe-CYLD-dependent Bcl3 activation by DC-SIGN, IKKe alters
IFNo/p receptor (IFNR) signaling. TLR-induced IFN-f production leads to auto-
crine IFNR activation and JAK-STAT signaling, resulting in the formation of
STAT1 homodimers, which bind to IFN-y-activated sites (GAS) in specific genes
(Decker et al. 2005). However, IKKe, activated by fucose-triggered DC-SIGN,
phosphorylates STAT1 at Ser708, which leads to the formation of IFN-stimulated
gene factor 3 (ISGF3), a protein complex consisting of STAT-1-STAT2
heterodimers and the DNA-binding unit IRF9 (Gonzalez-Navajas et al. 2012;
Gringhuis et al. 2014b). ISGF3 binds to IFN-stimulated response elements (ISRE)
instead of GAS elements and thereby induces a different set of genes compared to
STAT1 homodimers (Decker et al. 2005). In particular, ISGF3 activation leads to
pronounced and prolonged expression of IFN-f} as well as specific ISRE-dependent
genes. ISRE-containing genes comprise important antiviral genes, including 29,59-
oligoadenylate synthetase 1 and myxovirus resistance protein A (Takaoka and
Yanai 2006), and cytokines such as IL-27, which is essential for follicular
T-helper (Tgy) cell formation (Batten et al. 2010; Gringhuis et al. 2014b).

Fucose-specific DC-SIGN signaling not only modulates TLR signaling but also
IFNR signaling to mount T2 and Tgy responses important for antibody-mediated
immunity. This suggests that T2 cells are closely linked to Tgy responses as both
cell types are induced simultaneously. As humoral immune responses are critical
against viruses, parasites, and bacteria (Tangye et al. 2013), fucose-based strategies
targeting DC-SIGN have the potential to be harnessed for vaccine development.

9.4.4 DC-SIGN Fine Tunes Adaptive Immunity

For the innate immune system, pathogens are basically a collection of pathogen-
associated molecular patterns (PAMPs). Tailored immune responses require acti-
vation of different PRRs by these PAMPs to specify the invading pathogen. This
demands cross talk of different PRR-induced signaling pathways to induce tailored
adaptive immune responses by DCs. For example, M. tuberculosis infection induces
Tyl and Ty 17 responses, which rely on IL-12 and IL-23 secretion by DCs (Khader
et al. 2007). IL-12 is essential in inducing Tyl differentiation and stimulation of
DCs with M. tuberculosis leads to robust IL-12 secretion (Gringhuis et al. 2009b).
Interestingly, blocking DC-SIGN or inhibition of Raf-1 decreases IL-12 production
by M. tuberculosis-stimulated DCs (Gringhuis et al. 2009b), resulting in a shift from
protective Tyl to Ty2 (Gringhuis et al. 2009a). Furthermore, inhibiting DC-SIGN-
Raf-1 signaling in M. tuberculosis-stimulated DCs also reduces IL-23 production
(Gringhuis et al. 2009b), which is critical for Tyl7-mediated M. tuberculosis
responses (Khader et al. 2007). Although the direct effect of DC-SIGN-Raf-1
signaling on Ty17 responses has not been investigated, increased IL-23 production
probably promotes Ty17 responses against M. tuberculosis (Fig. 9.3a). This indi-
cates that DC-SIGN is crucial for M. tuberculosis-induced immune responses and
possibly other mannose-containing pathogens.
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Fig. 9.3 DC-SIGN tailors adaptive immune responses. (a) Mannose-containing pathogens includ-
ing MV, HIV-1, C. albicans, and M. tuberculosis induce DC-SIGN-dependent Raf-1 activation
leading to phosphorylation and acetylation of NFxB subunit p65. This enhances the production of
TLR-induced IL-12, which is crucial for the induction of Tyl responses. In addition, Raf-1
activation leads to increased secretion of IL-1p, IL-6, and IL-23 which drive the formation of
Ty17 responses. (b) Fucose-containing pathogens such as the parasite S. mansoni and the bacte-
rium H. pylori induce DC-SIGN-dependent Ty2 and Tgy cell responses. Fucose-specific DC-SIGN
signaling in combination with TLR activation induces Bcl3-dependent decrease of IL-1p, IL-6,
IL-12, and IL-23 secretion while enhancing IL-10 secretion and production of Ty2-attracting
chemokines CCL17 and CCL22. This drives the formation of T y2 cells. Furthermore, fucose-
specific DC-SIGN signaling modulates IFNR signaling to induce the production of IL-27, which is
pivotal in Tgy formation. c. Probiotic bacteria like L. reuteri and L. casei are internalized by DCs
via DC-SIGN. This leads to the secretion of IL-10 and the formation of Ty cells. Although the
formation of T, depends on DC-SIGN, it is unclear if L. reuteri and L. casei induce DC-SIGN-
specific signaling pathways that differ from mannose or fucose induced signaling pathways

The clearance of extracellular pathogens depends on robust Ty2 responses
(Allen and Sutherland 2014). The extracellular bacterium H. pylori induces Tyl
or Ty2 responses depending on the phase-variable expression of fucose structures
(Bergman et al. 2004). Interestingly, only fucose-expressing H. pylori binds to
DC-SIGN and induce Ty2 responses (Bergman et al. 2004) by inducing DC-SIGN-
dependent Bcl3 activation (Gringhuis et al. 2014a). Activation of Bcl3 by
DC-SIGN lowers pro-inflammatory cytokine secretion and increases IL-10 secre-
tion in combination with increased production of Ty2-attracting chemokines
CCL17 and CCL22 (Fig. 9.3b) (Gringhuis et al. 2014a). Whether other molecules
important for Ty2 responses, such as OX40, are also induced by DC-SIGN-depen-
dent Bcl3 activation has not been investigated (Gringhuis et al. 2014a). These
studies indicate that the sole expression of fucose structures can completely shift
the paradigm from Tyl to Ty2 dominated immune responses, highlighting the
importance of carbohydrates and CLRs in adaptive immunity.
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The induction of regulatory T (T,.) cells by probiotic bacteria, including
Lactobacillus reuteri and Lactobacillus casei, has been linked to DC-SIGN-medi-
ated uptake by DCs (Fig. 9.3c) (Smits et al. 2005). Although the presence of
carbohydrate structures on L. reuteri and L. casei has not been investigated, the
closely related bacterium L. plantarum expresses glycoproteins on the surface
containing GlcNAcs (Fredriksen et al. 2012). DC-SIGN is known to interact with
GlcNAcs, but it is unclear if this triggers DC-SIGN signaling (Steeghs et al. 2006;
Zhang et al. 2006). Furthermore, the probiotic bacteria used by Federiksen
et al. (2012) did not trigger any TLRs, which could also explain the induction of
T cells independent of DC-SIGN.

In addition to T-cell-driven immunity, humoral immune responses are pivotal in
protection against many diseases. Humoral immune responses are induced in
specific areas in secondary lymphoid organs called germinal centers (GC), where
B cells differentiate into memory B cells and long-lived plasma cells. Tgy in GC
play critical roles in regulating B cell differentiation and antibody isotype class
switching. The differentiation and maintenance of Tgy by DCs is not fully under-
stood but involves IL-6, IL-21, and IL-27 (Vogelzang et al. 2008; Batten et al. 2010;
Nurieva et al. 2010; Gringhuis et al. 2014b). Interestingly, fucose-specific
DC-SIGN signaling, in combination with TLR signaling, induces the production
of IL-27 by DCs, which drives the formation of Tgy cells (Fig. 9.3b) (Gringhuis
et al. 2014b). Furthermore, DC-SIGN-dependent IL-27-generated Tgy cells pro-
duce IL-21 and induce B cell class switching from IgM to IgG (Gringhuis
et al. 2014b), indicating that DC-SIGN signaling by fucose-containing pathogens
is crucial for humoral immune responses.

Hence, DC-SIGN shapes adaptive immune responses by directing T cell differ-
entiation towards Ty1/Tyl7 or Ty2/Try dominated responses, depending on the
carbohydrate profile of pathogens and cross talk with other receptors, greatly
enhancing the plasticity of DCs to tailor immune responses to a diverse range of
pathogens.

9.5 DC-SIGN Tale from the Murine Perspective

Animal models have proven valuable in determining the overall outcome of
molecular or cellular processes studied in vitro. The human DC-SIGN family
consists of two receptors: DC-SIGN and L-SIGN, whereas mice have eight
DC-SIGN homologs (SIGNR 1-8). However, all mouse homologs differ in glycan
specificity, internalization capacity, innate signaling, and cell-specific expression,
making mice unsuitable to study DC-SIGN functionality (Garcia-Vallejo and van
Kooyk 2013; Soilleux et al. 2000; Bashirova et al. 2001; Powlesland et al. 2006;
Park et al. 2001; Takahara et al. 2004; Tanne et al. 2009).

A transgenic mouse model has been created by expressing DC-SIGN under
transcriptional control of the murine CD11c promoter to limit expression to DCs
(Schaefer et al. 2008). Transgenic hSIGN mice express low levels of DC-SIGN,
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are protected against M. tuberculosis infections compared to wild type mice, and
in vivo targeting of DC-SIGN using antibody-antigen complexes enhances T-cell-
mediated immune responses (Schaefer et al. 2008; Hesse et al. 2013). However,
since cross talk with other PRRs is essential for DC-SIGN signaling, the question
remains if hSIGN transgenic mice are suitable to study the full potential of
DC-SIGN (Schaefer et al. 2008; Garcia-Vallejo and van Kooyk 2013).

9.6 DC-SIGN Picks Up the Wrong Hitchhikers

Pathogens are under constant pressure of the immune system for survival and have
evolved intriguing ways to escape or prevent immune responses. Some pathogens
have even hijacked immune components for efficient infection and dissemination in
the host. In particular, HIV-1 uses DC-SIGN for efficient transmission to T cells.
HIV-1 primarily infects T cells via CD4-CCR5/CXR4, which requires dissemi-
nation of the virus from the primary side of infection to secondary lymphoid tissues
rich in CD4" T cells. As DCs constantly sample antigens in peripheral tissues for
presentation to T cells, DCs form an ideal transport vehicle for HIV-1. Indeed,
DC-SIGN binding to HIV-1 glycoprotein gp120 leads to effective internalization of
HIV-1 by DCs (Geijtenbeek et al. 2000b; Turville et al. 2001; Engering
et al. 2002b; Smith et al. 2007). Notably, HIV-1 is not routed for lysosomal
degradation after DC-SIGN-mediated uptake but is retained in endosomes for
several days (Geijtenbeek et al. 2000b). While stored, HIV-1 remains infectious
and is released upon DC-T-cell interaction to infect CD4* T cells (Geijtenbeek
et al. 2000Db). In addition, DC-SIGN signaling is essential for productive infection
of DCs by HIV-1. Release of HIV-1 ssRNA into the cytoplasm depends on HIV-1
binding to CD4 in combination with either CCR5 or CXR4, ultimately resulting in
the integration of HIV-1 DNA into the DC genome. However, HIV-1 integration
does not lead to productive transcription of HIV-1 DNA and requires TLR8
activation by HIV-1 ssRNA and DC-SIGN activation by gp120. HIV-1-triggered
DC-SIGN signaling activates Raf-1, leading to the acetylation of p65 — after NFxB
activation by TLR8 — which is essential for full-length transcription of HIV-1
(Gringhuis et al. 2010). Hence, HIV-1 hijacks DC-SIGN for productive infection
of DCs and efficient transmission to T cells.

Induction of protective antiviral responses mediated by type I IFNs is paramount
to limit viral infections. However, viruses have evolved ways to subvert host innate
immunity by shielding replication complexes from detection, degrading essential
host molecules, and inhibiting innate detection by activating specific signaling
cascades (Ye et al. 2013). Measles virus (MV) is a highly contagious pathogen
which infects CD150" DCs and T and B lymphocytes (Lemon et al. 2011; De Vries
et al. 2012). MV is a negative stranded RNA virus, which replicates in the
cytoplasm of infected cells and is prone for detection by cytosolic RIG-I-like
receptors (RLRs). RLR activation is tightly regulated by continuous phosphory-
lation of caspase recruitment domains, and these require dephosphorylation by PP1
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phosphatases for type I IFN induction (Wies et al. 2013). Intriguingly, MV induces
DC-SIGN-dependent activation of Raf-1, which phosphorylates PP1 inhibitor I-1
and thereby prevents dephosphorylation of RLRs and type I IFN production,
leading to enhanced infection of DCs (Mesman et al. 2014). Furthermore, the
main target cells of dengue virus are DCs and multiple studies have shown that
dengue virus depends on DC-SIGN for productive infection of DCs
(Tassaneetrithep et al. 2003; Lozach et al. 2005). Whether dengue virus also
activates DC-SIGN signaling to inhibit type I IFN induction in DCs has not been
investigated.

These studies highlight that pathogens take advantage of the binding capacity of
DC-SIGN in combination with specific DC-SIGN signaling for effective infection
of DCs and transmission to target cells. Together with the migratory capacity of
DCs, this activity makes DC-SIGN™ DCs the ideal vehicle for viral dissemination.

9.7 Clinical Relevance and Therapeutic Potential

Single nucleotide polymorphisms (SNPs) can affect protein expression and func-
tion and can therefore be valuable tools to study the clinical relevance of molecular
processes, which would otherwise be impossible in humans. Certain SNPs in
CD209, the gene coding for DC-SIGN, have been identified that alter the patho-
geneses of several diseases. For instance, DCSIGN1-366G is a variant of DC-SIGN
with a SNP in the promoter sequence of CD209, which results in lower expression
levels at the cell membrane. Individuals carrying the DCSIGN1-366G variant have
lower incidence of dengue fever, which is in concordance with in vitro studies
(Sakuntabhai et al. 2005; Lozach et al. 2005). In addition, DCSIGN1-366G is
associated with protection against M. tuberculosis, as individuals carrying this
variant have a lower incidence of lung cavitation (Vannberg et al. 2008). SNPs
located in other noncoding parts of CD209 have been implicated in the vertical
transmission of HIV-1 from mother to child (Boily-Larouche et al. 2012; da Silva
et al. 2012). SNP variants occurring in the neck region of DC-SIGN have been
associated with increased vertical transmission. Molecular studies revealed that
these variants increase HIV-1 binding and transmission to T cells, which could
explain enhanced vertical transmission (Boily-Larouche et al. 2012). These studies
emphasize the important role of DC-SIGN in HIV-1, M. tuberculosis, and dengue
virus pathogenesis, which has spiked the interest to design prophylactics or
carbohydrate-based therapies directed against DC-SIGN to prevent or treat disease
(Alen et al. 2011; Varga et al. 2014). However, certain precaution should be
considered before using DC-SIGN-inhibiting therapies as DC-SIGN is involved
in basic functions of DCs.

DC-based vaccination is under intense interest to induce effective immunity
against cancer and infectious diseases. Currently used DC therapies in the clinic are
complex and require the isolation of monocytes (for monocyte-derived DCs) or
DCs from blood, which are loaded with antigen ex vivo and injected back into
patients (Kreutz et al. 2013). The capacity of DC-SIGN to internalize antigen for
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MHC presentation and simultaneous modulation of cytokine profiles to direct T cell
differentiation makes DC-SIGN an ideal receptor for vaccination strategies without
the need to isolate DCs. For example, carbohydrate-coated liposomes filled with
specific antigens targeting DC-SIGN induce strong CD4" and CD8" T cell
responses directed against tumor antigens (Hesse et al. 2013; van Kooyk
et al. 2013). Differential coating of liposomes with either mannose or fucose
structures adds another level of refinement to these strategies to direct adaptive
immune responses to the desired outcome. Whether similar successes can be
achieved in humans needs to be addressed, but the enormous potential of these
therapies requires quick action to investigate the efficiency of DC-SIGN-based
therapies, particularly because these therapies can also be used as treatment for
autoimmune diseases and infectious diseases (Kreutz et al. 2013).

