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Abstract

The ability of the innate immune system to quickly recognize and respond to an invading pathogen
is essential for controlling the infection. For this purpose, cells of the immune system express
receptors which recognize evolutionarily conserved structures expressed by various pathogens but
absent from host cells. In this review we focus on the non-classical C-type lectin receptors
including Dectin-1 whose role has been extensively characterized in the recognition and response
to fungal pathogens. Dectin-1 is a type Il transmembrane protein which binds p-1,3 and p-1,6
glucans. It is expressed on most cells of the innate immune system and has been implicated in
phagocytosis as well as killing of fungi by macrophages, neutrophils and dendritic cells. The
Dectin-1 cytoplasmic tail contains an immunoreceptor tyrosine based activation motif (ITAM) that
signals in part through the spleen tyrosine kinase and in collaboration with Toll-like receptors.
Although the main research focus has been on Dectin-1’s role as a fungal and yeast pathogen
recognition receptor, more recent studies suggest that Dectin-1 may have a broader function in
pathogen recognition including a role in directing a macrophage response to mycobacterial
infections.
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INTRODUCTION

The immune system has the unenviable task of distinguishing friend from foe. It requires the
ability to mount an effective immune response against antigens of an invading pathogen
while remaining tolerant of self-antigens. To do so the acquired immune system has evolved
mechanisms to eliminate or tolerize self-reactive T and B cells, while maintaining a large
repertoire of lymphocytes which can recognize foreign antigens. The innate immune
response, which primarily consists of effector functions of the professional phagocytic cells
(monocytes/ macrophages, dendritic cells and neutrophils), can be distinguished from the
acquired response in regards to mechanism of recognition and response to foreign antigens.
The phagocytes express pattern recognition receptors (PRRS) either on the cell surface or
within the cell which recognize evolutionarily conserved structures expressed by various
pathogens but absent from host cells. Some examples of these pathogen associated
molecular patterns (PAMPS) include: bacterial DNA, viral RNA, peptidoglycans, flagellins
and p-glucans. The binding of these molecules to PRRs leads to a rapid response by cells of
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the innate immune system. This results in the activation of several signaling pathways
leading to production of cytokines and chemokines which promote the adaptive immune
response as well as increase the phagocytic cells’ ability to ingest and kill the invading
microbe. Significant work over the past decade has lead to the discovery of the different
PRRs, the PAMPs they recognize, and how the cell responds to their binding (reviewed in

[1,2]).

Toll-like receptors (TLRs) as members of the PRRs are important in signaling responses to
microbes and microbial products and work primarily, although not exclusively, through
activation of the mitogen activated protein kinases (MAPK) and the NF-xB family of
transcription factors [3]. Recent studies have also implicated TLRs in phagosome maturation
(i.e. the “maturation of a phagosome into a phagolysosome) [4], although this is a subject of
some debate [5]. Although a significant number of studies have addressed the role of TLRs
in the recognition and response to pathogens much less work has been performed on non-
TLR PRRs. Nevertheless, recent studies have implicated non-TLRs in responding to
pathogens and initiating an innate immune response. The cytoplasmic NOD-like receptors,
which number approximately 20 members, contain three domains: the C-terminal Leucine
Rich Repeats (LRR), the central NACHT domain and the N-terminal effector domain.
Binding of ligand to the LRRs is thought to release the auto-inhibition allowing the NACHT
domain to oligomerize and subsequent binding of signaling molecules to the N-terminal
effector domain. Although the ligands for many of the NOD-like receptors remain
undefined, these receptors have been implicated in the recognition of cytoplasmic PAMPS
including PGN, bacterial RNA and flagellin [6,7]. Another group of PRRs expressed at high
levels in myeloid cells is the C-type lectin receptors which can be separated into two sub-
families: the classical C-type lectin receptors which contain one or more carbohydrate
recognition domains and require calcium for carbohydrate binding and the non-classical C-
type lectin receptors which contain a modified carbohydrate recognition domain. The
general role for C-type lectins in innate immunity has been addressed in an excellent review
by Torrelles et al. in this issue of Current Drug Targets and will not be discussed further. In
this review we will concentrate on the non-classical C-type lectin receptors with a focus on
Dectin-1 including recent studies which indicate a role for this PRR in the recognition and
response to mycobacteria.

