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Abstract

Myeloid cells are key drivers of physiological responses to pathogen invasion or tissue damage.
Members of the C-type lectin receptor (CLR) family stand out among the specialized receptors
utilized by myeloid cells to orchestrate these responses. CLR ligands include carbohydrate, protein
and lipid components of both pathogens and self, which variably trigger endocytic, phagocytic,
pro-inflammatory or anti-inflammatory reactions. These varied outcomes rely on a versatile
system for CLR signaling that includes tyrosine based motifs that recruit kinases, phosphatases or
endocytic adaptors, as well as non-tyrosine based signals that modulate the activation of other
pathways or couple to the uptake machinery. Here, we review the signaling properties of myeloid
CLRs and how they impact the role of myeloid cells in innate and adaptive immunity.
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Introduction

Myeloid cells are the cornerstones of the innate immune system. They play a key role in
fighting infection, clearing bacteria, protozoa and viruses or releasing soluble mediators that
damage metazoan parasites. Myeloid cells, in particular dendritic cells (DC), also initiate
adaptive immune responses that help clear the pathogen and protect from re-infection.
However, not all myeloid cell functions are related to infection. Macrophages (M) and
neutrophils participate in clearance of dead cells, promote tissue repair following sterile
injury and are involved in lipid scavenging, processes that occur independently of
pathogenic insult. DCs regulate T cell tolerance to self antigens and maintain numbers and
functional competence of lymphocytes. In other words, myeloid cells play a key role in the
maintenance of homeostasis, participating in the normal physiological processes that
underlie it and responding to any perturbations that impact it. To perform these functions,
myeloid cells rely on a plethora of receptors and associated signaling pathways that allow
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them to continuously survey tissues, decode the infectious or non-infectious nature of any
alterations and mount a coordinate response designed to restore tissue homeostasis.
Receptors for cytokines, chemokines, lipids and other mediators constitute one means by
which myeloid cells detect deviation from normality. They allow myeloid cells to respond to
signals made by other cells that have sustained or been exposed to insult. Myeloid cells
additionally possess the capacity to sense insults directly, through receptors that detect tissue
damage or microbial or viral presence. These receptors prominently include members of the
C-type lectin superfamily. Some myeloid C-type lectin receptors (CLRs) detect the
molecular signatures of microbes, while others recognize damaged cells, oxidized lipids and
other self alterations indicative of abnormality. CLRs then signal to engage the endocytic
and phagocytic machinery of the phagocyte, thereby promoting the uptake of microbes,
viruses or abnormal body constituents. Signals from CLRs can additionally promote
microbicidal activity or can markedly change the transcriptome of the phagocyte thereby
reprogramming its function, including rendering DC competent to prime an adaptive
immune response. Finally, signals from myeloid CLRs can synergize with, antagonize or
modulate signals from other receptors, thereby fine tuning the response to infection or
damage. Here we discuss the signaling functions of myeloid CLRs and how they, together
with Toll-like receptors (TLRs), Nod-like receptors (NLRs) and other innate immune
receptors, confer myeloid cells with a formidable repertoire with which to assess their
environment and shape the response to pathogen invasion or to abnormal self.

C-type lectins

The C-type lectin-like domain (CTLD) (1) is a conserved structural motif arranged as two
protein loops stabilized by two disulfide bridges at the base of each loop (2). The second
loop is more flexible than the first and generally contains the ligand binding site (1). CTLD-
containing proteins, known as C-type lectins, are identified computationally on the basis of
conserved CTLD residues. They constitute a superfamily of upwards of 1000 proteins
classified into seventeen sub-groups (I — XVII) based on domain organization and
phylogeny (2). Ca?*-dependent carbohydrate binding is the most common CTLD function in
vertebrates, giving the name to the family. In those instances, the CTLD provides lectin (i.e.,
carbohydrate binding) activity and is therefore known as a carbohydrate recognition domain
(CRD). Four Ca2* binding sites are found in CRD structures but site 2 is key for
carbohydrate recognition. This site contains two aminoacids with long carbonyl side chains
separated by a cis-proline. The carbonyl side chains coordinate Ca%*, form hydrogen bonds
with individual monosaccharides and determine binding specificity: a “EPN” (Glu-Pro-Asn)
motif confers specificity for mannose-based ligands whereas a “QPD” (GIn-Pro-Asp) motif
is typical of galactose-specific CRDs. However, not all CTLDs bind carbohydrates and
calcium and many specifically recognize proteins, lipids or even inorganic ligands. The
multitude of C-type lectin ligands is consistent with structural studies demonstrating the
versatility of the CTLD scaffold, which allowed divergent evolution away from
carbohydrate binding (2).
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CLRs expressed by myeloid cells

In this review, we focus on integral membrane C-type lectins, otherwise known as CLRs,
that are expressed prominently in monocytes, M@, granulocytes and dendritic cells (DC)
and possess the ability to signal to induce or modulate gene transcription, promote
endocytosis, control microbicidal activity and/or otherwise alter myeloid cell function. Table
1 summarizes the attributes of the CLRs covered in this review; the list is not exhaustive.
Some of these CLRs, such as Dectin-1 and Dectin-2, preferentially bind to microbial
organisms and, therefore, function as “pattern recognition receptors” (PRRs) in the original
sense of the term (3). Others, such as Lox-1 or DNGR-1, primarily respond to self-ligands
such as damaged or altered self, including dead cell corpses. Yet others, such as Mincle or
DC-SIGN, have well-established ligands of microbial and self origin and may mediate
distinct responses to each.

Interest in myeloid CLRs comes from their ability to regulate homeostasis, which in turn is
dictated by their signaling properties. The latter have only recently begun to be deciphered
and cut across earlier CLR classifications. We have therefore championed the grouping of
myeloid receptors based on signaling similarities (4, 5) and adopt this principle here as an
underlying structure (Fig. 1). Nevertheless, to facilitate cross-referencing, we refer to CLR
structural classifications throughout (Table 1 and Fig. 1). We focus exclusively on CLRs
from mouse (Mus musculus; Mm) and human (Homo sapiens; Hs) and, unlike our previous
reviews (4, 5), discuss CLRs individually to allow the reader to “zoom in” on receptors of
specific interest. At the same time, as developed more extensively elsewhere (4, 5), we
attempt to highlight myeloid CLR similarities and differences and to extract some of the
emerging principles that come from recent studies uncovering their signaling properties.

With these considerations in mind, we have selected for our discussion the following CLRs
belonging to C-type lectin structural groups I, V, and VI and expressed in myeloid cells
(Table 1 and Fig. 1).

* Group II: type 1l transmembrane CLRs containing a short cytoplasmic tail, a
transmembrane domain, an extracellular stalk region, and a single CTLD possessing Ca%*
and carbohydrate binding activity (i.e., a CRD). The length of the stalk region, involved in
oligomerization, varies among members. Several sub-groups can be defined on the basis of
gene clustering (2).

* Group V: type Il transmembrane CLRs with a short cytoplasmic tail, a transmembrane
domain and an extracellular stalk region followed by a single CTLD lacking typical Ca2*
and carbohydrate binding motifs. All of these CLRs except MDL-1 are clustered on
chromosome 12p13 in human and 6F3 in mouse, the “natural Killer receptor gene complex”
that encodes CLRs expressed in NK cells. However, the receptors discussed here are those
expressed primarily by myeloid cells.

» Group VI: type | transmembrane proteins with an extracellular domain comprising an N-
terminal ricin-like domain, a fibronectin type 2 domain, followed by 8 or 10 CTLDs. The
extracellular domain is linked to a transmembrane regions and a short cytoplasmic domain.
Two CLRs from this group are expressed in myeloid cells: mannose receptor and DEC-205.
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Signaling properties of myeloid CLRs

Based on cytoplasmic signaling motifs and signaling potential, myeloid CLRs can be
grouped independently of structure into the following broad categories (Table 1):

« Syk-coupled CLRs: Syk has emerged as a major tyrosine kinase involved in the early
signaling by a subset of CLRs. CLR coupling to Syk can be indirect, through the adaptors Fc
receptor y chain (FcRy) or DAP-12, which bear classical Syk-recruiting ITAM matifs, or
direct via a single tyrosine-based motif, termed hemITAM, found in the cytoplasmic domain
of some CLRs (6). Phosphorylation of the tyrosine(s) in the ITAM or hemITAM motifs
generates docking sites for the SH2 domains of Syk, which undergoes a conformational
change permitting auto-phosphorylation and activation. Active Syk can then bind directly to
SLP-65/SLP-76, Vav, PI3K or PLCy, which in turn coordinate many downstream signaling
pathways leading to myeloid cell activation (7). We consider separately the hemI TAM-
based CLRs (Dectin-1, CLEC-2, DNGR-1 and SIGN-R3) and the ITAM-coupled CLRs
(Dectin-2, hBDCA-2, mDCAR, mDCAR1, Mincle and MDL-1).

» CLRs with ITIM domains: a distinct group of CLRs expresses ITIM motifs that recruit
phosphatases and thereby negatively regulate signaling through kinase-associated receptors,
notably the Syk-coupled CLRs. ITIM-bearing CLRs generally do not have any activity per
se but will modulate myeloid cell activation when triggered together with activatory
receptors. Myeloid CLRs included in this group are hDCIR, mDcirl, mDcir2, MICL, MJ
antigen H and Ly49Q.

e CLRs without ITAM or ITIM domains: this catch-all designation encompasses CLRs
without a clear ITAM or ITIM motif, including mannose receptor, DEC-205, DC-SIGN,
SIGNRL, Langerin, hMGL, mMgl1, mMgl2, CLEC-1, DCAL-1, MCL, LOX-1 and
LSECtin. These CLRs have endocytic activity and can mediate the capture of antigenic
cargo for processing and presentation to T cells (8). Nevertheless, triggering of these
receptors in isolation does not induce obvious signs of myeloid cell activation although it
can, in some cases, modulate the outcome of signaling by other receptors. For some CLRs
(e.g., DC-SIGN), the signaling pathway involved in modulation has been elucidated but for
most it is unknown.