9.8 Concluding Remarks

From the identification of DC-SIGN as a DC-specific receptor to the clarification of
DC-SIGN-induced signaling cascades, DC-SIGN has revealed many aspects of DC
functionality and the importance of CLRs and carbohydrates in immune responses.
DC-SIGN contributes to basic functions of DCs such as DC migration from
blood into tissues and establishing cellular interaction with other immune cells
(Geijtenbeek et al. 2000a, b; Bleijs et al. 2001; van Gisbergen et al. 2005).
Unraveling DC-SIGN signaling has greatly contributed to our understanding of
cross talk between different receptors on a molecular level with great effects on
adaptive immune responses. DC-SIGN cross talk with other receptors provides DCs
with the plasticity to mount specific immune responses to a wide variety of
pathogens (Gringhuis et al. 2007, 2009b, 2014a, b; Hovius et al. 2008; Geijtenbeek
and Gringhuis 2009). However, there is still much to discover. Although DC-SIGN
signaling in the light of mannose and fucose structures is becoming clear, GIcNAc
structures might induce yet another signaling cascade, which could affect Ty,
responses induced by probiotic bacteria (Smits et al. 2005). In addition to IL-27,
fucose-specific DC-SIGN formation of ISGF3 induces prolonged expression of
type I interferon and antiviral interferon-stimulated genes (Gringhuis et al.
2014b), thereby inducing a highly antiviral state in DCs. Whether this indeed limits
viral replication in DCs remains to be investigated, but this mechanism could be
used to decrease viral infections in patients. The antigen routing properties of
DC-SIGN together with its strong affinity for different antigens makes it an
ideal receptor for targeted vaccines strategies to induce long-lasting immunity
(Engering et al. 2002a; Cambi et al. 2009; Hesse et al. 2013; van Kooyk
et al. 2013). This, in combination with the modulating effects of DC-SIGN signal-
ing on adaptive immune responses, provides researchers with an extended toolbox
to develop effective vaccines against multiple diseases, including cancer, auto-
immune diseases, and infectious diseases.
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Chapter 10
LOX-1 and Immunity

Anja Hofmann, Tatsuya Sawamura, and Henning Morawietz

Abstract An interesting C-type lectin-like receptor is LOX-1. LOX-1 is a mem-
brane glycoprotein with a cytoplasmic domain, a transmembrane domain, and an
oxidized low-density lipoprotein (oxLDL)-binding extracellular lectin-like domain.
LOX-1 is involved in a variety of physiological and pathophysiological processes.
The LOX-1 receptor is able to mediate the uptake of minimally and maximally
oxidized LDL. In addition, LOX-1 plays a role in the phagocytosis of aged and
apoptotic cells, the uptake of advanced glycation end products, thrombocyte adhe-
sion, and the interaction between bacterial proteins and endothelial cells in sepsis. It
is considered as a therapeutic target in atherosclerosis and cardiovascular disease.
Recently, LOX-1 has been described in response to different danger signals,
rheumatic diseases, preeclampsia, and bone diseases. This review focuses on the
increasing evidence supporting a novel role of LOX-1 in immunity. LOX-1 and
other pattern recognition receptors are expressed on the surface of myeloid cells
like macrophages, dendritic cells, or neutrophils. They have an important role in the
immediate innate immune response and also in the regulation of the adaptive
immune response.
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10.1 The C-Type Lectin-Like Receptor LOX-1

Lipids are essential for cellular function and metabolism. Lipoproteins are impor-
tant lipid carriers in the blood stream. An increased plasma level of low-density
lipoprotein (LDL) is also a well-known risk factor of metabolic and cardiovascular
diseases. Especially under conditions of oxidative stress, LDL can be oxidized
(Muller and Morawietz 2009). Classical receptors of maximally oxidized LDL are
scavenger receptor A (SR-A), scavenger receptor B (CLA-1/SR-BI), cluster of
differentiation (CD) 36 and CD68, and scavenger receptor that binds phosphati-
dylserine and oxidized lipoprotein (SR-PSOX)/CXC chemokine ligand
16 (CXCL16), while minimally oxidized LDL can interact with, e.g., CD14/toll-
like receptor 4 (TLR) 4 (Shashkin et al. 2005).

An interesting novel receptor for oxLDL is the C-type lectin-like oxLDL
receptor LOX-1 (Sawamura et al. 1997). LOX-1 is also known as the first member
of the CLEC8A family of C-type lectin-like receptors. LOX-1 is a membrane
glycoprotein of 50 kDa. The protein has three important functional domains: a
short cytoplasmic domain, a transmembrane domain, and an oxLDL-binding extra-
cellular lectin-like domain (Chen et al. 2002). Three LOX-1 homodimers are
necessary to bind an oxLDL molecule (Xie et al. 2004). Proteolytic cleavage of
the extracellular domain can lead to two almost identical soluble LOX-1 forms
(Murase et al. 2000). Whether these soluble forms correlate with the formation of
membrane-bound LOX-1 or represent antagonistic forms is under discussion
(Mehta et al. 2006; Sawamura et al. 2012).

Several ligands have been described for LOX-1 (Fig. 10.1). The LOX-1 receptor
is able to mediate the uptake of minimally and maximally oxidized LDL (Tanigawa
et al. 2006). Interestingly, LOX-1 is also involved in the phagocytosis of aged and
apoptotic cells (Oka et al. 1998). In addition, a role of LOX-1 in thrombocyte
adhesion and in the interaction between bacterial proteins and endothelial cells in
sepsis has been described (Chen et al. 2002). LOX-1 could also act as a receptor of
advanced glycation end products (AGEs) (Chen et al. 2008). These data suggest a
role of LOX-1 in a variety of physiological and pathophysiological processes.

Human LOX-1 is encoded by the oxidized low-density lipoprotein receptor
(OLR1) gene. LOX-1 is a single-copy gene located on the short arm of chromosome
12. Genes encoding natural killer cell (NK) receptors (NKG2A, C, D, E, CD%,
CD69, and NKR-P1A) are mapped in this chromosomal region as well. LOX-1 is
clustered within this “natural killer gene complex” (Aoyama et al. 1999; Yamanaka
et al. 1998). The LOX-1 gene has six exons (Yamanaka et al. 1998). The LOX-1
gene structure suggests a relationship between the exon-intron architecture and the
resulting protein structure (Yamanaka et al. 1998). Exon 1 encodes a 5’ untranslated
region (5’ UTR) and the intracellular cytoplasmic domain. The second exon
encodes the transmembrane domain and the third exon the extracellular neck
domain. Exons 4-6 encode the carbohydrate recognition lectin-like domain and
exon 6 contains the 3’-untranslated region (Yamanaka et al. 1998; Aoyama
et al. 1999). The architecture of LOX-1 gene is similar to other C-type lectin
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Fig. 10.1 The lectin-like oxLDL receptor LOX-1 mediates the uptake of oxidized or glycoxidized
low-density lipoprotein (LDL) and advanced glycation end products (AGEs). In addition, it plays a
role in endothelial phagocytosis of aged and apoptotic cells, thrombocyte adhesion, and the
interaction between bacterial proteins and endothelial cells in sepsis

receptors expressed on NK cells. The exon-intron junctions in the carbohydrate
recognition domain are well conserved between LOX-1 and other NK receptors
(Yamanaka et al. 1998). The LOX-1 gene is located 200 kb telomeric of CD94.
LOX-1 forms together with CLEC-1/CLEC1A, CLEC-2/CLEC1B, and DECTIN-1
a subfamily of C-type lectin domain receptor genes closely related to the NK
receptor genes in the NK complex (Bull et al. 2000; Sobanov et al. 2001).
DECTIN-1 shows the highest similarity with LOX-1, whereas CLEC-1/CLEC1A
and CLEC-2/CLECI1B are more distantly related (Sobanov et al. 2001). C-type
lectin receptors recognize endogenous proteinaceous ligands and are part of detec-
tion of virally infected and transformed cells. LOX-1 and other pattern recognition
receptors (PRR) are expressed on the surface of myeloid cells like macrophages,
dendritic cells (DCs), or neutrophils. PPRs are important for immediate innate
immune response and also in regulation of adaptive immune response (Huysamen
and Brown 2009; Sattler et al. 2012). Initially, C-type lectin receptors were defined
by their carbohydrate-binding function, which is a calcium-dependent mechanism.
In later studies, it became obvious that not all of these receptors bind exclusively
carbohydrates, sometimes also independent of calcium (Sattler et al. 2012).

LOX-1 is considered to be a therapeutic target in atherosclerosis and cardiovas-
cular disease (Kita 1999; Mehta et al. 2011; Morawietz 2010; Morawietz
et al. 1999; Sawamura et al. 2015). Recently, novel roles of LOX-1 have been
described in response to different danger signals (Sawamura et al. 2012), rheumatic
diseases (Ishikawa et al. 2012), preeclampsia (English et al. 2013; Morton
et al. 2012), and bone diseases (Nakayachi et al. 2015). The role of LOX-1 in
immunity is less well understood. Therefore, this review article will focus on
LOX-1 and immunity.
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10.2 LOX-1, Atherosclerosis, and Immunity

The innate immune system is the first line of host defense against different
pathogens and comprises eosinophil, neutrophil and basophil granulocytes, mast
cells (MCs), monocytes, and macrophages as well as dendritic cells (DCs) and
natural killer cells (NKs). These cells trigger inflammatory reactions, which are
characteristic for specific diseases. Atherosclerosis is also an inflammatory disease,
and innate immune cells are involved in the progression of plaque formation. MCs
express PRR which are possible activated by microorganisms and allergens and
trigger the release of inflammatory signals that can affect lesion development.
Polymorphonuclear leukocytes (PMN) initiate the inflammatory response and are
the first line of innate immunity. These cells produce reactive oxygen species
(ROS), myeloperoxidase, proteolytic enzymes, and leukotrienes and thereby elim-
inate microbial pathogens and promote tissue destruction. Most of their functions
originate from signal mediated through toll-like receptors (TLR) or C-type lectin
receptors. NKs play an important role in response to viruses and tumors. Upon
activation by affected cells, perforin-induced cytotoxicity and secretion of
pro-inflammatory cytokines increase thus leading to elimination, induction of
inflammation, and polarization of adaptive immune response. Production of
IFN-y is thought to be a key mechanism in lesion formation. Monocytes play an
important role during progression of atherosclerosis. They mediate the recruitment
and adhesion of monocytes to activated endothelial cells. Monocytes are thought to
continuously repopulate macrophage or DCs and produce pro-inflammatory cyto-
kines like TNF-a, IL-1f, and IL-6. Macrophages derive from monocytes, produce
high amounts of ROS and pro-inflammatory cytokines like TNF-a or IL-1p, and
participate in Th1 polarization (Chavez-Sanchez et al. 2014). Scavenger receptors
(SR-AI/II, CD36, SR-BI, macrosialin/CD68, LOX-1) expressed on macrophages
mediate oxLDL uptake and foam cell formation (Xu et al. 2013). DCs are also
present in atherosclerotic lesions. During their maturation, they increase MHC
molecules, chemokine receptors, and cytokine production and induce different
subtypes of CD4" T cells as well as naive and memory B cells or NK cells
(Chavez-Sanchez et al. 2014). LOX-1 expression was found on human monocytes,
macrophages, peripheral blood myeloid DC, and B cells, whereas mature CD83"
DCs and T lymphocytes do not express LOX-1 (Delneste et al. 2002; Delneste
2004). Human monocyte-derived macrophages express higher LOX-1 levels than
monocytes. LOX-1 expression on primary human monocytes is very low, but
differentiation into macrophages increases LOX-1 (Yoshida et al. 1998; Moriwaki
et al. 1998). Especially, the role of LOX-1 in monocytes and macrophages was
studied intensively in the last years. Several in vitro studies showed an inducible
expression of LOX-1 by pro-inflammatory cytokines, which are involved in
immune response. Upon recognition of antigen-MHC complexes on the surface
of APCs, CD4™ T cells differentiate into effector and regulatory subsets. These cells
exert a different cytokine expression profile and belong to the adaptive immune
response. Thl cells mainly secrete IFN-y, TNF-a, and IL-2, whereas Th2 cells
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secrete IL-4. Thl cells enhance cellular immune response and differentiate from
naive T cells in response to IL-12 and IL-18. Differentiation of naive T cells toward
Th17 cells, a subpopulation required during fungi and bacterial infections, depends
on TGF-f, IL-6, and IL-1p (Ait-Oufella et al. 2014; Lintermans et al. 2014).
Tumor necrosis factor-alpha (TNF-a) and phorbol 12-myristate 13-acetate
(PMA) increased LOX-1 expression and oxLDL uptake in endothelial cells
(Kume et al. 1998), TNF-a increased LOX-1 expression in macrophages (Moriwaki
et al. 1998; Hashizume and Mihara 2012) and vascular smooth muscle cells
(Hofnagel et al. 2004). C-reactive protein (CRP), an acute-phase protein associated
with progression of cardiovascular outcomes, can actively bind to LOX-1 and
thereby activating the complement system via the classical C1q pathway. Blocking
of LOX-1 by antibody reduced CRP-induced leukocyte infiltration (Fujita
et al. 2011). Several other studies confirmed CRP-induced LOX-1 expression in
macrophages (Zhao et al. 2011) and endothelial cells (Li et al. 2004). CRP stimu-
lates oxLDL uptake into endothelial cells, an effect restored by a LOX-1-blocking
antibody. LOX-1 expression was also enhanced by interleukin-6 (IL-6) in endothe-
lial cells (Li et al. 2004; Lubrano and Balzan 2013) and transforming growth factor-
beta 1 (TGF-f1) in macrophages (Draude and Lorenz 2000; Minami et al. 2000),
endothelial cells, and smooth muscle cells (Minami et al. 2000). Several other
cytokines are able to induce LOX-1 as well: IL-1a and IL-1f in vascular smooth
muscle cells (Hofnagel et al. 2004), IL-4 in macrophages (Higuchi et al. 2001), and
IL-18 in TNF-a-activated endothelial cells (Mitsuoka et al. 2009). Histamine is a
key player in allergic reactions and is released from dense granules of mast cells
and basophiles. Histamine-releasing cells are located in connective tissue, mucosal
surface of the lung and the gastrointestinal tract, and dermis of the skin. LOX-1
expression was increased by histamine in monocytes and macrophages, underlining
the connection between immune cells in atherogenesis (Higuchi et al. 2001;
Tanimoto et al. 2001; Alanne-Kinnunen et al. 2014). Mast cells are histamine-
releasing cells, but they also secrete IL-1a, IL-18, TNF-a, TGF-f, or IFN-y and link
inflammation to atherogenesis. A recently published study underlines a novel role
of LOX-1 in macrophages and mast cells. Media captured from activated primary
human mast cells induced LOX-1 expression in human monocyte-derived macro-
phages. Cell culture media of mast cells contained histamine, TNF-a, TGF-f1, and
IL-1a. Histamine, TNF-a, and TGF-f1 were able to induce LOX-1 expression also
in a synergistic way. However, cellular uptake of oxLDL was not affected by
secretory mast cell products. Mast cells neighboring macrophages may stimulate
LOX-1 expression and thereby promoting a paracrine modulatory effect on their
function. Therefore, LOX-1 could be a novel link between mast cell and macro-
phages in regulation of innate immune reactions in atherosclerosis (Alanne-
Kinnunen et al. 2014). In vitro studies revealed that lipopolysaccharide (LPS)
increases LOX-1 expression, augments cellular oxXLDL uptake, and promotes
foam cell formation. Treatment with an LOX-1 antibody reduced the cellular
oxLDL uptake. It seems that LOX-1 promotes cellular oxXLDL uptake in activated
macrophages and contributes to cardiovascular diseases (Hossain et al. 2015).
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A link between LOX-1 and toll-like receptors (TLRs) was also shown in
macrophages. TLRs are pattern recognition receptors expressed on macrophages,
dendritic cells, or other innate immune cells (Lee et al. 2008). TLRs are signaling
receptors, involved in cell activation after contact with pathogens (Jeannin
et al. 2005). Activation of TLRY increased LOX-1 expression in macrophages
and enhanced foam cell formation. TLR9 blockade reduced LOX-1 expression
and foam cell formation. In contrast, LOX-1 induction and foam cell formation
were found after activation of TLR1/2, TLR2, TLRS, and TLR6. TLR4 induced the
strongest effect. Therefore, TLRs are able to induce foam cell formation, a mech-
anism that involves LOX-1 and supports its importance in atherogenesis (Lee
et al. 2008).