NON-CLASSICAL C-TYPE LECTIN RECEPTORS

The non-classical C-type lectin receptors also known as the NK cell receptor-like C-type
lectin receptors are primarily involved in regulating cellular cytotoxicity mostly through
interaction with the MHC class | molecule and are expressed principally on NK and T cells.
This family of type Il transmembrane receptors contain a single extracellular carbohydrate
recognition domain (CRD) usually extending from the plasma membrane via an amino acid
“stalk” of variable length. Despite the presence of a CRD, the non-classical C-type lectin
receptors in general do not bind carbohydrate since they lack conserved amino acids present
in the classical C-type lectin receptors required for binding. Ligand binding also appears to
be cation independent, in contrast to the classic C-type lectin receptors. The receptors often
dimerize and either can initiate signaling directly or through association with adaptor
molecules [8].

A subset of these receptors are of particular interest since they are expressed mainly on
myeloid cells and have diverse functions and ligand specificity as compared to other more
classic members of the NK-cell receptor-like receptor family. Members of this subset of C-
type lectin receptors include MDL-1, LOX-1, DCAL-1, DCAL-2 (MICL), CLEC-1,
CLEC-2 and Dectin-1. The information on most of these receptors is rather limited with the
exception of LOX-1 and Dectin-1. LOX-1 which is an abbreviation for lectin-like oxidized
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low density lipoprotein receptor-1 is best known as a receptor for oxidized LDL and other
host molecules such as fibronectin [9]. However, it has also been implicated in binding both
gram-negative and gram-positive bacteria by endothelial cells and this binding appears to be
mechanistically similar to binding by class A scavenger receptors [10]. Despite the limited
ligand and functional information on the other members, sequence data suggests potential
signaling motifs within their cytoplasmic tails.

DECTIN-1 STRUCTURE AND FUNCTION

Dectin-1 is a 28 KDa type Il transmembrane protein with a single CRD domain. It was
originally defined as a receptor on dendritic cells (DC) hence its name ‘Dendritic-cell-
associated C-type lectin-1" but later was found to be expressed on macrophages, monocytes,
neutrophils and some T cells [11,12]. In humans, Dectin-1 is also expressed in eosinophils
and B cells; the functional importance of this difference in expression patterns is not
presently clear [13,14]. The expression pattern can differ between tissue and cell type but in
general Dectin-1 is expressed at high levels in lung and intestine as well as areas of high T
cell levels such as the spleen, thymus and lymph nodes [15]. This distribution suggests a role
for Dectin-1 in pathogen recognition. Protein expression can also be regulated by various
cytokines including IL-4 and GM-CSF as well as by microbial components.

Mice express two isoforms of Dectin-1 while in humans there are eight; however, only two
of the human isoforms have a CRD. The difference between the two major isoforms in both
human and mouse is the presence or absence of the stalk region that separates the CRD from
the plasma membrane [16,17]. Nevertheless, both isoforms have been shown to be
functional /n vitro and in transfection studies [14,16]. Mouse Dectin-1 has 2 potential N-
linked glycosylation sites within the CRD while the human B-glucan receptor lacks these
sites but contains one potential site in the stalk region. Although glycosylation is not
required for Dectin-1 ligand binding, a recent study by Kato et a/. indicated that maximum
cell surface expression and NF-xB activation is dependent on the presence of the
glycosylation sites in the context of Dectin-1 expression studies in HEK293 cells [18].
Crystal structural data also indicates that Dectin-1 maintains a metal binding site
characteristic of the snake venom coagulation factor IX binding protein. However, metal ion
binding by Dectin-1 appears not to be required for proper protein folding or ligand
association [19].

