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Abstract

The Mannose receptor (MR) is a type | membrane molecule involved
in both haemostasis and pathogen recognition. Its extracellular domains have
broad ligand specificities: the cysteine-rich (CR) domain is involved in
sulphated sugar binding, the C-type lectin-like domains (CTLDs) are
responsible for the detection of sugars terminated in mannose, fucose or N-
acetylglucosamine, and the fibronectin-type Il (FNIl) domain mediates

collagen binding.

Its recently discovered collagen binding ability raised the question of
MR facilitating cellular adhesion which would then influence its function as an
endocytic receptor in collagen-rich mammalian tissues. For this purpose, the
level of MR-mediated endocytosis, and MR expression was analyzed by using
bone-marrow-derived macrophages (BMbMplated on extracellular matrix
(ECM) proteins including fibronectin (not a MR ligand), collagen type | or IV
(MR-ligands). The results showed no difference in the level of MR-mediated
endocytosis and MR expression at both mRNA and protein levels ugon M
adhesion to collagen. This suggests that MR interaction with collagen may
simply be crucial for tissue remodelling and wound healing, rather than

adhesion.

MR is also expressed in a soluble form (sMR) which is comprised of
the extracellular region of intact cell-associated MR (cMR). Even though its

precise role is not yet clear, enhanced sMR production was previously shown



to help Pneumocystis carinii to evade®Mphagocytosis by forming a
protective coat around the organism. In this work, the mechanism responsible
for the fungi-induced MR-shedding was studied by treatirg With fungal
particles in the presence and the absence of a wide-range of inhibitors. After
treatment in serum-free conditions, the cell lysate and cell culture supernatants

were analyzed by western blot, for cMR and sMR expression respectively.

It was shown that fungi species other than P. carinii can also trigger
sSMR production, and that this effect mainly takes place thrditglucan
recognition. Using bio-active particulafeglucan, it was also demonstrated
that MR cleavage uporg-glucan recognition requires dectin-1-mediated
signalling involving Syk, PI3K, and, partially, Raf-1 and that is mediated by a

non-secreted metalloproteinase.

Dectin-1-mediated MR-shedding may partially explain the
contradictive data on the involvement of cMR in the development of immunity
against fungi, as well as other pathogens recognised by dectin-1. The ability of
pathogens to evade or activate the immune response may depend on the

balance between sMR and cMR expression levels.
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1. INTRODUCTION

1.1. The Immune Response: An Overview

The immune system is comprised of both innate and pathogen-specific
adaptive immunity. Innate immunity provides the first line of defence, and its
components are mostly present before the beginning of infection. In contrast,
adaptive immunity is not triggered until there is an antigenic challenge to the
host, and responds with high degree of specificity. This branch also exhibits a
“memory” property which enables the host to neutralise the pathogen upon its
second entry more quickly and effectively. Lymphocytes and antibodies are the

main components of adaptive immunity.

1.1.1. Innate immune response

Innate immunity is comprised of at least three types of defensive
barriers: an anatomical barrier, which involves mechanical (e.g. skin and
mucous membranes), chemical (e.g. low pH, and chemicals released by
epithelial cells) and biological factors (e.g. resident/native flora); cellular
barriers (e.g. macrophages N1 dendritic cells (DC), natural killer (NK)
cells, and mast cells); and humoral barriers (e.g. complement system). Once

the anatomical barrier is evaded, pathogens are faced with the humoral and



cellular barriers that are able to initiate an immediate response leading to

inflammation.

1.1.1.i. Cellular barriers of the innate immune system

1.1.1.i.a Macrophages

M® are found in almost all tissues and are derived from monocytes
circulating in the blood-stream (discussed below). Since most pathogens enter
the host body through the mucosa of the gut and the respiratory system, tissue
M® constitute the first line of defence against an invading pathogen, and
throughout the innate immune response they are involved in several different
processes (Soehnlein and Lindbom, published online in 2010). One such
activity is the removal and the killing of invading microorganisms by
phagocytosis. Even though monocytes can also phagocytose, differentiation
into M® enhances its phagocytic ability. As a first-line of defenc® ddso
play a crucial role in the coordination of the immune response through the
release of inflammatory mediators such as cytokines (e.g. interlduBiif,

IL-6, IL-12, and tumor necrosis factor (TNé)-and chemokines (e.g. CXC
chemokine ligand (CXCL)-8, CC chemokine ligan@(QL)-4, and CCL2)
involved in the induction of inflammation and the activation of other immune-
system cells. Activated M also express high levels of class Il major
histocompatibility complex (MHC) molecules that enable them to function as

an antigen-presenting cell (APC) involved in the initiation of adaptive immune

2



response (discussed below) (Soehnlein and Lindbom, published online in

2010, Taylor et al., 2005b).

1.1.1.i.b. Dendritic cells

DC acquired their name from their long membrane extensions that look
like the dendrites of nerve cells. Through the blood-stream, immature DCs
migrate from the bone marrow to the tissues where they are involved in the
internalization of antigens by phagocytosis or endocytosis. Even though they
are able to degrade antigens they take up, their main role is not the clearance of
invading pathogens, rather, following the uptake of microorganism immature
DCs mature into cells which are capable of activating helper T-ceHs€lls)
and migrate to secondary lymphoid organs (Geissmann et al., published online

in 2010) (Lee and lwasaki, 2007, Melief, 2008, Satthaporn and Eremin, 2001).

1.1.1.i.c. Natural killer cells

Natural killer (NK) cells were initially identified by their ability to
destroy tumour cells in the absence of any previous immunization with the
tumour. Today, they are also known to facilitate the early immune response
against infections with certain viruses and intracellular bacteria. NK cells are
non-T, non-B lymphoid cells with well-characterised intracellular granules rich
in perforin and granzymes which are able to induce apoptosis of the target cell

upon release, and granulysin which has a direct antimicrobial activity. NK cells
3



can detect abnormal cells through two different ways. In some cases, NK cells
distinguish the target cell through the detection of the reduced expression level
of MHC class | molecules and the unusual profile of surface antigens by
inhibitory and activating receptors respectively. NK cells cannot target the

cells that express normal levels of MHC class | molecules. However, the
inhibitory signal is lost during infection due to the reduced expression of MHC

class | molecules. Another way of targeting cell detection by NK cells is

known as antibody-dependent cell-mediated cytotoxicity and is mediated
through the recognition of antibodies bound to the target cell by the Fc

receptors (FCR) expressed on the NK cell surface (eRyIHg (Caligiuri,

2008) (Shibuya, 2003).

1.1.1.i.d. Mast cells

Even though mast cells are best known for their role in allergic
responses, they are also believed to facilitate the protection of internal surfaces
of the host against pathogens, and are involved in the immune response against
parasitic worms. During their development, mast cells migrate to peripheral
tissues, such as skin, mucosa and airways where they differentiate into their
mature forms. Their intracellular granules contain a mixture of chemical
mediators (e.g. histamine, leukotrienes) that increase the vascular permeability
required for the induction of inflammation (discussed below). Degranulation is
mainly triggered by the signalling through FceRI (specific for IgE) expressed

on the mast cell surface (Gilfillan and Tkaczyk, 2006).

4



1.1.2. Inflammation

The cellular barrier of innate immunity can discriminate self from non-
self through the recognition of repetitive structures unigue to microorganisms,
called pathogen-associated molecular patterns (PAMPS), directly by the cell-
associated pattern recognition receptors (PRRs) (e.g. Toll-like receptors) or
indirectly by soluble PRR (e.g. mannose binding lectin, MBL) or complement
fragments (e.g. C3b) (Lee and Kim, 2007). Apart from inducing phagocytosis,
pathogen recognition also results in the secretion of cytokines (e.@, lL-1
6, IL-12, TNF«), chemokines (e.g. CXCL8, CCL4, CCL2) and lipid mediators
(e.g. prostaglandins, leukotrienes, and platelet-activating factor) that are
quickly produced through an enzymatic degradation of membrane

phospholipids (Soehnlein and Lindbom, published online in 2010).

The secreted products initiate the process known as inflammation
which involves the recruitment of immune cells and molecules of innate
immunity into the sites of infection. The recruitment is promoted by the
dilation and increased permeability of blood vessels, as well as by the
enhanced expression of cell-adhesive molecules by endothelial cells (e.g. P-
selectin and E-selectin) (Soehnlein and Lindbom, published online in 2010,
Huang and Vita, 2006). The resultant increased local blood flow and leakage
of fluid into tissues causes heat, redness, swelling and pain. Additionally,
inflammation also helps the activation of adaptive immunity by increasing the

flow of lymph with microbes and antigen-bearing cells to nearby lymphoid



tissues where the adaptive immune response is activated (Lee and Iwasaki,

2007).

Neutrophils are the predominant cell type initially recruited to the site
of infection as a result of the CXCL8 chemokine released by the iV
response to an invading pathogen. In turn, neutrophils are also involved in the
recruitment of MP to the site of inflammation through the production of
chemokines such as macrophage inflammatory proteins {(MIkzd -1()
(Soehnlein and Lindbom, published online in 2010, Arndt et al., 2002)
Therefore, the initial phase of an inflammatory response is mostly dependent
on M® and neutrophils, and as the response progresses, other cell types such
as monocytes and immature DC are also recruited to contribute to the
destruction of an invading microorganism. The recruited monocytes can
differentiate into MP as well as DCs depending on the signals received from
the surrounding environment (Soehnlein and Lindbom, published online in

2010, Gordon and Taylor, 2005).

1.1.3. Adaptive immunity

1.1.3.i. T-cell activation

The adaptive immune response is triggered in the secondary lymphoid
organs as a result of the activation of naivecélls by APCs (e.g. DC, which
are specialised in the activation of naive T-cells). Following antigen

internalization via phagocytosis or endocytosis, APCs are able to process the
6



antigen into smaller peptides and present the processed peptides in the context
of MHC Il molecules on the cell surface. i$tantigen processing is mediated

by the endocytic pathway, which is comprised of three increasingly acidic
compartments: early endosome (pH ~6.0-6.5), late endosome (pH ~5.0-6.0),
and lysosome (pH ~4.5-5.0) (Male, 2006, Leyva-Cobian and Carrasco;Marin

1994).

Especially during the immune response against intracellular pathogens
(e.g. virus) not infecting APC directly, or against not endogenously expressed
tumour antigens, APC can also present the internalized exogenous antigens in
the context of MHC class | molecules through the process catiess-
presentation(Burgdorf et al., 2008)The underlying mechanism responsible is
not yet clear. However, it is suggested that the internalized material can exit
the endocytic pathway and enter the cytosolic pathway, which facilitates the
processing of endogenous antigens (e.g. viral proteins), and involves the same
route followed during the degradation of misfolded intracellular proteins

(Burgdorf et al., 2007, Heath and Carbone, 2001).

In contrast to the cells expressing antigenic peptides in the context with
MHC class Il molecules, the cells displaying antigen-MHC class type |
complex are destroyed by CDBc-cells, and therefore are named target cells.
Since almost all nucleated cells express MHC class |, they can all be

designated as target cells.

The detection of antigen:MHC complex by T-cells is mediated through

the T-cell receptors (TCRs). However, the signal transduced by the recognition
7



of the antigen-MHC complex is not enough for T-lymphocyte activation on its
own. It requires an additional, antigen-nonspecifio;stimulatory signal
induced by the engagement of T-cell CD28 with B7 family member molecules
on APC (signal two). In the absence of this second signal, antigen-MHC
complex interaction with TCR leads to the state of non-responsiveness, called
clonal anergy, which is characterized by the inability of cells to proliferate and
by minimal cytokine production (especially IL-2) (Fathman and Lineberry,

2007, Krammer et al., 2007, Dure and Macian, 2009).

1.1.3.ii. Effector T-cell subsets

There are two distinct large groups of naive T-cells (Cix CD8
T-cells) which detect different types of MHC molecules. CO4cells are
involved in the detection of antigens in association with class Il MHC
molecules, which are expressed only by APCs, while ‘CD8ells are
responsible for the recognition of cells displaying antigens bound to class |

MHC molecules.

Upon activation, CD8T-cells differentiate into CD8cytotoxic T-cells
(also known as cytotoxic lymphocytes or CTL), which aim to destroy target
cells. Most CD8 T-cells cannot become activated solely by the APCs, and
therefore require help from CD4elper T-cells. Helper T-cells both release
IL-2 and induce an increased level of co-stimulatory activity on the same APC

which helps to drive CD8T-cell proliferation (Zhang et al., 2009). Like NK



cells, activated CTLs mediate cell kiling mainly through the release of

perforin and granzyme that trigger apoptosis in the target cell. They also
express the membrane-bound effector molecule Fas ligand (CD178) which,
upon interacting with Fas on the target cell, signals apoptosis (Choy, published

online in 2010).

In contrast to CD8T-cells, CD4 T-cells differentiate into a number of
effector T-cells (1, Tu2, T417, and regulatory T cells) which are determined
by the cytokines secreted by the APC. Therefore, the receptors involved in
microbial detection and the intracellular signalling triggered are of crucial
importance for the determination of the appropriate type of immune response
(Gutcher and Becher, 2007). For instance, among the PRRs involved in the
detection of fungi, dectin-1 and dectin-2 were previously shown to promote the
differentiation of T,17 cells (LeibundGut-Landmann et al., 2007) (Robinson et

al., 2009).

Tul7 cells are induced by cytokines IL-6, IL-21, and IL-23, and
mediate immune responses against extracellular pathogghé célls derived
their name from the ability to release IL-17 which has a key role in the
induction of inflammatory responses by triggering the release of many
inflammatory cytokines (e.g. IL-6) and chemokines (e.g. IL-81L7Tcells can
also recruit and activate neutrophils during immune response, and were shown

to promote many organ-specific autoimmune diseases (Zhu and Paul, 2008).

Both Tyl and T2 cells are induced by the cytokines (interferon (IFN)-

v and IL-12, and IL-4, respectively) that suppresd 7T cell-mediated immune
9



responses. Both of these T-cell subsets can be distinguished from each other by
the cytokines they produceyT cells mainly produce IFN-and IL-2, while

Tn2 cells secrete predominantly IL-4 and IL-5 (McGhee, 2005).

Thl cells mediate the immune response against intracellular pathogens
(Zhu and Paul, 2008). They increase the microbicidal activity @f by both
producing pro-inflammatory cytokines (e.g. TNFgranulocyte-MP colony-
stimulating factor GM-CSF) and IFNy) and interacting with the specific
antigen:MHC type Il complex, and CD40 on thebPMsurface (Suttles and
Stout, 2009) (Murphy, 2008). They are also involved in the induction of

opsonising antibody production (mainly 1IgG) by B-lymphocytes.

T2 cells are associated with humoral immunity. They mediate the
immune response against extracellular parasites (e.g. helminths) and are also
involved in the induction and persistence of allergic diseases (Zhu and Paul,
2008). T2 cells produce cytokines (e.g. IL-4, IL-5, and IL-13) that induce B-
cell activation, differentiation, proliferation, and production of alternative
immunologlobulin types, especially IgE. IgE is the antibody responsible for
allergies as it degranulates both mast cells and basophils, leading to the release
of active mediators such as histamine, and serotonin (Zhu and Paul, 2(08). T
cells are also involved in the activation of naive B-cells, in order to proliferate

and release IgM.

Among the CD# T-cell subsets, regulatory T cells g function to
suppress T-cell responses by limiting the immune response and preventing

autoimmune responses. They develop in conditions free of pathogen-related
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danger signals, which are characterised by a high abundance of transforming
growth factor (TGF)B and lack of IL-6, IFNy, and IL-12 (Zhu and Paul,

2008, Sakaguchi et al., 2008).