1. HemITAM-based CLRs

1.1. Dectin-1 (Hs: CLEC7A; Mm: Clec7a)l—Dectin-1 is the paradigm for a CLR able
not only to promote ligand uptake, as well as engage signaling cascades that drive innate and
adaptive immunity. Mouse Dectin-1 is expressed in myeloid cells, including DCs,
monocytes, M@, neutrophils, as well as in a subset of v T cells (9, 10). The human ortholog
shows a similar expression pattern but is additionally expressed in B cells, eosinophils and
mast cells (11, 12). Dectin-1 is a PRR for p-1,3-linked glucans present in the cell wall of
fungi, some bacteria and plants (13) (14). However, Dectin-1 does not have a typical CRD
and binding to p-glucans is calcium-independent. In addition to f-glucans, Dectin-1 is
reported to bind an unidentified self ligand expressed in T cells (15).

1Gene names for each CLR are indicated in parentheses throughout this review. See also Table I.
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Dectin-1 is able to directly recruit and activate Syk upon binding to agonist ligands (6, 16)
(Fig. 2). ITAM motifs are effectively a tandem repeat of YxxL/I sequences (where x
designates any aminoacid) but the tail of Dectin-1 possesses only one tyrosine within an
YxxL motif and this tyrosine is necessary to mediate signaling via Syk (6). The Dectin-1
motif was consequently termed “hemITAM” and has since been described in the other
members of the family, CLEC-2, DNGR-1 and SIGN-R3 ((17-20) and reviewed in (4, 5)). A
conserved “DEDG” sequence precedes the YxxL in both Dectin-1 and CLEC-2 but not in
DNGR-1 or SIGN-R3, which also signal via Syk. Therefore, a consensus sequence for the
hemITAM is still missing and the motif is defined empirically by the ability of a given CLR
to directly recruit Syk via a single tyrosine.

Dectin-1 signaling through Syk in myeloid cells likely occurs through formation of dimers
as for CLEC-2 (see below) and shares similarities with antigen receptor signaling in
lymphocytes. As for the latter, signaling is affected by disruption of lipid microdomains (21)
and NF-xB-dependent transcriptional activity is a major outcome. However, unlike
lymphocytes that utilize CARMAL to couple Syk or ZAP-70 signaling to NF-xB, myeloid
cells use the adaptor CARD9 (Fig. 2). Syk triggers the recruitment of CARD9 to the
membrane (22, 23) or to phagosomes containing ingested fungal particles (24). The
CARDY/Bcl10/Malt-1 module then activates the 1xB kinase (IKK) complex for canonical
NF-xB signaling: IKK phosphorylates 1xB and promotes its degradation, allowing for NF-
kB family members to translocate to the nucleus (25)(Fig. 2). CARD9 and Bcl10 activate all
canonical NF-xB subunits whereas Malt-1 specifically activates c-Rel in human DC, which
preferentially induces IL-1 and 1L-23 p19 (26). Dectin-1 can also activate the non-
canonical NF-xB pathway (RelB) in an NF-xB-inducing kinase (NIK)-dependent but
CARD9-independent fashion (27) (Fig. 2).

Activation of NF-xB underlies the pro-inflammatory program of myeloid cell activation
(Fig. 2). Consistent with this fact, Dectin-1-Syk signaling induces DC maturation and
secretion of cytokines, including IL-2, IL-10, IL-6, TNF-a and IL-23, rendering DC fully
competent to direct priming of CD4* T helper cells, CD8" cytotoxic T cells and antibody
responses (28, 29). Notably, the CD4* T cells response includes both a Thl and Th17
component, the latter characterized by the expansion of Th17 cells, as well as Foxp3*
regulatory T cells producing IL-17 (30).

Human Dectin-1 can also induce a second signaling pathway mediated by the serine-
threonine kinase Raf-1 (Fig. 2), known for its role in the DC-SIGN signaling pathway (see
below). This is independent of Syk but converges with Syk-coupled pathways at the level of
NF-xB (27). Whereas Syk signals result in activation of the canonical and non-canonical
NF-xB pathways, Raf-1 activation results in selective phosphorylation and permits
subsequent acetylation of the NF-xB p65 subunit, as in DC-SIGN signaling (see below)
(27). Acetylated p65 can become transcriptionally active in partnership with p50 or can
sequester Syk-induced RelB into RelB-p65 inactive dimers that do not bind to DNA (27).
Overall, Raf-1 activation enhances the expression of some Syk-dependent cytokines in
human DC, including IL-10, IL-12 p35, IL-12/23 p40, IL-6 and IL-1B, but negatively
regulates the RelB-dependent cytokines, including IL-23 p19 (27). This potentiates IL-12
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p70 production by human DCs and favors induction of Thl responses downstream of
Dectin-1 (27).

The ability of Dectin-1 signaling to drive NF-kxB activation is myeloid cell type-dependent.
DC derived from bone marrow progenitors under the aegis of GM-CSF in vitro are easily
activated by Dectin-1 agonists, whereas this is not the case for DC derived using FIt3L or for
M-CSF-derived M@ (24). Much of this difference may be attributable to levels of
expression of CARD9 and/or other signaling components, which may be limiting in certain
myeloid cell types. However, pre-treatment of M@ with GM-CSF or IFN-y primes for
response to Dectin-1 engagement without affecting CARD9 expression suggesting that a
combination of limiting activatory and inhibitory factors is involved (24). The nature of the
ligand also dictates the extent to which Dectin-1 signaling results in induction of a pro-
inflammatory gene program: large particulate ligands that induce “frustrated phagocytosis”
result in increased inflammatory responses, suggesting that endocytosis attenuates Dectin-1
signaling (22, 23). Dectin-1 can bind soluble and particulate p-glucans, but a “synapse-like”
structure excluding the inhibitory phosphatases CD45 and CD148 forms only upon
interaction with particulate ligand (31). Such large scale phosphatase exclusion may prolong
Dectin-1 signaling via Syk and facilitate the activation of NF-xB when myeloid cells come
into contact with large B-glucan-containing particles. Coupling myeloid cell activation to
encounter with particulate ligands may be a means of ensuring that microbicidal responses
occur only when the cell is in contact with the pathogen and not in response to shed
microbial components (31).

In addition to NF-xB, Dectin-1 signaling results in activation of p38, ERK and JNK
cascades (28, 32) and NFAT (33) (Fig. 2). This is similar to antigen receptor signaling in
lymphocytes but different from TLR signaling, which does not appreciably induce Ca2*
elevations and NFAT activation. The Syk-NFAT axis imparts a unique pattern to myeloid
cell activation by Dectin-1 agonists that combines induction of typical pro-inflammatory
cytokines (TNF-a, I1L-6, IL-12/23 p40) with high levels of IL-2, IL-10 in DC and COX-2
and PGE-2 in M@ (6, 28, 33). NFAT activation by Dectin-1 — Syk is critically dependent on
PLCy2, which regulates Ca?* signaling and activation of the ERK and JNK pathways in
DCs (34, 35).

Apart from inducing transcriptional responses, Syk activation in myeloid cells can impact
migration, phagocytosis or microbicidal activity (7). Upon interaction of zymosan with
Dectin-1 in mouse DC, Syk activates the Rho GTPases Cdc42 and Rac-1, and triggers
pseudopod extension around the particle (6, 25, 36). Interestingly, particle uptake mediated
by Dectin-1 is not dependent on Syk kinase in M@ despite requiring the key tyrosine in the
hemITAM motif, as well as the tri-acidic motif upstream (6, 16, 36). However, reactive
oxygen species (ROS) generation within M@ phagosomes is Syk-dependent (16, 25). ROS
have a direct microbicidal role in the phagosome but also can impact IL-1f secretion by
activating the NLRP3 inflammasome, which in turns activates caspase-1 and permits
processing of pro-1L-18 (37) (Fig. 2). IL-1p is essential for antifungal immunity and NLRP3
deficient mice have been shown to be highly susceptible to fungal infection (37) although
the role of caspase-1 and of the inflammasome in human anti-fungal responses remains
controversial (38, 39). Nevertheless, the connection between Syk signaling and IL-1
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processing constitutes an example of how Syk-coupled CLRs can affect myeloid cell
function independent of a role in regulation of gene expression.

1.2. CLEC-2 (Hs: CLEC1B; Mm: Cleclb)—CLEC-2 mRNA was detected in many
myeloid cell types (40) and later shown to be highly expressed in platelets (17). Mouse
CLEC-2 is expressed by peripheral blood neutrophils and activated monocytes (41), liver
Kupffer cells (42), DCs, NK cells and B cells (43). It is a target of the Malayan pit viper
venom toxin, rhodocytin, which induces tyrosine phosphorylation and Syk, Src and Tec
kinases and PLCy-2 activation, leading to platelet aggregation and coagulation (17, 44).
CLEC-2 also possesses a self ligand, the mucin podoplanin (45). Podoplanin is a cell surface
glycoprotein found on lymphatic endothelium, stroma of secondary lymphoid organs and
some cancer cells. Podoplanin can also become incorporated in the envelope of HIV-1
produced by cultured cells, leading to virus binding to CLEC-2 (46). Notably, the interaction
of platelet-expressed CLEC-2 with podoplanin expressed on lymphatic endothelial cells has
emerged as key for the separation of blood and lymphatic vessels during embryonic
development. Indeed, mice lacking podoplanin or mice lacking CLEC-2, Syk or SLP76 in
platelets and megakaryocytes display aberrant vascular connections between blood and
lymphatic vessels, which result in bleeding into the latter (42, 47, 48).