Within the cytoplasmic tail of both Dectin-1 and CLEC-2 is a motif characteristic of an
immunoreceptor tyrosine based activation motif (ITAM). As discussed below, this ITAM
functions to mediate a ligand induced activation of a signaling response leading to the
production of various immune modulators. Another unique feature of Dectin-1 is its ability
to bind carbohydrates. At present the only known ligand for Dectin-1 is p-1,3 and p-1,6
linked glucans which are expressed by a number of organisms including yeast, fungi, plants
and a small number of bacteria [8]. Although 50% of the fungal cell wall consist of -
glucans, it was previously believed that the B-glucans were buried under a layer of
mannosylated proteins. However, more recent studies suggest that in some regions of the
cell wall B-glucans are exposed and accessible to bind Dectin-1 [20]. How Dectin-1 binds -
glucans is unclear since as a member of the non-classical C-type lectin receptor family they
lack the conserved residues with the CRD required for carbohydrate binding. Nevertheless,
mutagenesis studies indicate that Trp 221 and His 223 within the CRD are crucial for p-
glucan binding [21,19]. Structural data indicates that these residues are present within a
groove that constitutes a potential binding site for p-glucans [19]. Charge analysis of this
groove suggests p-glucan binding is driven mainly by hydrophobic forces [22]. Although
there is ample evidence that Dectin-1 binds p-glucans, less clear is what constitutes the
minimal length of B-glucan required for binding. It appears that monomers or short
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oligosaccharides are not sufficient. Instead, affinity for Dectin-1 depends on whether the -
glucans adapt a helical or triple-helical confirmation, the degree of branching and the
molecular mass [23]. In addition, p-glucans may not be the only ligands for Dectin-1.
Studies by Ariizumi et al. demonstrated a Dectin-1 mediated interaction between DC and an
unknown but apparent non-carbohydrate ligand on CD4+ and CD8+ T cells. They also
showed that recombinant Dectin-1 can bind to T cells and promote anti-CD3 induced
proliferation [11]. However, this Dectin-1 ligand expressed on T cells remains undefined
although proteolysis data suggest it is protein in nature [11]. Recent studies from our
laboratory indicate that mycobacteria express a Dectin-1 ligand [24]. However, there is no
published report that the mycobacteria cell wall contains p-glucans.

DECTIN-1 SIGNALING

Dectin-1 maintains a motif typical of an ITAM. A classical ITAM consist of two
intracellular Y XXL/I sequences separated by 6 to 12 amino acids. During activation both
Tyr resides are phosphorylated usually by Src family kinases leading to the association of
Syk or Zap70 kinases via their Src-homology (SH2) domains [25,26]. These kinases initiate
the signaling cascade that is coupled with the particular receptor-ligand interaction. The
presence and phosphorylation of both Tyr residues within the ITAM motif is thought to be
required for kinase activation. Interestingly, Dectin-1 requires only one Y XXL sequence
within its cytoplasmic tail and therefore it was initially unclear whether phosphorylation of
this single Tyr residue could recruit and activate Syk. However, recent studies indicate that
Dectin-1 can signal a transcriptional response and that Syk is required for at least some of
these responses. Additional studies indicated that zymosan-induced Dectin-1 signaling, as
defined through antibody blocking experiments, lead to the expression of cytokines I1L-10
and IL-2 [27,28]. The diminished production of IL-10 and IL-2 in Syk deficient DC exposed
to zymosan suggests a role for this kinase in Dectin-1 signaling [27]. Further,
phosphorylated Syk has been localized to Dectin-1 and the removal of the Tyr residue
within the YXXL resulted in loss of both colocalization and Dectin-1 mediated signaling
[28]. Finally, a peptide containing this Y XXL motif and surrounding amino acids of
Dectin-1 binds Syk /n vitro suggesting a direct interaction between Dectin-1 and Syk [28].

How is Dectin-1 binding Syk with only one YXXL motif? The interaction between Dectin-1
and Syk could be stabilized by specific residues within the Dectin-1 cytoplasmic tail.
Another possibility is that Dectin-1 dimerizes or forms higher-order complexes once bound
by ligand. In this context, it is interesting that small B-glucans polymers do not induce
Dectin-1 signaling. This may reflect differences in affinity for Dectin-1 between large and
small B-glucans or it may reflect the larger p-glucans ability to bridge/cluster Dectin-1. This
could bring Dectin-1’s phosphorylated Tyr residues in alignment allowing the two SH2
domains of Syk to bind each Dectin-1 monomer. Recent studies with the non-classical C-
type lectin receptor CLEC-2, which also has only one YXXL maotif, have shown that
signaling v7ia CLEC-2 requires both SH2 domains of Syk to be functional. Mutating either
SH2 domain of Syk resulted in a loss in CLEC-2-mediated signaling response suggesting
that both Syk SH2 domains are engaged. The simplest explanation for these results is that
each SH2 domain of Syk engages a phosphorylated Tyr residue on each of two CLEC-2
cytoplasmic tails. Additional studies are needed to determine whether both SH2 domains of
Syk are required for Dectin-1 signaling. It is important to note, however, that Dectin-1 does
not contain the Cys residue within its stalk region required for dimerization as defined for
other C-type lectin receptors [11]. Therefore, if Dectin-1 dimerizes it must do so by another
mechanism.