10.3 LOX-1, Dendritic Cells, and Immunity

Monocytes are able to differentiate into dendritic cells (DCs), a specific subtype of
leukocytes. DCs play an important role in the innate and adaptive immune response
(Pirillo et al. 2013). Increasing evidence suggests that DCs are involved in the
process of atherosclerosis by activating T cells and stimulation of vascular inflam-
mation (Huang et al. 2012). DCs are antigen-presenting cells (APCs). Exogenous
antigens are endocytosed by APC and mainly loaded into MHC class II molecules
for recognition by CD4™ T cells. In contrast, endogenous antigens are presented by
MHC class I molecules to be recognized by CD8" T cells. Only DCs are able to
present exogenous antigens in MHC class I molecules, a process called cross-
presentation. In this case, DCs are able to prime both CD4" and CD8* T cells for
generating cytotoxic T cell responses. The initiation of an immune response by DCs
requires the capture and internalization of antigens by endocytotic receptors
(Delneste 2004; Delneste et al. 2002). The first reports about a role of LOX-1 in
dendritic cell-mediated antigen cross-presentation were published in 2002. This
study showed that LOX-1 is a binding structure for heat-shock protein 70 (Hsp70)
on DCs. An anti-LOX-1 monoclonal antibody partly prevented binding of Hsp70 to
LOX-1 in DCs and macrophages. HSPs are chaperones that control the folding and
prevent the aggregation of proteins. Tumor-derived HSPs initiate a protective and
tumor-specific cytolytic T cell response (Delneste 2004). HSPs form complexes
with non-covalent peptides derived from tumor antigens and bind to DCs and
macrophages. The internalization requires mainly scavenger receptors and is
followed by co-localization with MHC class I molecules (Delneste 2004).
Targeting LOX-1 reduced the Hsp70-induced IL-2 production in vitro, suggesting
a role of LOX-1 in antigen cross-presentation in MHC class I molecules. In
addition, injection of a LOX-1 antibody triggered an antitumor response in a murine
tumor model (Delneste et al. 2002). Further studies addressed the role of HSPs as
ligands for LOX-1 in DCs. Hsp60 stimulates intracellular signaling molecules that
serve as danger signals of stressed and damaged cells to the innate immune system.
Hsp60 interacts with TLR2 and TLR4 and thereby induces a pro-inflammatory



10 LOX-1 and Immunity 157

response. Hsp60 binds to LOX-1 and is endocytosed by immature bone marrow-
derived DCs. Hsp60 most likely delivers antigens that are incorporated into MHC
class I molecules, as measured by an increased IL-2 secretion. Both, uptake and
cross-presentation in MHC class I complexes were inhibited by a LOX-1 antibody.
Inhibition of LOX-1 also decreased the number of cytotoxic T lymphocytes in
response to Hsp65, a protein that elicits protective immunity against tumors (Xie
et al. 2010). As described above, LOX-1 is expressed on mature DCs and is
upregulated during the maturation process from monocytes to DCs. The best
characterized LOX-1 ligand, oxLDL, is taken up by DCs. This process is prevented
by a LOX-1-targeting antibody (Nickel et al. 2009; Delneste et al. 2002). OxLDL
induces the maturation and differentiation of DC and increases secretion of
pro-inflammatory IL-6, decreases anti-inflammatory IL-10, and enhances NF-kB
activity in DCs (Nickel et al. 2009). Like oxLDL, angiotensin II (Ang II) is able to
stimulate dendritic cell maturation, as measured by an increased CD83 and
HLA-DR expression. Cytokines IL-12 and IFN-y were increased as well. Treatment
of DCs with oxLDL or Ang II increased proliferation of T cells. It seems likely that
oxLDL increases Ang II secretion in DCs in an autocrine manner. Ang II is one
player in oxLDL-induced maturation of DCs. OXxLDL and Ang II induced the
LOX-1 expression in DCs. AT, receptor blocker losartan could restore this. The
direct inhibition of LOX-1 by an antibody suppressed oxLDL- and Ang II-induced
maturation of DCs. An additional protective effect of losartan as standard therapy in
hypertension and heart failure could be the inhibition of LOX-1 (Huang et al. 2012).
A recently published study indicates that LOX-1 is also part of the humoral immune
response. DCs treated with an anti-LOX-1 antibody (aLOX-1) promoted naive B
cell proliferation and differentiation into plasma blasts (PBs) that secrete class-
switched immune globulins (Igs). B cells co-cultured with aLOX-1-treated DCs
increased their production of IgM, IgG, and IgA, indicating an increased Ig
secretion. aLOX-1-treated DCs induced activated B cells to express CCR10. This
promotes the migration toward the ligands CCL28 and CCL27. This upregulation in
combination with the downregulation of CXCRS5 enables PBs to migrate out of the
germinal centers toward the mucosal site or to the skin (Joo et al. 2014). To simulate
the differentiation of monocytes to DCs in vitro, cells were typically treated with
interferon-o (IFN-o). During the differentiation process, LOX-1 levels are high,
whereas further treatment with LPS to induce ultimate maturation decreases
LOX-1. IFN-a-differentiated DCs internalize apoptotic allogenic lymphocytes
and stimulate production of autologous CD8* T cells. Uptake and proliferative
response of CD8" T cell were prevented by an anti-LOX-1 antibody, suggesting an
important role of LOX-1 in both processes. CD4" T cells were additionally acti-
vated, however, to a lesser extent. A greater activation of CD8+ T cells is often seen
in HSP-induced activation, also mediated by LOX-1 in IFN-a-differentiated DCs.
CD4* T cells might act as helper cells to induce priming, expansion, and survival of
cytotoxic CD8* T cells. IFN-a-induced LOX-1 expression in DCs and subsequent
uptake of apoptotic cells lead to a simultaneous rearrangement of MHC class I and
IT molecules. An intracellular co-localization of apoptotic cells with MHC class I
and II molecules was blocked by an LOX-1 antibody. LOX-1 seems to be an
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important player in mediating endocytosis of apoptotic cells into IFN-a-shaped
DCs and also in inducing molecules of MHC class I and II complexes. It is still
under debate whether this pathway plays mainly beneficial or deleterious effects in
cancer or autoimmune diseases (Parlato et al. 2010).

Earlier studies in endothelial cells revealed that LOX-1 mediates binding and
phagocytosis of aged red blood cells and apoptotic cells. Phosphatidylserine (PS) is
externalized during early steps of apoptosis and is recognized by LOX-1. LOX-1-
mediated phagocytosis was inhibited by PS and oxLDL. Under physiological
conditions, it might be possible that LOX-1 promotes removal of PS-positive
cells to maintain the anticoagulant state of endothelial cells. However, under
atherosclerotic conditions with increased oxLDL formation, aged and apoptotic
cells remain in the blood stream and can promote thrombotic events (Oka
et al. 1998).

First studies revealed that LOX-1 supports the adhesion of Gram-positive
(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria to endo-
thelial cells. A monoclonal LOX-1 antibody blocked the binding of both types of
bacteria. TNF-a treatment further enhanced the adhesion of Escherichia coli to
endothelial cells, whereas Staphylococcus aureus did not while requiring additional
molecules in this setting (Shimaoka et al. 2001). LOX-1 is also part of the
recognition of outer membrane protein A (OmpA), a major compound of the
outer membrane of Gram-negative Enterobacteriaceae. OmpA is a highly con-
served moiety for recognition by innate immune receptors. Next to LOX-1 as an
endocytotic receptor, toll-like receptor (TLR)-2 is required in the OmpA-induced
innate immune response. LOX-1 and TLR2 co-localize and cooperate to trigger
subsequent TLR2-mediated cellular responses (Jeannin et al. 2005). Attachment of
bacteria to endothelial cells as well as mucosal or epithelial cells is an initial step in
bacterial infections. LOX-1 seems to be involved in this process as a cell surface
receptor (Jeannin et al. 2005; Shimaoka et al. 2001).

Recently published data underlined the role of LOX-1 in the adhesion of
bacterial proteins to macrophages. GroEL is expressed on the surface of common
bacteria and is involved in attachment and immune modulation. GroEL in E. coli is
induced by heat-shock stress and increases phagocytosis by macrophages. LOX-1
facilitates the uptake of E. coli in macrophages, mainly by interaction with GroEL.
This effect was inhibited by an anti-LOX-1 antibody. Furthermore, GroEL
increases LOX-1 expression in macrophages, an effect also seen for other HSPs.
Targeting LOX-1 by using a specific antibody increased survival of E. coli-induced
peritonitis in mice (Zhu et al. 2013).

LOX-1 seems to be involved in the process of endotoxin-induced inflammation
as well. Inhibition of LOX-1 could rescue rats from death after LPS treatment.
Additionally, leukopenia was reduced by anti-LOX-1 treatment. In a rat model of
low-dose endotoxin-induced uveitis, blocking of LOX-1 reduced the number of
infiltrated leukocytes and protein exudation. In vivo experiments in retinal blood
vessels confirmed that inhibition of LOX-1 decreases the number of rolling leuko-
cytes and increases their velocity. LOX-1 seems to be an adhesion molecule
promoting leukocyte recruitment and rolling during endotoxin-induced
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inflammation (Honjo et al. 2003). An important role of LOX-1 during sepsis was
shown in mice lacking the functional active LOX-1 (LOX—]’/’). These animals
have substantial higher survival rates after inducing sepsis by cecal ligation and
puncture, suggesting that LOX-1 is able to modulate host response. Systemic and
lung-specific TNF-a and IL-6 levels were lower in septic LOX-1"/" mice and
bacterial clearance as represented by reduced colony forming units (CFU) in
peritoneal cavity.

Neutrophils are a subpopulation of leucocytes and play a pivotal role in host
defense and during sepsis. Neutrophil migration is impaired during sepsis. LOX-1
~/~ mice revealed an increased number of neutrophils, less affected chemotaxis,
and an improved CXCR?2 surface expression which might help to maintain a better
neutrophil response. Neutrophils also express higher levels of LOX-1. LPS treat-
ment affects rather LOX-1 surface than total protein expression. The increased
neutrophil surface expression during sepsis is modulated by TLR2 and TLR4
(Wu et al. 2011). An association between LOX-1 and TLR2 and TLR4 was
shown in monocyte-derived DCs. Activators of TLR2 and TLR4 increased
LOX-1 expression. Diesel exhaust particles (DEP) as major air pollutants from
diesel cars further enhanced LOX-1 expression. It seems likely that DEP modulate
signaling pathways activated by TLR and thereby control SR expression. These
data suggest that LOX-1 and other SRs play also a role in DEP-induced lung
diseases (Taront et al. 2009).

10.4 Conclusion

In conclusion, the LOX-1 receptor mediates a variety of physiological and patho-
physiological processes. LOX-1 could be a therapeutic target in the pathogenesis of
atherosclerosis, rheumatic, and bone diseases. Increasing evidence supports a novel
role of LOX-1 in dendritic cells and immunity.
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Chapter 11

MGL/CD301 as a Unique C-Type Lectin
Expressed on Dendritic Cells
and Macrophages

Kaori Denda-Nagai and Tatsuro Irimura

Abstract Macrophage (M@) galactose-type calcium-type lectin, MGL, also
termed CD301 or CleclOA, is a type 2 transmembrane glycoprotein having a
calcium-dependent carbohydrate recognition domain. Orthologous genes seem to
be present throughout the vertebrates, and the lectin binds galactose and N-
acetylgalactosamine among monosaccharides. Although mammalian MGL resem-
bles the hepatic asialoglycoprotein receptor in its structure and its carbohydrate
specificity, the cellular distribution of MGL is limited to specific subsets of den-
dritic cells (DCs) and M@s. Mouse MGL2, apparently the direct counterpart of
human MGL, strongly binds clusters of carbohydrate chains with terminal N-
acetylgalactosamine residues, a molecular feature characteristic to mucins. MGL
was also shown to recognize carbohydrate chains from exogenous organisms.
Comparisons of various oligosaccharides for their binding and identification of
ligands/counter receptors by biochemical means strongly suggest that the important
structural features recognized by MGL depend on the biological context. It is also
likely that MGL functions on DCs to recognize and distinguish the self, altered self,
pathogens, and commensal organisms, and that the regulatory outcomes depend on
the unique nature of the DC/M@ subsets. Mice lacking the Mgll or Mgl2 gene do
not show any abnormality as long as they are maintained under a controlled
environment. However, upon encountering a pathogenic insult, they show a variety
of outcomes depending on the organ sites and the type of the insult. Further
investigations are necessary to explore how endogenous ligand/counter receptors
are involved in the regulation of immunological and inflammatory responses
by MGL.
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11.1 Introduction: History and Facts on MGL/CD301

First reports on the presence of a C-type lectin on macrophages (M@s) that has
specificity toward galactose and related monosaccharides appeared in the early
1980s (Imamura et al. 1984). Purification of the protein and subsequent molecular
cloning from rats (Ii et al. 1988, 1990), mice (Sato et al. 1992; Oda et al. 1988), and
humans (Suzuki et al. 1996) in the 1980s and 1990s revealed a lectin having a very
similar structure to that of the hepatic C-type lectin, asialoglycoprotein receptor.
Despite the subsequent discovery of a variety of C-type lectins in the immune
system, its galactose-type specificity and the presence of a corresponding recogni-
tion motif at its carbohydrate recognition domain make this lectin distinct from
others. The name MGL represents M@ galactose-type lectin.

MGL2, which shows strong homology to MGL1, was later found in mice (Tsuiji
et al. 2002). Humans have a single MGL which apparently is more similar in its
sequence, carbohydrate specificity, and expression profile to MGL2 than to MGL1,
posing an unsolved question as to what kind of molecules cover the role of MGL1 in
humans. MGL orthologues appear to be present in all vertebrates, suggesting that
the molecule is evolutionally linked to the acquired immune system. MGL genes
are located near the hepatic asialoglycoprotein receptor gene on chromosome 17 in
humans and 6 in mice.

MGL in humans, MGL 1 and 2 in mice, and MGL in rats are type 2 transmem-
brane proteins with a ~M, of 42 kDa. They have a C-terminal extracellular
carbohydrate recognition domain, a stem domain responsible for multimer forma-
tion, a transmembrane domain, and a cytoplasmic N-terminal domain. They appear
to form multimers, most likely trimers, and were shown to be present on the
surfaces of activated or inflammatory M@s and on bone marrow-derived immature
dendritic cells (DCs). A human MGL-specific antibody was used to define this
molecule as CD301 and to show that it serves as a marker for myeloid DCs (Zola
et al. 2005; Sano et al. 2007). CD301 expression is almost exclusive to M@s and
DCs, with the only apparent exception being an expression on chondrocytes in
embryonic mice as shown by the binding of a monoclonal antibody cross-reactive
to MGL1 and MGL2 (Mizuochi et al. 1997, 1998). Antibodies specific for human
MGL, mouse MGLI1, or mouse MGL2 were generated and characterized for their
specificity and other properties (Kimura et al. 1995; Denda-Nagai et al. 2010). In
addition, knockout mice were prepared and backcrossed to C57BL/6 and BALB/c.
Although they did not show any abnormality in their embryonic development,
growth, behavior, or aging under controlled environmental conditions, they
responded differently from wild-type mice upon the placement of a pathological
insult. These observations are briefly described in the following chapters. For a
summary of the milestones in the studies of MGL/CD301, refer to Table 11.1.
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Table 11.1 Milestones in the studies on MGL/CD301
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Year | Milestone Reference

1984 | Osawa’s laboratory found Ca**-dependent Imamura et al. (1984)
carbohydrate-binding activity on activated M@s

1988 | Galactose-binding lectin was purified from M@s | Oda 1988, Ii et al. (1988)
of mice and rats

1990 | cDNA cloning of the lectin later called MGL was | Ii et al. (1990), Sato et al. (1992)
done

1995 | Specific mAbs for mouse and human MGL were | Kimura et al. (1995), Sano
prepared et al. (2007)

1996 | Human MGL was identified and cloned Suzuki et al. (1996)

1997 | Tissue distribution of MGL™ cells was deter- Mizuochi et al. (1997, 1998)
mined in mice

2002 | The second MGL, MGL?2, was found in mice Tsuiji et al. (2002)

2002 | Mgll—/— mice were generated Onami et al. (2002)

2002 | MGL was found highly expressed on DCs Denda-Nagai et al. (2002),

Higashi et al. (2002)

2005 | Human MGL was assigned as CD301 and became | Zola et al. (2005)
a marker for myeloid DCs

2010 | MGL2-specific mAb and Mgl2—/— mice were Denda-Nagai et al. (2010)
prepared

2013 | MGL2" DC subset was found to promote Th2 Murakami et al. (2013); Kumamoto
response et al. (2013); Gao et al. (2013)

11.2 Carbohydrate Specificity and Ligands/Counter

Receptors for MGL/CD301

It is important to keep in mind that the structural characteristics of ligands and counter
receptors for MGL depend on the biological context. Considering that MGL
orthologues are membrane-associated lectins exclusively expressed on M@s and
DCs, i.e., cells specialized in surveying altered self and exogenous substances and
organisms, MGL seemed to have evolved to recognize endogenous glycans and
glycans from the outer milieu. This type of cellular distribution presents a strong
contrast to the distribution of galectins (S-type lectins), which are expressed intra-
cellularly and extracellularly by a variety of cells. Even though the monosaccharide
and oligosaccharide specificity of some galectins and MGL may be similar, MGL is
likely to perform functions associated with the initiation of immune and inflamma-
tory processes. MGL is a family member of C-type lectins, which recognize saccha-
rides in a Ca*"-dependent manner. Most other C-type lectins are categorized as being
either “mannose-specific” or “a protein having a C-type lectin fold but no carbohy-
drate ligands identified.” Therefore, MGL and hepatic asialoglycoprotein receptors,
which recognize galactose and N-acetylgalactosamine as a monosaccharide, were
categorized into a unique and distinct category (Drickamer 1993).