CLEC-2 signaling in platelets has been an excellent model to study hemITAM function.
Contrary to the conventional model for ITAM activation in which Src family kinases
phosphorylate the ITAM tyrosines to allow Syk recruitment, rhodocytin induces CLEC-2
phosphorylation in platelets independently of Src kinases but dependent on Syk itself (49).
This is reminiscent of a model proposed for B cell receptor signaling where receptor
clustering and local phosphatase exclusion are sufficient to induce a low level of ITAM
phosphorylation, which is then sustained and propagated by the kinase activity of Syk itself
(50). Signal initiation is also dependent on translocation of CLEC-2 to lipid rafts, actin
polymerization, Racl activation and release of ADP and thromboxane A(2) (51).

An important issue addressed by studying CLEC-2 is how a single tyrosine hemITAM can
serve as a docking site for a tandem SH2 kinase such as Syk. Mutation in either Syk SH2
domain blocks responses induced by CLEC-2 or Dectin-1 (44 and unpublished
observations), suggesting that both domains are engaged during productive signaling.
Although this may reflect binding of one SH2 to the hemITAM and of another to an
unidentified partner, an attractive hypothesis is that dimerization of hemITAM-bearing CLR
molecules allows two YxxL motifs to come together and form a “pseudo-ITAM” in trans
(52). Interestingly, stoichiometric analyses indicates that CLEC2 pre-exists as a dimer,
which is drawn into larger complexes upon ligand binding (52, 53).

Despite the ability to signal via Syk and, potentially, act in a manner analogous to Dectin-1,
the function of CLEC-2 in myeloid cells remains unclear. A chimeric Dectin-1 receptor
bearing the intracellular tail of CLEC-2 induces ligand-dependent Syk signaling and
production of TNF-a but not ROS when transfected into a M@ cell line (41). In contrast,
antibody-mediated cross-linking of CLEC-2 induces Syk signaling and activates NFAT but
not NF-xB in DC. As a consequence, CLEC-2 crosslinking with antibodies does not induce
detectable DC activation although it markedly augments production of I1L-10 and IL-2 when
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combined with a TLR stimulus (43). The NFAT axis may therefore be the most
characteristic feature of CLR-Syk signaling in myeloid cells as it can be observed even in
conditions when NF-xB activation is not apparent (43).

1.3. DNGR-1 (Hs: CLEC9A; Mm: Clec9a)—Mouse DNGR-1 (DC, NK-lectin group
receptor-1) is expressed selectively at high levels by CD8a* DC (18, 54, 55) and tissue-
resident CD103* CD11b~ DC (unpublished observations), and at lower levels by
plasmacytoid DC. In human, DNGR-1 expression appears restricted to BDCA-3* DC, one
of the factors that led to the recent identification of these cells as the putative human
equivalents of mouse CD8a* DC (56-59). The selective expression in mouse and human
CD8a*-like DC, together with its endocytic capacity, make DNGR-1 an appealing receptor
for targeting antigens to DCs (54, 55, 60). Interestingly, DNGR-1-bound antibodies are
directed to non-lysosomal compartments (19) that may overlap with endosomes targeted by
mannose receptor where crosspresentation of antigens is facilitated (61) (see below).
Consistent with that notion, antigens coupled to anti-DNGR-1 antibodies are efficiently
crosspresented to CD8" T cells by CD8a* DC (54). Antigens targeted to DNGR-1 can also
be efficiently presented by MHC class Il molecules, resulting in prolonged CD4* T cell
responses and effective help for humoral immunity (55, 62, 63).

No microbial ligand has yet been identified for DNGR-1 but the receptor binds in a Ca%*-
independent manner to an unidentified ubiquitous self ligand that is normally sequestered
inside healthy cells but exposed upon loss of cell membrane integrity (19). The latter occurs
naturally upon primary or secondary necrotic cell death and necrotic corpses bear exposed
DNGR-1 ligands, which trigger hemITAM-dependent DNGR-1 signaling via Syk in CD8a™*
DC (19). The DNGR-1 signal contributes to priming of CTL against antigens carried by the
dead cells but the mechanism involved is poorly understood (19). One possibility is that
DNGR-1 functions to activate CD8a* DC in response to contact with cell corpses,
analogous to the activatory function of Dectin-1 upon contact with fungal organisms.
However, ligation of DNGR-1 with antibodies does not result in DC activation (54, 55).
Similarly, DC activation is not seen upon engagement of chimeric receptors comprising a
Dectin-1 ectodomain fused to DNGR-1 (unpublished observations) although activation was
reported for M@ cell lines transduced with similar constructs (18). The dedicated role of
DNGR-1 in crosspriming to dead cell-associated antigens may therefore reflect an activity
other than DC activation. One hypothesis currently under consideration is that DNGR-1 may
have a function in handling of necrotic cargo, retaining it in a non-lysosomal compartment
that favors cross-presentation ((19) and unpublished observations).

1.4. Mouse SIGNR3 (Cd209d)—SIGNR3 binds mannose-containing mycobacterial
surface proteins (64). Unlike Dectin-1, CLEC-2 or DNGR-1, SIGNR3 belongs to C-type
lectin group 1l and is part of a cluster of mouse SIGNR genes highly homologous to human
DC-SIGN. Both mouse SIGNR3 and human DC-SIGN possess a YXxL/I motif in the
intracellular domain but human DC-SIGN does not couple to Syk and is not considered a
hemITAM-bearing CLR (8, 44). In contrast, mouse SIGN-R3 has been reported to signal via
a Syk-dependent pathway that results in induction of pro-inflammatory cytokines in mouse
M in response to Mycobacterium tuberculosis or its mannosylated lipoarabinomannan
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(ManLAM) component (20). Syk-dependent SIGN-R3 signaling depends on the integrity of
the tyrosine residue within the YxxlI intracellular motif (20). Therefore, mouse SIGNR3
might constitute an additional hemITAM-bearing Syk-coupled CLR located outside the
cluster that encodes the other members of the family. Other mouse SIGNR receptors do not
appear to signal via Syk (see below).

2. ITAM-coupled CLRs

2.1. Dectin-2 (Hs: CLEC6A; Mm: Clec4n)—Dectin-2 is expressed in M@, monocytes
and several DC subtypes (15, 65, 66). Dectin-2 has affinity for high-mannose structures and
binds a-mannans in fungal cell walls (67, 68). It can additionally recognize mannose-
bearing glycans in extracts of house dust mite (69) although whether the ligands are derived
from the organism in question or its commensal fungi has not been established.
Independently of fungi, Schistosoma mansoni egg extracts also trigger Dectin-2 activity in
myeloid cells (70) and a self ligand is reported to be expressed in CD4*CD25* T cells (71).

Dectin-2 lacks a clear intracellular signaling motif but associates with the ITAM-bearing
FcRy chain (72). The association with FCRYy is required for surface expression of Dectin-2
and the FcRy ITAM is subsequently required for signaling following Dectin-2 engagement
(66)(Fig. 3). In a M@ cell line, ligation of Dectin-2 induces tyrosine phosphorylation of
FcRy, Src-dependent activation of NF-xB and production of TNF-a and IL1RA (72).
Antibody crosslinking of Dectin-2 in DCs induces Syk recruitment to the phosphorylated
tyrosines in the FcRy ITAM motif and permits CARD9-dependent activation of NF-«xB (66)
(Fig. 3). In response to fungal ligands, Syk activated by Dectin-2/FcRy signaling regulates
IxBa kinase phosphorylation whereas CARD9 mediates IxBa kinase-NEMO ubiquitination,
suggesting that Syk and CARDS act in concert, and not sequentially as in Dectin-1 signaling
(73). A further difference from Dectin-1, which activates all NF-xB subunits, is that
Dectin-2 selectively activates the NF-xB subunit c-Rel, at least in human DC, through the
recruitment of Malt1, which results in the expression of Th17 polarizing cytokines IL-1p and
IL-23 (26). Dectin-2 signaling in mouse DC further triggers activation of the ERK, JNK and
p38 MAPK pathways (66).

Like Dectin-1, Dectin-2 belongs to the selective group of CLRs that links pathogen
recognition to adaptive immunity. In fact, Dectin-2 rather than Dectin-1 is the predominant
Syk-coupled receptor in the response of DC to Candida albicans and in the induction of
Th17-based immunity to the organism in mouse models (66, 68). Aside from transcriptional
outcomes, Dectin-2 signaling also promotes endocytosis and cargo uptake, facilitating
fungal cell clearance and/or presentation of fungal antigens (72). In addition, the activation
of Dectin-2 / Syk signaling in response to Schistosoma triggers ROS and potassium efflux,
leading to NALP3 activation and processing of pro-1L-18 (70), analogous to the response of
Dectin-1 to fungi (37).