Although Syk is important in many Dectin-1-mediated signaling responses, DC production
of IL-12 upon yeast infection [28] as well as phagocytosis of zymosan and fungi by
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macrophages are Syk independent [29]. A number of studies have also linked Dectin-1
signaling to TLR2/Myd88. Initial studies indicated that optimum production of TNF-a,, ROS
and IL-12 by zymosan-treated DC is dependent on both TLR2 and Dectin-1 [30]. Studies by
Brown et a/. indicated a link between TLR2 and Dectin-1 signaling in macrophage
production of TNF-a, MIP-2 and IL-12 p40 following stimulation with zymosan or
infection with C. albicans conidia [31]. The cooperation between Dectin-1 and TLR2
appears not to involve direct physical interaction although both have been localized to the
phagocytic cup containing zymosan [30]. This suggests a linkage within the signaling
pathways downstream of the two receptors. While TLR2 and Dectin-1 are linked in some
signaling responses there are likely other receptors whose interaction with Dectin-1 also
promotes an immune response. For example, the tetraspanin protein CD37 has been found to
negatively regulate Dectin-1, as macrophages deficient in CD37 produce significantly more
Dectin-1 dependent IL-6 and TNF-a in response to zymosan [32].

What constitutes the link between the Dectin-1 and TLR2 pathways and how are the signals
transmitted from Dectin-1 to produce the different immune modulators? Until recently
answers to these questions remained elusive. A major break-through came in studies by
Gross et al. who demonstrated that DC production of TNF-a, IL-6 and IL-2 induced by
zymosan was dependent on CARD?9 [33]. CARD9 is an adapter molecule that has an N-
terminal caspase-recruitment domain (CARD). Other family members including Carmal
(also known as CARD11) have been linked to NF-xB activation induced by T- and B-cell
antigen receptors [34]. Like Carmal, NF-xB activation in DC upon Dectin-1/Syk activation
was dependent on CARD9. Also like Carmal, the CARD9 mediated activation of NF-xB
was dependent on the formation of a CARD9-Bcl-10-MALT1 complex [33,35]. Previous
studies have shown MALT1 to activate the adaptors TRAF2 and TRAF6 leading to
activation of the inhibitor of NF-xB kinase complex, degradation of the inhibitor of NF-xB
and subsequent NF-xB nuclear translocation [36]. The link between Syk activation and
CARD@9 is presently unknown but it may again follow Carmal: i.e. Syk activation of
phospholipase C (y1 or y2) leading to diacylglycerol-mediated activation of PKC isoforms
and subsequent PKC activation of Carmal [37] (Fig. 1). These results also suggest a
mechanism by which TLR2/MyD88 and Dectin-1 signaling could work in concert to
promote production of immune modulators since transcription for many of these genes are
regulated by NF-xB. However, this hypothesis does not explain the results from several
studies including the absolute requirement for TLR2 signaling for zymosan induced TNF-a
production by macrophages. It is likely that other transcription factors required for TNF-a
transcription are not activated by the Dectin-1/Syk pathway but require TLR engagement.
TLR signaling leads to the activation of a number of transcription factors including NF-xB,
AP-1 and IRF-3 in part through activation of the MAPK pathway. Nevertheless, recent
studies have demonstrated Dectin-1 mediated activation of the transcription factor NFAT
following Candida or zymosan ingestion by macrophages or DC as well as the importance
of NFAT in the production of various immune modulators including COX-2, IL-2, IL-10
and IL-12p70 [38]. Further, Leiband Gut-Landmann et a/. demonstrated that bone marrow-
derived DC treated with curdlan (a pure B-glucan which does not stimulate through TLR/
MyD88) activates the MAPKs p38 and ERK1/2 as well as NF-xB leading to IL-6, TNF-a
and IL-12p40 production and DC maturation [39].