Oligosaccharide specificity of recombinant mouse MGL1 and MGL2 as well as
human MGL have been investigated by several methods employing defined
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collections of purified oligosaccharides. The most comprehensive comparison of
Kp values was performed by frontal affinity chromatography, and the results
corresponded well with fragmentary data from previous work (Suzuki et al. 1996;
Tsuiji et al. 2002; Oo-Puthinan et al. 2008; Yamamoto et al. 1994). MGL1 has
high affinity with oligosaccharides containing a terminal Gal-(Fuc-)GlcNAc, i.e.,
Lewis™ (Le™) structure. MGL2 preferentially binds oligosaccharides with a termi-
nal GalNAc residue (Fig. 11.1a). Our previous reports also indicated that MGL2
and human MGL preferentially bind clusters of O-linked GalNAc, i.e., Tn antigen
and the cluster effect, is more prominent with the oligomeric form of intact MGL
than with monomeric carbohydrate recognition domain of MGL (Fig. 11.1b) (Ilida
et al. 1999). Human MGL seems to have an affinity for sialylated Tn antigen, but
MGL2 does not, making a slight distinction.

Important amino acid residues responsible for the differential specificity
between MGL1 and MGL2 were investigated using pair-wise site-directed muta-
genesis in the recombinant carbohydrate recognition domain (CRD) of MGL1 and
MGL2 followed by the use of soluble polyacrylamide conjugated with either Le™
oligosaccharides or GaINAc (Oo-Puthinan et al. 2008). Mutation of Ala-89 to Arg
and Thr -111 to Ser of MGL1 CRD caused significant reductions in Le™ binding.
Significant increase in GalNAc binding was observed by single mutation of Ala-89
to Arg of MGL 1. Likewise, mutation of Arg-89 to Ala and Ser-111 to Thr of MGL2
CRD resulted in the loss of p-GalNAc binding. MGL2 assumed Le™ binding by
mutation of Arg-89 to Ala (Fig. 11.1c). Molecular modeling illustrated the potential
for direct molecular interactions of Leu-61, Arg-89, and His-109 in MGL2 CRD
with B-GalNAc (Fig. 11.1d).

To identify the Le*-binding site on MGL1, a saturation transfer experiment for
the MGL1-Le™ complex was carried out (Sakakura et al. 2008). To obtain sugar
moiety-specific information on the interface between MGLI1 and the Le™ trisac-
charide, saturation transfer experiments where each of galactose-HS5-, fucose-CH3-,
and N-acetylglucosamine-CH3-selective saturations was applied to the MGL1-Le™
complex were performed. Based on the results, we proposed a Le™-binding mode
on MGL1 where the galactose moiety was bound to the primary sugar-binding site,
including Asp-94, Trp-96, and Asp-118, and the fucose moiety interacted with the
secondary sugar binding site, including Ala-89 and Thr-111. Ala-89 and Thr-111 in
MGLI are replaced with arginine and serine in MGL?2, respectively. The hydro-
phobic environment formed by the small side chain of Ala-89 and the methyl group
of Thr-111 seemed to be a requisite for the accommodation of the fucose moiety of
the Le™ trisaccharide within the sugar-binding site of MGLI1.

Cell surface lectins could potentially function as an uptake receptor (known for
asialoglycoprotein receptor), as a regulator of cellular trafficking (known for
selectins), or as a signaling molecule (according to recent reports). MGL could
serve these functions for M@s and DCs. As described in the following sections, we
have identified the cells expressing MGL1 and MGL?2 in the skin and found that
they migrate to regional lymph nodes (LNs) upon antigenic and other stimuli (Chun
et al. 2000). The route of migration of these cells within the LNs, i.e., from
subcapsular sinus to T cell areas, appeared to be unique. Thus, we assumed that
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Fig. 11.1 Structural model and carbohydrate specificity of MGL1 and MGL2. (a) Oligosaccha-
ride specificities of MGL1 and MGL2 analyzed by frontal affinity chromatography. A smaller Kp
value indicates a higher affinity. (b) Cluster effects of GaNAc observed in human MGL. Human
MGL interacting with Tn-bearing glycopeptides representing a sequence within the tandem
repeats of MUC2. The cluster effect was more prominent with the oligomeric form of MGL. (c)
Upper panel: Amino acid sequence of MGL1 and MGL2 CRD. Two lower panels: The binding of
chimeric MGL1 and MGL2 CRD to GalNAc-polyacrylamide polymers based on the surface
plasmon resonance data. Significant increase in GalNAc binding was observed by single mutation
of Ala-89 to Arg of MGL1. Likewise, mutation of Arg-89 to Ala of MGL2 CRD resulted in the loss
of GalNAc binding. (d) Predicted molecular interactions between MGL2 and GalNAc by the
molecular modeling technique. These figures have been adapted from a previously published
version (Oo-Puthinan et al. 2008)

counter receptors for MGL1 or MGL2 existed within LNs. By the use of affinity
chromatography with immobilized MGL1, a few predominant proteins were puri-
fied from the lysates of LNs (Kumamoto et al. 2004). Mass spectroscopic analysis
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Fig. 11.2 Counter receptor in LNs for MGL1. (a) (Leff) Schematic protocol to investigate the
adhesion of cells expressing MGL1 (CHO-MGL1) to surfaces coated with sialoadhesin (Sn) from
LNs. (Middle) Cell binding was monitored using a phase contrast microscope. (Right) Cell binding
was shown as the number of adherent cells per well divided by 10. (b) Distribution of MGL1+
cells, Sn+ cells, and FITC in FITC-sensitized LNs. The merged image shows partial
colocalization of MGL1 and Sn. Interfollicular regions (/F), and the border between T-cell areas
(T') and B-cell areas (B) is shown. Bars indicate 100 pm. Figure 11.2a, b has been adapted from a
previously published version (Kumamoto et al. 2004)

of one of these proteins indicated that the band corresponded to CD169, Siglec-1/
sialoadhesin (Sn), which was known to be expressed on subcapsular sinus M@s. Sn
purified from lysates of LNs was immobilized on microtiter plates precoated with
anti-Sn monoclonal antibody, and binding of recombinant MGL1 as well as adhe-
sion of cells expressing MGL1 was tested. The binding of recombinant MGL1 to Sn
was shown to be dependent on Ca®" and N-glycans present on Sn. MGLI1-
transfected Chinese hamster ovary cells adhered to the Sn-coated plates, whereas
mock transfectants did not (Fig. 11.2a). Immunohistochemical localization of anti-
Sn monoclonal antibody in LNs coincided with the subcapsular sinus area to which
recombinant MGL1 was bound. Furthermore, after sensitization with fluorescein
isothiocyanate (FITC), the distribution of MGL 1-positive cells was demonstrated to
overlap with that of Sn within the subcapsular sinus of draining LNs (Kumamoto
et al. 2004) (Fig. 11.2b). These results suggest that Sn acts as an endogenous
counter receptor for MGL1. Because the trafficking of cells expressing MGL1
was thought to be involved with the initiation phase of contact hypersensitivity,
we investigated the distribution of MGL1-positive cells within the regional LNs
with Sn knockout mice developed by Crocker and coworkers and the importance of
the interaction on the development of hypersensitivity. The results revealed that
despite the strong affinity of Sn with MGL1 and MGL 1-positive cells, Sn was not
involved with the regulation of trafficking of these cells to and within the regional
LNs (unpublished data).

Apart from skin, MGL1 is also responsible for the signaling in intestinal M@s.
Intestinal M@s express MGL1 to recognize commensal bacteria and down-
modulate inflammatory responses by inducing IL-10 production as we previously
reported (Saba et al. 2009). Although the counter receptor molecules in this



11 MGL/CD301 as a Unique C-Type Lectin Expressed on Dendritic. . . 171

scenario remain to be identified, it seems highly likely that they are bacterial
components with a structure different from those previously investigated.

Infectious enveloped viruses are known to use MGL to attach to and/or enter
mammalian cells. Well-known examples for human diseases are Ebola and Influ-
enza (Takada et al. 2004; Upham et al. 2010). The counter receptors for MGL on
these viruses are combination products of viral genes and glycosyltransferases of
human cells. Thus, variations in the oligosaccharide portions of MGL counter
receptors responsible for the viral infection should be limited to human glycans.
From these results, it is still a mystery how MGL and its counter receptors evolved
as in the examples seen in the evolution of infectious parasites and the immune
system.

11.3 Cells Expressing MGL/CD301

As stated above, the cells expressing MGL are M@s and DCs. Although this
statement sounds simple, it may not be the case due to the fact that both M@s and
DCs comprise highly heterogeneous populations of cells potentially having diverse
origins and tissue-specific differentiation. In mice, the situation is even more
complex because of the presence of MGL1 and MGL2. We were successful in
preparing monoclonal antibodies specific for mouse MGL1, MGL2, and human
MGL, respectively. When anti-mouse MGL1 antibody was initially generated,
MGL2 was not yet discovered. Among several antibodies prepared against mouse
MGL purified from a cell line (Kimura et al. 1995), we later found that mAb
LOM-14 was cross-reactive between MGL1 and 2, whereas mAb LOM-8.7 strictly
bound MGL1 (Tsuiji et al. 2002). We also generated an MGL2-specific mAb
URA-1. The distribution of the binding sites for mAb LOM-8.7 and mAb URA-1
was compared by immunohistochemistry (Denda-Nagai et al. 2010; Kumamoto
et al. 2009). Both mAbs bound to cells in the connective tissue of almost all organs
except for the brain, and the binding profiles were similar to those previously shown
using cross-reactive mAb LOM-14. The number of cells that reacted with mAb
URA-1 seemed to be similar to the number of cells that reacted with mAb LOM-8.7
in most organs as far as the results of immunohistochemistry were concerned;
however, clear differences between the cell populations expressing MGL1 and
MGL2 were shown by flow cytometry as discussed below.

In LNs, MGL1" cells were mainly observed in the medullary and subcapsular
sinuses, whereas MGL2" cells were restricted to the cortical areas (Kumamoto
et al. 2009). In spleens, MGL1" cells appeared to have a more widespread distri-
bution than MGL2™" cells, and the binding of these antibodies was limited to
the white pulp (Denda-Nagai et al. 2010). In lung alveolar spaces, the number of
MGL2" cells appeared to be slightly greater than the number of MGL1" cells,
which was different from any other site (Denda-Nagai et al. 2010). Surface expres-
sion of MGL1 and MGL2 on cells from bone marrow (BM), LNs, spleen, and lung
was analyzed by flow cytometry using mAb LOM-8.7 and mAb URA-1 in a cell
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suspension after exclusion of dead cells and CD3" or CD19™ cells (Denda-Nagai
et al. 2010; Kumamoto et al. 2009). These mAbs were found to bind subsets of
CDl11ct cells. BM, LNs, and spleen were populated with more MGL1™" cells than
MGL2" cells. All MGL2" cells appeared to co-express MGL1. MGL1 and MGL2
double-positive cells were CDI11c™CD8 "°*CD11b"MHCII"F4/80'°% conven-
tional DCs. In BM, LNs, and spleen, a significant portion of MGL1 single-positive
cells was observed and contained CD11¢*B220" plasmacytoid DCs.

It was found recently that MGL2" cells in the skin represent a unique subset of
dermal DCs that skews the immune response toward Th2 (Murakami et al. 2013).
Cells expressing MGL2 were found to be distinct from migratory Langerhans cells
or CD103" dermal DCs (dDCs). Transfer of MGL21 dDCs but not CD103" dDCs
from FITC-sensitized mice induced a Th2-type immune response in vivo in a model
of contact hypersensitivity. Targeting MGL2" dDCs with a rat monoclonal anti-
body against MGL2 efficiently induced a humoral immune response with Th2-type
properties, as determined by antibody subclass analysis.

Colonic lamina propria mononuclear cells were prepared from mice and ana-
lyzed by flow cytometry for the expression of cell surface markers using mAb
LOM-8.7 and other antibodies (Saba et al. 2009). Cells expressing MGL1 were
shown to express CD11b, CDl11c, a high level of F4/80, and MHC class II. When
we sorted cells with CD11b and F4/80, they also expressed Mg/l and Mgl2 mRNA
by RT-PCR. Mgll expression was detected in CD11b"F4/80"€" cells but not in
CD11b"F4/80™ermediaie colls. Sorted cells that expressed a combination of high
levels of CD11b and F4/80 were shown to be MGL1" and incorporated FITC-
labeled latex beads in vitro. These cells were also positively stained for nonspecific
esterase. Therefore, the predominant populations of cells expressing MGLI1 in the
colonic wall were considered to be M@s, although they expressed CDl1 lc.

From the above findings, MGL2" cells appeared to be a portion of MGL1"
cells, mostly comprising conventional DCs. MGL1" cells were more diverse than
MGL2" cells and included M@s and pDCs. Although several mouse myeloma
cell lines, such as RAW264.7 cells and J774 cells, express MGL1, no cell line
with surface expression of MGL2 or human MGL was identified so far
(unpublished data). There is some reason to speculate that MGL1 and MGL2
form hetero-oligomers because MGL2" cells appear to also express MGL1, and
because a homologous C-type lectin expressed on hepatocytes, hepatic asialogly-
coprotein receptor, is known to form a hetero-oligomer.

11.4 MGL Knockout Mice and the Molecular Function
of MGL/CD301

In the early days of MGL studies, we expected that the biological phenotypes of
Mgll—/— mice or Mgl2—/— mice should be easily interpretable because the
expression profiles of these molecules are rather simple and limited to DCs and
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M@s. However, contrary to our expectation, the molecular properties of MGL and
the function of cells expressing MGL are not a straightforward matter.

Mgll—/— mice were generated by Hedrick’s group and by our group around the
same time, when the presence of MGL2 was not yet published. Because there was
no obvious phenotype observed with Mgl —/— mice, it was estimated by Hedrick’s
group that the biological role of this molecule might be redundantly carried out by
multiple homologous gene products (Onami et al. 2002). Although this hypothesis
remains to be confirmed, MGL2 is obviously not the answer, since, as partially
explained above, it shows different expression profiles and different molecular
properties. MGL1 has a so-called hemITAM motif in its cytoplasmic tail,
suggesting signaling functions.

The first tangible observations regarding the phenotypic effects of Mgll defi-
ciency were the delay in the repair of damage in embryos caused by the irradiation
of pregnant mice (Yuita et al. 2005) (Fig. 11.3a) and the lack of inflammatory tissue
formation in an air pouch model (Sato et al. 2005). In the second model, the
presence of granulation tissue induced by immunization with a chemically modified
foreign protein antigen observed in wild-type mice was diminished in Mgll—/—
mice (Fig. 11.3b). Administration of anti-MGL1 antibody similarly suppressed
granulation tissue formation in wild-type mice. A large number of cells, present
only in the pouch of Mg/l —/— mice, were not myeloid or lymphoid lineage cells
and the number significantly declined after administration of interleukin 1-alpha
(IL-1o) into the pouch of Mgll—/— mice. Furthermore, granulation tissue was
restored by this treatment, and the cells obtained from the pouch of Mgll—/—
mice were incorporated into the granulation tissue after injection of IL-1a. There-
fore, MGL1 expressed on a distinct subpopulation of M@s or DCs that secrete
IL-1a seemed to regulate specific cellular interactions crucial to granulation tissue
formation.