An unexpected facet of Dectin-2 biology has come from the study of allergic responses.
Allergenic extracts of house dust mites or the mold Aspergillus fumigatus bind Dectin-2 to
trigger Syk-dependent arachidonic acid metabolism and rapid production of cysteinyl
leukotrienes (69) (Fig. 3). These lipid mediators mediate eosinophilic and neutrophilic
pulmonary inflammation and facilitate allergic Th2 responses (74). Thus, in addition to the
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induction of cytokines that facilitate Th17 responses to fungi, the Dectin-2 pathway induces
pro-inflammatory lipids that promote a Th2 response to some allergens. It remains to be
determined whether these two outcomes are controlled by the nature of the ligand or
whether, in fact, Dectin-2 signaling always induces a mixed Th2/Th17 response, which is
then shaped and selected through the action of other innate immune receptors. It is
interesting to note that B-glucans have also been implicated in allergic responses (75),
suggesting that Dectin-1 (or other B-glucan receptors) could, in some circumstances, also
favor Th2-biased immunity.

2.2. Human BDCA-2 (Hs: CLECA4C, CD303), mouse DCAR (Mm: Clec4bl) and
mouse MDCAR1 (Mm: Clec4b2)—Human BDCA-2, its putative mouse ortholog DCAR
and the related mMDCARL1 are encoded in a gene cluster that also includes the genes for
Dectin-2, Mincle and the DCIRs (see above and below). BDCA-2 expression is restricted to
human plasmacytoid DC and the receptor is often used as a marker for those cells (76, 77).
Mouse DCAR is expressed in DC, monocytes, M@ and B cells (78); mDCARL is expressed
in DC and CD11b* cells in a tissue-specific fashion (79). The ligands for these receptors are
not well characterized, although binding of gp120 to BDCA-2 has been reported (80).

All these receptors possess an intracellular lysine or arginine next to the transmembrane
region that promotes association with FcRy (78, 81, 82). BDCA-2 signals through FcRy/
Syk, Lyn, Btk, BLNK and PLCy2 in plasmacytoid DC but whether this results in activation
of the cells remains unclear (83): plasmacytoid DC do not express CARD9 but CARMAL,
which may impact NF-xB activation by CLR/Syk signaling (84). Suppression of type | IFN
and TRAIL secretion is the major phenotype observed upon triggering of BDCA-2 and TLR
receptors in plasmacytoid DC (81, 82, 85). Interestingly, plasmacytoid DC from systemic
lupus erythematosus patients have reduced BDCAZ2 expression and increased IFN-a
production, suggesting that downregulation of BDCA2 could be a marker for plasmacytoid
DC activation and disease severity (86).

Not much is known about the BDCA-2-like receptors in mouse. Cross-linking of DCAR
leads to signaling via the FCRy chain ITAM, calcium mobilization and tyrosine
phosphorylation (78). Antibody triggering of mMDCARL causes increased secretion of 1L-12
and reduced IL-10 in mouse CD8a* DC activated by CD40L and CpG DNA (a TLR9
agonist) (79). Consistent with a possible activatory role in DC, targeting of antigens to
mDCARL1 in vivo induces cellular and humoral responses even in the absence of adjuvants
(79). Further understanding of the role of BDCA-2-like CLRs in mouse and human will be
greatly facilitated by definition of their ligands.

2.3. Mincle (Hs: CLEC4E; Mm: Clec4e)—Mincle (Macrophage-inducible C-type
lectin) is expressed at low levels on M@ and neutrophils but is strongly increased after M@
exposure to inflammatory cytokines or TLR agonists (87). Mincle has an arginine residue in
the transmembrane region permitting association with FcRy chain (87). Ca*-dependent a-
mannose-containing Mincle ligands are found in Malasezzia fungal species, some Candida
strains and in mycobacteria (88-90). Indeed, Mincle is the receptor for the mycobacterial
glycolipid trehalose-6,6’-dimycolate (TDM), long known as a potent innate immune
stimulus and adjuvant (91, 92). Stimulation of M@ with TDM leads to NF-xB activation via

Annu Rev Immunol. Author manuscript; available in PMC 2015 June 25.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sancho and Reis e Sousa Page 11

the FCRy/Syk/CARD9 pathway and results in production of pro-inflammatory cytokines and
chemokines such as TNFa, CXCL2, CXCL1 and IL-6, as well as in nitric oxide production
(91, 92).

Mincle is also a M@ sensor for damaged cells and recognizes the self ribonucleoprotein
SAP-130 in necrotic corpses (87). The recognition of SAP-130 does not require calcium or
the canonical CRD residues, indicating a distinct binding site (87). As for TDM, SAP-130
recognition by Mincle also results in signaling via FcRy-Syk-CARD9 and in production of
TNFa and CXCL2. This pro-inflammatory response attracts neutrophils to damaged tissues,
a “sterile inflammation” reaction that is likely to be important for tissue repair (87). This
contrasts with the possible involvement of Mincle in host defense against pathogenic fungi
or mycobacteria, which would be designed to promote immunity. Consistent with the latter,
Mincle is necessary for the generation of Th1/Th17-based immunity following vaccination
using trehalose dibehenate (a synthetic analogue of TDM) as an adjuvant (92). It remains
unclear whether Mincle signals differentially when engaged by SAP-130 vs. microbial-
derived ligands or whether the difference between “sterile inflammation” and response to
infection is in fact dictated by engagement of additional receptors.

2.4. MDL-1 (Hs: CLEC5A; Mm: Clec5a)—Myeloid DAP12-associating lectin-1
(MDL-1)is expressed in monocytes, M@ and osteoclasts (93-95). MDL-1 has a short
cytoplasmic region that associates noncovalently through a transmembrane lysine with the
adaptors DAP12 or DAP-10, which bear ITAM or YINM motifs, respectively (93-95).
Phosphorylation of the tyrosine in the DAP10 YINM sequence mediates coupling to
phosphatidylinositol 3-kinase, which potentiates signaling induced via DAP-12/Syk. The
DAP10 association with MDL-1 depends almost entirely on DAP12 in osteoclasts and bone
marrow-derived M@, generating MDL-1-DAP12/DAP10 trimolecular complexes with
mixed ITAM/YINM motifs. Crosslinking of MDL-1 with antibodies results in Ca%*
signaling and acts as a positive modulator of RANKL-induced osteoclastogenesis (93, 95).
In addition, MDL-1 triggering increases joint inflammation whereas blockade or ablation of
MDL-1 markedly ameliorates disease in mouse models or arthritis (96).

The impact of MDL-1 blockade on arthritis implies the existence of an unidentified self
ligand. MDL-1-dependent pro-inflammatory responses to this ligand may, in a non-
pathological setting, promote tissue repair, similar to the role of Mincle in sterile
inflammation. In a further similarity to Mincle, MDL-1 also possesses a pathogen-derived
ligand. MDL-1 binds Dengue virus, which induces the phosphorylation of the DAP-12
ITAM and causes TNF-a production by M@ (94). Blockade of the MDL-1-Dengue virus
interaction in a mouse infection model suppresses the secretion of pro-inflammatory
cytokines but not IFN-a by M@ and prevents the severe inflammatory reaction that is
characteristic of Dengue disease (94). Thus, recognition of Dengue virus by MDL-1 could to
be a major driver of the hemorrhagic and plasma leakage shock syndrome characteristic of
lethal infection in humans (94).
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3. ITIM-based CLRs

3.1 Human DCIR (Hs: CLEC4A), Mouse Dcirl (Mm: Clec4a2) and Dcir2 (Mm:
Clec4a4)—DCIR shows specificity for mannose and fucose-based glycans (97, 98).
Human DCIR is expressed in monocytes, monocyte-derived DC, M@, granulocytes, B cells
and DCs (97, 99). There are four homologues in mouse (Dcirl to 4), but only Dcirl and
Dcir2 bear the ITIM sequence (79). Dcirl is expressed in B cells, monocytes/M@, and
dendritic cells (100, 101). Mouse Dcir2 is recognized by the monoclonal antibody 33D1,
which stains mouse CD8™ DCs (102, 103). Antigens coupled to 33D1 are directed to late
endosome-lysosomal compartments of CD8™ DCs and efficiently presented by MHC class 11
molecules (103). In humans, targeting of antigens to DCIR in vitro allows crosspresentation
to CD8* T cells by different human DC subsets including Langerhans cells (LC), blood
myeloid DCs and plasmacytoid DCs (99).

The ligands for DCIR receptors are not characterized although human DCIR has been
reported to bind HIV-1 (104). Signaling through the ITIM, however, has been studied. A
phosphotyrosine peptide encompassing the human DCIR ITIM associates with
phosphorylated SHP-1 and nonphosphorylated SHP-2 (105). Ligation of human DCIR with
HIV-1in a B cell line co-expressing CD4 led to activation of SHP-1, SHP-2, but also Syk
and Src kinases, which together controlled HIV-1 internalization and led to PKC-a, p38 and
Erk1/2 activation (106). More typically, ITIM signaling inhibits that which is initiated by
ITAMs. Consistent with that notion, Dcirl inhibits BCR signaling upon co-ligation of BCR
and a chimeric receptor containing extracellular FcyR-11B and intracellular tail of Dcirl
(100) (Fig. 4). A negative regulatory role for Dcirl in vivo is inferred from the phenotype of
deficient mice, which have increased numbers of DC and develop autoimmunity (101). In
vitro, DCIR1-deficient bone marrow cells display a higher degree of STAT5
phosphorylation in response to GM-CSF and differentiate more efficiently into DCs,
suggesting that one of the functions of DCIR1 may be to limit DC expansion (101) (Fig. 4).

Crosslinking of DCIR with antibodies inhibits TLR8-driven production of IL-12 and TNF-a
by myeloid DCs and TLR9-induced IFN-a production by human plasmacytoid DCs (107,
108) (Fig. 4). The mechanism of inhibition is not likely to be attributable to
dephosphorylation, as TLR signaling does not trigger a phosphotyrosine cascade. The
negative effects of DCIR ligation could therefore imply an indirect effect of ITIM signaling
on the activity of Syk-coupled receptors that synergize with TLRs (Fig. 4).