DECTIN-1 AS A PHAGOCYTIC RECEPTOR

Dectin-1 functions in mediating phagocytosis of fungi, yeast and yeast products such as
zymosan. This requires both a cluster of acidic residues in the cytoplasmic tail as well as a
membrane-proximal Tyr residue [23]. In DC, actin polymerization and formation of the
phagocytic cup requires Sykmediated activation of the Rho GTPases Cdc42 and Rac. In
contrast, Dectin-1 mediated activation of Syk is not required for macrophage phagocytosis
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of zymosan; however, it does require the ITAM motif as well as Cdc42 and Racl [29].
Herre et al. suggest that Dectin-1 mediated phagocytosis in transfected NIH-3T3 cells most
resembles FcyR mediated phagocytosis [29]. Dectin-1, internalized by phagocytosis, is
targeted to the lysosome for degradation while the endocytosed receptor, for example by the
addition of laminarin, is recycled to the plasma membrane. The different fates likely result
from differences in uptake mechanisms: actin-mediated phagocytosis vs. clathrin-mediated
endocytosis. The requirement of Dectin-1 for phagocytosis depends on the composition of
the microbe or particle in question. For example, fungi have a cell wall consisting primarily
of carbohydrates of which 50% are p-1,3 linked glucans. Therefore, the repertoire of
receptors engaged by fungi is restricted and includes the Mannose receptor, Dectin-1,
scavenger receptors, the lectin site of CR3, DC-SIGN, TLRs and lactosylceramide [8,40].

DECTIN-1 AND THE IMMUNE RESPONSE

The role of Dectin-1 in regulating an immune response has only been addressed in the
context of anti-fungal activity due in large part to f-glucans being the only described ligand
to date for Dectin-1. Anti-fungal immunity is known to involve a Thl response as well as
the generation of ROS by phagocytic cells such as macrophages and neutrophils.
Recognition of fungi by macrophages, DC and other cells of the innate immune system
involves various PRRs including the mannose receptor, TLRs and Dectin-1. TLR2 and
Dectin-1 appear to play particularly prominent roles in inducing an immune response to
various fungi including the opportunistic pathogens C. albicans and Pneumocystis carinii
[41,42]. Dectin-1 mediated uptake of C. albicansand P. cariniileads to killing of the
ingested fungus in part through the production of ROS as well as production of
inflammatory mediators such as TNF-a and the chemokine CXCL2 [43]. A recent study,
however, indicated that C. albicans does not use Dectin-1 to invade human monocyte-
derived DC and does not induce NADPH oxidase activity [44]. As previously mentioned,
TLR2 and Dectin-1 cooperate in the macrophage production of various immune modulators
including TNF-a,, MIP-2, IL-12p40 and ROS [31]. Dectin-1 has also been shown to promote
alveolar macrophage production of TNF-a, IL-12, IL-1B, IL-6, MIP-1a, MIP-2, G-CSF and
GM-CSF following infection with Aspergillus fumigatus [43]. Dectin-1 may also play a role
in T cell activation. DCs stimulated with the B-glucan curdlan produced IL-23 and this
stimulation was independent of MyD88. IL-23 is critical for the expansion of I1L-17
producing T-cells (i.e. TH17 cells). The same study found that the IL-23 production and
subsequent expansion of the IL-17 producing T-cells was dependent on Dectin-1, Syk and
CARD?9 [39]