Almost opposite effects on inflammatory tissue formation were observed in an
experimental colitis model (Saba et al. 2009). When dextran sulfate sodium salt
(DSS) was orally administrated to Mgl/ —/— mice and their wild-type littermates,
Mgll—/— mice showed significantly more severe inflammation than wild-type
mice. MGL1™ cells in colonic lamina propria corresponded to M@-like cells with
F4/80Me" CD11b", and CD11c™™ed cells. In Mgll—/— mice, these cells
produced a lower level of IL-10 mRNA compared with wild-type mice after
administration of DSS for 2 days. Recombinant MGL1 was found to bind both
Streptococcus sp. and Lactobacillus sp. among commensal bacteria isolated from
mesenteric LNs of DSS-treated mice. Heat-killed Streptococcus sp. induced an
increase in IL-10 secretion by MGL1" colonic lamina propria M@s in wild-type
mice but not by M@s from Mgll—/— mice (Fig. 11.3c). These results strongly
suggest that MGL1/CD301a plays a protective role against colitis by effectively
inducing IL-10 production by colonic lamina propria M@s in response to invading
commensal bacteria. It appears that the signal generated through MGL1 leads to the
production of cytokines that play a crucial positive or negative role in the process of
inflammatory tissue formation in these two examples.



174 K. Denda-Nagai and T. Irimura

gy, W
o, ; \%

2 Gy X-irradiation on * subcutaneous administration
pregnant mice at 10.5 days of chemically-modified protein

histological examinations of 1 week
embryonic tissue (TUNEL antigen administration in
staining) dorsal air pouch
histological examination of dorsal
skin
% Eafd .«
._"Wﬂ-.-‘
Mgl1-/-

* 7 weeks

1 Examination of body weight,

Oral administration of dextran

i intestinal bleeding, and
sulfate sodium

histology of colonic wall

Bleeding score
Histological score

0 1 2 3 4 (days) WT  Mglt-/-

Fig. 11.3 Phenotypes observed with MGL1/CD301a knockout mice. (a) Histochemical localiza-
tion of TUNEL-positive apoptotic cells (green) in neural tubes of Mgl/+/+ mice and Mgll—/—
mice in histological sections 24 or 48 h after X-ray irradiation at 1 Gy. The bar represents 200 pm.
The images in Fig. 11.3a are adapted from a previous paper (Yuita et al. 2005). (b) Lack of
granulation tissue formation after re-challenge with chemically modified protein (azobenzene
arsonate-conjugated acetylated bovine serum albumin) in pre-immunized Mg/l —/— mice. The
images in Fig. 11.3b are adapted from a previous paper (Sato et al. 2005). (c) MGL1/CD301a plays
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Fig. 11.4 Involvement of MGL1 and MGL2 in uptake of antigens with GalNAc residues by
BM-DCs and presentation to T cells. The effects on T cell activation are examined according to
this scheme as explained in the text

The function of MGL1 and MGL2 expressed on DCs in antigen uptake and
presentation was examined using BM-DCs generated from BM cells of Mgll—/—
and Mgl2—/— mice. Wild-type BM-DCs expressed both MGL1 and MGL2.
Streptavidin conjugated with biotinylated GalNAc-polyacrylamide polymer
(GalNAc-SAv) was used as a model of glycosylated antigens (Fig. 11.4).
GalNAc-SAv was more efficiently internalized and presented by wild-type
BM-DCs to SAv-primed CD4" T cells than GIcNAc-SAv or SAv alone. MGL2
was suggested to be responsible for efficient binding and uptake of GalNAc-SAv by
a comparison of Mgll—/— and Mgl2—/— BM-DCs with wild-type BM-DCs
(Denda-Nagai et al. 2010).

11.5 Concluding Remarks

MGL/CD301 is a unique C-type lectin expressed by DCs and by M@s for MGL1 in
mice. Studies conducted in the past revealed that the roles of MGL are diverse
depending on the DC and M@ subsets. The origins and diversity of these subsets are
not yet fully understood. MGL will contribute to understand the diversity and

<
«

Fig. 11.3 (continued) an anti-inflammatory role in murine dextran sulfate sodium salt (DSS)-
induced experimental colitis. Body weights (Middle-right panel), hematoxylin/eosin-stained sec-
tions of colon (Middle-left panel), bleeding score in stools (Lower-left panel), and histological
scores for the damage of colonic walls (Lower-middle panel) are shown. Conceptual representa-
tion of MGL1’s anti-inflammatory role (Lower-right panel). Upon bacterial invasion into the
lamina propria, MGL1-expressing M@s initiate IL-10 secretion to combat inflammation.
Figure 11.3c has been adapted from a previous paper (Saba et al. 2009)
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diverse regulatory roles of DCs and M@s in different organs, which may require
distinct types of immunological defense.
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Chapter 12
Structural Aspects of C-Type Lectin
Receptors

Atsushi Furukawa, Shunsuke Kita, Takashi Tadokoro, Hideo Fukuhara,
and Katsumi Maenaka

Abstract Numerous structural analyses (X-ray crystallography and NMR) of
C-type lectin receptors (CLRs) have been performed, because CLRs are not only
attractive as important molecules in immunity and infectious diseases but also as
drug targets. In CLRs, high amino acid sequence similarity exists in the extracel-
lular carbohydrate recognition domains (CRDs), which are responsible for ligand
binding. However, recent functional analyses of CLRs implied that these molecules
recognize a wide variety of ligands in addition to saccharides, including glycopep-
tides, glycolipids, and proteins. In this chapter, we focus on structural studies of
CLRs. We first summarize the structural features conserved among the CRDs and
then describe how each C-type lectin receptor elegantly achieves its distinct ligand
specificity, by illustrating the structural aspects of several representative CLRs.

Keywords C-type lectin receptor ¢ Protein structure ¢ X-ray crystallography e
Innate immunity < Carbohydrate recognition domain ¢ Protein—protein
interaction ¢ Glycolipids ¢ Glycoprotein

12.1 Conserved Structure of Carbohydrate Recognition
Domains

In mammals, C-type lectin-(like) receptors (CLRs) play a crucial role in the
immune response to pathogen invasions and physiological homeostasis. The
CLRs are type II membrane proteins comprising an N-terminal intracellular
domain, a transmembrane region, and extracellular neck and lectin domains
(Fig. 12.1a). The CLRs are classified into 17 groups (groups I-XVII) on the basis
of their domain organization and phylogeny (Zelensky and Gready 2005). Most of
the CLRs involved in immune responses are categorized into either Group I or V,
in which the extracellular domain consists of two parts, a neck domain (N-terminal)
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Fig. 12.1 (a) Schematic representations of the domains and surface expression of CLRs are
shown. The crystal structure of a representative CLR, DC-SIGN (PDB ID: 19KI) (b), and another
example of a CLR structure, Mincle (PDB ID: 3WH2) (c), are shown. Intramolecular disulfide
bonds (C0'—C0, C1-C4, and C2-C3) are depicted by sticks. (d) Mechanism of mannose recogni-
tion by DC-SIGN. The DC-SIGN residues are represented by lines, and the complex sugar is
depicted by a stick model. The calcium ion (Ca-1) bound to the sugar is shown as a sphere. Dotted
lines indicate interactions between the protein and the sugar

and a carbohydrate recognition domain (CRD) (110-130 amino acid residues at the
C-terminus) responsible for ligand binding. Various structural studies (X-ray crys-
tallography and NMR analyses) of the CRD domains have been performed. The
structure of DC-SIGN, as a representative CRD, is shown in Fig. 12.1b. The main
body of the CRD is composed of two a-helices and a three-stranded antiparallel
B-sheet. Six cysteines (CO—C0’ and C1-C4), which are the most conserved CRD
residues, form disulfide bonds between the loops in DC-SIGN. The C1-C4 disulfide
bond links the f5-sheet and the al-helix, and the C2—C3 bond links 3 and p5. The
CO-C0’ disulfide bond is conserved in almost all of the CLRs described in this
chapter. The N-terminus and the C-terminus of the CRD approach each other, due
to the formation of the antiparallel -sheet pair (f1 and B5). Since the N-terminus is
connected to the neck domain located near the cell surface, the membrane-distal
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Table 12.1 Summary of the features of the CLRs described in this chapter

Number
of
Ligand Name of | calcium Binding
category | Ligand protein ions Calcium ion | site PDB ID
Glycan
High-mannose sugar, | DC- 3 Dependent | Top 1K9I,
fucosylated SIGN ISLS
oligosaccharides
High-mannose sugar | DC- 3 Dependent | Top 1K9J
SIGNR
Sialic acid/dextran SIGN-R1 |1 Dependent | Top 4CAJ,
sulfate 4C9F
High-mannose sugar, | Langerin |1 Dependent | Top 3P5D,
B-glucan 3PSE,
3P5F
Bisecting DCIR2 1 Dependent | Top 3VYK
N-acetylglucosamine
Glycolipid
TDM Mincle, 2,1 Dependent Top 3WH2
MCL and
3WHD
Lipopeptide
Oxydized Lox-1 0 Independent | Top 1YPO,
low-density 1YPQ.. ..
lipoprotein
Glycopeptides and proteinaceous ligands
Sulfated sugar P-selectin | 1 Dependent | Top 1G1S
Rhodocytin (snake CLEC-2 |0 Independent | Side 3WWK
venom toxin)
Podoplanin 3WSR
KACL NKp65 0 Independent | Top 410P
HLA-E CD9%4/ 0 Independent | Top 3CIL
NKG2A
complex
E-cadherin KLRG1 0 Independent | Top 3FF7 and
3FF8
SAP130 Mincle 2 Independent | Top(?) 3WH2
&)
Actin filament CLEC9A |1 Independent | Top(?) 3VPP
&)

face of the CRD is reasonably exposed to the outside for ligand binding. Four Ca**
ion-binding sites (sites 1-4) are often found in CRD domains (Fig. 12.1b, c). Site
1, at the membrane-distal face of the CRD, is the most conserved and essentially
responsible for Ca**-mediated sugar-binding. Sites 2 and 3 mainly contribute to
additional recognition of sugar moieties (details in Sect. 12.3). In contrast, the Ca**
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ion at site 4, which is coordinated by the a2-helix and the P1/B5-sheet, is not
involved in ligand binding, but probably contributes to protein stability. Some
CLRs lack Ca** ion-binding sites and instead utilize the “top” face to bind lipids
or protein ligands, rather than sugars. Interestingly, CLRs often form homodimers,
as observed in crystal structures and biochemical analyses (gel filtration, ultracen-
trifugation, etc.). Some CLRs further form heterodimers, to achieve efficient ligand
binding using both membrane-distal surfaces. Moreover, various CLRs form tri-
mers via the neck domain. Accordingly, CLRs adopt monomer/dimer/trimer/olig-
omer states to achieve appropriate signaling, but their mechanisms are not fully
understood yet.

In the following sections, we take a closer look into the detailed structural
characteristics of individual CLRs and discuss their substrate specificities mediated
by their amino acid sequences and structural differences. The structural properties
of the CLRs described in this chapter are summarized in Table 12.1.

12.2 Mono-/Oligosaccharide Recognition

The CRD of rat mannose-binding protein-A (MBP-A) complexed with Mang-
GalNAc,-Asn was the first crystal structure determined of the complex between a
CLR and a carbohydrate (Weis et al. 1992). As mentioned above, CRDs have a
conserved Ca>* ion (site 1), and in the case of the MBP-A complex, it electrostat-
ically interacts with the 3- and 4-position hydroxyl groups of the mannose. CLRs
also have the“Glu-Pro-Asn (EPN)” or “Gln-Pro-Asp (QPD)” sugar-binding motifs.
Like MBP-A, CRDs with EPN motifs engage the equatorial/equatorial arrangement
of the 3-OH/4-OH of the bound sugar residue, such as in glucose,
N-acetylglucosamine, and mannose (Fig. 12.1d). In contrast, CLRs with QPD
motifs engage the equatorial/axial configuration of 3-OH/4-OH, such as in galac-
tose and N-acetylgalactosamine. The “Trp-Asn-Asp (WND)” motif is also con-
served in CLRs and is involved in the Ca®* ion coordination to site 1.

DC-SIGN and DC-SIGNR are closely related CLRs expressed on dendritic cell
(DC) and endothelial cell surfaces, respectively. Both receptors recognize high-
mannose N-linked glycans on viral glycoproteins, such as HIV, but only DC-SIGN
can bind blood fucosylated oligosaccharides (Appelmelk et al. 2003; Feinberg
et al. 2001, 2007; Guo et al. 2004). In the complex structure of human DC-SIGN
with GIcNAc,-Mans, a secondary mannose binds DC-SIGN via the Ca’* ion on site
1 (PDB ID: 1K9]) (Figs. 12.1d and 12.2a). The adjacent saccharides of the second-
ary mannose also interact along the groove of the CRD surface. In spite of the axial
orientation of the 4-OH group in fucose, the al-3-linked fucose of Lewis™ trisac-
charide also bound to Ca** on DC-SIGN, with separated galactose recognition
(PDB ID: 1SL5 and Fig. 12.2b). Recently, the complex structures of the macro-
phage receptor SIGN-R1/CD209b, one of the mouse homologs of human
DC-SIGN, with a2-6 sialic acid or microbial dextran sulfate (DexS) were reported
by Silva-Martin et al. (2014). SIGN-R1 bound to the glucose of DexS at the
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Fig. 12.2 CLRs with the “EPN motif” have versatile oligosaccharide recognition mechanisms.
The human DC-SIGN with GlcNAc,~Man; (1K9I) (a), DC-SIGN with Lewis™ trisaccharide
(1SL5) (b), Langerin with 6SO,~Galp1-4GIcNAc (3P5I) (c), and mouse DCIR2 with bisecting
N-acetylglucosamine (3VYK) (d) are shown. The sphere indicates the Ca-1 ion. The dotted lines
in (c) represent the unique interactions between the lysines of DC-SIGN and the negatively
charged moiety, mainly the sulfate group, from 6SO,—Galp1—-4GlcNAc. The “EPN motif” in
each CLR is colored differently and depicted by sticks

conventional calcium-binding site (site 1), regardless of the presence or absence of
sulfate (PDB ID: 4C9F). Interestingly, sialic acid binding to the CRD of SIGN-R1
was observed on the outside of the EPN loop surrounding site 1 (PDB ID: 4CAJ).
These characteristics suggest that SIGN-R1 may simultaneously bind to sialic acids
on antibodies and immunoglycoproteins such as Clq complement factor and
microbial polysaccharides, in the innate immune response to pathogen invasion.

Langerin (CD207/CLEC4K) is expressed on Langerhans cells (LCs), as well as
some dermal and splenic DCs, to mediate immune responses (Valladeau
et al. 2000). Langerin has a neck region for trimerization and a CRD that binds
various mono- and oligosaccharides of endogenous and pathogenic glycans, in a
calcium-dependent manner (Chatwell et al. 2008; Stambach and Taylor 2003).
Feinberg et al. determined the crystal structures of the human Langerin CRD
complexed with oligomannose, the blood group B antigen, and a f-glucan repre-
sentative (Feinberg et al. 2011). In these complex structures, the Langerin CRD
recognizes only a single sugar via the site 1 Ca®* ion (PDB IDs: 3P5D, 3P5E, 3P5F,
and 3P5I). The complex structure of Langerin with the 6SO,—~Galp1-4GIcNAc unit
from keratan sulfate revealed a unique interaction. Although Langerin has the EPN
motif, which is suitable for mannose binding, the 3- and axial 4-OH groups of
galactose in this unit were recognized via the site 1 Ca”* ion. The salt bridges
among Lys299, Lys313, and the sulfate group are essential to hold this ligand
(Fig. 12.2¢). These structures revealed the diversity of the interactions as well as the
difficulty in predicting CRD ligands.

In 2013, Nagae et al. reported the complex structure of mouse dendritic cell
immunoreceptor 2 (DCIR2)/CLEC4a CRD with a biantennary complex-type gly-
can containing bisecting N-acetylglucosamine (GlcNAc) (Nagae et al. 2013).
DCIR?2 is one of the mouse homologs of human DCIR. Both human DCIR and
mouse DCIR2 are expressed on DCs as inhibitory receptors, with an intracellular
immunoreceptor tyrosine-based inhibitory motif (ITIM). While human DCIR was
shown to bind fucose and mannose preferably (Lee et al. 2011), Nagae et al. found
that the mouse DCIR2 recognizes bisecting GIcNAc specifically. In the
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co-crystallized structure of mouse DCIR2 with a hexasaccharide bearing a bisecting
GIcNAc, the calcium ion in site 1 was coordinated by the acidic side chains of the
EPN motif residues (PDB ID: 3VYK and Fig. 12.2d). The hydroxyl groups of the
primary-binding mannose and the branched GlcNAc interact with the DCIR2
residues, either directly or in a water-mediated fashion. The position of the
primary-binding mannose overlapped well with the mannose on Langerin (PDB
ID: 3P5D), but it faced the opposite direction to mannose on the DC-SIGN complex
(PDB ID: 1K9I). While the precise ligand for human DCIR is still unknown, a
different ligand recognition pattern is predicted because it has the EPS motif,
instead of EPN, with a set of longer a3—3 and p3—p4 loops than DCIR2.