1.1.3.iii. B-cell activation

In many infections, pathogens multiply in the extracellular spaces of
the body and spread through extracellular fluids. The protection of
extracellular spaces is mediated by the humoral immune response in which

antibodies produced by B-lymphocytes have a key role.

As with T-lymphocytes, B-cell activation requires two different
signalling mechanisms. One signalling comes from the B-cell receptor (BCR)
whose antigen-specificity is mediated by membrane-anchored antibodies
(mlg). Besides M and DC, B-cells are also involved in antigen presentation
to T-cells. Upon mlg engagement, the bound antigen is internalized and then
processed within the endocytic pathway into short peptides to be presented
with class Il MHC molecules on the cell surface. B-cells require BCR-
mediated signalling to function as an APC ircell activation. The increased
expression of both co-stimulatory and MHC class Il molecules enable the

interaction between T- and B-cells forming a T-B conjugate (Murphy, 2008).

The T-B conjugate formation supports the activation and proliferation
of the B-cells through both cytokine production and the up-regulation gf a T
cell membrane protein, CD40L (aka CD154). The CD40-CD40L interaction

11



delivers the required signal two which acts in concert with signal one to drive
the resting B-cell into the cell cycle (Haxhinasto et al., 2002, Harwood and

Batista, published online in 2010).

Once activated, B-cells start to express receptors for various cytokines
including IL-2, IL-4, and IL-5. The engagement of these receptors byihe T
cell-derived cytokines further support B-cell proliferation as well as enabling
B-cell differentiation into antibody secreting plasma cells and memory B-cells,
class-switching, and affinity maturation (Mallat et al., 2009, Harwood and

Batista, published online in 2010).
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1.2. Macrophages

Since the later chapters are orbNinteraction with fungal pathogens,
the following section will focus on the M and membrane-anchored receptors

involved in triggering an anti-fungal immune response.

M® belong to the mononuclear phagocyte system which is composed
of cells that share the same common haematopoietic precursors that
differentiate into blood monocytes (Hume et al.,, 2002). Following their
migration into tissues, monocytes undergo maturation, and differentiate into
various cell types according to the signals in the tissue microenvironment.
Apart from MO, other differentiated cell types include osteoclasts and

myeloid-derived DCs (Gordon and Taylor, 2005).

The namemacrophage’ is derived from the Greek words macros and
phagein which means “big” and “to eat”, respectively. They constitute an
effective branch of the phagocytic barrier against the invading pathogens, and
like DCs, facilitate the cross-talk between innate and adaptive immunity by
acting as APCs. However, their APC function is mostly restricted to the
secondary immune responses during whicth Nacilitate the activation of
already primed (memory) T-cells. Upon pathogen recognition, they redease
wide+ange of secretory products that influence the migration and activation of
other immune cells (e.g. neutrophils during the initial phases of inflammation)

(Gordon and Taylor, 2005).
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Nevertheless, the importance of dMis not restricted solely to
microbial detection, and they are also involved in the recognition of self-
molecules required for maintaining heamostasis. This contributes to the
resolution of inflammation which is activated once the pathogen is neutralised.
As mentioned above, inflammation involves the release of a wide-range of
secretory mediators which, apart from facilitating the entry of leukocytes to the
sites of injury, and the communication between the immune cells, trigger
deleterious effects for the tissue environment. During the resolution of
inflammation, the tissue debris and secreted inflammatory enzymes are

removed to allow tissue remodelling.

M® are mostly positioned at strategic points within tissues, while some
remain mobile travelling throughout the body. The tissues in whidhddn
reside include lymphoid organs, as well as non-lymphoid organs like the liver
(kupffer cells), lung (alveolar W), nervous system (microglia), epidermis
(langerhans cells), reproductive organs and serosal cavities. They are also
abundant within the lamina propria of the gut and the interstitium of organs

such as the heart, pancreas, and the kidney (Taylor et al., 2005b).

1.2.1. Monocyte heterogeneity

Like other mononuclear phagocytes,®Mare differentiated from
circulating monocytes which descend from hematopoietic stem cells (HSCs)

that undergo myeloid differentiation and produce multipotent precursors
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Figure 1.1). These precursors give rise to common lymphoid progenitor cells

(CLPs), and lineage-restricted common myeloid progenitor cells (CMPs)

which, in response to the macrophage colony-stimulating factor (M-CSF),

differentiate into monoblasts, pro-monocytes and eventually monocytes
(Serbina et al., 2008) (Mosser and Edwards, 2008). After their release into the
peripheral blood, monocytes circulate for several days before migrating to the
tissues. Depending on the signals received from the microenvironment, the
recruited monocytes then become tissu®;M DCs or osteoclasts

(multinucleate cells that resorb bone) (Gordon and Taylor, 2005).

The circulating monocytes constitute approximately 5-10% of the
peripheral-blood leukocytes in humans and show morphological heterogeneity
such as variability of size, granularity and nuclear morphology. In humans,
monocytes are divided into two subsets according to the differential expression
of CD14 (part of the receptor involved in lipopolysaccharide, LPS,
recognition) and CD16 (also known as FcyRIII): CD14"CD16, and
CD14°CD16 cells (Passlick et al., 1989, Gordon and Taylor, 2005). Among
those, CD14CD16 cells resemble mature tissued and express higher
levels of MHC class II molecules and CD32 (alternatively known as FcyRII).

They are smaller in size and less granular than &DID46 monocytes

(Strauss-Ayali et al., 2007).
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Figure 1.1: M® and DC differentiation in mice. HSCs differentiate into myeloid (MP) and
lymphoid (LP) committed precursors in bone marrow. MPs produce monocgearid DC
precursors (MDPs), which give rise to monocytes, some population®pfaiti common DC
precursors (CDPs). The two monocyte subsets Lydi@ Ly6C, are released from the bone
marrow to enter the blood circulation. Some studies suggested that hy@tcytes can
shuttle between the blood and bone marrow and lose Ly6C expression. CDPs differentiate into
preclassical dendritic cells (pre-DCs), and plasmacytoid dendritic cells (PDCs). Among those
pre-DCs give rise to CD8a" and CD8a” cDCs in lymphoid tissues, and CDI08mina propria

DCs (IpDCs) in nonlymphoid tissues. Under steady-state conditions, LgB€ Ly6C
monocytes differentiate into alveolar ®4 and CXCR1" IpDCs respectively. During
inflammation Ly6C monocytes can differentiate into monocyte-derived DCs, for example,
TNF and inducible nitric oxide synthase (iNOS)-producing DCs (TipDCs), inflammat@ry M

and myeloid-derived suppressor cells (MDSCs) associated with tumours. They are also
thought to give rise to microglia and Langerhans cells (dashed arrow), which can renew
independently from the bone marrow (curved arrow). Additionally during inflammation HSCs
can also enter the peripheral tissues (dahes arrow) to differentiate into myeloid cellsit Today
is still not clear whether LPs contribute to PDCs and cDCs (dashed arrow) (Geissmann et al.
published online in 2010)
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In mice, monocytes can be divided into two main subsets according to
their expression of CCR2 (CC-chemokine receptor-2), CD62L (L-selectin),
CX3CR1 (CXC-chemokine receptor 1), and Ly6C (part of the GR1 epitope):
CCRZCD62L'CXsCR1°“Ly6C", and CCRZD62L CXsCR1"Ly6C. Among
those CCRXCD62L'CXsCR1°"Ly6C" subset corresponds to human
CD14"CD16 monocytes which are also CCRX;CR1%", while CCR2
CD62LCXsCR1"Ly6C subset corresponds to human CHamR16" which

also express high levels of @3R1 [Table 1.j (Geissmann et al., published

online in 2010) (Gordon and Taylor, 2005).

The two subsets also differ in the expression of adhesion molecules and
chemokine receptors. That results in both monocyte subsets displaying
differences in their susceptibility to infections, as well as migration patterns
(Geissmann et al., published online in 2010, Strauss-Ayali et al., 2007). Due to
the expression of CCR2 and CD62L, which are involved in inflammatory cell
recruitmentCCRZ CD62L'CX;CR1°"Ly6C" are rapidly recruited to the areas
of damage, or inflamed tissue, and therefore are alternatively known as
inflammatory monocytes. In contrast, CCBR62LCX;CR1I"Ly6C are
called resident monocytes, since they persist longer in the blood and are
recruited to non-inflamed tissues (Strauss-Ayali et al., 2007) (Geissmann et al.,

published online in 2010) (Geissmann et al., 2003).
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Monocytes Subsets Cellular Activities
Phagocytic Cytokine Co-
Human Mouse activity production | stimulatory
activity
Inflammatory||CD14" CCR2+
monocytes D16 CD62L+ Higher Higher Lower
CX3CR1low
Ly6C+
Resident CD14+ CCR2-
monocytes CD16+ CD62L- Lower Lower Higher
CX3;CR1N
Ly6C
Table 1.1: Monocyte subsets in  mice and humans. CD14'CD16 and

CCRZCD62L'CX;CR1I°Ly6C" subsets in humans and in mice are regarded as inflammatory
monocytes, and are associated véthigher phagocytic and cytokine production ability than
the resident monocytes (CD2D16" in humans an€CR2CD62L'CXsCR1"Ly6C in mice

which have a higher co-stimulatory activity (Strauss-Ayali et al., 2007, Grage-Griebenow et
al., 2001, Gordon and Taylor, 2005).

Additionally, adaptive transfer experiments showed that the Ly6C

monocytes can shuttle between the blood and the bone marrow, and loose

Ly6C expression | (Figure 1.1). Furthrmore, it was suggested that
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CCRZCD62L'CXsCR1I°“Ly6C" monocytes pass through an intermediate
phenotype of CCRZCR7CCRS8Ly6C™ before acquiring the CCR2

CD62LCX3sCR1"Ly6C phenotype (Qu et al., 2004).

The intermediate phenotype was proposed to have similar allogeneic
cell stimulating capacityo the Ly6C monocytes, and to express higher CCR7
and CCR8 mRNA levels than the other two monocyte subsets (Gordon and
Taylor, 2005). In case of infection, both CCRER7CCR&Ly6C™ and
CCRZCD62L'CX3CR1°“Ly6C* monocytes can respond to pro-inflammatory
signals, and migrate to inflamed tissues. Following their recruitment to the site
of infection, they start to express higher levels of CD11c, and MHC class I
molecules, and differentiate into @ or DCs. Because of the enhanced
expression of CCR7 and CCRS8, the intermediate phenotype is suggested to be
particularly more prone to migrate to draining lymph nodes and differentiate

into DCs (Gordon and Taylor, 2005).

Nevertheless, in most recent studies, the generation of 'Ly6C
monocytes were not affected by genetic defectoinantibody-mediated
depletion of Ly6C monocytes (Feinberg et al., 2007) (Mildner et al., 2007,

Geissmann et al., published online in 2010).

1.2.2. MO heterogeneity

The migration from blood, through the endothelia, the interstitium, and

epithelia, requires adhesion molecules including integrins (sudb, §%),

19



immunoglobulin-superfamily molecules (e.g. CD31), and selectins, as well as
matrix metalloproteinase activity that breaks down the extracellular matrix
(ECM) proteins and enables the passage between the cells (Gordon, 2003).
Within the tissues, monocytes migrate along a concentration gradient formed
by the interaction of proteoglycans, present in the ECM and on endothelial

cells, with chemokines, cytokines and growth factors (Gordon, 2003).

Depending on the signalling received from the microenvironment (e.g
surface and secretory products of neighbouring cells, and ECM (Gordon,
2003)) tissue resident M display a high degree of heterogeneity (differing in
life span, morphology, and phenotype) that enables them to perform their
tissue-specific functions, such as bone remodelling by osteoclasts, pathogen
killing by alveolar MP, and apoptotic cell removal by thymic @M (in
thymus) Nevertheless, Kb heterogeneity can also be observed within a single
organ. For instance in the spleen, marginal zodeeMpress an array of PRRs
and function in clearance of blood-borne pathogens, while metallophific M
that surround the splenic white pulp adjacent to the marginal sinus, express
high levels of sialoadhesin. Even though the function of metallophiicii/
still not yet clear, they are thought to have a role in the initial response to
systemic infection. The spleen also contains tingible bo@ywihich facilitate
the removal of apoptotic lymphocytes during germinal centre formation

(Taylor et al., 2005b).

More heterogeneity is derived from the®Mactivation states that

further allow MD to adopt their wide-range actions (Taylor et al., 2005b,
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Gordon, 2003, Mosser, 2003) (Figure |1.2). These include the classical

activation pathway that results in activatedPMCA-M®) induced by the
combined effect of IFN- and LPS (Nathan, 1991). CA-M have high
microbicidal activity, and are associated with pro-inflammatory cytokine
release and cellular immunity. This is in contrast to the alternative activation
which facilitates tissue repair, and humoral activity, and is induced by IL-4 or

IL-13 (Gordon and Taylor, 2005).

Peripheral blood Inflamed tissue

Innate activation by TLR ligands

(for example, LPS, LTA and PGN)
Increased production of pro-inflammatory
cytokines, INOS and ROS

Macmphage Classical activation by IFN-y and LPS

Increased production of pro-inflammatory

cytokines, INOS and ROS; Increased
— | EXpression of MHC class Il molecules and

CD86; Increased antigen presentation; and

increased microbicidal activity

Circulating
monocyte

Alternative activation by IL-4 or IL-13
Increased endocytic activity: increased
expression of mannose receptor, dectin-1

and arginase; Increased cell growth; increased
tissue repalr; and increased parasite killing

Deactivation by IL-10, TGF-B,
CD200-CD200R, CD47-CD172a or steroids
Increased production of IL-10, TGF-B and PGEo;
and reduced expression of MHC class Il molecules

Figure 1.2: Inflammation-induced M® heterogeneity. During inflammation, the
inflammatory peripheral-blood monocytes differentiate into different subsets with distinct
phenotypes and physiological activities according to the signals available in the

microenvironment (Gordon and Taylor, 2005)
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M® can also be activated as a result of the engagement of PRRs such
as Toll-like receptors (TLRs), a process which is known as innate activation
(Takeda et al., 2003). Like CA-®, the innate activated ® (IA-M®) possess
microbicidal activity and release pro-inflammatory cytokines. However, in
contrast to IA-Mb, CA-M® have a higher antigen presentation and

intracellular pathogen killing ability (Gordon and Taylor, 2005).

In the absence of any activating signals, such as in conditions following
the neutralisation of an invading pathogen by the immune response involving
both IA-M® and CA-MD, and the resolution of the inflammation by activated
cells such as alternatively-activateddMAA-M ®), M® are found in a de-
activated state. Today, it is still not clear if the fate of th®@ M determined
once, or whether it depends on a change in the microenvironment. The de-
activation is mediated by cytokines such as IL-10 and BGé-by signalling
through inhibitory receptors, such as the CD200 receptor (CD200R). The de-
activated MP mainly produce anti-inflammatory cytokines and have reduced

MHC class Il expression lev€Gordon and Taylor, 2005).

1.2.3. Pathogen recognition

Microorganisms are detected by immune cells either indirectly by
soluble PRR (e.g. MBL) or by complement fragments (e.g. C3b) that coat the
non-self molecules, or directly by PRRs which discriminate the potentially

hazardous pathogens and their associated secreted products from harmless host
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cells, by recognizing pathogen-associated molecular patterns (PAMP) (Lee and

Kim, 2007).

PRRs can be expressed on the cell membrane as well as in the
cytoplasm. Cytoplasmic PRRs are evolved to trigger the immune response
against intracellular organisms such as viral pathogens that can enter the host
cell to use host machinery to replicate, and intracellular bacteria resistant to the
phagocytic killing after uptake and which can gain access to the cytosol. They
are also involved in the modulation of the signalling triggered by PRRs on the
cell membrane to establish an efficient co-ordination of innate immune

responses (Creagh and O'Neill, 2006).