DCAR and DCIR share 91% amino-acid sequence identity in the CTLD region. It is likely
that they bind the same ligand and form a myeloid paired activating/inhibitory receptor
complex in similar fashion to the NK cell paired receptors. Fine regulation of the outcome of
receptor engagement in this system can be achieved by controlling of the relative expression
of the activating and inhibitory partners. In this regard, DCIR expression is downregulated
in response to signals inducing DC activation, such as CD40 ligand, LPS, TNF-a or TLR9-
triggering (97, 107). The phenomenon of activation-induced downregulation is also seen for
other inhibitory receptors (see below).

3.2 MICL/DCAL-2 (Hs: CLEC12A; Mm: Clec12a)—Human MICL (Myeloid inhibitory
C-type lectin receptor, also known as DCAL-2, KLRL-1 or CLL-1) is expressed in
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granulocytes, monocytes, M@ and DCs (109-113). Mouse MICL is expressed in myeloid
cells, but also in B cells and CD8* T cells in peripheral blood, and NK cells in the bone
marrow (113, 114). The endocytic capacity of MICL and its high expression on myeloid
cells have led to its use as an antigen targeting receptor (113). Similar to other inhibitory
CLRs, expression is down-regulated following activation with some TLR agonists (109,
114). MICL ligands have not been identified, although self ligands in mouse bone marrow,
thymus, heart, spleen and kidney have been detected (114).

Following activation, the phosphorylated ITIM of MICL recruits SHP-1 and SHP-2, but not
SHIP-1 (109, 110). A chimera comprising the Dectin-1 ectodomain fused to part of the
MICL stalk, transmembrane domain and cytoplasmic tail inhibits TNF-a production in
response to zymosan in a M@ cell line co-expressing wild type Dectin-1 (109). This shows
that MICL could potentially act as an inhibitory receptor for Syk-coupled CLRs. However,
MICL ligation with antibodies has been reported to result in p38 MAPK and ERK
phosphorylation, upregulation of CCR7 and production of low levels of IL-6, IL-10, TNF-a
and MIP-3p in human cells (112). In contrast, others have not seen cell activation after
antibody crosslinking of mouse MICL (113, 114) Anti-MICL also has differing effects when
combined with other stimuli, variably inhibiting IL-12 and TNF-a, production induced by
LPS and zymosan but increasing cytokine production induced by CD40L (112). Although
antibody crosslinking differs from ligand stimulation, these results suggest that the effect of
ITIM-bearing CLRs may not always be as simple as recruitment of phosphatases and
inhibition of Syk signaling (see below).

3.3 CLEC12B/M@ Antigen H (Hs: CLEC12B; Mm: Clec12b)—M®@ antigen H or
CLEC12B was identified in a screen for receptors similar to NKG2D, an NK and T cell
activatory CLR that recognizes cell surface ligands upregulated following DNA damage
(115). However, CLEC12B is not expressed on T or NK cells but on M@ and does not bind
NKG2D ligands. CLEC12B contains an ITIM that is able to recruit SHP-1 and SHP-2 and
inhibit ITAM signaling in an experimental setup (115). Its ligand specificity is unknown.

3.4. Mouse Ly49Q (Mm: Klral7)—The Ly49 family is expressed predominantly in T or
NK cells, but Ly49Q is absent from NK cells and, instead, expressed in Ly6C/G* myeloid
precursors, immature monocytes and plasmacytoid DCs (116-118). Ly49Q expression
decreases during monocyte maturation but, in both monocytes and GM-CSF bone marrow-
derived DC, can be induced following activation with IFN-y and IFN-a, respectively (116,
118). In contrast, expression increases during plasmacytoid DC differentiation (117). As for
other members of the Ly49 family, Ly49Q binds to MHC class | (119).

Antibody-mediated crosslinking of Ly49Q on activated M@ induces phosphorylation of the
ITIM and mediates recruitment of SHP-1 and SHP2, protein phosphorylation and
cytoskeletal rearrangements (116). The recruitment of SHPs may result in inhibition of
ITAM or TLR-induced signaling, as discussed above for DCIR ligation. In contrast, the
class | MHC-Ly49Q interaction in cis enhances plasmacytoid DC cytokine production in
response to TLR9 and TLR7 agonists by regulating endosomal dynamics (120, 121).
Ly49Q-deficient plasmacytoid DC produce lower levels of IL-12 p70 and type | IFN in
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response to TLR7 and TLR9 stimulation and Ly49Q-deficient mice infected with mouse
cytomegalovirus show a limited TLR9-driven anti-viral response (121).

In neutrophils, Ly49Q signals through SHP-1 in the steady state to inhibit Src and P13
kinases and prevent focal adhesion complex formation, thereby decreasing neutrophil
adhesion (122). In contrast, in the presence of inflammatory stimuli, Ly49Q recruits SHP-2
and Src to membrane rafts, which results in rapid neutrophil polarization and tissue
infiltration (122). Thus, Ly49Q impacts morphology and migratory capacity through the
spatiotemporal regulation of membrane rafts and raft-associated signaling molecules (122).
Ly49Q illustrates how an ITIM coupled receptor can indirectly affect the action of other
receptors, resulting in an activation readout. Moreover, it also highlights the balance
between tonically bound SHP-1, which plays a major inhibitory role in signaling, versus
induced association with SHP-2, which can act as a positive regulator (122). Thus, ITIM
signaling plays a complex role in regulating myeloid cell function, with both activatory and
downregulatory outcomes that depend on cellular context and the activity of other receptors.
As discussed above, similar complexity has been noted for ITAM-coupled receptors.

4. ITAM/ITIM-independent CLRs

4.1 Mannose Receptor/CD206 (Hs: MRC1; Mm: Mrc1)—Despite being sometimes
called “M@ mannose receptor”, MR expression is not restricted to M@, and MR is also
found on human monocyte-derived DCs, a subset of mouse DCs, and in some epithelial,
mesangial and smooth muscle cells (123). MR contains eight CRDs, with CRDs 4-8
mediating binding to high mannose, fucose, N-acetylglucosamine and sulfated glycan
structures found on the surface of many microorganisms and self molecules (124). Like
other CLRs, MR has been used as a candidate for antibody-mediated antigen delivery to
DCs but a natural role for MR in presentation of mannose-bearing ligands has been
uncovered using the model antigen, ovalbumin (OVA). MR deficiency selectively impairs
the crosspresentation on MHC class | but not the presentation by MHC class 1l of soluble
OVA offered to DC (125). This is because OVA bound to MR is routed to a specialized
EEAL* Rab5* endosomal compartment that favors cross-presentation whereas OVA taken
up independently of MR (e.g., by pinocytosis) is directed towards late endosomes/
lysosomes, which are not propitious for MHC class | crosspresentation but allow for MHC
class Il presentation (61). OVA crosspresentation additionally depends on
polyubiquitination of a single lysine residue in the tail of MR, which somehow facilitates
antigen translocation to the cytosol via recruitment of the endoplasmic reticulum protein p97
(126).

MR has a tyrosine-based motif in its intracellular tail that promotes the delivery of
mannosylated ligands to early endosomes (127). Mutation of the tyrosine reduces but does
not completely block endocytosis (128). MR has also been reported to mediate
phagocytosis, for example of Pneumocystis by human alveolar M@, a process dependent on
Cdc42 and RhoB activation and actin polymerization (129). However, when expressed in
non-professional phagocytes (e.g., CHO cells), MR does not mediate phagocytosis of
particulate ligands (130). These results raise the possibility that MR may not be able to
directly signal to mobilize the actin cytoskeleton but, rather, facilitates phagocytosis by
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other receptors present in DC or M@. In this regard, DC-SIGN can collaborate with MR in
the uptake of Candida particles and both receptors are found in yeast-containing
phagosomes (131).

The ability of MR to signal is not formally demonstrated but has been inferred from
observations on how its engagement influences myeloid cell activity. Ligation of MR in
immature monocyte-derived DC induced the production of IL-10 and IL-1Ra, leading to the
suggestion that the receptor could induce an anti-inflammatory program upon interaction
with ligands expressed on apoptotic cells (132). However, MR-deficient M@ make less
TNF-a and more 1L-10 than wild type controls in response to treatment with LPS and
apoptotic cells (133). In addition, in a mouse model of glomerulonephritis, MR deficiency
leads to reduced pathology associated with a decrease of M@ Fc-receptor mediated
functions, including phagocytosis and oxidative burst activity (133). Therefore, an anti-
inflammatory role of MR in self recognition is not clear. In contrast, such a role has been
noted in response to microbial ligands. The MR-dependent uptake of unopsonized
Pneumocystis by human alveolar M@ mentioned above is accompanied by IL-8 and MMP-9
production, but not IL-1pB, IL-6 or TNF-a; blockade or silencing of MR leads to production
of the inflammatory cytokines whereas ligation of MR reduces LPS-induced TNF-a release
(134). ManLAM from mycobacteria also interacts with MR to promote PPARYy activation
and prevent phagosome-lysosome fusion, both of which promote the intracellular survival of
the Mycobacteria (135, 136). Thus, MR binding of certain pathogens may reflect immune
subversion rather than host defense. In addition to pathogens, MR can recognize
glycosylated allergens and contributes to the Th2 polarization bias induced by DC exposed
to such allergens (137). In sum, MR engagement clearly affects myeloid cell properties but
it remains unclear to what extent this reflects direct signaling by the receptor or indirect
effects where MR favors signaling by other receptors at the cell surface or in endosomes.