12.3 Glycolipid Recognition (Mincle and MCL)

Macrophage inducible C-type lectin (Mincle) and macrophage C-type lectin (MCL)
reportedly bind a glycolipid, trehalose dimycolate (TDM), from a mycobacterium.
Mincle can also bind to other glycolipids, such as gentiobiosyl diacyl glycerides
from M. pachydermatis and glycerol monomycolate. To understand the substrate
specificity, structural analyses of Mincle were performed by two groups indepen-
dently. Feinberg et al. reported the crystal structures of bovine Mincle (PDB ID:
4KZW), whereas we solved the crystal structures of human MCL (PDB ID: 3WHD)
and human Mincle (PDB ID: 3WH3) (Feinberg et al. 2013; Furukawa et al. 2013).
The crystals of bovine and human Mincle were grown under similar low-pH
conditions with citrate buffer. In both structures, citrate binds the Ca>* ion at site
1, which was predicted to be the primary sugar-binding site, but the binding modes
of the citrate molecules in the two complexes are slightly different. We also
reported the citrate-unbound structure (PDB ID: 3WH3). These crystals grew at
neutral pH, and the structure superimposed well on the citrate-bound form (RMSD
= 0.12 A). These results indicated that citrate might be a (weak) ligand of Mincle,
and its binding does not cause a large structural change.

Feinberg et al. successfully crystallized bovine Mincle complexed with trehalose
(PDB ID: 4KZV) (Fig. 12.3c) under virtually identical conditions to those used for
the citrate-binding form of bovine Mincle. In the trehalose-bound Mincle, a loop
composed of Leul72 to Aspl77 is located closer to the site 1 Ca** ion. This
structural change is caused by the formation of an electrostatic network among
Asp193, Glul76, the site 1 Ca®* ion, and the site 3 Na* ion. They found that the
surface of bovine Mincle near the primary sugar-binding site possesses a hydro-
phobic channel, running between Phe197/Phe198 on one side and Leul72/Vall73
on the other side. The entrance of this hydrophobic channel is located adjacent to
the 6-OH group of the glucose residue at the primary binding site. The acyl chain is
extended from the 6-OH group in TDM and would interact with the hydrophobic
channel. Structural modeling revealed the binding mode of the octanoic acid
attached to this 6-OH group of the primary glucose. The decreased affinity for the



12 Structural Aspects of C-Type Lectin Receptors 185

Fig. 12.3 Comparison of the ligand recognition patterns of CLRs. (a—¢) Complex structures of
DC-SIGN with oligomannose (a), DCIR2 with bisecting GlcNAc (b), and Mincle with trehalose
(c). (d) Crystal structure of Lox-1. Predicted lipid-binding positions are shown by dotted lines in
(c) and (d). (e, h) CLEC-2 in complex with podoplanin (e) or rhodocytin (h). (f) The NKG2A
heterodimer with CD94 interacting with HLA-E. (g) KACL recognizes NKp65 as a homodimer.
The CLRs are shown in the same orientation, as gray cartoon models. Sugar and protein ligands are
represented by black sticks and cartoons with surfaces, respectively. Calcium ions bound for
ligand interactions are shown as spheres

acyl trehalose, by either the Val173 or Phe197/Phe198 mutation of Mincle, proved
the validity of this model. In addition, we also provided a glycolipid-binding model
of human Mincle, by the superimposition of the human Mincle—citrate complex on
the DC-SIGNR-mannose complex. The model of the trehalose moiety from TDM
was placed on the sugar-binding site of Mincle, in a similar manner to the mode of
mannose binding to DC-SIGNR. This suggested that a hydrophobic region located
at the sugar-binding site could interact with the mycolic acid attached to the glucose
6-OH of TDM. The mutagenesis within this region of Mincle reduced the activity in
reporter cell assays, proving the importance of the hydrophobic region for the
interaction with TDM. The predicted lipid-binding sites of the two models
described above overlapped well. Taken together, these structures suggested that
the hydrophobic residues in the vicinity of the sugar-binding domain are important
for the recognition of the lipid part of TDM.
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The crystal structure of another glycolipid-binding CLR, MCL, a close relative
of Mincle, was also reported (Furukawa et al. 2013). The structure indicated that
MCL also has a shallow hydrophobic region near the canonical sugar-binding site
(site 1), but the region is not obvious as compared to that in Mincle. This obscure-
ness may account for the weaker binding affinity of MCL with TDM than Mincle.

12.4 Lipopeptide Recognition

Lectin-like, oxidized low-density lipoprotein (LDL) receptor 1, Lox-1, is the major
receptor for oxidized LDL (OxLDL) in endothelial cells. The crystal structures of
human Lox-1 were reported independently by two different groups in 2005 (Ohki
et al. 2005; Park et al. 2005). As predicted from the amino acid sequence, the
overall structure of Lox-1 forms an atypical-type CRD fold, such as in Ly49A,
consisting of two antiparallel p-sheets and two a-helices (Fig. 12.3d). Lox-1 has
three intramolecular disulfide bonds, Cys144—Cys155, Cys172-Cys264, and
Cys243-Cys256, among which the latter two are commonly observed in all
CRDs, while the former one stabilizes the short antiparallel -sheet between
B0 and P1. The Cys140 residue, which is unique in human Lox-1, is involved in
the disulfide-linked homodimer formation, as often observed in the C-type lectin-
like NK receptors (Natarajan et al. 2002), and is necessary for the proper dimer-
ization of the Lox-1 CRDs (Ohki et al. 2005). The Lox-1 ligand-binding surface,
which corresponds to the Ca**-binding site of the sugar-binding CLRs, exhibits a
unique distribution of charged amino acids. The basic residues Arg229 and Arg231,
in the long-loop region, and Arg248 are well aligned linearly across the homodimer
surface, forming the so-called basic spine (Ohki et al. 2005). Lox-1 preferentially
associates with negatively charged ligand molecules, including OxLDL. The muta-
tions of all three residues abolished the ligand recognition, while the single muta-
tion of the basic residues, Arg229 or Arg248, did not. Furthermore, a remarkable
reduction of the LDL binding activity was observed when the Trp150 at the dimer
interface was mutated. Taken together, proper homodimer formation by Lox-1 is
quite crucial for the ligand recognition, to allow the key elements at the ligand-
binding surface to align linearly (basic spine alignment) and provide a sufficient
surface width for ligand association.

12.5 Glycopeptide and Protein Recognition

NKG2 family members are expressed on NK cells and T cells. The NKG2 family
includes five isoforms (NKG2A, C, D, E, and F), and NKG2B and NKG2H are
splice variants derived from NKG2A and NKG2E, respectively. Five NKG2 mol-
ecules (NKG2A, B, C, E, H) form disulfide-linked heterodimers with another CLR,
CD9%4 (Borrego et al. 2006), which is encoded by a single gene and has low



12 Structural Aspects of C-Type Lectin Receptors 187

polymorphism. The NKG2A/CD94 heterodimer recognizes HLA-E, an MHC
(major histocompatibility complex antigen) class I molecule. HLA-E presents the
relatively conserved leader sequence of the MHC proteins. The structure of
NKG2A/CD%4 in complex with HLA-E (loaded with an HLA-G-derived peptide)
was reported (PDB IDs: 3CII and 3CDG) (Fig. 12.3f) (Kaiser et al. 2008; Petrie
et al. 2008). The antigen-presenting regions of HLA-E, the a1 and «2 domains, with
the loaded peptide were recognized by the top CRD faces of both NKG2A and
CD9%4. The Arg(P5) residue of the peptide is recognized by both NKG2A and
CDY4, whereas Phe(P8) is only recognized by CD94. These residues are basically
conserved in the leader sequence and are dispensable for the interaction with the
NKG2A/CD94 receptor. The structure clearly explained the significance of these
residues at P5 and P8 in the HLA-E-loaded peptide.

Keratinocyte-specific C-type lectin-like receptor (KACL) is expressed in the
skin and modulates the activities of natural killer (NK) cells through its receptor,
NKp65 (Spreu et al. 2010). Recently, the crystal structure of the KACL-NKp65
complex was reported, as the first structure of a CLR—CLR complex (PDB ID:
4I0P) (Fig. 12.3g) (Li et al. 2013). KACL and NKp65 recognize each other by
utilizing the top faces of their CRDs. The KACL dimer binds two NKp65 mono-
mers independently. KACL forms a dimer in solution and crystals, while NKp65
exists as a monomer in the crystal. Thus, considering the fact that the normal state
of NKp65 is the monomer, the KACL-NKp65 complex structure suggests that the
dimerization of NKp65 upon KACL binding facilitates signal transduction.

CLECYA is expressed on the surface of dendritic cells. CLEC9A recognizes a
filamentous form of actin (F-actin), which dead cells and virally infected cells
commonly display (Zhang et al. 2012). The crystal structure of CLEC9A was
reported in the apo form (PDB ID: 3VPP) (Zhang et al. 2012). The putative ligand
recognition site of CLEC9A is similar to those of other CLRs. Two mutations
located at this face, W131A and W227A, disrupt the ability to bind F-actin,
supporting the idea that this face is a ligand recognition site.

KLRG1 is expressed on NK cells, CD4+ T cells and CD8+ T cells, and
recognizes the cell-cell adhesion-mediating molecule, cadherin. Cadherin is com-
posed of five Ig-fold domains (EC1-5). The structures of human KLRG1 (hKLRG1)
with human cadherin EC1 (hEC1) and mouse KLRG1 (mKLRG1) with or without
hEC1 were reported (Li et al. 2009), as the hKLRG1-hEC1 complex (PDB ID:
3FF8), mKLRG1 (PDB ID: 3FF9), and the mKLRG1-hEC1 complex (PDB ID:
3FF7). Cadherin (EC1) is recognized by the top of the CRD in KLRGI1. The
KLRG1 monomer binds to the cadherin monomer. The region of cadherin recog-
nized upon KLRGI binding overlaps with the homodimer interface of cadherin,
suggesting that KLRGI1 detects the cadherin monomer exposed by the destruction
of cell—cell adhesion elements.

CLEC-2 is expressed in the liver and blood cells. In platelets, CLEC-2 activation
blocks lymphaticovenous connections, leading to separate blood and lymphatic
vascular systems. CLEC-2 is unique in that it binds two different molecules,
rhodocytin and podoplanin (Suzuki-Inoue et al. 2006, 2007). Rhodocytin, a snake
venom toxin, is a heterodimeric protein composed of one a subunit and one f3
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subunit. In contrast, podoplanin is a type I sialomucin-like glycoprotein. The
binding of O-glycosylated podoplanin with CLEC-2 triggers the activation of cell
spreading, via the downregulation of RhoA activity and myosin light-chain phos-
phorylation. The structures of CLEC-2 in complex with rhodocytin (PDB ID:
3WWK) (Fig. 12.3h) or podoplanin (PDB ID: 3WSR) (Fig. 12.3¢) revealed that
CLEC-2 utilizes a unique side face for ligand binding, which is distinct from the
“top” conventional ligand recognition site of other CLRs (Nagae et al. 2014). The
binding face of CLEC-2 has positively charged patches composed of basic residues
(Argl07, Argl18, Argl52, and Argl57), which recognize the acidic residues of
either rhodocytin or podoplanin. The sugar chain of podoplanin is recognized by
Asnl105, Argl18, and Tyrl129, which are adjacent to the positive patches. The
unique binding manner of CLEC-2 suggests that CLRs may utilize all surfaces as
potential sites for the recognition of various ligands, including proteins, lipids, and
sugars.
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Chapter 13
The Ligands of C-Type Lectins

Amy J. Foster, Jessie H. Bird, Mattie S.M. Timmer, and Bridget L. Stocker

Abstract In this chapter, a comprehensive overview of the known ligands for the
C-type lectins (CTLs) is provided. Emphasis has been placed on the chemical
structure of the glycans that bind to the different CTLs and the amount of structural
variation (or overlap) that each CTL can tolerate. In this way, both the synthetic
carbohydrate chemist and the immunologist can more readily gain insight into the
existing structure-activity space for the CTL ligands and, ideally, see areas of
synergy that will help identify and refine the ligands for these receptors.

Keywords C-type lectin * Receptor ¢ Ligand ¢ Pathogen ¢ Immunity -
Carbohydrates * Glycolipids

13.1 Introduction

There has been much interest in identifying the ligands that bind to and activate
C-type lectins (CTLs) and in determining how this ligand-receptor binding modu-
lates the immune response. As illustrated in Table 13.1, most CTL ligands (CTLLs)
are from exogenous sources, although several examples of endogenous CTLLs can
also be found. Most CTLLs contain a glycan motif; however, the breath of CTLLs
is diverse and also includes proteins and oligonucleotides, as well as molecules
whose structure is still to be determined. There are also several CTLs, such as
CLECI12B, CLECI-1, DCAL-1, DCAR and mDCARI1, for which there are no
known ligands. As previous chapters in this book have focussed on the biochemical
pathways and immunomodulatory activities of the CTLs, our focus herein has been
to showcase the CTLLs and, where relevant, to highlight the degree of structural
variation each CTL can tolerate. By doing so, we hope to equip the reader with a
more readily digestible data set on the vast array of CTLLs and to encourage natural
products or synthetic chemists to identify new, or further refine, ligands for these
receptors.
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13.2 C-Type Lectins Containing ITAM-Like Signalling
Motifs

13.2.1 Dectin-2

Dectin-2, otherwise known as CLEC6A, is an FcRy-coupled receptor found on
macrophages (Mgs), monocytes and several subsets of dendritic cells (DCs)
(Sancho and Reis e Sousa 2012). Binding assays have demonstrated that the
extracellular portion of Dectin-2 can recognise the hyphal portions of Candida
albicans, Microsporum audouinii and Trichophyton rubrum (Sato et al. 2006). In
addition to fungal species, Dectin-2 has been shown to recognise Schistosoma
mansoni egg antigens (Ritter et al. 2010). Although the exact ligand structure for
Dectin-2 is not well defined, carbohydrate binding studies have revealed that
Dectin-2 recognises high-mannose structures such as MangGIcNAc, (Fig. 13.1)
(McGreal et al. 2006). Here, Dectin-2 was screened against 109 synthetic carbohy-
drates, and although Dectin-2 displayed the highest specificity for MangGIcNAc,, it
also recognised MangGlcNAc, and Man;GIcNAc,. Dectin-2 has also been shown to
bind a-mannans of fungal cell walls (Saijo et al. 2010).

Dectin-2, in cooperation with Mincle, has been shown to recognise the patho-
genic fungus Malassezia. Using solvent-based fractionation, it was determined that
Dectin-2 recognised the hydrophilic components of Malassezia, and with the aid of
mass spectrometry and NMR analysis, an O-linked mannobiose-rich glycoprotein
was determined to be the Dectin-2 ligand (Ishikawa et al. 2013). The mannose-
capped lipoarabinomannan LAM from mycobacterial species has also been identi-
fied as a ligand for Dectin-2 (Yonekawa et al. 2014). Moreover, Dectin-2 recognises
a ligand on CD4"CD25™" T cells; however, the exact ligand structure is unknown
(Aragane et al. 2003).

13.2.2 MDL-1

MDL-1 (myeloid DAP12-associating lectin-1 or CLEC5A) is a CTL expressed on
the cell surface of monocytes, M@s and osteoclasts (Sancho and Reis e Sousa 2012).
MDL-1 has been shown to bind the dengue virion (DV), resulting in DAP12
phosphorylation and cytokine production (Chen et al. 2008). If, on the other
hand, the DV-MDL-1 interaction is blocked with monoclonal antibodies, symptoms
associated with DV infection, such as plasma leakage and vital organ
haemorrhaging, were reduced in a murine model. In addition to the dengue virion,
MDL-1 also directly interacts with the Japanese encephalitis virus and induces
cytokine production by M@s (Chen et al. 2012). MDL-1 knockout or blocking with
an MDL-1 antibody was shown to reduce the symptoms of arthritis, which indicates
that there may be an unidentified self-ligand for MDL-1 (Joyce-Shaikh et al. 2010).
The same authors later proposed that galectin-9 was a ligand for MDL-1 and
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Fig. 13.1 Representative ligands for ITAM-like and Hem-ITAM-like receptors

demonstrated that treatment with galectin-9 intensified disease in a murine model of
arthritis (Joyce-Shaikh et al. 2014).