In contrast to cytoplasmic PRRs, cell membrane-anchored PRRs are
involved in the recognition of extracellular pathogens, and have diverse
functions such as facilitating the presentation of PAMPs to other PRRs and the
initiation of major signalling pathways involved in antigen uptake and the
release of various inflammatory mediators. Among those, C-type lectins (CTL)
are responsible for the recognition of carbohydrate structures, and together
with TLRs, they have a central role in triggering the immune response against
fungi whose cell wall structure is 90% carbohydrate (Geijtenbeek and
Gringhuis, 2009). As the later chapters are based on thantéraction with
fungal pathogens in serum-free conditioti®e next section will focus on the
cell membrane-anchored members of these two receptor families involved in

triggering anti-fungal immune responses.
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1.2.3.i.Toll-like receptors

TLRs are the best characterized signal-generating PRRs, and are major
cell-surface initiators of the inflammatory response to pathogens. They were
first detected as a group of Drosophila proteins involved in the dorsoventral
patterning in the development of embryos (Hashimoto et al., 1988). However,
their effect was later found not to be development-restricted and they also have
been shown to facilitate immune responses against fungal infections (Lemaitre
et al., 1996). Mammalian Toll receptor homologs were detected by subsequent
studies, and were therefore named as Toll-like receptors (TLRs) (Takeda and

Akira, 2004).

Mammalian TLRs are type | integral membrane glycoproteins with an
extracellular solenoid shaped recognition domain composed of leucine-rich
repeats (LRR), ana cytoplasmic Toll/IL-IR (TIR) domain responsible for
triggering anintracellular signalling cascade (Werling et al., 2009). Individual
TLRs are differentially distributed within the cell and, depending on their sub-
cellular location, TLRs can be categorised into two groups: TLRs that are
predominantly expressed on the cell surface (e.g. TLR 1, 2, 4, 5, and 6) and
TLRs that are mostly expressed in endocytic compartments (e.g. TLR 3, 7, 8,

9) (Lee and Kim, 2007).

TLRs function as homo- or hetero-dimers (e.g. TLR2-TLR6 and TLR9-
TLR9 complex) or with other PRRs (e.g. TLR4-CD14) (Lee and Kim, 2007).
The dimerisation is thought to be mediated by TLR-ligand engagement which

results in a conformation change facilitating the two TIR domains into closer
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proximity to associate symmetrically. This enforces further structural
reorganization necessary for adaptor recruitment. The adaptor proteins couple
to downstream protein kinases and ubiquitin ligases that eventually lead to the
activation of transcription factors, such as nuclear factor-kappa betaBNF-

and members of the interferon-regulatory factor (IRF) family (O'Neill and

Bowie, 2007).

The NF«B transcription factors play a crucial role in establishing an
effective immune response against the invading pathogen. As well as
regulating the expression o& wide-variety of mediators involved in
inflammation, the pathway also provides a link between innate and adaptive
immune responses by inducing the release of mediators such as IL-2 that
promotes T-cell proliferation and differentiation into effector cells, and &NF-
that enables the migration of APC to a nearby lymph for the activation of naive
T-cells. They also induce the cell-surface expression of co-stimulatory factors
by APC (Beinke and Ley, 2004, Li and Verma, 2002) (Gerondakis and

Siebenlist, published online in 2010)

IRFs are mainly involved in anti-viral immune responses by activating
the transcription of type | IFNs; IFNM-and IFN-B. Both IFNs mediate their
intracellular effects throughinding to IFN o/ receptor that stimulates the
expression of several proteins. Among those 2’-5’-oligo-adenylate synthase is
responsible for the activation of ribonuclease (RNAse L) that degrades viral
RNA, whereas double stranded RNA (dsRNA)-dependent protein kinase

(PKR) inactivates protein synthesis and thereby blocks viral replication in
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infected cells (Boo and Yang, published online in 2010). IFNs are also
involved in the activation of the adaptive immune response through the
induction of co-stimulatory signal expression indMand DCs, and in the

MHC-class type | expression in all cell types, in order to facilitate the
activation of naive and cytotoxic T-cells, respectively (Takaoka et al., 2008)

(Saha et al., published online in 2010) (Tailor et al., 2006).

TLRs can detect an extremely wide-variety of PAMPs that range from

intracellular structures, such as double (or single)-stranded RNA, and viral

DNA to extracellular ligands such as LPS, and flagegllin (Figure 1.3). Among

the family members, TLR2, TLR4, and TLR9 have been reported to trigger

anti-fungal immune response (Netea et al., 2008)

Atypical LPS

Lipoprotein

Lipopeptide

Lipoarabinomannan

Lipotechoic Acid

Modulin Viral  Zymosan  Profilin-
Porin Bacterial UPEC RSV F CpG GIPLs like
Peptidoglycan LPS Flagellin CpG DNA protein dsRNA protein ssRNA DNA  Glycolipids protein

ceecceceee o
BB EEEEE

NF-kB activation NF-xB activation NF-kB activation
Proinflammatory IRF3/7 activation Proinflammatory
cytokines cytokines

Type | interferons &
IFN-inducible genes

Figure 1.3: TLR ligands. TLRs are involved in the recognition of wide variety of PAMPs
from bacteria, viruses, protozoa, and fungi (West et al., 2006)
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TLR signalling involves a family of five adaptor proteins which are:
MyD88, MyD88-adaptor-like (MAL, or TIRAP), TIR-domain-containing
adaptor protein inducing IFR-(TRIF or TICAM1), TRIF-related adaptor
molecule (TRAM, TICAM?2), and sterile a- and armadillo-motif-containing
protein (SARM) (O'Neill and Bowie, 2007). Among these, MyD88 is a central
adapter shared by almost all TLRs, and each TLR has distinct signalling

pathways.

1.2.3.i.a. MyD88-dependent signalling

MyD88 has an essential role in TLR signalling and innate immunity.
MyD88 deficient mice were extremely unresponsive to ligands for TLR2,
TLR4, TLR5, TLR7 and TLR9, and displeg higher resistance to LPS-
mediated toxic effects, as well as impaired immune responses (O'Neill and

Bowie, 2007).

Following ligand binding by TLR, MyD88s recruited to the TLR
cytoplasmic domain (Akira and Takeda, 2004). This in turn brings other
members of the interleukin-1 receptor associated kinase (IRAK) family, which
associates with MyD88 through DD-DD (death domain) interactions (Barton
and Medzhitov, 2003). So far, four IRAKs hasve been identified: IRAK1,
IRAK2, IRAK4 and IRAK-M which are all ubiquitously expressed, except for
IRAK-M, whose expression is monocytedMrestricted (Wesche et al., 1999).

Among IRAKs, only IRAK1 and IRAK4 have intrinsic serine/threonine
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protein kinase activity, and the lack of kinase activity suggests a possible
negative-regulatory role for both IRAK2 and IRAK-M ifLR-mediated
signalling (Kawai and Akira, 2006). This was supported by Kobayashi et al,
who detected an over-production of TLR-induced cytokines by IRAK-M

deficient cells (Kobayashi et al., 2002).

MyD88 first activates IRAK4 that is involved in the phosphorylation
and activation of IRAK-1. IRAK-1 is now able to activate the TNF receptor-
associated factor-6 (TRAF-6), after which the IRAK-1/TRAF-6 complex

dissociates from the receptor and interacts with additional molecules, resulting

in the stimulation of the upstream kinases for ®&;-p38 and JNK] (Figur

11

ﬁ (Akira and Takeda, 2004) (Lee and Kim, 2007) (Takeda and Akira, 2004).

MyD88 has also been reported to facilitate the induction of IRF7 by
TLR7, TLR8 and TLR9 (Honda et al., 2004, Honda et al., 2005, Kawai et al.,
2004). It forms a complex with IRAK1, IRAK4, TRAF6 and IRF7 such that
IRF7 becomes phosphorylated by IRAK-1 (Hochrein et al.,, 2004).
Additionally, MyD88 was suggested to promote the activation of IRF5 and
IRF1 among which the latter appears to interact with MyD88 before being

translocated to the nucleus (Negishi et al., 2006).
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TLRS— TLR2-TLRA1
or TLR&

Figure 1.4: Signalling mediated by MyD88 and MAL. MyD88 is a central signalling
adaptor used by all TLRs except for TLR3. It directly interacts with TIR domains and
facilitates the IRAK-4 and IRAK-1 activationRAK-1 is now able to activate the TRAF-6.
Activated TRAF-6 binds ubiquitin-conjugating enzyme 13 (UBC-13) and a UBC-like protein
(UEV1A), which facilitate its ubiquitination (Ub-TRAF6). Ub-TRAF6 then engages with
TGF$-activated kinase (TAK1l) and TAK1-binding proteins, TAB1 and TAB2. That
ultimately results in TAK-1-dependent activation MF-kB, and mitogen-activated protein
(MAP) kinases, such as p42/p44 MAP kinase, p38 MAP kinase and Jun N-terminal kinase
(INK). MyD88-mediated signalling also promotes the activation of IRF1, IRF5, and IRF7 (not
shown). In addition to MyD88, TLR2 and TLR4 also recruit MAL, which mainly functions as

a bridging adaptor for MyD88 recruitment (West et al., 2006, Liew et al., 2005).
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1.2.3.i.b. MAL-mediated signalling

MAL is a key component of the MyD88-dependent pathway triggered
by TLR2 and TLR4 (Takeda and Akira, 2004). It has a binding domain on its
N-terminus that mediates its recruitment to the plasma membrane through
binding to phosphatidylinositol-4,5-biphosphate (Ptdins(4)5]JRagan and
Medzhitov, 2006). This is an important step for signalling via TLR4 and
TLR2, which cannot bind directly to MyD88. Following MAL recruitment to

the plasma membrane, TLR4 and TLR2 interact with MAL, which serve as a

bridge to recruit MyD88 (O'Neill and Bowie, 200[7) (Figure(1.4).

1.2.3.i.c. TRIF-mediated signalling

Apart from being the exclusive adaptor in TLR3 signaling, TRIF also
regulates the TLR4-mediated-MyD88-independent pathway, leading to IRF3,
and delayed NKB activation. In contrast to MyD88, its overexpression was
shown to induce IFNBpromoter, and its deficiency impaired both IFNP
production and IRF3 activation induced by TLR3 and TLR4, while
inflammatory cytokine production by TLR2, TLR7, and TLR9 was not
affected. By using knock-out ®, MyD88 contribution to mitogen-activated
protein kinase (MAPK) activation was demonstrated to be higher than that of
TRIF. As well as IRF3, like MyD88, TRIF may also be involved in the

activation of IRF5 (O'Neill and Bowie, 2007).
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There appears to be two distinct pathways mediating the TRIF-induced
activation of NF-xB. While the first is thought to be through the TRAF-6-
binding sites found on the N-terminal region of TRIF (Jiang et al., 2004, Sato
et al., 2003), the second route involves the receptor-interacting protein (RIP)
homotypic interaction motif (RHIM) on the C-terminus, through which TRIF
was shown to recruit both RIP1 and RIP3. Among those, while RIP1 induces

NF-kB activation, RIP3 was shown to negatively regulate the TRIF-RIR1-

kKB pathway (Meylan et al., 2004) (Figure [1.5). However, it appears that both

TLR3 and TLR4 may use TRIF differently, as the lack of RIP1 expression did

not influence TLR4-TRIF mediated signalling (O'Neill and Bowie, 2007).

TRIF also mediates IRF activation through TRAF3. Even though the
mechanism is yet not clear, it is thought to involve the recruitment of TBK-1 (a
crucial upstream kinase for IRF3) via TRAF-3 awdK-associated protein 1

(NAP1) (Sasai et al., 2005).

In addition to NFkB and IRF3 activation, TRIF also facilitates TLR4-
and TLR3-mediated signalling for apoptosis (Kaiser and Offermann, 2005, De
Trez et al., 2005). Among the other signalling adaptors mentioned, TRIF is the
only one with such an activity. The pathway appears to be mediated through
RHIM of TRIF and involve RIP1, FADD and caspase-8 (Han et al., 2004,

Ruckdeschel et al., 2004).

As in the case of MyD88 signaling, TRIF signaling can be
downregulated by endogenous molecules. However most of these are not

specific to TRIF, and they mainly target MyD88, TRAF6 or downstream
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components of TRIF signaling. One such TRIF-specific negative regulator,
that does not affect MyD88 pathway, is SARM which is the fifth TIR adaptor

and will be discussed later (O'Neill and Bowie, 2007).

TLR3

TR doman—1 ) )

®® @

NF-xB

Figure 1.5: TRIF-mediated signalling. TRIF signalling is induced by both TLR3 and TLR4
and can lead to the activation of B-and IRF, as well as to apoptosis. Like MyD88, it
interacts with TLRs through the TIR domains. It possesses distinct motifs through which it can
directly or indirectly recruit the effector proteins TBK-1, TRAF-6, and RIP-1. It is still not
clear how TRIF mediates IRF3 activation through TRAF3, but it is thought to involve ITBK-
recruitment via TRF-3 and NAP-1. The NikB activation is mediated through two distinct
pathways which are mediated by TRAF-6 and RIP-1. Among those, RIP-1 is also involved in
the FADD-mediated activation of TRIF that leads to apoptosis through ca&paseeill and
Bowie, 2007)
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1.2.3.i.d. TRAM-mediated signalling

TRAM is the most restricted adaptor involved in TLR signalling and it
functions exclusively in the TLR4 signalling cascade. Even though it is
involved in the interaction with TRIF, its role is not TRIF-restricted as TRAM-
and TRIF-deficient mice displayed different signalling phenotypes in response

to LPS (O'Neill and Bowie, 2007).

There have been two biochemical modifications identified which are
required for TRAM functioning. The first one is the myristoylation of the N-
terminus that enables TRAM recruitment to the membrane (Rowe et al., 2006)
As in the case of MAL, which recruits MyD88, TRAM functions as a bridging
adaptor for TRIF, since the mutation of the myristoylation motif was enough to
abolish its downstream signalling (Oshiumi et al.,, 2003). The second
modification is the phosphorylation of serine at position 16 by protein kinase
Ce (PKCg), a key component of LPS-induced signalling (McGettrick et al.,

2006). The downstream elements triggered upon TRAM phosphorylation are

not yet cleay (Figure 116).

It appears that the TRAM-TRIF-mediated pathway is only initiated by
endocytosed TLR4, as the inhibition of TLR4 endocytosis was reported to
disrupt its signalling (Kagan et al., 2008). Today the mechanism behind this is
not yet clear, however it is thought to be mediated by depletion of
PtdIns(4,5)Rfrom the plasma membrane during endocytosis that results in the
release of the MAL-MyD88 complex from TLR4, enabling TLR4 interaction

with TRAM-TRIF in endosomes (Murphy et al., 2009).
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Figure 1.6: TIR-mediated signalling triggered by TLR4. TLR4-signalling is complex in
terms of signalling adaptor usage as it utilises four signalling adaptors upon LPS binding. As
in the case of TLR2 signalling, MAL acts as a bridging adaptor for MyD88 and is involved in
the activation ofNF-kB, p38 and JNK MAPK pathways. The MyD88-independent pathway
involves TRAM, which like MAL, is recruited to the membrane through its attached myristate
group. TRAM is a substrate for PKCe and must be phosphorylated to be active. It enables the
recruitment of TRIF which promotes the activation of IRF and IRF7 through TBK-XKBNF-
through TRAF-6, and the apoptosis through RIP-1 dependent pathways. (O'Neill and Bowie,
2007)

1.2.3.i.e. SARM-mediated signalling

In contrast to other TIR-domain-containing adaptors, SARM does not
induce NFkB activation when overexpressed, and was shown to act as a
negative regulator of NkKB and IRF activation (Liberati et al., 2004). Its
expression was reported to specifically inhibit TRIF-dependent signalling

through direct interaction with TRIF, without having an influence on the
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MyD88-dependent pathway or non-TLR signalling by TNF or RI(5-1 (Figure

1.7) (Carty et al., 2006). Further, its deficiency resulted in the enhanced

polyl:C- and LPS-induced chemokine and cytokine expression by primary

human peripheral-bood mononuclear cells (O'Neill and Bowie, 2007).