Direct evidence for the importance of Dectin-1 in controlling fungal infections has recently
been obtained using Dectin-1 deficient mice. In studies by Taylor et a/. the Dectin-17~ mice
appeared to maintain a normal immune system and contained no gross developmental
abnormalities. As expected, thioglycollate-elicited macrophages from the Dectin-17~ mice
showed impaired production of TNF-a and H,O, upon incubation with zymosan.
Interestingly, prior opsonization with complement lead to zymosan uptake in a Dectin-1
independent manner but production of TNF-a was still Dectin-1 dependent [42]. In this
same study, Dectin-1~/~ mice intravenous infected with C. albicans SC5314 showed
decreased survival and increased fungal load throughout the intestine compared to infected
WT 129/Sv mice. Macrophages isolated from the Dectin-1~/~ mice also showed decreased
recognition and impaired inflammatory response to C. albicans. Finally, the Taylor study
showed that Dectin-17~ mice intra-peritoneal infected with C. a/bicans demonstrated
diminished recruitment of leukocytes and reduced production of chemokines CCL2 and
CCL3 compared to infected WT mice. Together, the data suggest a defect in the early innate
immune response to C. albican infection in Dectin-1~/~ mice. An analogous study was
performed by Saijo ef al. using Dectin-1 deficient mice generated independently in their
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laboratory. Similar to studies described above, these Dectin-17~ mice developed normally.
Interestingly, although bone marrow-derived DC from Dectin-1~/~ mice did not produce
IL-12 or TNF-a upon exposure to a soluble p-1,6 branched p-1,3 glucan from Sparassis
crispa, the production of TNF-a and 1L-12 upon zymosan treatment was not reduced in
Dectin-17~ mice relative to WT mice. However, production of 1L-10 was Dectin-1
dependent. Similar results were observed using thioglycollate-elicited macrophages, with
IL-10 and ROS but not TNF-a production being dependent on Dectin-1 following zymosan
treatment. Instead, TNF-a production was completely MyD88 dependent. The difference
between these two studies using Dectin-17~ macrophages and their response to zymosan is
unclear, although one possibility is the strain differences; 129/Sv mice were used for the
Taylor study compared to C57BL/6 for the Saijo study. Even more surprising, results from
the C. albicans infection experiments also differed significantly between the two studies. In
contrast to above, the Saijo study found no increased fungal burden or decreased survival
between WT and Dectin-1~/~ mice following various intravenous infection doses (2 x 104 —
1 x 10%). Nor did this study find a difference between WT and Dectin-17~ mice in TNF-a,,
IL-12 or ROS production following a C. albican infection. However, they did observe
increased fungal burden as well as decreased ROS production in the Dectin-17/~ mice
infected with P. carinii at early time points. Again the reasons for the differences between
the two studies is unclear and may reflect C. albicans strain as well as mouse strain
differences. In support of the Taylor study, CARD9 deficient mice were also more
susceptible to C. albican infection [33]; however, recent studies indicate that CARDS is also
linked to activation of NF-xB through a variety of receptors including NOD2 as well as
TLR-mediated activation of the MAPKSs [45].

MYCOBACTERIA AND DECTIN-1

As outlined above, Dectin-1 functions in the recognition and response to fungi, yeast and
some cell wall products. What is less clear is its role as a PRR for other microbes and
potential pathogens. Until recently the only link between Dectin-1 and non-fungal pathogens
involved the bacteria Haemophilus influenza. Studies by Ahren et al. demonstrated a
Dectin-1 dependent binding of H. influenzato eosinophils as well as a Dectin-1 dependent
production of IL-8 and respiratory burst [13]. More recently we have made the interesting
observation that the production of inflammatory mediators by mycobacteria-infected murine
macrophages was dependent, at least in part, on Dectin-1. Macrophages infected with the
non-pathogenic mycobacteria M. smegmatis produce significantly greater TNF-a. compared
to cells infected with pathogenic mycobacteria and this was inhibited approximately 60%
using either a blocking antibody to Dectin-1 or by blocking the receptor with the soluble
Dectin-1 ligand laminarin [24]. The importance of Dectin-1 in the induction of TNF-a
extended to macrophages infected with a number of mycobacterial species and strains
including the non-pathogenic M. phlei, the attenuated M. bovis BCG, and the avirulent M.
avium 2151 and M. tuberculosis H37Ra strains. Interestingly, the limited TNF-a produced
by macrophages infected with the virulent M. tuberculosis strain H37Rv was not Dectin-1
dependent. The importance of Dectin-1 extended to other immune mediators as the
macrophage production of IL-6, RANTES and G-CSF induced by M. smegmatis or M.
bovis BCG infection was significantly inhibited by the Dectin-1 blocking antibody [24].
Similar to the results obtained with macrophages upon zymosan treatment, we observed that
the Dectin-1 mediated TNF-x production in M. smegmatis infected macrophages was
dependent on TLR2, as the Dectin-1 blocking antibody had no effect on TNF-a production
when TLR2™~ macrophages were used for the infection. A similar result was seen with
IL-12p40 production (Fig. 2). It is important to note that in contrast to macrophage
phagocytosis of fungi, Dectin-1 appears not to be required for phagocytosis of mycobacteria
[24]. The likely explanation is that since mycobacteria engage a number of phagocytic
receptors a loss of one receptor would be compensated for by others.
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The results with the mycobacteria lead us to two fundamental questions: 1) what is the
Dectin-1 ligand on mycobacteria and 2) what is the mechanism of Dectin-1 signaling and its
relation to TLR2 signaling upon mycobacterial infection? In regard to the Dectin-1 ligand,
there are no published reports of mycobacteria expressing p-1,3-glucans, although
mycobacteria have been shown to express a-glucans [46,47]. However, biochemical studies
do not support a role for a-glucans as Dectin-1 ligands [48]. Nevertheless, as shown with
the B-glucans, the molecular weight, branching and tertiary structure of a specific a-glucan
may dictate its binding affinity for Dectin-1. Determining whether the a.-glucans or some
other mycobacteria cell wall component serves as the Dectin-1 ligand awaits its purification.
Preliminary proteolysis results suggest that the ligand is not proteinaceous (unpublished
data). Once bound to Dectin-1, the mycobacteria induce a signaling response, and as predict
from the zymosan experiments, our studies indicate that Src and Syk activation are required
for optimum TNF-a production by macrophages upon M. smegmatis infection (Fig. 3).
Whether the mycobacteria-induced activation of Syk leads to the formation and activation of
the CARD9/Bcl-10/MALT1 complex awaits further investigation.