4.2 DEC-205/CD205 (Hs: LY75; Mm: Ly75)—Mouse DEC-205 is expressed at high
levels in CD8a* DC and at lower levels in B cells, M@, T cells, and granulocytes. Human
DEC-205 is expressed widely. The intracellular domain of DEC-205 has a tyrosine-based
internalization signal and a tri-acidic lysosomal targeting signal. Following ligation with
antibodies, DEC-205 is internalized and targets a late endosomal/lysosomal compartment
that allows the processing of cargo for MHC presentation (138). In the case of MHC class 11,
DEC-205 targeting results in a 100-fold increase in antigen presentation compared to
targeting of MR (139). DEC-205 targeting also allows efficient delivery of antigens for
crosspresentation by mouse CD8a* DC (60) and has been proposed as a useful platform for
the development of both prophylactic and therapeutic vaccines (140). DEC-205 possesses
ten CRDs and 1gG fusion proteins made with the paired CRDs 3+4 or 9+10 are able to bind
to apoptotic cells (141). In addition, DEC-205 also mediates oxL DL uptake, similar to
LOX-1 and other scavenger receptors (142). As for ligands derived from pathogens,
DEC-205 binds to plasminogen activator (PLA) of Yersinia pestisand E. coli K12, a key
molecule involved in infection of M@ (143). Interestingly, the blockade of PLA-DEC-205
interaction with antibodies prevented infection of alveolar M@ and reduced the
dissemination of Y. pestis in mice (143). Thus, binding to PLA does not appear to reflect a
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function of DEC-205 in host defense but, rather, exploitation of the receptor by the
pathogen, as noted above for MR.

4.3 Human DC-SIGN (Hs: CD209)—Human DC-specific ICAM-grabbing non-integrin
(DC-SIGN) is expressed predominantly by human myeloid DCs. Its single CRD has a
highly conserved Glu-Pro-Asn (EPN) motif that mediates binding to internal mannose
branched structures and terminal di-mannoses, and also fucose-bearing glycans (Lewis (Le)
antigens: LeX, LeY, Le”, LeB) (144, 145). DC-SIGN ligands are broadly expressed in
pathogen, allergen and self molecules (see Table 1).

DC-SIGN bears di-leucine, tri-acidic and tyrosine-based maotifs for internalization in its
cytoplasmic tail. Similar to other CLRs, DC-SIGN mediates endocytosis of soluble cargo for
antigen presentation and has been used as an antigen targeting receptor for DCs (146). DC-
SIGN has additionally been found in phagosomes, suggesting a role in particle uptake (147).
Indeed, when expressed in non-phagocytic HeLa cells, DC-SIGN promotes uptake of E. coli
independent of the intracellular tyrosine (148), possibly through activation of Rho-GTPases
(149). Ligation of DC-SIGN with antibodies re-localizes it to late endocytic and lysosomal
compartments (146). However, it is retained in early endosomes upon uptake of HIV-1
(150), suggesting that cargo-dependent signaling dictates endocytic fate.

Apart from endocytosis, DC-SIGN also signals for modulation of gene transcription.
Crosslinking of DC-SIGN with antibodies induces ERK1/2 and Akt phosphorylation, but
not p38 MAPK activation, and potentiates IL-10 gene transcription (151). However, the
pathways stimulated by actual DC-SIGN ligands appear to be different from those elicited
by antibody crosslinking. DC-SIGN associates with the proteins LSP1, KSR1 and CNK in a
tyrosine-independent fashion (152) (Fig. 5). Upon binding of ManLAM from M.
tuberculosis, this “signalosome” promotes activation of LARG and RHOA, which act as
upstream activators of Raf-1 (149, 152, 153) (Fig. 5). As noted above for Dectin-1 signaling,
activation of Raf-1 leads to phosphorylation of the NF-xB p65 subunit on Ser276. This
phosphorylation allows binding of the histone acetyl-transferases CREB-binding protein
(CBP) and p300 to p65, resulting in acetylation of p65 (153) (Fig. 5). Acetylation of p65
increases its DNA binding affinity and enhances transcriptional output, particularly from the
IL-8, IL-12, IL-6 and IL-10 promoters (152, 153). It is important to note that DC-SIGN
cannot activate NF-kB by itself and only modulates p65 activity induced by another
receptor. Thus, a signature of DC-SIGN engagement in human DC is failure to induce
cytokines but marked potentiation of some TLR-induced cytokines such as IL-10 (151-153).

The nature of the ligand appears to regulate DC-SIGN signaling via Raf-1. High mannose
ligands from Candida or HIV-1 behave like ManLAM and induce Raf-1 activation. In
contrast, fucose-based ligands, such as Lewis antigens in the LPS of Helicobacter pylori,
cause dissociation of the “signalosome” leaving DC-SIGN associated only with LSP1 (Fig.
5). LSP1-dependent signals generated in response to fucose-based DC-SIGN ligands
synergize with signals from TLRs and result in enhanced production of 1L-10 but decreased
IL-12 and IL-6 by human DC independent of Raf-1 (152). Salp15, an immunomodulatory
protein produced by the salivary glands of Ixodes scapularisticks, also contains a ligand for
DC-SIGN. Salp15 inhibits TLR2- and TLR4-induced production of IL-12, IL-6 and TNF-a.
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Similar to ManLAM, modulation of TLR-responses is dependent on the activation of Raf-1
(154) (Fig. 5). However, in contrast to the activation of Raf-1 pathway by DC-SIGN
interaction with ManLAM, Salp15-induced signaling leads to activation of MEK, and not to
phosphorylation or acetylation of p65 NF-xB. MEK signaling enhances degradation of I1L-6
and TNF-a mRNAs, while decreased production of IL-12 results from impaired nucleosome
remodeling at the 1L-12 p35 promoter (154) (Fig. 5). In this way, Salp15 acts as an
immunosuppressive molecule in tick saliva that can facilitate transmission of tick-borne
pathogens such as Borrelia burgdorferi. In sum, signalling by DC-SIGN, whether for
endocytosis or modulation of gene expression, is markedly dependent on the nature of the
ligand. Whether the two outcomes are connected, namely whether different signalosome
modules assemble at different sub-cellular locations, remains to be determined.

4.4 Mouse SIGNR1 (Mm: Cd209b)—SIGNRL1 is encoded by the CD209b gene and is
expressed in M@ and lamina propria DCs (155-157). Confusingly, mouse DC-SIGN
(encoded by the CD209a gene) is sometimes also called SIGN-R1. Not much is known
about the function of mouse DC-SIGN although its recent identification as a marker of
mouse monocyte-derived DC is likely to spark renewed interest in the receptor (158).

SIGNR1 binds complex mannose and fucose structures in bacteria and fungi (64, 155, 156).
SIGNR1 has intracellular tri-acidic motifs and a tyrosine outside a known consensus motif.
SIGNRL1 cooperates with Dectin-1 in the non-opsonic recognition of zymosan by M@ and
contributes to the production of TNF-a (156). The latter may be due to potentiation of TLR
signaling, as SIGNRL1 associates physically with the TLR4-MD2 complex and, in
transfectants, enhances TLR4 oligomerization and the degradation of 1xB driven by LPS
(159). In addition, SIGNR1 can also potentiate production of ROS driven by Dectin-1 / Syk
signaling in response to Candida albicans (160). Therefore, SIGNR1 appears widely
involved in immune responses to pathogens in cooperation with other innate immune
receptors. As regards to direct signaling for gene expression, antibody-mediated crosslinking
of SIGNR1 on peritoneal M@ increases phosphorylation of IKK, leading to NF-xB
activation and production of IL-12 and TNF-a (161). However, SIGNR1 also has an anti-
inflammatory role and contributes to IL-10 production by M@ in response to mycobacterial
ManLAM, which also induces SOCS1 via a pathway sensitive to Raf-1 and Syk chemical
inhibitors (162, 163). Moreover, in a model of anaphylaxis, mannoside-bearing antigen
targets lamina propria DCs expressing SIGNR1 and induces the expression of 1L-10, which
promotes the generation of IL-10-secreting T cells that suppress the reaction (157). Thus,
targeting SIGNR1 in lamina propria DC could potentially be used as a strategy to prevent
food allergies.

4.5 Langerin (Hs: CD207; Mm: Cd207)—Human Langerin is expressed exclusively in
LC, whereas mouse Langerin is additionally expressed by CD8a* DC and many CD103*
CD11b~ DC (164, 165). The Langerin CRD has affinity for high mannose, fucose (Le,
LeB), N-acetyl glucosamine and B-glucans, which allows Langerin to bind many
microorganisms, including mycobacteria, fungi and HIV-1, as well as self ligands exposed
by apoptotic cells (166-168).
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Langerin recycles through early endosomal compartments and endocytosis is regulated by a
proline-rich motif in the receptor tail (164). Langerin expression in heterologous cells
promotes the formation of Birbeck granules, a Rab11* recycling endosomal compartment
characteristic of LC (164). Langerin and CD1a co-traffic through Birbeck granules and
Langerin facilitates presentation of CD1a-restricted Mycobacterium leprae antigensto T
cells by LC (168). Langerin can also bind and promote internalization of intact HIV-1
particles, leading to virus degradation (167) (see below). In summary, ligand-dependent
Langerin signaling appears to control endosomal trafficking in LC; whether it additionally
regulates DC activation remains unknown.