TLR3

Figure 1.7: Signalling modulation by SARM. The TLR3 and TLR4 signalling also results in

an enhancement in SARM expression which is involved in the inhibition of TRIF-mediated
signalling probably by blocking the recruitment of TRIF effector proteins (O'Neill and Bowie,
2007)

TLR4 signalling was shown to enhance SARM expression indicating a
specific negative feedback. It is thought to be regulated by the SARM N-
terminus as its deletion was reported to enhance SARM expression (Chuang
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and Bargmann, 2005). The TIR-domain is essential for SARM function;
however how it inhibits the TRIF-mediated effects is still not yet clear. It could
be because of the TRIF-SARM interaction that may block the recruitment of
downstream effector proteins by TRIF (such as TRAF-6, and TBK-1), or
alternatively SARM may recruit an unidentified TRIF inhibitor through its

SAM motifs (O'Neill and Bowie, 2007).

1.2.3.ii. C-type lectins (CTL):

Lectins comprise a wide variety of carbohydrate-binding molecules. In
1988, Drickamer proposed to categorise animal lectins into various families
and classify Cd dependent lectins with asialoglycoprotein receptor (ASGR)-
like structure as the C-type lectin family (Drickamer, 1988). After inclusion of
thousands of members, the C-type lectins are today regarded as a superfamily,
including both soluble and membrane-anchored proteins with immune and
non-immune functions characterised by the presence of one or more C-type

lectin-like domains (CLTDs) (Weis et al., 1998, Zelensky and Gready, 2005).

The domain responsible for €adependent carbohydrate binding was
initially identified as a globular structure in rat MBL, and accordingly named
as ‘carbohydrate recognition domain (CRD)’ (Weis et al., 1991a). Comparing
CRDs from different C-type lectins revealadconserved sequence of ~150
amino acids facilitating the correct structural folding required for carbohydrate

and C4&" binding (McGreal et al., 2004). The nomenclature of the CRD was
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further modified by crystallographic studies suggesting the distinct folding
structure of the domain that is different to any known protein folds; therefore
CRD was replaced by ‘C-type CRDs’ (Weis et al., 1991b). However, these
domains were then referred 4s ‘C-type lectintike domains (CTLD)’ due to

the discovery of non-standard CRDs without an§*®inding ability, most of
which is involved in the detection of non-cabohydrate ligands (Vales-Gomez et
al., 2000). Today, the term CTLD is used to identify these common folds

possessed by the C-type lectin superfamily members without deducing

functional similaritieg (Figure 1}8) (Weis et al., 1998) (McGreal et al., 2004).

Among the CTLs, only the membrane-anchored members of the
(Group VI) mannose receptor (MR), (Group V) NK-cell receptors, and (Group
II) asialoglycoprotein and DC receptor families were shown to facilitate direct
fungal recognition by the immune cells (Zelensky and Gready, 2005). The
CTL groups differ structurally, such that the group VI members have multiple
CTLDs in the extracellular domain, while group Il and V members have one,
which is classical (requires &afor ligand binding) in group Il and non-

classical (does not require €dor ligand binding) in group V members.

The following section will focus on the members of Group Il (i.e. DC-
SIGN, dectin-2, mincle) and V (i.e. dectin-1) involved in the activation of anti-
fungal immune response, and on the intracellular signalling they trigger.
Finally, the remaining part of this chapter will discuss the MR, which is the
only MR family member shown to participate in fungal recognition and which

is the main focus of this thesis.
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Figure 1.8: Vertebrate C-type lectins from different groups. Group |- lecticans, IlI- the
ASGR group, lll- collectins. V- selectins, V- NK receptors, VI- the MR group, VII- REG
proteins, VIII- the chondrolectin group, IX- the tetranectin group, X- polycystin I, XI-
attractin, XlI-Eosinophil major basic protein (EMBP), XllI- DiGeorge syndrome critical
region (DGCR)2, XIV- the thromboodulin group, XV- Bimlec, XVI- soluble protein
containing SCP, EGF, EGF, and CTLD domains (SEEC), XVII- Baitd CTLD containing

protein CBCP (Zelensky and Gready, 2005).
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1.2.3.ii.a. DC-SIGN

DC-SIGN is primarily expressed on phagocytic cells such as DCs and
M® (Koppel et al., 2005) (Lai et al., 2006) (Tailleux et al., 2005). Its
expression is mainly upregulated by IL-4, and downregulated in response to
IFN-y, TGF-p and dexamethasone (Relloso et al., 2002). It is composed of a
single CTLD followed by a neck region on the extracellular portion, a single
transmembrane helix, and a cytoplasmic tail responsible for receptor
internalization. Through the neck region, which contains tandem repeats of a
highly conserved 23-amino-acid sequence, DC-SIGN undergoes tetrameric
clustering which is important in ligand engagement (Khoo et al., 2008)

(Koppel et al., 2005).

Up to today there have been eight mouse (i.e. SIGNR1, SIGNR2,
SIGNR3, SIGNR4, SIGNR5, SIGNR6, SIGNR7, and SIGNR8) and two

human DC-SIGN orthologues (i.e. DC-SIGN, and DC-SIGNR) identified

(Powlesland et al., 2004) (Figure [L.9). In humans, DC-SIGNR displays 77%

amino acid identity with DC-SIGN, and both homologues differ in their ligand

specificities, such that DC-SIGN can detect both mannose- and fucose-
containing glycans, while DC-SIGNR can only recognise high mannose
oligosaccharides (Powlesland et al., 2006). In contrast to DC-SIGN, DC-
SIGNR expression is restricted to endothelial cells in liver, lymph nodes, and

placental capillaries (Li et al., 2009)

Like human DC-SIGN, mouse SIGNR1, R3, and R7 have preferential

binding to fucose over mannose, while SIGNR5 and R8 displayed preferential
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binding to mannose to an extent similar to that observed for human DC-
SIGNR (Powlesland et al.,, 2006). Among those, SIGNR1 is the most
extensively studied murine homologue and is also termed murine DC-SIGN
(Willment and Brown, 2008). According to the study by Powlesland et al, the
SIGNR2 and SIGNR6 genes are pseudogenes, as the cDNA prepared did not
have the signalling sequences required for the expression of functional protein,

and SIGNR4 does not have any sugar binding ability (Powlesland et al., 2006).
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Figure 1.9: Human and mouse SIGNs. The yellow, orange, and purple correspond to CTLD,
transmembrane domain and cytoplasmic tail, respectively. The light blue indicates related
segments, while green represents the variable spacer domains in the neck domain (Powlesland
et al., 2006).

DC-SIGN was shown to facilitate the detection of various pathogens
including fungi such as Candida albicans, Aspergillus fumigatus and
Chrysosporium tropicum in &€& -dependent manner (Khoo et al., 2008,

Cambi et al., 2009) (Serrano-Gomez et al., 2004) (Serrano-Gomez et al.,
40



2005). DC-SIGN can internalize antigens through endocytosis (Koppel et al.,
2005), while its phagocytic activity has not yet been demonstrated

conclusively (Cambi et al., 2009, Willment and Brown, 2008).

Upon its engagement, DC-SIGN can trigger intracellular signalling
through its cytoplasmic tail (with still an unidentified signalling motif), which
results in NF«B activation through serine/threonine protein kinase Raf-1
(Gringhuis et al.,, 2007). The N&B activation by DC-SIGN-mediated

signalling was shown to modulate TLR-mediated responses at a transcription

level (Figure 1.1P (Gringhuis et al., 2007) (Geijtenbeek et al., 2003). This

makes DC-SIGN an important PRR for triggering an effective immune

response. The signalling triggered by DC-SIGN is still poorly understood, as
immune responses mediated by the detection of fucose-rich structures by DC-
SIGN were reported to be Raf-1 independent (Geijtenbeek and Gringhuis,

2009).
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Figure 1.10: DC-SIGN utilises Raf-1-mediated signalling to modulate TLR signalling.
DC-SIGN binding to pathogens results in the activation of small GTPase Ras proteins which
then leads to the phosphorylation of Raf-1 kinase at residues Ser338 and Tyr340, and Tyr341
by p21-activated kinas¢PAKs) and Src kinases respectively. The upstream elements are still
unknown but thought to involve leukaemia-associated Rho guanine nucleotide exchange factor
(LARG), and Ras homologue A (RHOA)aR1 leads to modulation of TLR-mediated KB-
activation through an unknown mechanismt ttessults in phosphorylation dMF-«kB subunit

p65 at Ser276, which then interact with histone acetyl-transferases CREB-binding protein
(CBP) and p300. This leads to p65 acetylation, and to an enhanced DNA binding ability,
promoting an enhanced transcriptional rate of the target genes such as 118, 1110, 116, and 1112b
(A). The Raf-1 pathway triggered by DC-SIGN engagement with the salivary protein Salp1l5
from the tick Ixodes scapularis is altered by the co-ligation of another receptor such as CD4
that leads to MEK (MAPK/ERK kinase) but not ERK activation. This results in reduced
TLR1-TLR2-dependent pro-inflammatory cytokine production by enhancing the degradation
of 116 and Thf mMRNA, and impaired nucleosome remodelling at the 1112a promoter as observed

in the case of Borrelia burgorferi-based models (Geijtenbeek and Gringhuis, 2009).
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1.2.3.ii.b. Mincle

Mincle is composed of a single extracellular CTLD followed by a stalk
region, a transmembrane domain and a short cytoplasmic domain. It does not

have any signalling motif, but associates with FcR common y chain (FcRy) to

induce signalling (Figure 1.31Graham and Brown, 2009}s interaction with

FcRy is mediated by the positiviely charged arginine in the transmembrane
domain (Yamasaki et al., 2008). Mincle expression in peritone@l Was
upregulated by LPS, IFM;-IL-6 or TNFe (Matsumoto et al., 1999), and bone
marrow (BM)-derived MP exposed toC. albicans were reported to have

enhanced levels of mincle expression (Wells et al., 2008).

Mincle was shown to facilitate the immune response against fungal
species such as S. cerevisiae, C. albicans and Malassezia (Wells et al., 2008)
(Yamasaki et al., 2009). Even though it has a mannose-binding motif (EPN) in
its recognition domain, the interaction appears to detect the specific geometry
of a-mannosyl residues, since the mincle-lg construct displayed specific
binding to the a-mannose-polyacrylamide conjugate but tmtthe mannan
spots in the glycoconjugate microarray (Yamasaki et al., 2009). Soluble
mannan was also not able to block mincle-mediated NFAT (nuclear factor of

activated T-cells) activation in response to Malassezi (Yamasaki et al., 2009).
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Figure 1.11: Minclemediated signalling. Mincle, like dectin-2, interactsvith the FcRy
signalling adaptor through positively charged amino acids. Phosphorylation of the ITAM motif
(on the FcRy cytoplasmic tail) creates a docking site for Syk that triggers a signalling pathway
involved in the modulation of cytokine expression in a TLR-independent manner. Both CLRs
are thought to couple Syk to NdB activation through CARD®BCL-10-MALT1 complex
(Geijtenbeek and Gringhuis, 2009)

1.2.3.ii.c. Dectin-2

Dectin-2 is widely expressed by tissugbMlangerhans cells and DCs
and is up-regulated during immune responses (Ariizumi et al., 2000a) (Taylor
et al., 2005c). It shares the same ligand specificity with DC-SIGN, and
displayed mannose and Calependent binding to A fumigatus, C. albicans,
Saccharomyces serevisiae, M. tuberculosis, Microsporum audounii,

Trichophyton rubrum, Paracoccoides brasiliensis, Histoplasma capsulatum
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and Cryptococcus neoformans (Graham and Brown, 2009) (Barrett et al.,
2009) (Graham and Brown, 2009). In the case of fungal infections, dectin-

appears to be mainly involved in the recognition of hyphal, rather than conidial
forms (McGreal et al., 2006) (Sato et al., 2006). Quite recently, dectin-2 was
also demonstrated to facilitate the production of cysteinyl leukotrienes (an
important mediator for allergic inflammation in lungs) in response to the house

dust mite (Barrett et al., 2009).

Dectin-2 shares the same structure with mincle, and triggers

intracellular sigalling through FcRy (Figure 1.1} (Graham and Brown,

2009). Strikingly in contrast to other kgtors that signal through FcRy, its
association with FcRy was reported to be through a short region of cytoplasmic

domain close to the transmembrane region (Sato et al., 2006).

In humans, a shortened dectin-2 isoform, which lacks most of the
transmembrane domain and all cytoplasmic domain, was also identified
(Gavino et al., 2005). Its exact function is not known yet, however, it may act
as an antagonist to full-length dectin-2 after being secreted (Graham and

Brown, 2009).

The engagement of the full-length dectin-2 results in the
phosphorylation of the ITAM motif orfcRy that enables the subsequent
recruitment of spleen tyrosine kinase (Syk) (Yamasaki et al., 2008, Barrett et
al., 2009). The downstream signalling is largely unknown, however it is
thought to be similar to that triggered by other FcRy-associated receptors (such

as mincle) that promote NKB activation through the Syk-CARD9-BCL10-
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MALT1 complex (Hara et al., 2007)) (Figure 1{11). Even though dectin-2-

signalling was also shown to induce MB-activation, a role for Syk-CARD9-
BCL10-MALT1 complex has not been confirmed yet (Sato et al., 2006)

(Barrett et al., 2009).

The NF«B activation suggests an important role of dectin-2 in
regulating the adaptive immune response. This is further supported by data
showing the TLR-independent expression of TNF and IL-6 upon d2ctin-
recognition of C. albicans, Trichophyton rubrum and Microsporum audouinii,
and house dust mite-mediated production of cysteinyl leukotrienes through
dectin-2-induced Syk activation (Sato et al.,, 2006, Barrett et al., 2009).
Additionally, the dectin-2 role in the induction of,-L7 immune responses
was recently identified in a systen@x albicans infection model (Robinson et

al., 2009).

1.2.3.ii.d. Dectin-1

Dectin-1 is a phagocytic receptor expressed on DGB, Monocytes,
neutrophils, microglia and weakly on subsets of murine T-cells, human B-
cells, mast cells and eosinophils (Taylor et al., 2002, Brown, 2006). Its high
expression levels at the possible pathogen entry sites, such as lungs and
intestines, correlate with its crucial role in triggering the immune response
(Taylor et al., 2002, Reid et al., 2004). Dectin-1 expression can be influenced

by various cytokines, steroids and microbial stimuli. Cytokines such as those
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involved in alternative M activation and -2 immune responses including
IL-4 and IL-13, enhance dectin-1 cell surface expression while dexamethasone

and LPS suppress its expression (Willment et al., 2003).

It is involved in the detection @@-glucan, which makes up to 50% of
the fungi cell wall, and accordingly it was shown to have a central role in anti-
fungal immune responses such as those against Pneumocystis drinii,
brasiliensis C. albicans, Coccidioides posadasii afAdfumigatus (Brown,

2006).