CONCLUSION

Our understanding of Dectin-1 has increased significantly since the seminal observation that
Dectin-1 is the B-glucan receptor [49]. We know a great deal more from recent studies about
the signaling responses down-stream of Dectin-1 and how this converges with TLR
signaling. The generation of knockout mice has also expanded our understanding of
Dectin-1’s role in controlling fungal infections although there are differences between
studies that need to be addressed. However, where information is lacking is how Dectin-1
may function as a PRR beyond its role in fungal and yeast recognition. Moreover, recent
studies also suggest that Dectin-1 may recognize ligands in addition to p-glucans. The
ability of PRRs to bind multiple ligands expressed on different pathogens is the norm and
therefore it is likely that Dectin-1 will function in a similar manner. Unfortunately, until we
define these different ligands it will be difficult to address Dectin-1’s importance in the
innate immune response to diverse pathogens. Nevertheless, based on the recent results with
mycobacteria it is clear that we need to expand our umbrella of potential pathogens
recognized by Dectin-1 beyond the current focus on fungi and yeast. A thorough
understanding of the relative contributions of Dectin-1 and other PRR in modulating
immunity should provide insight into the development of effective adjuvants and
therapeutics for a variety of infectious diseases.
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Yeast/Fungi, Mycobacteria or Other Ligand
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Fig. 1. Dectin-1 mediated signal transduction

Upon ligand binding Dectin-1 is Tyr phosphorylated within the ITAM-like motif leading to
Syk binding and activation. At present it is unclear whether two phosphorylated Tyr resides
(i.e. dimerization of Dectin-1) are required for Syk activation since this kinase normally
requires two phospho-Tyr for binding. Syk activation leads to a signaling cascade potentially
involving PLC-gamma and PKC-mediated CARD?9 activation. Phosphorylated CARD9
recruits and activates Bcl-10 and Maltl leading to TRAF2 and TRAF6 activation and the
subsequent IxB degradation and NF-xB nuclear translocation. The intersection of Dectin-1
and TLR signaling may be at the step of TRAF6 whose activation by TLR2 is mediated
through IRAK1. Dashed arrows: hypothesized signaling pathways; solid arrows:
demonstrated pathways.
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Fig. 2. Dectin-1-mediated I L-12p40 production by M. smegmatis infected macrophagesrequires
TLR2 expression

C57BL/6 bonemarrow derived macrophages were left untreated or pre-treated with 50 g/
ml anti-Dectin-1 blocking antibody 2A11 (Serotec, Oxford, England). 1 hour post-antibody
treatment, the macrophages were infected with M. smegmatis. 1L-12p40 released into the
culture supernatant 9 hours post-infection was quantified by ELISA. Results represent mean
+ SD of duplicate ELISA wells. Ul: uninfected macrophages.
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Fig. (3. Syk and Src arerequired for optimal TNF-a production in M. smegmatisinfected

macr ophages
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Balb/C bone-marrow derived macrophages were left untreated or pre-treated with 10 pM
“Syk inhibitor” or PP2 (Src inhibitor) (CalBiochem, LaJolla, CA) and/or with 50 pg/ml anti-

Dectin-1 blocking antibody 2A11. 1 hour post-antibody or 20 minutes post-inhibitor

treatment, the macrophages were infected with M. smegmatis. TNF-a released into the
culture supernatant 24 hours post-infection was quantified by ELISA. Results represent

mean + SD of duplicate ELISA wells. The Syk and Src inhibitor experiments were

performed independently. *P<0.05. Ul: uninfected macrophages.
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