13.2.3 BDCA-2

Blood dendritic cell antigen 2 (BDCA-2, also known as CLEC4C or CD303)
belongs to the group II ITAM-coupled family of myeloid CLRs. BDCA-2 expres-
sion is restricted to human plasmacytoid DCs (Dzionek et al. 2001), and the
targeting of antigens to this receptor has been suggested to be a promising strategy
for inducing antigen-specific tolerance. BDCA-2 was first shown to bind the HIV
protein, gp120, leading to the inhibition of toll-like receptor (TLR)-9-mediated
activation and interferon (IFN)-y secretion in plasmacytoid DCs (Martinelli
et al. 2007), while more recently it was determined that BDCA-2 recognises
complex-type sugars that have lost their terminal sialic residues (Fig. 13.1), such as
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Galp1-4GlcNAcpB1-2Mana1-3(Galp1-4GlcNAcP1-2Manal-6)-Manf1-4GIcNAcf1-
4GIcNAcp and Galp1-3GlcNAcP1-2Manal-3(Galp1-3GlcNAcp1-2Manal-6)-
Manp1-4GlcNAcf1-4GIcNAcp (Riboldi et al. 2011). The recognition of
complex galactose-terminated glycans by BDCA-2 has been suggested to be a
mechanism that tumour cells or invading pathogens use to downregulate IFN-y
production and immune surveillance.

13.2.4 Mincle

Macrophage-inducible C-type lectin (Mincle, CLEC4e or CLEC9) is a group II
FcRy-coupled receptor that is expressed in low levels on Mgs and DCs (Sancho and
e Sousa 2012). In a ligand-binding study that employed an NFAT-GFP reporter cell
line and Mincle-deficient mice, it was demonstrated that trehalose dimycolate
(TDM), the most abundant glycolipid in the mycobacterial cell wall, is a ligand
for Mincle (Ishikawa et al. 2009). TDMs consist of a trehalose disaccharide core
bound to two mycolic acid chains, which can be of varying structural complexity
(Fig. 13.1). Additionally, both human and murine Mincle have been shown to
recognise the yeast species Candida albicans (Bugarcic et al. 2008; Wells
et al. 2008) and the fungal species Malassezia (Yamasaki et al. 2009). In
Malassezia fungal species, specific mannitol-containing ligands were identified as
direct ligands for Mincle (Ishikawa et al. 2013). Mincle has also been shown to
sense dead cells through a protein component of small nuclear ribonucleoprotein
(SAP30) (Yamasaki et al. 2008).

Structure-activity relationship studies have since confirmed that many simple
TDM synthetic analogues also bind Mincle. Specifically, long-chain trehalose
diesters (TDEs), including trehalose dibehenate (TDB), have been found to lead
to the robust activation of M@s (Schoenen et al. 2010; Khan et al. 2011), while more
recently it has been demonstrated that trehalose esters with only one lipid chain
(trehalose monoesters, TMEs) can also bind and activate Mincle (Stocker
et al. 2014). Moreover, functionalised trehalose glycolipids, including those
containing fluorescent reporter groups or photoaffinity probes, have also been
shown to bind and activate Mincle (Khan et al. 2013; Kodar et al. 2015). In addition
to trehalose diesters, another mycobacterial immunostimulatory lipid, glycerol
monomycolate, has been shown to activate human but not mouse Mincle (Hattori
et al. 2014). Corynomycolic esters of trehalose (TDCM) were also found to be
potent activators of both mouse and human Mincle, while 2-S-corynomycolic esters
of glycerol were found to activate human but not mouse Mincle (van der Peet
et al. 2015).
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13.2.5 MCL

Macrophage C-type lectin (MCL or CLEC4d) is another FcRy-coupled receptor
that is constitutively expressed on myeloid cells (Sancho and Reis e Sousa 2012).
MCL is thought to arise via a gene duplication of Mincle, and while MCL contains a
calcium coordination site, it does not retain the exact EPN motif of Mincle (Sancho
and Reis e Sousa 2012). The exact ligand structure of MCL is not well defined;
however, MCL has been shown to bind TDM (Miyake et al. 2013; Furukawa
et al. 2013).

13.3 C-Type Lectins Containing Hem-ITAM-Like
Signalling Motifs

13.3.1 Dectin-1

Dectin-1 (also known as CLEC7a) was the first non-toll-like receptor shown to
mediate its own intracellular signalling (Sancho and Reis e Sousa 2012). The
receptor was originally found to recognise an endogenous T-cell ligand of unknown
structure (Ariizumi et al. 2000) and has since been shown to bind other endogenous
ligands including undefined N-glycans on the surface of tumour cells, which leads
to tumour destruction by natural killer (NK) cells (Chiba et al. 2014), and vimentin
(a type III intermediate filament protein) (Thiagarajan et al. 2013). An unknown
ligand in mycobacteria also binds Dectin-1 (Yadav and Schorey 2006; Rothfuchs
et al. 2007).

The most insight into the structure of the Dectin-1 ligands, however, concerns
the ability of the receptor to bind glucans, particularly p-1,3-glucans (Fig. 13.1),
which are found in the cell wall of plants and fungi (Brown and Gordon 2001;
Sancho and Reis e Sousa 2012). Microarray studies suggest that ten to eleven
B-1,3-linked glucose oligomers are required for optimal Dectin-1 binding, and
while B-1,6-glucans of comparable length do not bind (Palma et al. 2006), branched
B-1,3-glucans do bind to the receptor (Palma et al. 2006; Adams et al. 2008). More
recent studies have demonstrated that smaller glucan mimetics can also bind
Dectin-1, as evidenced by studies using synthetic f-glu6 containing an a-(1—3)-
linked bond (Li et al. 2013) and di- and trimeric hydroxylamine-based mimetics
(Ferry et al. 2014). In the latter study, the binding of the small oligosaccharide
fragments was attributed to the increased hydrophobic interaction between the
a-face of the di- or trisaccharide and the aromatic side chains of Trp 221 ad His
223 in the binding site of Dectin-1. A distinction has also been made between the
binding of soluble and particulate glucans. Different downstream Dectin-1 signal-
ling occurs when myeloid cells come into contract with particulate -glucan, and in
particular, that prolonged Dectin-1 signalling occurs when myeloid cells come into
contact with large PB-glucan particles (Sancho and Reis e Sousa 2012). A few
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polysaccharides can also interfere with the binding of p-glucans to Dectin-1,
thereby thwarting the host immune response. These include chitin-like components
found on sclerotic cells in murine models of chromoblastomycosis (Dong
et al. 2014) and a-(1,3)-glucan, which is a cell wall constituent of most fungal
respiratory pathogens (Rappleye et al. 2007).

13.3.2 CLEC-2

Like Dectin-1, CLEC-2 (also known as CLEC-1B or CLEC-2B) also belongs to
Group V of the non-calcium-dependent CTLs. CLEC-2 was discovered with
CLEC-1 in a bioinformatics screen for NK receptors, and while mRNA for
CLEC-2 has been found in bone marrow cells, DCs, monocytes, granulocytes and
some NK cell populations, most studies have focussed on the role of CLEC-2 on
platelets (Plato et al. 2013). Several CLEC-2 ligands have been identified, including
rhodocytin (aggretin), which is an exogenous multimeric protein found in snake
venom that leads to platelet activation and aggregation and subsequent coagulation
of the blood (Suzuki-Inoue et al. 2011). Soon thereafter, the endogenous protein
podoplanin was found to be a ligand for CLEC-2 (Suzuki-Inoue et al. 2007).
Podoplanin is found in multiple cell types such as lymphatic endothelial cells,
type I lung alveolar cells and in some cancer cells and consists of the sialylated
glycan NeuAca2-3Galf1-3(NeuAca2-6)GalNAc (Fig. 13.1) conjugated via an
a-linkage to Thr52 in the platelet aggregation-stimulating domain (Kaneko
et al. 2007). Both the disialyl core and the stereostructure of the protein were
found to be critical for CLEC-2 binding, as evidenced by the observation that
CLEC-2-Fc terminal deletion mutants and human podoplanin glycopeptides
containing truncated glycans were unable to bind the receptor (Kato et al. 2008).
Fucoidan (Fig. 13.1), which is a sulphated polysaccharide from Fucus vesiculosus,
is an agonist for CLEC-2 (Manne et al. 2013), and HIV is also thought to be
recognised by CLEC-2, although it is proposed that this recognition is due to the
incorporation of a host protein into HIV during budding (Suzuki-Inoue et al. 2011).
Finally, a series of synthetically prepared nucleic acid CLEC-2 ligands (aptamers)
were identified using the systematic evolution of ligands by exponential enrichment
(SELEX) methodology (Layzer et al. 2010).

13.3.3 DNGR-1

The DC, NK lectin group receptor-1 (DNGR-1), also known as CLEC9A, is
expressed on specific subsets of DCs (Sancho and Reis e Sousa 2012). The receptor
recognises filamentous actin (F-actin), which is exposed on the surface of necrotic
cells and thus serves as an evolutionarily conserved damage-associated molecular
pattern (Ahrens et al. 2012; Zhang et al. 2012). The binding of F-actin to DNGR-1
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does not lead to pro-inflammatory responses, but, rather, signalling from the
receptor is required for antigen cross-presentation and effective immunity (Plato
et al. 2013). The ability of DNGR-1 to promote antigen cross-presentation has seen
interest in the development of a peptide-conjugate vaccine via use of an anti-
DNGR-1 antibody conjugated to the tumour-associated glycoprotein antigen,
MUCI (Picco et al. 2014).

13.3.4 SIGN-R3

Mouse SIGN-R3 (CD209d) is a receptor with endocytic activity and is part of a
cluster of mouse SIGN-R genes that are highly homologous to human DC-SIGN;
although unlike human DC-SIGN, mouse SIGN-R3 signals via a Syk-dependent
pathway (Sancho and Reis e Sousa 2012). Ligand studies using transfected
non-macrophage cell lines demonstrated that SIGN-R3 endocytosed dextran of
40 kDa or greater and zymosan (Takahara et al. 2004). A comprehensive glycan
array analysis further refined the SIGN-R3 ligands and demonstrated that SIGN-R3
preferentially binds to high-mannose glycans and fucosylated glycans, particularly
Lewis® (Le®) and Le® antigens (Fig. 13.1) (Galustian et al. 2004), with subsequent
array studies supporting these findings (Powlesland et al. 2006). SIGN-R3 has been
found to contribute to early host resistance to M. tuberculosis infection with
mycobaterial ManLAM and LM, but not AraLAM, binding and activating the
receptor (Tanne et al. 2009). More recently, SIGN-R3 has been shown to play a
role in leishmaniasis infection (Lefévre et al. 2013) and to recognise ligands in
commensal fungi and bacteria thereby potentially mediating colitis (Eriksson
et al. 2013; Lightfoot et al. 2015); however, in each study, the specific ligand was
not identified.

13.4 C-Type Lectins Containing ITIM-Like Signalling
Motifs

13.4.1 DCIR

The C-type lectin dendritic cell immunoreceptor (DCIR) is an ITIM-coupled
receptor. Human DCIR (CLEC4a) is expressed in monocytes, M@s, granulocytes,
B cells and DCs (Sancho and Reis e Sousa 2012). It has been demonstrated that
DCIR can bind HIV-1 (Lambert et al. 2008), and while the specific ligand was not
identified during this study, later work demonstrated that DCIR interacts with Le®
and Le” (Fig. 13.2), mannotriose and sulfo-Le® (Fig. 13.2) as well as the HIV-1-type
glycoprotein, gpl40 (Bloem et al. 2014). In a competitive binding study that
compared the binding characteristics of several CTLs, DCIR was found to bind
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DCIR ligands Mycobacterial glycolipid ligands of DC-SIGN
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Fig. 13.2 Representative ligands for ITIM-like and ITAM-ITIM-independent CTLs

mannose- and fucose-based ligands as well as thio-linked Gal-, GalNAc-, Glc- and
GIcNAc-BSA (Lee et al. 2011). In an additional study, it was demonstrated that
purified DCIR could bind the glycan structures Le® and Mans; however, this
binding was not detected when the DCIR was expressed on the cell surface
(Bloem et al. 2013).

13.4.2 DCIR-1 and DCIR-2

Four DCIR homologues have been identified in mice (DCIR-1-4); however, only
DCIR-1 and DCIR-2 contain an ITIM sequence. DCIR-1 is expressed in B cells,
monocytes, M@s and DCs; however, very little is known about its ligands (Sancho
and Reis e Sousa 2012). DCIR-2, on the other hand, is expressed on DCs and has
been found to specifically bind N-glycans that incorporate bisecting N-acetyl-
glucosamine (a -GlcNAc moiety attached to the N-glycan f-mannose 4-position)
(Nagae et al. 2013). Here, the authors noted that DCIR-2 primarily recognises two
residues including the GIcNAcpl-2Manal-3- and bisecting GIcNAc residues
(Fig. 13.2).
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13.4.3 MICL

Human myeloid inhibitory C-type lectin (MICL also known as DCAL-2, KLRL-1,
CLL-1 and CLEC-12a) is an ITIM-coupled receptor expressed in granulocytes,
monocytes, M@s and DCs (Sancho and Reis e Sousa 2012). Murine MICL on the
other hand is expressed in myeloid cells, B cells, CD8™" T cells and bone marrow
NK cells. Using flow cytometry and an Fc-mMICL fusion protein, MICL was found
to bind several endogenous ligands from the heart, lung, liver, spleen and kidney
(Pyz et al. 2008). More recently, MICL was determined to be a receptor for dead
cells derived from 293T cells or thymocytes (Neumann et al. 2014). Here, ligand-
binding studies demonstrated that both human and mouse MICL can recognise uric
acid crystals (monosodium urate, Fig. 13.2), which are well-known cell death
danger signals (Neumann et al. 2014).

13.44 LY490

Mouse Ly49Q (Klral7) is an inhibitory receptor that is expressed in Ly6C/G™
myeloid precursors, immature monocytes and plasmacytoid DCs (Sancho and
Reis e Sousa 2012). Reporter cell analysis was employed to demonstrate that H-2
P_derived tumour cells contain a high-affinity MHC-Ia-like ligand for LY49Q (Tai
et al. 2007). In a subsequent study, LY49Q was identified as a direct receptor for
MHC-I in mice (Scarpellino et al. 2007).

13.5 ITAM-ITIM-Independent C-Type Lectins

13.5.1 DC-SIGN

Dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN), also known as CD209, is a CTL involved in DC-T-cell contact.
DC-SIGN has a single carbohydrate recognition domain (CRD) and binds branched
D-mannose and L-fucose motifs common on pathogen surfaces (Sancho and Reis e
Sousa 2012), with clustering of the lectins resulting in the formation of tetramers to
enhance ligand binding (Mitchell et al. 2001). High-mannose oligosaccharide
ligands include mannan, mannosylated lipoarabinomannan (ManLAM, Fig. 13.2)
(Maeda et al. 2003), phosphatidyl-myo-inositol mannosides (PIM, Fig. 13.2)
(Driessen et al. 2009) and MangGIcNAc, (Fig. 13.1), whereby the latter binds
DC-SIGN with 130 times higher affinity than mannose (Mitchell et al. 2001).
DC-SIGN has a higher affinity for L-fucose than mannose and recognises branched
fucosylated structures with terminal galactose residues, such as the Lewis antigens
(Coombs et al. 2005), in particular Le* and possibly LDNF (Fig. 13.2) (van Die
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et al. 2003). DC-SIGN binds Helicobacter pylori (Miszczyk et al. 2012) and
S. mansoni (Meyer et al. 2005) through the Le* and Le” antigens, while Mycobac-
terium tuberculosis is recognised via ManLAM (Maeda et al. 2003), PIM (Driessen
et al. 2009) and a-glucan (Geurtsen et al. 2009), as well as further unidentified
ligands (Ehlers 2010). Although this implies broad specificity for branched sugars,
DC-SIGN discriminates between ligands through secondary binding sites and the
o/p-linkage of adjacent saccharides (van Die et al. 2003). The signalling pathways
induced by DC-SIGN are dependent on the nature of the ligand, leading to endo-
cytosis or modulation of gene expression (Sancho and Reis e Sousa 2012). Endog-
enous ligands include tumour-associated glycoprotein-72 (TAG-72) (Laskarin
et al. 2011) and semen clusterin (Sabatte et al. 2011), while DC-SIGN acts as a
receptor for HIV through binding to the HIV-1 gp120 envelope protein (Curtis
et al. 1992).