Dectin-1 is composed of an extracellular non-classical CTLD that can
detect B-glucan in a C&-independent manner, followed by a stalk, a
transmembrane domain, and a cytoplasmic tail. The stalk region is the region
that is most commonly spliced out in functional dectin-1 isoforms in both
human and mouse. In mice, dectin-1 mRNA is alternatively spliced to generate
two functional dectin-1 isoforms; dectin-1A and dectin-1B, among which
dectin-1B lacks the stalk region. In contrast to mice, humans have at least eight
dectin-1 isoforms. Among those, isoforms A&B are the only functional
isoforms involved inB-glucan recognition and have a structural similantty t

murine isoforms (Willment et al., 2001).

Upon ligand engagement, the intracellular signalling is mediated by an

ITAM-like motif on the cytopidsmic tail, named as “hem-ITAM” (Figure

1.12). The nomenclature is derived from its unusual characteristic behaviour

in triggering Syk-dependent intracellular signalling by phosphorylation of a

single YXXL motif, instead of twol| (Figure 12). The cytoplasmic tail also

A7
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contains a highly charged tri-acidic motif (DED) in therhlI TAM motif that

is required for particle uptake (Underhill et al., 2005) (Brown, 2006).

Dectin-1-mediated Syk activation was also demonstrated to be required
for dectin-1 cross-talk with TLR signalling. The cross-talk is important for
some dectin-1 responses such as biN&nrd IL-12 production (Gantner et al.,
2003) (Brown et al., 2003) (Ferwerda et al., 2008). Other then Syk, sor far,
MyD88, (Dennehy et al., 2008), Raf-1 kinase (Gringhuis et al., 2009) and
CARD9 (Hara et al., 2007) were found to be essential in this collaborative

cellular response.

In addition to the Syk kinase pathway, some of the dectin-1-mediated
cell responses are regulated by the Syk-independent pathway. The Syk-

independent pathway is still largely uncharacterized and was recently shown to

involve Raf-1 kinase-mediated non-canonical RB-activation |(Figure 1.12)

(Gringhuis et al., 2009).
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Figure 1.12: Dectin-1 signalling through Raf-1 and Syk-dependent pathways. Fungi
recognition by dectin-1 induces phosphorylation of theXY (X is any amino acid) in its
cytoplasmic tail that results in Syk recruitment. The nature of the Syk binding is still unknown,
as dectin-1 uses only one ITAM-motif for signalling and Syk recruitment is thought to bridge
two dectin-1 molecules. Activation of Syk leads to the formation of a signalling complex
comprised of CARD9, BCL10 and MALT1 which promote the activation of kkecomplex
through a yet unrecognised pathway. The inhibitor ofkBRikBa) is phosphorylated by IKKB
that targets it to be degraded by proteasomes. TherelyBN#hich is composed of either
p65-p50 or REL-p50 dimers, becomes free to translocate into the nucleus (canonital NF-
pathway). In addition, Syk-mediated signalling can also promote a non-canoniad® NF-
pathway that involves NkB inducing kinase (NIK) andkk-o, which target p100 for
proteolytic processing to p52. This eventually leads to the nuclear translocation of RELB-p52
dimers. Dectin-1 can also signal in a Syk-independent manner, which is mediated by the Raf-
kinase activated by Ras proteins. The signalling leads to the phoshprylation of p65 at Ser276
that acts as a binding site for the histone acetyltransferases CBP, or p300 required for the
acetylation of p65 at different lysine residues. Phosphorylated p65 also attenuates the RELB-
mediated transcription by forming an inactive dimer with RELB that cannot bind to DNA
(Geijtenbeek and Gringhuis, 2009)
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1.3. Mannose Receptor (MR)

The MR was initially identified in the late 1970s as a 175 kDa
endocytic receptor on rabbit alveolardMinvolved in the clearance of
endogenous glycoproteins (Wileman et al.,, 1986). It was the first member
discovered of th&/R family of C-type lectins, which was also shown later on
to include the M-type phospholipase #eceptor (MmPLAR), DEC-205, and the

Endo-180 (East and Isacke, 2002, Zelensky and Gready, 2005).

The MR family members are unique within the C-type lectin
superfamily since these alone possess multiple CTLDs within a single
polypeptide backbone. They are also characterised by an N-terminal cysteine-
rich (CR) domain, which acts as a second lectin domain only in MR, followed
by a single fibronectin type Il (FNII) domain responsible for collagen detection
by all family members. Their cytoplasmic tails contain motifs that help them to
transport the bound antigen into the cellular endocytic machinery (East and

Isacke, 2002).

Even though these receptors share structural similarities, differing only
in the number of CTLDs within a single polypeptide backbone (eight in the
case of MR, PLAR and Endo 180 and ten in the case of DEC205), they
possess different ligand binding properties, and therefore each family member
has a different range of functions (East and Isacke, 2002). For instance, the
PLA.R is involved in the internalization dPLA, enzymes, DEC-205 can

internalize antigen for presentation to T-cells, Endo-180 can facilitate
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extracellular matrix remodelling, while MR has a role in the innate and

adaptive system (East and Isacke, 2002).

1.3.1. MR structure, expression, and specificity

MR is a type | membrane protein with a single transmembrane domain
and a cytoplasmic domain that mediates receptor internalization and recycling.
The three types of domains at the extracellular region have different ligand
specificity; the CR domain is capable of “Gmdependent binding to
sulphated sugars terminated in ,S¥galactose (Gal) or SEB/4-N-
acetylgalactosamine (GalNAc) (Taylor et al., 2005a), the FN Il which is
involved in collagen binding especially collagen type I, II, lll, and IV
(Martinez-Pomares et al., 2006, Napper et al., 2006), and eight tandemly

arranged CTLD responsible for €alependent binding to sugars terminated in

D-mannosel.-fucose or N-acetylglucosamine (GIcNAL) (Figure }.[Baylor

et al., 2005a). Two independent studies by Napper et al., and Boskovic et al.,
suggested a structural model for MR which includes two different
conformations: an extended form and a bent form which was created as a result
of the interaction between the CR domain and the CTLD4 region, and was
suggested to facilitate projecting ligand binding competent domains closer to

their possible substrates (Napper et al., 2001) (Boskovic et al., 2006).
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CR: Cysteine-rich domain
‘ Recognises sulphated carbohydrates terminatedin
S0,-(3)-Gal-or SO,-(3/4)-GalNAc-

FNII: Fibronectin type Il domain
WSS Bindsto collagen |, 11, 11l and IV with high affinity
and weakly to collagen V.

CTLD: C-type lectin-like domain
Binds complex carbohydrates terminated in
mannose, fucose or N-acetyl-glucosamine

Figure 1.13: MR structure. The MR extracellular domains including CR domain (red), FN I
domain (brown), and CTLD (green) were shown with their predicted N-linked glycosylation
sites. Among the CTLDs, CTLD4, which is the domain mostly responsible for sugar binding,

was shown in dark green.

Initially MR was thought to be expressed only o®NMhowever, it is
now known that its expression is nodMspecific and can also be detected in
tracheal smooth muscle cells, retinal pigment epithelium, hepatic and
lymphatic endothelia, kidney mesangial cells, human monocyte-ddbsd
and on the subpopulation of murine DCs (Lew et al., 1994, Linehan et al.,
1999, Shepherd et al., 1991, Avrameas et al., 1996, Engering et al., 1997,
Sallusto et al., 1995, McKenzie et al., 2Q0Vhe MR promoter region was

suggested to have binding sites for the transcription factors PU.1, which is
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necessary for the proper development of myeloid progenitors, and SP.1 which

is ubiquitously expressed in all cell types (Egan et al., 1999)

MR is up-regulated by cytokines IL-10, IL-4 and IL-13 and therefore
expressed at high levels bydMin alternatively-activated and de-activated
states (Martinez-Pomares et al., 2003) (Doyle et al., 1994). Other anti-
inflammatory agents such as prostaglandin E (PGE) and dexamethasone were
also shown to enhance its expression, which is in contrast to the effect induced
by pro-inflammatory IFNy that stimulates classical activation of M® and was
shown to down-regulate MR expression (Cowan et al., 1992) (Schreiber et al.,
1990, Harris et al., 1992). This suggests a role for MR in restricting self-
damage and resolution of inflammation. Accordingly, MR was reported to
mediate the removal of Ilysosomal enzymes, neutrophil-agrive
myeloperoxidase and tissue plasminogen activator and its deficiency was
shown to lead to enhanced lysosomal hydrolases in serum (Shepherd and

Hoidal, 1990) (Noorman et al., 1995) (Lee et al., 2002).

As an endocytic receptor, MR is constitutively internalised and sent
back to the plasma membrane even in the absence of any ligand. The majority
of MR is expressed intracellularly, in a way that the cell surface expression
corresponds to only 10-30% of total expression (Taylor et al., 2005a, East and
Isacke, 2002). Therefore, besides enhancing total MR expression, extracellular
signalling may also regulate MR activity by stimulating the recycling process

without affecting the rate of protein synthesis as was observed in the case of
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collectins (surfactant protein§B-A andD)-induced MR activity in alveolar

M® (Kudo et al., 2004).

Moreover, surface expression can be further regulated by a yet
uncharacterised mechanism that results in metalloprotease mediated cleavage
of membrane-anchored MR (cMR) into functional soluble MR (sMR) that is
comprised of extracellular domains of intact MR (Martinez-Pomares et al.,
1998). The cleavage does not result to any change in ligand binding capacity
since, like cMR, sMR was also able to interact with carbohydrates, heat-killed
C. albicans and zymosan, in a mannose- and fucose- dependent manner
(Martinez-Pomares et al., 1998). As with total cellular expression, sMR
expression also seems to be up-regulated by IL-4, whileylkidt LPS are

involved in its down-regulation (Martinez-Pomares et al., 1998).

1.3.1.i. Cysteine-rich domain

The lectin acivity of the CR domain is unique within the family and it
can bind to sulphated sugars such as those present on the pituitary hormones
lutropin and thyrotropin, chondroitin sulphates A and B, and sulphated
oligosaccharides of blood group Lefvisd Lewis types (Fiete et al., 1998,
Leteux et al.,, 2000)To date, there is no exogenous CR domain ligand
identified and therefore this domain is mainly involved in maintaining

haemostasis and resolution of inflammation. Additionally, domain binding to
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chondroitin sulphate-associated extracellular matrix proteoglycans could play a

part in promoting adhesion of cells to the ECM (Taylor et al., 2005a).

Moreover, additional CR domain ligands (sulphated glycoforms of
sialoadhesin and CD45) have been identified i® Mubpopulations in
secondary lymphoid organs proximal to B-cells, and follicular dendritic cells
during the germinal centre reactiomhis suggests a putative role for the
soluble receptor in delivering mannosylated antigens to secondary lymphoid

organs (Martinez-Pomares et al., 2005).

1.3.1.ii. Fibronectin type Il domain

The FNII domain, the most conserved domain among the MR family
members (East and Isacke, 2002), is responsible for collagen recognition
(Martinez-Pomares et al., 2006). Despite the highly conserved nature of the FN
Il domain, each family member detects different types of collagen. For
instance PLAR binds to type | and type IV collagen, Endo-180 interacts with
collagen types I, IV, and V, whereas the MR is involved in the detection of
collagen type |, Il, lll, andV, but not type V (Martinez-Pomares et al., 2006)

(East and Isacke, 2002)

Type | and type 1l collagens are the major fibrillar collagens found in
connective tissues throughout the body, and type IV collagen is highly
abundant in the basal lamina. Therefore the collagen-binding activity of MR
suggests a crucial role in mediating the clearance of collagen fragments during
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tissue re-modelling and wound healing. Furthermore, a role for the MR in cell
migration was demonstrated BM-M® (Sturge et al., 2007) and myeloblast
cells (Jansen and Pavlath, 2006). In both studies, MR-deficient cells displayed

a migration defect.

1.3.1.iii. C-type lectin-like domains (CTLDs)

Initially, the MR family term was used to identify receptors with
multiple C-type lectin or C-type carbohydrate recognition domains (CRDs).
Today, it is known that only a few of these domains possess lectin activity,
which is why they are rather termed CTLD (Zelensky and Gready, 2005). As
mentioned before, the MR CTLDs are responsible for the binding to sugars

terminated in mannose, fucose or N-acetyl glucosamine (Taylor et al., 2005a).

Each CTLD share a common structure with MBL, made up ofdtwo
helices and two small anti-parallel beta sheets linked together with both
covalent and non-covalent interactions. The overall folded structure is
stabilised by the two conserved disulphide bonds, and the interactions between
hydrophobic amino acids that lead to the formation of a hydrophobic core.
Hydrophobic core formation in functional CTLDs facilitates bringing the
residues required for thea* ions and sugar residues come into contact (Weis

et al., 1992) (Apostolopoulos and McKenzie, 2001) (East and Isacke, 2002).

In MR, only CTLD4 and CTLD5 domains have residues required for
Cd* dependent sugar binding, albeit only CTLD4 can bind to monosaccharide
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in isolation. Since this interaction is rather weak, multiple CTLDs are required
to increase avidity and the CTLD4-8 construct was shown to interact with
multivalent ligands with the same affinity as the whole MR (Taylor et al.,

2005a) (Apostolopoulos and McKenzie, 2001).

The MR CTLD4 requires two Gions for sugar binding; one is placed
in conserved binding site two and interacts directly with sugars, and the other
one binds to the residues located on an extended loop unique to the MR
CTLD4, providing an interaction betweeBstrands two and three, and

positioned away from the domain core (Figure [L.14). The loop is thought to

have a crucial role in releasing MR-bound carbohydrates in the endosomal
compartment by inducing structural change through mediating pH-dependent

C&"* release upon acidification (Taylor et al., 2005a).

Like the CR domain, the CTLD region is also involved in regulating
the levels of endogenous ligands such as thyroglobulin and lutropin hormones
(Simpson et al.,, 1999) (Linehan et al., 2001), as well as in resolving
inflammation through its interaction with enzymes such as myeloperoxidase,

and lysosomal hydrolases.

In contrast to the CR and FNII domains, the CTLDs also help the MR
to function as a PRR. Mannose and N-acetylglucosamine are not commonly
found as terminal residues in mammalian glycoproteins, but they are
frequently found on the glycoproteins that decorate the surface of many
microorganisms. The pathogens recognised by MR include; C. albicans

(Marodi et al., 1991, Martinez-Pomares et al., 1998), Leishmania (Chakraborty
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et al., 2001, Chakraborty et al., 1998), M. tuberculosis (Tailleux et al., 2003),
HIV (Nguyen and Hildreth, 2003), P. carinii (Ezekowitz et al., 1991,
O'Riordan et al., 1995), selected strains of Klebsiella pneumoniae (Zamze et
al., 2002) Cryptococcus neoformans (Dan et al., 2008), Streptococcus

pneumoniae (Zamze et al., 2002), and Dengue virus (Miller et al., 2008).

region |

region Il

Figure 1.14: Ribbon diagram of MR CTLDA4. The disulphide bonds are shown in pink while
the yellow represents the two segments (regions | and Il) connecting the extended loop to the
core of the CTLD. The principal €4is shown as a green sphere (East and Isacke,.2002)

1.3.1.iv. Cytoplasmic domain

The MR is constitutively internalised into early endosomes and sent
back to the plasma membrane (East and Isacke, 2002) (Taylor et al.,.2005a)

Internalization of the MR is mediated by the tyrosine residue in the FENTLY
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sequence motif similar to that present in the low density lipoprotein receptor-
and involves clathrin-coated vesicles (Schweizer et al., 2000). The correct

endosomal sorting of MR depends on the di-aromatic Y-F motif in which Y

belongs to the endocytosis motif (Schweizer et al., 2000) (Figur¢ 1.15). The

transmembrane domain was also suggested to have a role in receptor
trafficking, since its substitution did impair receptor internalisation (Kruskal et
al., 1992). In the early endosomes, the receptors are targeted to be sent either
back to the plasma membrane, or into the late endosomes, which are
characterised by abundant intravesicular membranes and the presence of active

lysosomal hydrolases.

hu -KKRRVHLPQEGAFENTLYFNSQSS-PG-TSDMKDLVGNIEQNEHSVI
mu KKRHALHIPQEATFENTLYFNSNLS-PG-TSDTKDLMGNIEQNEHATI

Figure 1.15: Comparison of cytoplasmic domains of human (hu) and mouse (mu) MR.