4.6 MGL (Hs: CLEC10A), Mgl1 (Mm: Clec10a) and Mgl2 (Mm: Mgl2)—Human
macrophage galactose C-type lectin (MGL) is expressed in subsets of DCs and M@ and is
used as a marker of alternative M@ activation because it is induced in response to IL-4
and/or IL-13 (169) (170). The presence of a QPD sequence in the CRD confers MGLs with
specificity for galactose or its derivative, N-acetyl-galactosamine (GalNAc). MGL and Mgl2
recognize glycans containing GalINAc moieties whereas Mgl1 binds preferentially to
galactose-containing LeX and Le” glycans (171). These glycans can be present in pathogens
such as Schistosoma, filoviruses or influenza virus, but are also found as O-linked
glycosylation structures on self proteins. These include neo-antigens in tumor cells (Tn-
antigen, Tf-antigen, core 2), CD45 in T cells, gangliosides, sialoadhesin or molecules
exposed in apoptotic bodies (4).

The intracellular tail is similar in the three MGLs from the two species and displays a
tyrosine-based and a di-leucine endocytosis motif. MGL mediates uptake of antigens in a
tyrosine-dependent manner and targets them to the phagolysosomal compartment (172).
GalNAc-coupled antigens bind to Mgl2-expressing mouse DC and are directed to both early
and late endosomal compartments, resulting in both presentation to CD4* T cells and
crosspresentation to CD8* T cells (173, 174). MHC class Il presentation of the GaINAc
conjugates is Mgl2-dependent although this has not been established for crosspresentation
(173, 174).

Signaling by MGLs is poorly understood. In a few mouse models, Mgl1 and Mgl2
engagement is anti-inflammatory. For example, in inflammatory bowel disease induced
using dextran sulfate, which damages gut epithelium, the recognition of carbohydrates on
invading gut commensal bacteria (including Streptococcus spp and Lactobacillus spp) by
Mgl1 induces IL-10 production by lamina propria M@ (175). Notably, Mgl1-deficient mice
show maore severe inflammation than wild-type controls (175). Apoptotic bodies, which
often are anti-inflammatory, contain ligands for Mgl1 and, in the absence of the receptor,
there is deficient removal of such bodies and early death in the developing embryo (176). In
summary, MGLs may play an anti-inflammatory role in response to exogenous or self
ligands but, as is often the case with myeloid CLRs, to what extent this involves direct
signaling by the receptors remains to be established.

4.7 CLEC-1 (Hs: CLEC1A; Mm: Clecla)—CLEC-1 is expressed at the cell surface on
DCs and endothelial cells, similar to LOX-1 (40, 177). An arginine residue in close
apposition with the predicted transmembrane region is found in both mouse and human
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CLEC-1, suggesting that it could mediate association with a signaling adaptor such as FcRy
chain. The requirement for association with an adaptor could explain why CLEC-1 is
retained intracellularly when expressed into non-myeloid cells (40, 177). CLEC-1 has also a
conserved intracellular tyrosine but it is not found within a consensus motif and may be
irrelevant for signaling. CLEC-1 ligands are unknown.

4.8 Human DCAL-1 (Hs: CLECL1)—DC-associated lectin-1 (DCAL-1) expression is
restricted to human monocyte-derived DCs and B cells (178), with no mouse ortholog
identified. Using a DCAL-1 fusion protein, a ligand was detected on CD4* CD45RA* T
cells (178).

DCAL-1 has a long intracellular tail but no clear signaling motif: it contains two tyrosines,
several serines and threonines, and a lysine in close apposition to the transmembrane region.
Antibody-mediated crosslinking of DCAL-1 on monocyte-derived DC induced
phosphorylation of INK and p44/42 MAP kinase, which resulted in increased HLA-DR
expression without affecting levels of costimulatory molecules (179). Interestingly, protein
phosphorylation was not found in tonsillar B cells upon DCAL-1 ligation (179), suggesting
possible differences in adaptors or components of the signaling pathway in lymphoid versus
myeloid cells, as discussed above for other CLRs.

4.9. MCL (Hs: CLEC4D; Mm: Clec4d)—Macrophage-restricted C-type lectin (MCL) is
expressed in resting M@ in both mouse and human (180, 181). The ligands for this receptor
are not known. MCL is encoded in the Dectin-2 cluster of CLRs, all of which bear CRDs
with classical EPN residues required for mannose binding. MCL conserves the calcium
coordination sites but not the exact EPN motif, meaning that its glycan specificity is difficult
to predict.

The intracellular tail of MCL is short and without a clear internalization motif. The receptor
also lacks a positively charged residue in or next to the transmembrane domain. However,
MCL is rapidly internalized following ligation with antibodies (181) suggesting that it might
associate with a partner chain that signals for endocytosis.

4.10. LOX-1 (Hs: OLR1; Mm: Olrl)—Lectin-like oxidized LDL receptor (LOX-1) is

predominantly expressed on endothelial cells, where it has been extensively studied in the
context of atherosclerosis. LOX-1 is also expressed in immature myeloid DCs, monocyte-
derived DCs, monocytes, M@ and B cells (182). The classic ligand for LOX-1 is oxidized
low-density lipoprotein (oxLDL) but oxidized lipids present in apoptotic or aged cells that
resemble oxLDL can also bind LOX-1 (183). LOX-1 is additionally reported to bind heat

shock proteins, which could also be exposed in apoptotic cells (184).

Mouse LOX-1 but not human bears a di-leucine motif in its intracellular tail. However, a
novel DDL endocytosis motif was identified in human LOX-1 that can transfer endocytic
activity when transplanted to other receptors (185). Additional signaling could be mediated
via a tyrosine present in human LOX-1 but not conserved in mouse. LOX-1 mediates uptake
of oxLDL and apoptotic/aged cells (183). In endothelium, LOX-1 induces RhoA and Racl
activation and signals for ROS production. Moreover, engagement of LOX-1 by oxLDL in
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endothelium can trigger activation of NK-xB, resulting in upregulation of endothelin-1,
MCP-1 and adhesion molecules (186). This effect of LOX-1 could possibly be mediated
through association with a signaling adaptor.

The role of LOX-1 in DCs is not well characterized and it is not clear whether it can also
signal to regulate gene expression in response to oxidized lipids. Similar to other CLRs from
C-type lectin group V, LOX-1 is an endocytic receptor that can be targeted in mouse DCs
for antigen crosspresentation and induction of CD8* T cell responses (187). In addition,
LOX-1 can bind HSP-70, which ferries antigens for cross-presentation (187). Blockade of
LOX-1 induced on human monocyte-derived DC by treatment with type I IFN inhibits
apoptotic cell uptake and decreases CD8* T cell cross-priming against apoptotic cell-
associated antigens (188). In summary, the scavenger role of LOX-1 combined with its
capacity to target the antigens to an adequate compartment makes it potentially an important
player in crosspresentation of cell-associated antigens by DCs.

4.11. LSECtin (Hs: CLEC4G; Mm: Clec4g)—L.iver sinusoidal endothelial cell lectin
(LSECtin) is expressed in liver and lymph node sinusoidal endothelial cells, and also on
monocyte-derived M@, Kupffer cells and DC (189-191). The CRD is highly homologous to
that of DC-SIGN, but LSECtin is restricted in binding to glycans containing terminal
GIcNAcp1-2Man disaccharides (192, 193). Such glycans are truncated complex N-linked
glycosylation structures found on some pathogen molecules, including the glycoproteins of
filoviruses and coronaviruses, and on self proteins such as CD44 (192, 194). LSECtin can
negatively regulate T cells and limit T cell-driven pathology in a hepatitis model (191). The
intracellular tail of LSECtin contains a tyrosine and a di-acidic motif, both of which regulate
endocytosis induced by antibody-mediated crosslinking (190) and may contribute to virus
uptake (195). Apart from its endocytic capacity, little is known about the signaling capacity
of LSECtin.

Myeloid CLRs as pathogen receptors

Many pathogens possess atypical glycans that serve as ligands for myeloid CLRs (Table 1).
As described above, many myeloid CLRs possess cytoplasmic motifs that engage the
endocytic and phagocytic machinery of the cell and promote the internalization of bound
pathogens, in some cases leading to their degradation, as well as to antigen retrieval and
presentation to T cells. Independent of endocytosis, some CLRs also signal to potentiate
myeloid cell microbicidal activity and contribute to innate and adaptive immunity. As such,
it is often thought that pathogen-binding CLRs act as PRRs and play a role in host defense
from infection. Actual evidence for this notion has been slow in coming, in part because loss
of a given CLR seldom increases susceptibility to infection. This is to be expected from the
fact that pathogens are complex structures and the host response to infection involves the
compensatory activities of many different innate immune receptors (196). Nevertheless,
recent developments indicate that some myeloid CLRs and their associated signaling
pathways do perform unique and non-redundant roles in protection from infection (5).

Perhaps the best example comes from the study of fungal infection. Fungal pathogens such
as Candida albicans are recognized by multiple myeloid CLRs, including Dectin-1,
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Dectin-2, MR, DC-SIGN, SIGNR1 and Mincle, as well as TLRs, NLRs and other receptors.
Nevertheless, ablation of CARD9 in mice is sufficient to abrogate both innate resistance and
the induction of a Th17 but not a Thl response to experimental Candida infection (25, 28).
The anti-Candida Th17 response has emerged as critical for protection from mucocutaneous
candidiasis in humans - patients with deficiencies in Th17-based immunity suffer from
chronic versions of the disease (197). Interestingly, paucity of Th17 cells and chronic
mucocutaneous candidiasis has also been found in one family with a mutation in CARD9
that leads to loss of protein expression (198), as well as in a family bearing a polymorphism
in Dectin-1 that leads to truncation of the extracellular domain (199). The Dectin-1
polymorphism is also associated with invasive fungal infections following stem cell
transplantation (200-202). These findings indicate that, at least in some instances, Dectin-1
and CARD?9 are indispensable for Th17-dependent human resistance to fungal disease,
underscoring the importance of CLR signaling in host protection.