13.5.2 L-SIGN

L-SIGN or DC-SIGNR (also known as CD299, CD209L and CLEC4M) is a type 11
transmembrane C-type lectin receptor with 77 % sequence homology to DC-SIGN.
In contrast to DC-SIGN which is expressed on DCs, L-SIGN is highly expressed on
liver sinusoidal cells, endothelial vascular cells and in the lymph nodes. Like
DC-SIGN, L-SIGN has high-affinity binding to a variety of ligands, including
ICAM-3, HIV gpl120-binding protein, simian immunodeficiency virus, Ebola
virus, hepatitis C virus and respiratory syncytial virus. The CRD of L-SIGN
binds the Man9GIlcNAc2 oligosaccharide (Fig. 13.1) 17-fold more tightly than
mannose, and its affinity for a glycopeptide bearing two MangGlcNAc, oligosac-
charides is further increased by fivefold to 25-fold. These results indicate that the
CRDs contain extended or secondary oligosaccharide binding sites. When the
CRDs are clustered in the tetrameric extracellular domain, their arrangement pro-
vides a means of amplifying specificity for multiple glycans on host molecules
targeted by DC-SIGN and L-SIGN (Mitchell et al. 2001).

13.5.3 SIGN-RI

The mouse CTL-specific ICAM-3 grabbing nonintegrin-related 1 (SIGN-R1,
CD209b) is a homologue of hDC-SIGN and is expressed on a limited subset of
Mes and endothelial cells with a cell-specific expression similar to that of
hL-SIGN. SIGN-R1 binds mannose- and fucose-containing ligands and Lewis
blood antigens, thereby mirroring the specificity of hDC-SIGN and hL-SIGN, but
in addition, SIGN-R1 also interacts with sialylated Le* (Galustian et al. 2004;
Koppel et al. 2005). Lacto-N-fucopentaose III (LNFPIII, Fig. 13.2) binds to the
surface of cells transfected with SIGN-R1, and binding of LNFPIII-NGC to SIGN-
R1 has been demonstrated by ELISA (Srivastava et al. 2014). SIGN-R1 binds
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zymosan, a glucan with repeating glucose units connected by p-1,3-glycosidic
linkages, and the capsular polysaccharide of Streprococcus pneumoniae, and
while SIGN-R1-Fc did not interact with dextran, which contains a combination of
a-1,3- and a-1,6-glucose linkages, cellular-expressed SIGN-R1 does interact with
dextran, as demonstrated by several groups (Geijtenbeek et al. 2002; Kang
et al. 2003).

13.5.4 LSECtin

Liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin,
CLEC4QG) is a ~40 kDa type II integral membrane protein with a single C-type
lectin-like domain, closest in homology to DC-SIGNR, DC-SIGN and CD23 (Liu
et al. 2004). LSECtin functions as an attachment factor for Ebola virus and SARS,
but it does not bind HIV or hepatitis C virus (Gramberg et al. 2005). LSECtin
exhibits ligand-induced internalisation, and its sugar recognition specificity differs
from that of DC-SIGN, as sugar-binding studies indicate that LSECtin specifically
recognises N-acetyl-glucosamine (Dominguez-Soto et al. 2007) and L-fucose (Liu
et al. 2004), whereas no LSECtin binding to mannan, N-acetyl-galactosamine and
galactose were observed. The presence of LSECtin on myeloid cells should there-
fore contribute to expanding their antigen-capture and pathogen-recognition
capabilities.

13.5.5 Langerin

Langerin (CLEC4K, CD207) is a type II transmembrane receptor with an extracel-
lular region consisting of a neck and a C-terminal C-type CRD and is highly
expressed on Langerhans cells, CD103" DCs and splenic CD8" DCs. Langerin
recognises a wide array of carbohydrates including mannose, fucose and GIcNAc
structures and especially ManoGIlcNAc, (Stambach et al. 2003). Langerin also
recognises the difucosylated oligosaccharide Le* (Holla et al. 2011) and Le*-type
sequences that are sulphated at the 6-position of the outer galactose (6'-sulfo-3'-SLe
*, Fig. 13.3). This specificity is unique among the CTLs and contrasts markedly
with the selectins which bind the analogous Le™ structures that are sulphated at the
3-position of the galactose. Of the sulphated saccharides, Langerin has also been
shown to bind dextran-sulphate (Galustian et al. 2004) and 6-sulphated GIcNAc and
especially 6'-sulfo-LacNAc (Tateno et al. 2010), whereas no binding was observed
for either its positional isomer, 6-sulfo-LacNAc, or its unsulphated form. Langerin
also binds to glioblastoma tissues via Gal-6-sulphated glycans (Tateno et al. 2010).
Taken together, this suggests that the sulphate at C-6 of the non-reducing end sugar
might be important for Langerin recognition.
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Sulfated langerin ligands
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Fig. 13.3 Representative ligands for ITAM-ITIM-independent CTLs

Other studies have shown that glycosaminoglycans such as heparan sulphate
(HS) and chondroitin sulphate (CS) (preferentially 4-O-sulphated) interact with
Langerin through a Ca>"-independent glycosaminoglycan (GAG)-specific binding
site (Chabrol et al. 2012). Depending on ligand size, there are two binding modes
for HS/heparin (HEP) oligosaccharides: a Ca®"-dependent mode for small HEP
trisaccharides and binding at a positively charged groove at the interface of two
CRDs and the neck domain for large (6 kDa) HEP oligosaccharides (Munoz-Garcia
et al. 2015). Further, polysaccharides found to bind Fc-Langerin include laminarin,
fucoidan, galactan and a-mannan (Hsu et al. 2009), and langerin was shown to bind
to high molecular weight dextran (250-2,000 kDa) and zymosan, although binding
was inhibited by mannan (Takahara et al. 2004).

Langerin binds to a variety of microorganisms: langerin is a receptor for Yersinia
pestis phagocytosis and promotes dissemination (Yang et al. 2015), and
carbohydrate-dependent binding of langerin to a cell wall glycoprotein of Myco-
bacterium leprae has been observed (Kim et al. 2015). Langerin binds HIV-1,
which prevents transmission (De Witte et al. 2007). Also Candida and Saccharo-
myces species and Malassezia furfur are recognised by langerin, but very weak
binding was observed to Cryptococcus gattii and Cryptococcus neoformans. No
binding was observed for the Gram-positive bacteria Staphylococcus aureus or
Gram-negative Escherichia coli and Salmonella typhimurium (Takahara
et al. 2004). Notably, Langerin has been identified as the primary fungal receptor
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on Langerhans cells (LCs), since the interaction of LCs with fungi was blocked by
antibodies against Langerin. Langerin recognises both mannose and p-glucans
present on fungal cell walls and appears to be an important fungal pathogen
receptor on human LCs that recognises pathogenic and commensal fungi
(De Jong et al. 2010). Interestingly, common polymorphisms in human langerin
change the receptor specificity for glycan ligands (Feinberg et al. 2013).

13.5.6 MGL

Macrophage galactose-type lectin (MGL, CLEC-10A, CD301, DC-ASGPR), a type
II transmembrane receptor, is expressed on immature and tolerogenic DCs, Ms,
dermal CD1a™ DCs and blood CD1c™ myeloid DCs. MGL specifically recognises
a- and p-linked GalNAc residues (Suzuki et al. 1996), including the Tn antigen and
LacdiNAc (Fig. 13.3) and 6-substituted GalNAc derivatives such as the sialyl-Tn
antigen (Mortezai et al. 2013). In addition, MGL binds to CD45 on effector T cells
and interacts with lymphatic endothelial cells through an unknown ligand. Of the
self-antigens, MGL binds to the GalNAc moieties on the tumour-derived MUCI
and MUC?2 glycoproteins (lida et al. 1999). Pathogenic organisms that engage with
MGL include Neisseria gonorrhoeae, Campylobacter jejuni, Ebola virus,
Schistosoma mansoni (Van Vliet et al. 2005) and Trichuris suis (Van Kooyk
et al. 2015).

13.5.7 MGL-1

The mouse CTL MGL-1 (CD30la, CLEC-10a) is one of the two hMGL
orthologues with distinct carbohydrate recognition. Early studies demonstrated
that mMGL-1 recognises galactose-related structures such as Le* (Tsuiji
et al. 2002). Using a glycan array, murine MGL-1 was found to be highly specific
for Le* and Le® structures. The generation of MGL-1-Fc proteins allowed the
identification of high endothelial venules as ligands in the lymph nodes (Singh
et al. 2009), while the incubation of arrays with an MGL-1-hFc fusion protein
showed up to tenfold increased binding to multiantennary N-glycans displaying Le*
structures compared to monovalent Le* trisaccharide (Eriksson et al. 2014). In
another glycan array, MGL-1 was found to bind to a range of terminal galactose
and GalNAc glycans, which is consistent with the known galactose-binding motif
QPD in the CRD of MGL-1. In these studies, MGL-1-Fc was found to bind the
stage-specific tumour antigen Gb5 (Fig. 13.3), which suggests an association of this
interaction with tumour progression (Maglinao et al. 2014).

MGL-1 also binds Trypanosoma cruzi, presumably through surface-expressed
galactose moieties (Vazquez et al. 2014), and triggers phosphorylation of Raf-1 in
response to products excreted/secreted by the helminth parasite Taenia crassiceps,
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thereby being involved in the induction of Th2 responses against the parasite
(Terrazas et al. 2013). MGL-1 acts as an attachment and entry receptor for influenza
virus, independent of sialic acid expression (Upham et al. 2010; Ng et al. 2014).
Recombinant MGL-1 was found to bind both Streptococcus sp. and Lactobacillus
sp. among commensal bacteria isolated from mesenteric lymph nodes of mice
treated with dextran sulphate sodium salt (DSS) (Saba et al. 2009).

13.5.8 MGL-2

MGL-2 (CD301b) recognises carbohydrates containing GalNAc, which is similar
to the carbohydrate specificity of human MGL (Tsuiji et al. 2002). Using a glycan
array, MGL-2 was found to recognise GalNAc and galactose, including the
O-linked Tn- and TF-antigens and core 2 O-GalNAc glycans (Fig. 13.3). Strikingly,
MGL-2 interacted strongly with adenocarcinoma cells, suggesting a potential role
in tumour immunity (Singh et al. 2009). MGL-2 specifically binds tumour-
associated GalNAc, and modification of an antigen with GalNAc targeted the
antigen specifically to the MGL-2 on bone marrow-derived (BM) DCs and splenic
DCs and promoted antigen internalisation in DCs and presentation to CD4 T cells,
as well as differentiation of IFN-y producing CD4 T cells (Singh et al. 2011). Mice
infected with the natural rodent hookworm pathogen Nippostrongylus brasiliensis
required MGL-2" DCs for efficient Th2 development, but these cells were dispens-
able for T follicular helper or B-cell responses, as MGL-2" DC-depleted animals
showed normal levels of IgG1 and IgE antibodies (Kumamoto et al. 2013).

13.5.9 LOX-1

Lectin-like oxidised low-density lipoprotein (ox-LDL) receptor-1 (LOX-1,
CLECB8A) has been identified as the receptor for five diverse ligand classes (Chen
and Du 2007). The first class is modified lipoproteins including ox-LDL (Sawamura
et al. 1997), hypochlorite-modified high-density lipoprotein (HOCI-HDL)
(Marsche et al. 2001), carbamylated LDL (Apostolov et al. 2009), electronegative
LDL (Lu et al. 2009), apolipoprotein B (Gillotte et al. 2000; Okamura et al. 2013,
and advanced glycation end product (AGE) proteins (Jono et al. 2002). Native LDL
is not recognised by LOX-1 (Yoshimoto et al. 2011), while some studies suggest
that acetylated LDL is recognised (Shi et al. 2001), and others indicate it is not
(Moriwaki et al. 1998). The second group of ligands are polyanionic structures
including polyinosinic acid and carrageenan (Moriwaki et al. 1998). Anionic
phospholipids are also recognised, including the cellular ligands phosphatidylserine
(PS) and phosphatidylinositol (PI) (Fig. 13.3) (Oka et al. 1998), which are
expressed on apoptotic and aged cells. Cellular ligands comprise the fourth
group; however, the exact molecules recognised by LOX-1 on these cells are less
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well defined. Apoptotic cells (Oka et al. 1998), platelets (Kakutani et al. 2000) and
both Gram-negative bacteria such as Escherichia coli and Gram-positive bacteria
such as Staphylococcus aureus are recognised (Shimaoka et al. 2001). Finally, other
macromolecules that act as LOX-1 ligands include bile salt-dependent lipase (Chen
and Du 2007), heats-hock proteins (Murshid et al. 2011) and C-reactive proteins
(Shih et al. 2009).

13.5.10 Mannose Receptor

The mannose receptor (MR), also known as CD-206, is a 175-kDa transmembrane
C-type lectin widely expressed on tissue M@s and DCs (Martinez-Pomares 2012).
MR binds branched high-mannose-containing motifs, such as ManLAM (Kang
et al. 2005) and mannan (Taylor et al. 1992), and while MR preferentially binds
branched o-linked oligomannoses, its specificity is not limited to D-mannose-
containing glycoconjugates. Affinity binding competition studies demonstrate that
MR binds to glycoconjugates with the following specificity: L-Fuc = p-Man > p-
GlcNac ~ p-Gle > p-Xyl >> p-Gal = L-Ara = p-Fuc, while galactose and GalNAc
do not bind (Shepherd et al. 1981). Ligand binding is mediated by eight tandem
CRDs, and while CRDs 1-3 have weak ligand binding, CRD-4 is able to elicit
monosaccharide binding, and CRDs 4-8 are necessary for the binding of complex
glycans (Mullin et al. 1994; Taylor et al. 1992). MR has a secondary lectin binding
site located at the cysteine-rich N-terminus of the protein, and this mediates binding
to sulphated sugar residues (Leteux et al. 2000), with special affinity for GalNAc
residues sulphated at the 3- and 4-positions, including chondroitin sulphates A and
B and sulphated Le* and Le®.

Given the breath of glycans to which MR binds, the receptor is thus able to
recognise a variety of pathogens including viruses, fungi, bacteria and helminths,
resulting in their phagocytosis, and many specific allergens including Arah 1 (pea-
nut), Bla g2 (cockroach), Can f 1 (dog), Der p 1 (mite), Der p 2 (mite) and Fel d 1
(cat) (Martinez-Pomares 2012). MR also acts as a molecular scavenger, and indeed
the receptor was initially identified due to its ability to clear high-mannose-
containing glycoproteins, such as lysosomal enzymes, from blood (Stahl
et al. 1976; Martinez-Pomares 2012). Other endogenous ligands include salivary
amylase, tissue plasminogen activator, thyroglobulin and serum secretory phospho-
lipase A2-1IA (Martinez-Pomares 2012).

13.5.11 DEC-205

Mouse DEC-205 (CD205), a CTL that is highly expressed on CD8a* DCs and to a
lesser degree on macrophages, T cells, B cells, and granulocytes, recognises
plasminogen activator (PLA) expressing bacteria such as Yersinia pestis and
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Escherichia coli but not the PLA-negative controls (Sancho and Reis e Sousa 2012;
Zhang et al. 2008). Both murine and human DEC-205 (which is widely expressed)
act as receptors for dying cells (Shrimpton et al. 2009).

13.6 Summary

As evidenced above, the repertoire of CTLs and their associated ligands is
immense. Some CTLs have been studied for many years, and, accordingly, their
associated ligands are, by and large, well defined; however, for other CTLs, and
especially those that appear to accommodate a vast array of ligands, much remains
unknown about the specificity of ligand binding and how this influences the
immune response. It is without a doubt that insight into the specific ligand structure
for such CTLs will further assist in understanding how pathogens can either be
recognised by the immune system or how they can thwart the immune response.
Moreover, the association between CTLs and endogenous ligands can assist in
understanding deleterious cellular process such as tumour growth and also regular
cellular ‘housekeeping’ processes, such as debris clearance. Thus, it is imperative
that immunologists and chemists continue to work closely together in order to
determine how CTL-ligand interactions influence the many varied aspects of the
immunology.
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