The amino acid sequences are written in single letter @ddeFENTLY (red) and di-aromatic

YF (underlined) sequences are important for receptor internalization and correct endosomal
sorting, respectively. The conserved di-hydrophobic chain of LV in human, and LM in mouse

MR are shown in purple.

Furthermore, a distinct di-hydrophobic chain (LV in human, and LM in
mouse MR) was identified, as in the case of other receptors, including Fc

receptor (FCR), mannose-6-phosphate receptors ang ted¢ptors (East and

Isacke, 2002) (Figure 1.15). An acidic residue in the -4 position to this di-

hydrophobic motif was conserved among all family members, and the
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equivalent acidic residue in other receptors was shown to be necessary for
intracellular trafficking from the early endosomes and, in some cases, for

receptor internalization (Pond et al., 1995, East and Isacke, 2002).

To date, no intracellular signalling motifs have been identified on the
MR cytoplasmic tail. However, in several studies MR engagement was shown
to induce intracellular signalling leading to the production of several
inflammatory mediators. This suggests that MR forms a receptor complex with
a signalling-motif associated receptor, as revealed by Tachado et al, in which
MR was shown to interact with TLR2 during the detection of P. carinii

(Tachado et al., 2007) (discussed below).

1.3.2. The role of MR in immunity

As discussed previously, since mannose, fucose and N-
acetylglucosamine are not commonly found as terminal residues in mammalian
glycoproteins, MR can function as a PRR through its CTLD. MR was shown
to recognise various pathogens such as C. albicans (Marodi et al., 1991,
Martinez-Pomares et al., 1998), Leishmania (Chakraborty et al., 2001,
Chakraborty et al., 1998), M. tuberculosis (Tailleux et al., 2003), and P. carinii

(Ezekowitz et al., 1991, O'Riordan et al., 1995).

However despite its demonstrated role in pathogen recognition, the
importance of MR in immune response is not clear since MR-deficient mice

displayed unaltered susceptibility to infections withalbicansP. carinii, and
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leishmaniasis (Lee et al., 2003) (Akilov et al., 2007, Swain et al., 2003). This
can be due the compensation of MR by other receptors sharing the similar
pattern of ligand binding (e.g. DC-SIGN, and dectin-2). The following section
will focus on the current data describing the role of the MR in phagocytosis,
antigen processing and presentation, and intracellular signalling triggered

response to pathogen recognition.

1.3.2.i. Phagocytosis

The literature on the role of the MR in phagocytosis still includes
contradictory data. Even though the MR has been shown to be involved in the
phagocytosis of pathogens, such as M. tuberculosis (Kang et al.,, 2005),
Francisella tularensis (Schulert and Allen, 2006) and C. albicans (Marodi et
al., 1991), CHO cells expressing human MR were found unable to phagocytose
Mycobacterium kansasii or mannosylated latex beads, despite the occurrence
of mannosylated glycoprotein endocytosis (Le Cabec et al., 2005). In support
of this, MR knock-out (KO) mice did not display impaired uptake of C.
albicans, Leishmania donovani and Leishmania major (Lee et al., 2003)
(Akilov et al., 2007), and MR was absent from the early stages of C. albicans
containing phagosome formation (Heinsbroek et al., 2008). Additionally, the
MR was demonstrated to provide a safe-route of entry for pathogens, since its
engagement resulted in the suppression of phagosome-lysosome fusion and

phagosome maturation after phagocytosis of both pathogenic and non-
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pathogenic mycobacteria (Astarie-Dequeker et al., 1999), and Mycobacterium

avium (Shimada et al., 2006).

In some of these studies, the role of MR in phagocytosis was confirmed
by using mannan, which was being traditionally used as a specific MR
inhibitor. However, the discovery of other mannan binding receptors, such as
DC-SIGN and dectin-2, revealed the unreliability of mannan as a MR
inhibitor. Nevertheless, MR-expressing J774-EbMngested F. tularansis
more efficiently thanMR-negative cells and the MR role was confirmed by
using an MR-specific antibody, as well as soluble mannan, as inhibitors
(Schulert and Allen, 2006). Additionally, non-phagocytic COS-1 cells were
reported to phagocytoge. albicans andP. carinii upon transfection with MR
(Ezekowitz et al., 1991, Ezekowitz et al., 1990). When compared with the data
obtained from CHO cells (mentioned above), these data suggest that the effect
of the MR on phagocytosis and phagosome maturation might depend on the

cell-type used.

Additionally, research on the mechanism of MR-phagocytosis indicates
that the cytoplasmic tail is crucial in phagocytosis. Mutation of the single
tyrosine caused reduction, but not complete inhibition, of the particle uptake
(Kruskal et al., 1992). The MR phagosomes were found to be associated with
F-actin, talin, PKCa, MARCKS and myosin I, but in contrast to FcRy and
CR3-phagsosomes, vinculin and paxilin are not recruited to MR phagosomes
(Kerrigan and Brown, 2009). Further studies also revealed the requirement of

F-actin polymerisation, Cdc42 and Rho activation, PAK1 activity, and Rho
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effector molecule ROCK, but not Rac, for MR-mediated phagocytosis

(Kerrigan and Brown, 2009, Zhang et al., 2005b).

1.3.2.ii. Antigen processing and presentation

Intracellular MP MR was reported to be dominantly expressed in
Rab54d early endosomes. However, in conditions known to induce MR
expression (e.g. in the presence of IL-4, and PGE), this expression pattern was
further extended to include the Rablgcycling endocytic compartment, as
well as the Rab7late endosomes (Wainszelbaum et al., 2006). This suggests a
MR role in the transportation of the bound ligand into the late endocytic

compartment required for antigen presentation, under these conditions.

Similar co-localisation results suggesting a crucial role for MR in
antigen presentation in the context of MHC class Il and CD1b were also
observed by Engering et al, Sallusto et al, Prigozy et al (Engering et al., 1997)
(Prigozy et al., 1997) (Sallusto et al.,, 1995). Among those, in contrast to
Prigozy et al which observed MR co-localization with CD1b and
lipoarabinomannan (LAM) in the MIIC (the compartment where antigen is
loaded on MHC class Il molcules), Engering et al, reported distinct
localization of the MR and MHC class Il molecules, which is thought to be
because of the recycling nature of MR that results in antigen release in the
early endosomal compartment. This contradictive data can be explained by the

type of the MR ligand used (mannosylated-bovine serum albumin (BSA) vs
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LAM), and the possible contribution of other PRRs, such as DC-SIGN and
dectin-2, that share similar ligands with MR (discussed above). However, MR
participation in antigen presentation with MHC class Il molecules was further
supported by the studies of Desgupta et al and McKenzie et al, which proposed
MR involvement in the therapeutic factor VIl antigen presentation (Dasgupta
et al., 2007), and the generation of antibody isotype switching upon

immunization with anti-MR antibody (McKenzie et al., 2007) respectively.

MR was shown to present exogenous proteins in context with MHC
class Il molecules, as well as to promote cross-presentation of internalized
antigens by Burgdorf et al. This was in contrast to pinocytosed lucifer yellow,
and scavenger receptor-internalized antigen, which were detected in MHC
class Il positive lysosomal compartments. The MR role in cross-presentation
was further confirmed by Ab25-D1.16 antibody staining specific taO¥é -
derived peptide SIINFEKL in the context of the class | MHC molecule H-2b,
which was negative in the case of MR-KO APCs in contrast to wt cells. This,
however, contradicts with the study by Berlyn et al who reported enhanced
CD4" T-cell activation upon antigen mannosylation, without any effect on the

CDS8' branch of the immune response (Berlyn et al., 2001).

Other studies showing MR influence on MHC class | antigen
presentation involve the work by Apostolopoulos et al (Apostolopoulos et al.,
1995). The study showed that the tumour-associated antigen MUC1, linked to
oxidised mannan, was more efficiently directed to the class | pathway than the

one associated with reduced mannan (Apostolopoulos et al., 1995). This
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selective passage appears to occur after the internalization step, and depends
on the aldehyde groups on the oxidised form of the antigen, as revealed by the

same group (Apostolopoulos et al., 2000).

In spite of being contradictive, these data overall suggest the MR role
in directing the bound ligands to the compartments associated with antigen
presentation (either through class | or class I MHC molecules), which is
probably determined by the nature of the antigen and the activation states of
the cells used. In support, among endotoxin-free and endotoxin-contaminated
OVA, only the latter was effectively presented with MHC class | molecules
after internalization via MR. This is in correlation with the translocation of the
peptide transpoer TAP (transporter associated with antigen processing) to the
endosomal compartments in conditions contaminated with endotoxin (Hotta et
al., 2006) (Norbury et al., 2004). The recruited TAP facilitates the re-import of
the processed antigen into the early endosomes to be loaded onto MHIC class

molecules and transported to the cell surface (Burgdorf et al., 2008).

1.3.2.iii. Intracellular signalling

MR has also been suggested to play a crucial role in intracellular
signalling leading to the regulation of gene expression in several studies
(Zhang et al., 2004, Tachado et al., 2007, Yamamoto et al., 1997, Fernandez et
al., 2005, Lopez-Herrera et al., 2005, Zhang et al., 2005a, Chieppa et al.,

2003). However, it appears to require the assistance of other receptors in order
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to trigger any signalling cascade, due to the absence of any signalling motifs in
its cytoplasmic domain (Shibata et al., 1997) (Zhang et al., 2005a) (Tachado et
al., 2007). In support, in contrast to phagocytosable mannose-coated beads and
chitin which stimulated TNFe, IFN-y, and IL-12 production by murine spleen
cells, non-phagocytosable beads did not induce any change in cytokine
production. Additionally, treatment with soluble mannan did not cause any
change in the levels of the above cytokines, while it was able to inhibit chitin-
mediated IFNy release. One candidate receptor that the MR is thought to
cross-talk with is TLR2, as revealed by Tachado et al, which showed the
requirement of co-expression of both TLR2 and MR for IL-8 secretion in
response to P. carinii by HEK-293 cells. It appears that both receptors interact
with each other forming a functional complex on the cell surface during
pathogen recognition, as demonstrated by the co-precipitation studies in the

presence of. carinii (Tachado et al., 2007).

In a different model, Chieppa et al suggested a direct role of the MR in
mediating -2 and Teg but not -1, chemokine and cytokine induction, by
using MR specific monoclonal antibodi@Shieppa et al., 2003). Strikingly, in
the same work, not all MR ligands had the same effect; while mannan, and
thyroglobulin treatments did not induce any significant change in cytokine or
chemokine production, mannose-capped LAM and biglycan treatment resulted

in enhanced IL-10 and reduced IL-12 levels in LPS-maturing DCs.

One possible mechanism through which MR can deliver a negative

signal to block pro-inflammatory cytokine release was recently revealed by
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Pathak et al that showed IRAK-M up-regulation upon MR-engagement
(Pathak et al., 2005). IRAK-M is a negative regulator for TLR signalling and

acts through blocking the dissociation of IRAK-1 and IRAK-4 from MyD88

Figure 1.16).

"""" > Cross-presentation

------- *  MHCII processing pathway

MHCI processing pathway

IL-12
MHCII-peptide
complex
IL-1ra = MHCI-peptide
IL-10 complex
IL-RII

Figure 1.16: MR as a complex regulator of immunity. MR is speculated to cooperate with
other signalling receptors in the modulation of cytokine secretion. It has been shown that MR
engagement by Man-LAM has a negative effect on the production of IL-12 in response to LPS
in human DC (a). On the other haruh-expression of MR and TLR2 is required for 8L-
production in response . carinii (b). Additionally, engagement of MR by a specific mAb or
selected ligands leads to the production of anti-inflammatory mediators (c). Finally, there is
strong evidence in support of MR-mediated internalization favouring cross-presentation (d) in
addition to MHC class II-mediated presentation of exogenous antigens (Gazi and Martinez-
Pomares, 2009)
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1.4. Aims and Objectives

The aim of this research was to characterize the role of MRdn M

biology. In particular the focus was on the regulation of MR expression (in

both cell-associated and soluble forms), and function as an endocytic receptor

The following were the objectives:

Determining whether MR can facilitate cellular adhesion to collagen-
rich surfaces which may influence the endocytic function of MR. This
was achieved by monitoring the levelMR-mediated endocytosis, and

MR expression at both protein and mRNA levels after overnight

incubation of MP on collagen | or IV-coated surfaces.

Assessing whether the previous observation of enhanced MR-shedding
in response to P. carinii can also be induced by other fungi species and
whether the enhanced sMR production has an effect on MR-mediated

endocytosis and fungi-mediated cytokine release @y M

Identifying the main fungal PRR and the associated intracellular
signaling responsible for the induction of SMR productidhis was

done by using knock-out mice and intracellular signalling inhibitors.
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e Determining whether MR-shedding can also be triggered by stimuli
other than fungi. This was achieved by the incubation df With

house dust mite or fixed Staphylococcus aureus.

69



2. THE EFFECT OF EXTRACELLULAR
MATRIX ON MR FUNCTION AND

EXPRESSION

2.1. Introduction

Extracellular matrix (ECM) constitutes the extracellular part of animal
tissues, providing structural support and elasticity, as well as cellular
organisation. In addition, by sequestering growth factors, it can also be
involved in cellular growth and differentiation. The expression of ECM
macromolecules exhibit a tissue-specific distribution which results in tissues
displaying different forms of extracellular medium; ranging from hard

structures of bone and teeth, to the transparent matrix of the cornea.

ECM contents are produced and secreted by the underlying cells, and
mainly by fibroblasts. There are three main types of molecules abundant in
ECM; collagen fibres, highly viscous proteoglycans, and matrix adhesive
glycoproteins. Among those, collagewhich constitutes one-third of all
protein in mammalian tissues, is the most abundant protein in the animal
kingdom. To date, more than 20 types of collagen, and at least 30 different
collagen genes, have been identified. Type I, Il and Ill in connective tissues
constitute80-90% of collagen in the body. Collagen fibers provide mechanical

strenght and flexibility to tissues (Lodish, 2003).
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Collagen has also been shown to facilitate various cellular responses,
such as, cellular adhesion, cell survival, and migration (Leitinger and
Hohenester, 2007). To achieve this wide-range of functions, cells express
various collagen receptors involved in direct collagen detection, which include
integrins, discoidin domain receptors, glycoprotein IV, and leuleocy

associated 1G-like receptor-1 (Leitinger and Hohenester, 2007).

MR was recently added to the list by the discovery of its collagen-
binding property through its FNII domain (Napper et al., 2006) (Martinez-
Pomares et al., 2006). MR was reported to be the only receptor able to mediate
collagen internalization by bone marroBM)-M® and have high binding
affinity to collagen types I, II, lll, and IV (Martinez-Pomares et al., 2006)
(Napper et al., 2006, Gazi and Martinez-Pomares, 2009). As collagen is the
most abundant protein in animals, it was suggested that MR might also serve
as an ECM adhesion receptor, and accordingly, MR deficiency was shown to
result in migration defects in BM-8 and myeloblast cells (Sturge et al.,

2007) (Jansen and Pavlath, 2006).