Despite the fungal example, in some instances CLR binding appears to benefit the pathogen
rather than the host. A case in point is the exploitation of myeloid CLRs by HIV-1. HIV-1
gp120 binds to DC-SIGN, which leads to endocytosis and diversion of some of the virions
to an early endosomal compartment where they are protected from degradation (150). In
addition, HIV-1 induces the formation of a DC-SIGN/LARG/RhoA complex that promotes
actin cytoskeleton mobilization and formation of a synapse with T cells, which facilitates
subsequent transmission of the preserved intact virus (149). HIV-1 gp120 also targets
BDCA-2 in plasmacytoid DC and interferes with TLR9- but not TLR7-mediated responses
(80). Thus, by targeting myeloid CLRs, HIV-1 increases its infectivity for T cells and
subverts immunity. However, some CLR-HIV-1 interactions can be protective to the host:
Langerin-mediated uptake of HIV-1 by LCs directs the virus to Birbeck granules and causes
its degradation (167).

A final example is provided by Mycobacterium tuberculosis, which is recognized by MR,
DC-SIGN, Dectin-1 and Mincle, in addition to members of the TLR and NLR families (91,
147, 203-206). CLR interactions with M. tuberculosis show feature of both host defense and
exploitation by the pathogen. For example, engagement of MR by ManLAM can help M.
tuberculosis reach its initial phagosomal niche, thereby enhancing survival in human M@
(203). In addition, DC-SIGN signaling via Raf-1 enhances production of IL-10 that dampens
immunity against the pathogen (153). In contrast, the CARD9 pathway promotes pathogen
elimination and, in fact, is non-redundant for resistance to Mycobacteria in mice (207).
However, Dectin-1 deficient mice showed little reduction in bacterial burden (208) and mice
deficient in SIGN-R3 (which may also signal via CARD9) display only slightly elevated
susceptibility to infection with the pathogen (20). Mincle might therefore be the dominant
CLR in CARD9-dependent resistance to M. tuberculosis, consistent with its role in sensing
TDM (91, 92). In sum, host CLR - pathogen interactions can be beneficial to either party
and the function of CLRs in host defense needs to be assessed on an individual basis and
cannot be inferred from the capacity of a given CLR to bind to a pathogen.
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Myeloid CLRs as receptors for self ligands

Much of the biology of myeloid CLRs may have little to do with infection and is, instead,
related to the role of myeloid cells in maintaining homeostasis in the steady state. Indeed,
most CLRs, even those that recognize pathogens, have self ligands and function in cell
adhesion, migration and intercellular communication. For example, DC-SIGN expressed on
DC binds ICAM2, which regulates traffic through endothelium, to ICAM-3, which favors
interactions with T cells, or to CEACAM-1 and Mac-1 in neutrophils, which promotes DC
activation (209). The endocytic activity of MR is important for clearance of self glycans, as
MR-deficient mice have marked increases in circulating levels of glycoproteins (210). In
addition, as highlighted throughout this review, some CLRs recognize apoptotic and necrotic
cells or their products such as oxidized lipids, heat shock proteins or ribonucleoproteins.
These CLRs may serve to detect cell damage and play a role in tissue clearance and repair.
Finally, myeloid CLRs, much like receptors on NK cells and innate lymphocytes, can
recognize alterations in self that could be indicative of abnormality such as cell
transformation. For example, LeX and LeY antigens detected by DC-SIGN are rare in
normal colon epithelium, but are found on carcinoembryonic antigen expressed in colorectal
cancer cells (211). MGL binds O-linked GalNAc residues that are expressed as neo-antigens
in tumor cells (212). Podoplanin, the self ligand for CLEC-2, is expressed in some tumor
cells (213). Therefore, it is possible that CLRs are involved in tumor immune surveillance
by myeloid cells, if such a thing exists. However, as is the case with pathogens, the
interaction between CLRs and tumors need not be protective to the host and needs to be also
seen from the perspective of the tumor. In this regard, pro-inflammatory signaling by CLRs
could favor tumor angiogenesis and metastasis, whereas anti-inflammatory signaling by
CLRs such as DC-SIGN or MGL could contribute to tumor-dependent immune suppression.

Conclusions

Myeloid CLRs have multiple roles that critically depend on their signaling activity. These
can involve gene regulation events (e.g., induction of pro-inflammatory cytokines) or
transcription-independent outcomes such as endocytosis and phagocytosis, synthesis of
microbicidal effector molecules (e.g., ROS), inflammasome activation or changes in cell
adhesion and migration. The outcome of CLR signaling depends not only on the receptor in
question but also on the nature of the ligand, ligand architecture and density, rates of
receptor internalization and trafficking to distinct intracellular compartments. As such,
myeloid CLRs are a versatile toolbox used by a plastic group of cells to carry out a
multitude of jobs in host defense and maintenance of homeostasis. The study of myeloid
CLRs is hampered by their sheer diversity and the range of signaling strategies that they
employ. Nevertheless, some common principles of CLR signaling and function are
beginning to emerge. These include the reliance on di-leucine, tri-acidic or tyrosine-based
motifs for endocytosis, the capacity to recycle through the early endocytic pathway vs. target
late endosomal degradative compartments, the ability to mobilize the actin cytoskeleton and
promote migration or phagocytosis, the use of Syk, SHPs or Raf-1 as signaling nodes to
induce or modulate gene transcription and, finally, the ability to cooperate positively or
negatively with other receptors in regulating myeloid cell function. Much remains to be
understood about myeloid CLRs and the continued study of their signaling properties will
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help clarify which receptors are sufficient, which are necessary and which are otherwise
opposing or modulating myeloid cell activation in infectious and non-infectious situations.
In turn, this will lead to more refined applications in vaccination and immunotherapy, as
well as help understand the role of myeloid cells in innate immunity, pathology and
homeostasis.
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Figure 1. Signaling families of myeloid CLRs

Myeloid CLRs can be grouped independently of structure into four groups, based on
cytoplasmic signaling motifs and the binding of early adaptors, kinases or phosphatases,: a)
hemITAM-coupled CLRs signal via Syk through a single tyrosine-based motif in their tail.
b) ITAM-coupled CLRs signal via Syk through association with ITAM-bearing adaptors as
FcRy chain or DAP-12. ¢) ITIM-containing CLRs possess an ITIM motif that can recruit
phosphatases SHP-1 and SHP-2. d) ITAM-ITIM-independent CLRs do not signal through
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Syk or phosphatases although they may contain tyrosine-based motifs involved in
endocytosis.
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Figure 2. Dectin-1 as a model hemITAM-coupled receptor
Following binding to agonist ligands, Dectin-1 recruits Syk through a phospho-tyrosine in

the hemITAM motif. Syk induces production of ROS that acts as microbicidal agent and
contributes to the activation of the NALP3 inflammasome, leading to processing of pro-
IL-1B. Syk also leads to activation of NF-xB at different levels. First, Syk recruits CARD9Y/
Bcl-10 to activate the canonical p65/p50 pathway and Malt-1, which activates c-Rel in
human DC. Independent of CARD?Y, Syk also leads to activation of NIK and the non-
canonical RelB pathway. Finally, Dectin-1 engagement also leads to Syk-independent
activation of Raf-1, which results in acetylation of p65/p50 and modulation of NF-xB
activity in part through inhibition of the RelB module. Syk also activates the p38, ERK and
JNK cascades, as well as NFAT, which regulate gene transcription in cooperation with NF-
«B.
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Figure 3. Dectin-2 as a model ITAM-coupled receptor
Dectin-2 associates with the FcRy chain via an arginine residue located in the

transmembrane region. Upon Dectin-2 triggering, Syk is recruited to the phosphorylated
ITAM of FcRy and coordinates activation of many of the same pathways as for Dectin-1
signaling (see legend to Fig. 2 and text for discussion of differences between Dectin-1 and
Dectin-2). Dectin-2 / Syk signaling in response to allergens can also lead to synthesis of
cysteinyl leukotrienes, which are involved in allergic inflammation and induction of Th2
responses.
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Figure 4. DCIR and Dcirl as model ITIM-containing CLRs
The phosphorylation of the tyrosine in the ITIM domain allows binding of SHP1 and SHP-2

phosphatases. Human DCIR inhibits signaling to NF-xB and modulates the pattern of genes
activated by TLR although it is unclear whether this is a direct effect. Dcirl also inhibits
ITAM signaling by unidentified receptors and impairs recruitment and activation of Stat5 by
the GM-CSF receptor, limiting DC expansion.
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Figure 5. DC-SIGN as a model ITAM-ITIM-independent receptor
Binding of different ligands results in recruitment of different effectors to the tail of DC-

SIGN. High mannose ligands such as ManLAM promote binding of LSP1, KSR1 and CNK
in a tyrosine-independent fashion. This complex triggers the small GTPase Ras, which
activates Raf-1. Raf-1 activation culminates in acetylation of NF-xB p65 and alters the
pattern of gene expression induced through TLR signaling. Fucose-based ligands promote
binding of LSP1 only, which acts in a Raf-1-independent fashion to enhance TLR-dependent
synthesis of IL-10 and to decrease production of pro-inflammatory cytokines. Finally,
another DC-SIGN agonist, Salp15, activates a Raf-1/MEK pathway that promotes TNF and
IL-6 mRNA decay and decreases production of IL-12 by impairing chromatin remodeling.
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