2.1.1. The aim of the study

The possible involvement of MR in cellular adhesion suggests that its
activity as an endocytic receptor would be influenced in collagen-rich tissues.
The aim of this study was to investigate any effect df-bbllagen adhesion

on MR expression and function as an endocytic receptordn(Mgure 2.].
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This was done by plating BM-¥ on ECM protein (namely collagen |,
collagen IV and fibronectin(FN))-coated wells overnight (O/N), and screening
the level of MR-mediated endocytosis by flow-cytometry. MR expression was
monitored at both mRNA and protein levels. The effect of ECM adhesion on
overall M® activity was also studied by screening the zymosan-indulséd T

a mRNA expression, and the level of acetylated low-density-lipoprotein (LDL)

endocytosis.

Figure 2.1: The hypothesis. It was hypothesized that if the MR is involved in cellular
adhesion, after O/N incubation on collagen-coated plat@swduld have either reduced MR
expression available for receptor-mediated endocytosis (a), or enhanced MR expression, which

would enable the MR to facilitate both cellular adhesion and receptor-mediated endocytosis

(b).
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2.2. Materials and Methods

2.2.1. Animals

Wild-type (wt) C57 BL/6 mice were supplied from Charles River, UK,
and MR knock-out (MRKO) C57 BL/6 mice were bred at the Biomedical
Services Unit (BMSU) at the University of Nottingham. Animals were handled
according to institutional and UK Home Office guidelines and kept under

specific pathogen-free conditions. They were used at 10-12 weeks of age.

2.2.2. Preparation of L929-conditioned media
(LCM)

The L929 cell line was cultured in DMEM medium supplemented with
10% (v/v) heat inactivated foetal bovine serum (HI FBS, Sigma Aldrich) or
foetal calf serum (HI FCS, Harlem), 2 mMglutamine (GlIn, Sigma Aldrich),
100 U/ml penicillin (Sigma Aldrich) and 100g/ml streptomycin (Sigma
Aldrich), on a T-75 tissue culture flask (Nunc) at 37°C for two days after
which the cells were sub-cultured into four T-75 flasks. After four days of
incubation at 37°C (reaching 100% confluency), the cells were sub-cultured
into ten T-225 flasks. The media was then refreshed after three days of
incubation. After 10-12 days, the L929 conditioned media supernatant (LCM)

was collected, filtered and frozen at -80°C.
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2.2.3. Preparation of mouse BM-M®

TheBM cells collected from wt C57 BL/6 mice were cultured in RPMI
medium 1640 (Sigma Aldrich) supplemented wit6lQv/v) HI FBS or HI
FCS, 2 mM GIn (Sigma Aldrich), 100 U/ml penicillin (Sigma Aldrich), 100
ng/ml streptomycin (Sigma Aldrich), 10 mM Hepes (Invitrogen)and 15846 (v/v)

LCM (R-10) on a 150 mm Petri dish (Falcon) for seven days at.37°C
Following maturation, BM-Mb were harvested using PBS containing 10 mM

EDTA (Sigma Aldrich), and 20 mg/ml Lidocaine (Sigma Aldrich) and plated
on PBS or ECM-protein coated plates in R-10, or serum-free Opti-MEM with

50 ng/ml M-CSF (R&D) overnight (O/N).

2.2.4. Preparation of non-tissue cultured
Bacteriologic Plastic (BP) plates coated with ECM
proteins

Type | collagen from rat tails (BD Biosciences), mouse type IV
collagen (BD Biosciences) and human FN (BD Biosciences) were diluted in
0.02 N acetic acid, 0.05 N hydrochloric acid (HCI) or PBS (Sigma Aldrich)
respectively, at a final concentration of p&'ml; 400 ul and 1.5 ml of each
suspension was dispensed into 12-well and 6-well non-tissue cultured BP
plates (Falcon) respectively. After 1 hour of incubation at room temperature
the wells were washed three times with PBS (Sigma Aldrich), prior the

adherence of M.
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The ECM protein (collagen |, collagen IV anéN)-coated and
uncoated 6-well tissue culture (TC) plastic plates were purchased from BD

Biosciences.

2.2.5. Preparation of protein lysates

BM-M® plated on PBS or ECM-coated 6-well non-tissue culture BP
plates (ata concentration of 1x10cells/well) were washed three times with
PBS and lysed by incubation with ice-cold lysis buffé @i/v) Triton X-100,

10 mM Tris-HCI, pH 8, 150 mM NaCl, 10 mM NgN2 mM EDTA) plus
protease inhibitors (Roche Molecular Biochemicals) (30044G&:r well of a
6 well plate) for 45 min at 4°C. The lysates and the media were centrifuged at
2 000 rpm at 4°C for 5 minutes using a bench top centrifuge. Supernatants
were further centrifuged at 13 000 rpm for 30 mins at 4°C, collected and stored
at —20°C. Protein concentration was determined using the BCA protein assay

kit (Pierce) following the manufacturemprotocol.

2.2.6. Western blotting

Cell lysate (3ug for MR-detection or Sug for CD68 detection) and an
equivalent proportion of supernatant preparation were loaded and
electrophoresed in a non-reducingo 6(w/v) sodium dodecyl sulphate-

polyacrylamide (SDS-PAGE) gel and Tris-Glycine-SDS Buffer (TGS) 1X
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(Bio-Rad). Proteins were transferred overnight to Hybond-C extra
nitrocellulose membrane (GE Healthcare) using transfer buffer; Tris-Glycine
Buffer Solution (TG) 1X concentration (Bio-Rad) plus 20% (v/v) methanol.
After being incubated for 1 hour in blocking buffer (5% (w/v) non-fat milk in
PBS 0.2 (v/v) Tween20), MR and CDG68 were visualised by using a
combination of anti-MRclone 5D3, 2ug/ml) or anti-CD68 mAb (clone FA-

11, 5 yg/ml), HRP-conjugated anti-rat IgG (Chemicon), and an enhanced
chemiluminescence reagent (Amersham Pharmacia Biotech), high performance

chemiluminence film (Hyperfilm, Amersham) and Biomax Cassette (Kodak).

2.2.7. Cell surface biotinylation assay

The cells were washed three times in PBS (Sigma Aldrich) at 4°C and
labelled with 0.5 mg/ml sulphBHHS-LC-Biotin (Pierce) in C& Mg*
containing PBS (Invitrogen) for 30 minutes on ice. The reaction was stopped
by incubating the cells in RPMI medium at 4°C for 1-2 minutes. After being
washed with ice-cold G& Mg?* containing PBS, the cells were lysed as
described in section 2.2.5. Biotinylated proteins were selected by incubating
the half the volume of cell lysates with immobilised avidin beadsu{46f
50% suspension, Pierce) for at least 2 hours at 4°C on a rotating tube rack. The
samples were then centrifuged at 13 000 rpm for 2 mins and the supernatant
was discarded. The pellet was washed in 1 ml lysis buffer containing protease
inhibitor for two times by centrifugation at 13 000 rpm for 2 mins before being

suspended in 5QI 2X SDS Loading buffer. The volume to be loaded on a
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SDS-PAGE gel was calculated by using the protein concentration of the non-
avidin-captured fractions of the same sample, determined by using the BCA

protein assay Kkit.

2.2.8. Internalization assays

BM-M® plated on ECM protein-coated 12-well non-tissue culture BP
plates (at concentration of 7xl@ells/well) were washed with serum-free
RPMI or Opti-MEM medium and incubated for 30 min at 37°C in the same
saum-free media. The cells were then treated with 5 pg/ml of the FITC-
labelled sugar polyacrylamide (PAA) substrates (D-mannose-PAA;BD:
3-galactose-PAA-FITC) (Lectinity), or acetylated LDL (low-density
lipoprotein)-FITC (Invitrogen) for 30 minutes in serum-free media. After
incubation, the cells were washed with PBS, harvested using 1X trypsin-EDTA
(Sigma Aldrich), and fixed in % (v/v) formaldehyde solution in PBS. The

internalisation was then analysed using flow cytomeiry Weasel software.

2.2.9. Lectin ELISA

All washings were performed in lectin Buffer (10 mM Tris-HCI, pH

7.5, 10 mM C4&', 154 mM NaCl and 0.05% (v/v) Twe&@0) (250 ul /well).

Sugar PAA substrates (Lectinity), ultrapure mouse laminin (BD
Biosciences), laminin from human placenta (Sigma Aldreig humanFN
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(BD Biosciences) were used to coat the ELISA plate wells (Nunc; Maxisob) by
incubation in PBS at 4°C overnight (50 pl/well, covered with a Parafilm).

After coating, the plates were washed three times eiiml Buffer. The MR
domain-Fc construct(s) (Chavele et al., published online in 2010) (Zamze et
al., 2002) (Martinez-Pomares et al., 2006) dilutetectin Buffer were added

and left for incubation for 1 hour at room temperaturey(S@er well). During
inhibition assays, this step was done in the presence.5mi mannose or
galactose, and 1 M NaCl. The binding was then detected by incubation with
alkaline phosphatase-conjugated goat anti-human IgG (gamma-chain specific)
(Sigma) diluted 1:1000 in lectin Buffer (20 per well) after washing the plate
three times with lectin buffer. After being washed with lectin buffer three
times and two times with alkaline phosphatase developing buffer (100 mM
Tris-HCI, pH 9.5, 100 mM NaCl, 5 mM Mgg)l the plates were developed
with  p-nitro-phenyl phosphate substrate (Sigma-Aldrich) in alkaline
phosphatase developing buffer (1@Dper well, 1 mg/ml). Absorbance was

measured at 405 nm.

2.2.10 Zymosan treatment

BM-M® cultured overnight on 6-well tissue culture-treated, were
washed three times with 1 ml PBS to eliminate non-adherent cells. The
adherent cells were then treated with zymosan particles (Molecular Probe) at a
concentration of 50 particles per cell suspended in Opti-MEM for the indicated

time period under serum-free conditions.
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2.2.11. MR immunolabeling

All washes between each incubation periods were performed in PBS.

BM-M® incubated over different ECM component coated multi-well
slides (Nunc) overnight, were fixed witlha(v/v) paraformaldehyde in Hepes-
buffered saline for 10 minutes and washed with PBS before being
permeabilised by incubation with PBS containing® (i/v) Triton X-100 for
10 minutes. The slides were then blocked by incubation Wil{\Vdv) normal
donkey serum (Sigma Aldrich) in PBS for 30-45 minutes. MR was detected by
incubation with 10 pg/ml rat anti-mouse MR (5D3) antibody for 30 minutes in
blocking buffer. The same concentration of IgG2a antibody isotype was used
as the control staining. The binding was then detected by Alexa 488-labelled
donkey anti-rat secondary antibody (Molecular Probes) incubation for 30
minutes in blocking buffer. Slides were mounted usb®yKO fluorescent

mounting media (Dakocytomation).

2.2.12. Real-time quantitative PCR (qPCR)

RNA was extracted and purified from BMQ¥ using the RNeasy mini
kit (Quiagen). The DNase digestion was performed using the RNase-free
DNase set (Quiagen); 500-1000 ng of total RNA was used in the RT reactions.
QPCR was performed by using and following the protocol supplied with
Brilliant SYBR Green QPCR master mix (Strategene). Primers used for

specific PCR were as follows:
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Table 2.1;: Forward and reverse primer sequences used in gPCR experiments.

Gene Forward oligonucleotide Reverse oligonucleotide
sequence (5’2 37) sequence
(5> 3)

TNF-a | TCTTCTCATTCCTGCTTG | GGTCTGGGCCATAGAACT
TGG GA

MR AGAAAATGCACAAGAGC | GGAACATGTGTTCTGCGT
AAGC TG

HPRT | GTAATGATCAGTCAACGG| CCAGCAAGCTTGCAACCT
GGGAC TAACCA

2.2.13. Statistical analysis

The results were displayed as the mean * standard deviation (SD) or
meant standard error of the mean (SEM) from three independent experiments.
Statistical analysis (unpaired t-test) was performed by using GraphPad
QuickCalcs software. Differences were considered significant if P-values were

< 0.05. Asterisks indicate the corresponding P-values: * P < 0.05, ** P < 0.01,

and *** P < 0.001.
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2.3. Results

2.3.1. The M® MR can bind to laminin but not to
fibronectin

MR is involved in the detection of two different ECM macromolecule
classes: chondroitin sulphates of proteoglycans detected by its CR domain and
collagen detected by its FNII domain (Gazi and Martinez-Pomares, .2009)
However, up to date, there was no study on MR interaction with the third ECM

macromolecule class, matrix adhesive glycoproteins.

FN and laminin are the best known examples of adhesive
glycoproteins, and therefore were chosen for the binding assays. In order to
eliminate any false reading coming from entactin, which forms a very tight
non-covalent complex with laminin,entactin-free ultrapure laminin
preparations from human placenta were preferred (Niquet and Represa, 1996)
Possible MR interaction with FN or laminin was investigated by lectin ELISA
using different MR constructs: CR-Fc binds to sulphated sugars through CR
domain, CR-FNII-CTLD1-Fc possess sulphated sugar and collagen binding
abilities, CTLD4-7-Fc is involved in the recognition of sugars terminated in D-
mannose, L-fucose, or N-acetyl glucosamine. The mannan ane3-SO

galactose coated substrata were used as positive controls. Among the two

glycoproteins examined, only laminin was able to bind to [MR (Figuie 2.2
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Figure 2.2: MR binds to laminin, but not FN. Analysis by lectin ELISA of the binding of

FN (A), mouse laminin (B) and human placenta laminin (C) to theddiRain-Fc constructs:
CR-Fc, CR-FNII-CTLD-1-Fc, and CTLD4-7-Fc. The data represent the mean optical density
(OD) at wavelength of 405 nmt SEM (error bars) obtained from three independent
experiments. Asterisks indicate the significant increase of MR construct binding (ttteBt; *
<0.001).
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The MR interaction with laminin appears to be mediated by the

domains involved in mannosylated carbohydrate recognition, which reflects

the mannosylated nature of laminin (Cooper et al., 1981) (Figute 2.2 and

Figure 2.3). The same binding was also reported when laminin from another

source (mice) was used, suggesting that the MR binding, and the mannosylated

nature of laminin do not differ between different sources (Figute 2.2).

Inhibition of laminin-CTLD4-7 binding
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Figure 2.3: Binding of MR to laminin is mannose-mediated. Analysis by lectin ELISA of

the binding of human placenta laminin to the CTLD4-7-Fc construct in the presence and
absence of mannose or galactose. The data represent th©meaBEM obtained from three
independent experiments. Asterisks indicate the significant increase of MR construct binding
(t-test; ** P<0.001).

The mannose dependence of laminin-MR interaction was further
confirmed by an inhibition assay in which the binding was competed with
mannose or galactose (control). In this assay, in contrast to the lectin ELISA

mentioned above, the CTLD4-7-Fc construct suspension contains either 12.5
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mM galactose or 12.5 mM mannose. The laminin-CTLD4-7 binding was
inhibited by the presence of mannose, but not galactose, confirming that the

laminin interaction is mediated through the mannose binding domains of MR

Figure 2.3.

2.3.2. Morphologies of BM-M® adhered to
different ECM components in the presence of
serum

MR function and expression upondMadhesion to ECM components
was studied by usinBM-M® matured in R-10 supplemented with LCM for 7
days. Following their maturatioBM-M® were plated on uncoated, and ECM
protein (collagen |, collagen IV, and FN) coated plates. BW®-Mere
followed at regular time-intervals to detect any significant morphological
changes. Among the ECM proteins used both collagen types are known to be
MR-ligands. On the other hand, FN was used as a negative control, since, as

discussed above, it cannot bind MR.

During the first 5 hours of incubatioBM-M® achered to uncoated
and collagen IV- and-N-coated plates relatively faster than to collagen I-
coated plates. After 5 hours, tiBM-M® which adhered to uncoated BP,
collagen IV andFN largely displayed slightly spread cell morphology, in
contrast toBM-M® that adhered to collagen | which exhibited a rather round

morphology (data not shown).
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However, after 18-24 hours of incubation, the morphologies displayed
by M® populations on each condition were found to be different. In spite of
the relatively slow adhesion of ®Mto collagen I, in comparison to untreated
wells, during the first 5 hours of incubation, bothbMpopulations showed
almost identical spread cell morphology. In the case of collagen IV- and FN-
adhered MP, however, the spreading was more extensive, with collagen IV-

adhered MD possessing a more “M®-like” morphology and FN-adhered Mp a

“fibroblast-like” morphology (Figure 2.4.

To determine if MR has any role in displaying these morphologies, the
appearances of ECM protein adhered wt and’ NB®-M® were compared.
MR does not seem to be important for the morphologies displayed, as both cell
types showed the same appearances on the ECM component adhered (data not

shown).

The media used to culture the cells for O/N incubation were
supplemented by FCS (purchased from Harlem). However, at that time
guestions regarding the suitability of the serum used for these studies were
raised as, thioglycollate-elicited @would not adhere to tissue culture plastic
in the presence of this serum, but did in the presence of a different batch of the
same serum supplied by a different manufacturer (FBS from Sigma Aldrich).
Therefore, the possible effect of FBS on®Madhesion and displayed

morphology was examined.
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Figure 2.4: Representative M® morphology after O/N incubation on different ECM-
protein-coated surfaces. The 7-day old BM-MP were cultured on PBS (control, A), collagen

I (B), collagen IV (C)or FN (D) coated plates in R-10 media with FCS (original magnification
X 20) (n > 3).

BM-M® also appeared to adhere better to the coated and un-coated
plates when grown in FBS-supplemented media. The B®l-6h uncoated
and collagen IV coated wells adopted a much more fibroblast-like
morphology, as observed on FN-coated wells, and the BMev collagen I-

coated plates, displayed slightly better adherence upon replacement of FCS by

FBS|(Figure 2.b

The cellular activation states were previously suggested by Koyama et

al (Koyama et al., 2000) to have a crucial impact on cellular adhesion on
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different ECM components. In order to examine if BM-M® were being
activated by FCS or FBS, the levels of ThIan important cytokine mediator

of immune regulation and inflammation) in the extracellular milieu were
analyzed using TNIe-cytokine ELISA from zymosan-treated and untreated

M®.

Figure 2.5: Adhesion induced morphological changes in M® plated in media
supplemented with FBS. 7-day old BM-MD were cultured on PBS (control, A), collagen |

(B), collagen IV (C)r FN (D) coated plates. In contrast to the previods pbpulations, these

M® were matured and used in R-10 media supplemented with FBS in place of FCS (original
magnification X 20) (n > 3).

Data showed that the ® incubated in the presence of FCS were

already activated, as the cell culture supernatant from untreated FCS-cultured
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cells possessed significantly higher amounts of BNR-comparison to that

from untreated FBS-cultured ™ (Figure 2.6). This reveals that the activation

of BM-M® by FCS ingredients is responsible for the morphologies displayed

upon adhesion to plastic and ECM components shown in Figyre 2.4 and|Figure

2.5
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Figure 2.6: BM-M® matured in FBS posses significant TNF-a production even in the
absence of any immunologic activator. Capture ELISA analysis of the TNkproduction by

MO left untreated or treated with zymosan particles (at a concentration of 100 particles/cell, Z-
100) under the conditions in which the supplementary serum was either FCS. diheBfta
represent the mean TNEeoncentration detectedt SEM obtained from three independent
experiments. Asterisks indicate a statistically significant increase of ol lgFoduction
compared to FBS-cultured unstimulated cells (t-test; * P >0.05
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2.3.3. Morphologies of BM-M® adhered to
different ECM components in serum-free
conditions

To increase the influence of the ECM components on tidg Me
morphology of BM-Mb plated on ECM-protein-coated wells was also
examined in serum-free Opti-MEM media supplemented with 50 ng/ml M-

CSF, instead of LCM which contains serum.

It seems that the inclusion of serum modulates the effects that ECM
components have on ® appearance. The “fibroblast like” morphology of
uncoated, collagen IV or FN-adheredbVbbserved in the presence of FBS,

was completely lost and, together with collagen-l-adhered B®-Mey had a

“M®-like” morphology (Figure 2.7).
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Figure 2.7: In the absence of serum, BM-M ® exhibit different cellular morphology upon
adhesion to different ECM proteins. The 7-day old BM-MP were cultured O/N on PBS
(control, A), collagen | (B), collagen IV (G FN (D) coated plates in serum-free Opti-MEM
suppmeneted with M-CSF (original magnification X 20) (n > 3).

Similar differences can also be marked when compared to the
morphologies observed in FCS-containing conditions. In contrast @ M
cultured in the presence of FCS®MMn serum-free conditions displayed firmer
adhesion to uncoated wells: the spreading of the adhe®dwdre more
extensive and the incidence of round non-adhered cells was lowierlsd
displayed better adhesion to collagen-I-coated wells in serum-free conditions.

On the other hand, the ™ on FN-coated surfaces lost their fibroblast like
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morphology, and had more ®like morphology in comparison to the @/

adhered to FN under serum-containing conditifns (Tablg 2. 2

Table 2. 2: The cell-spreading displayed by BM-M® plated on ECM-protein-coated wells
changed depending on the presence and the type of serum used during plating. The +

indicates MP with low spreading, while +++++ implies ® with extensive spreading and
fibroblast-like morphology, as observed under light microscopy.

Adhesion Surface
Plating PBS Collagen I Collagen IV Fibronectin
Conditions
FCS + + +++ +++++
FBS +4++++ ++ +4++++ +4++++
Serum-free ++++ ++ +++ ++++

2.3.4. ECM adhesion does not alter MR-dependent
or —independent ligand endocytosis and
zymosan-induced cytokine mRNA expression

The recent discovery of the collagen-binding property of MR,
suggested that MR might also serve as an ECM adhesion receptor, which in
turn may influence its activity as an endocytic receptor. Therefore, the MR-

mediated endocytic activities of ECM protein-adhered BXb-Mere screened
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by using FITC labelled MR ligand§0y-3-galactose-PAA and BSA-mannose.

In order to verify that the change, if any, in MR-mediated endocytosis was
MR-specific, uptake of FITC labelled acetylated LDL (ac-LDL) was also
monitored. To exclude any possibility that the manual surface coating of BP
plates would have artificial effects ond ECM protein-coated TC plates

(purchased from BD Biosciengasere used under serum-free conditions.

The level of internalized endocytic tracers, both MR- and non-MR

ligands, by BM-Mb was not influenced by the ECM component in all

conditions mentioned (Figure 2.8). This indicates that ECM adhesion does not

affect the cellular endocytic machinery, including the MR-mediated pathway,
and that the collagen binding ability of MR does not interfere with the MR

endocytic function.

In addition to monitoring the uptake of endocytic tracers of both MR
and nonMR-ligands, the possible effect of ECM adhesion o® Nunction
was further investigated by investigating zymosan-induced d Nkpression
at the mRNA level. Zymosan is derived from the S. cerevisea cell wall and is
mainly composed of B-glucans and mannan. It is known to activate several
M® receptors such as dectin-1, complement receptor (CR)-3, MR, TLR2 and

TLRA4.
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Figure 2.8: ECM adhesion does not influence MR- and non-M R-mediated endocytic
machinery. Flow cytometry analysis of sulphated galactose (A-B), mannose-BSA (C), and ac-
LDL (D) internalization by BM-Mp cultured O/N on PBS, collagen |-, collagen Iaf-FN-

coated plates. The histograms represent the mean MFI yafiEM obtained from three
independent experiments. Same results were reported in the distinct conditions mentioned
above (i.e. inclusion or exclusion of serum during plating &b,Mind using already or
manually coated platgs
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After O/N incubation on the ECM component coated substBit,
M® were treated with zymosan particles for 6 hours to monitor the afNF-
MRNA expression levels. Like the receptor-mediated endocytic machinery, the
MRNA levels of both cytokines were found to be independent of the adhesive

surface used, in both serum- and serum-free conditions (Figyre 2.9
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Figure 2.9: ECM adhesion does not influence zymosan-induced TNF-o. mRNA induction.

QPCR analysis of TNlE-mRNA expression levels by BM-M® left untreated (Unt.) or treated

with zymosan particles at a concentration of 50 particles/cell (Z-50). The data represent the
mean ratio of mMRNA expression of TNFto HPRT+ SEM obtained from three independent
experiments. Asterisks indicate a statistically significant increase of ol ldfeduction
compared to unstimulated cells (t-testf *P < 0.001).Same results were reported in the

distinct conditions mentioned above.
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2.3.5. ECM adhesion does not influence MR
expression

The lack of effect of collagen-adherence on the MR-endocytic activity
may result from the enhanced levels of MR expression that would enable MR
to participate in both cellular adhesion and endocytosis. This led us to examine
the MR expression in § adhered to the ECM component by using different
approaches including immunocytochemistry, western blot, cell surface

biotinylation and gPCR.

In addition to the cell-associated form, MR is also expressed as soluble
MR (sMR), which is produced as a result of the proteolytic cleavage of cell-
associated MR (cMR), and was initially discovered in mouse-serum (Martinez-
Pomares et al.,, 1998). To this day, apart fi®ncarinii, there had been no
exctracellular signalling identified to regulate the SMR expression specifically
(Martinez-Pomares et al., 1998, Fraser et al., 2000). Therefore in addition to
cMR, sMR expression level was screened at the protein level by using cell

culture supernatants collected from the same set of BM-M

As can be seen |n Figure 2|10, both g-PCR and western blot results

revealed that as well as sMR, cMR expression at both protein and mRNA

levels is not affected by the ®1 adhesion to ECM components, including

collagen | and IV|(Figure 2.10A-B). Additionally, in correlation with the

internalization assay resulis (Figure |2.8), surface biotinylation data showed

that all M® populations had similar expression levels of surface MR available

95



for MR-ligand endocytosig (Figure 2/10A). However, this data may not be

conclusive due to the presence of FA-11 positive bands (CD68 macrosialin, a
late endosomal glycoprotein (Kogelberg et al.,, 2007)) in the surface of
biotinylated samples, indicating the possible biotinylation of intracellular
proteins. On the contrary, CD68 cell surface expression was also reported in an

independent study by Kurushima et al. (Kurushima et al., 2000).

This led us to examine if the distribution of cMR expression is affected
by collagen adhesion such that it becomes available for both cellular adhesion
to collagen-coated surfaces and MR-ligand endocytosis. The
immunocytochemistry data shows that the cMR i® Mre spread all-around

the cell, and this was not altered when the adhesive surface was changed

Figure 2.10C).

Overall, these data suggests that the lack of effect of collagen-
adherence on the MR-endocytic activity is not as a result of the changes in the

MR expression and distribution.
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Figure 2.10 : ECM adhesion does not affect M® MR expression. Western blot analysis of

cMR, cell surface cMR, sMR, CD68, and cell surface CD68 expression by BN\aftér O/N
incubation on un-coated and ECM-component coated plates (A). QPCR analysis of MR
MRNA expression by adhered BM@(B). The data represent the mean ratio of mRNA
expression of MR to HPRE SEM obtained from three independent experiments in the
distinct conditions mentioned above. Fluorescence microscopy analysis of cMR expression by
BM-M® (original magnification X 100)). Signals from FITC conjugated 5D3 were detected

by green channel, and IgG2a antibody isotype was used as the control s&aniegwestern

blot and gPCR results were reported in all conditions mentioned above. The
immunocytochemistry data was only performed on manually coated slides in serum-free and

serum-containing conditions
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2.4. Discussion

The MR is an example of a pattern recognition receptor involved in the
recognition of various pathogens, including C. albicans, L. donovani, and M.
tuberculosis, as well as in the maintenance of haemostasis through the binding
to endogenous ligands, such as pituitary hormones lutropin and thyrotropin,
tissue plasminogen activator, and hydrolytic enzymes (Gazi and Martinez-
Pomares, 2009). It was also suggested to participate in tissue remodelling via
its association with ECM macromolecules, such as chondroitin sulphate-

associated proteoglycans and collagen.

However, due to its high abundance in animal tissues, the discovery of
the collagen binding property of MR raised the question of how the MR
endocytic function will be affected in tissues rich in collagen. Therefore, in this
study, the possible effect of the MR-collagen interaction on MR function and
expression was investigated by using 7-day-old B@®-Mcubated O/N over

surfaces covered with collagen |, IV, or FN. Together with an uncoated

surface, FN was also used as a control since, as shown|in the Figure 2.2, it

cannot bind MR.

After O/N incubation on ECM-protein coated substrata in FBS-
containing conditions, collagen I-adheredbMlisplayed a different, slightly
less adhered, morphology to that shown b$ Fn uncoated, collagen IV and
FN-coated plastic. Similar non-adhesiveness to collagen-l1 was also reported
previously for other M types such as U937, J774-1 and peritoneal exudate

M® (Koyama et al., 2000), indicating that it is not specific to BM>VAS
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suggested for U937 cells by Koyama etlaw o, integrin subunit expression
(of azB1 involved) may, at least partly, explain the observed effect. Other
receptors involved in the detection of collagen I, but not collagen 1V, include
integrin a1181, DDR2, and LAIR-1. Among these, LAIR-1 can send inhibitory

signals via its ITIM signalling motif on the cytoplasmic tail.

The BM-M® morphology was also influenced by the batch of the
serum (FCS from Harlem or FBS from Sigma Aldrich) used to supplement the
media for O/N incubation. A possible explanation is the significant level of
TNF-a production in cell culture supernatants collected from the untreated
BM-M® cultured in media supplemeatwith FCS. This implies that before
being plated on ECM-component coated plates, the FCS-cultugedviste
already activated; something that was previously suggested to influence ECM
adhesion (Koyama et al., 2000). Differences between the two serum batches

could be caused by variation in animals, handling and country of origin.

The cell appearance underwent a further change when the serum was
removed, confirming a serum-mediated effect on the morphology shown by
M®. During O/N incubation, serum components may cover the cell surface
and interfere with the cellular adhesion to ECM components by interacting
with M® surface receptors, before the cells establish a strong adhesion with
the adhesive surface (e.g. serum FN can interact with FN receptors on BM-
M®). In this way, the trapped serum contents would not be removed by the

PBS washes, and would have an effect on the cell morphology displayed.
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The endocytosis assay using both FITC-labelled MR- andMi®n-
ligands showed that both MR-dependent amdlependent endocytic capacity
of the M® were not affected by the adhesive surface, including collagen | and
IV which are known to be MR-ligands. The observed lack of effect was not
because of any change in the MR expression level which would enable the
receptor to participate in both adhesion and endocytosis. This was
demonstrated by both western blot and q-PCR data showing no change in the
expression levels of MR mRNA and protein levels in the BMP-lbpulations
compared. Furthermore, in correlation with the internalization assay results,
surface biotinylation assay showed no alteration in the surface MR expression,

available for MR-mediated endocytosis.

As an alternative approach to the endocytic studies, the MR expression
pattern was also investigated by immunocytochemistry. Adhesion to collagen |
or IV may trigger intracellular signalling which would divert the MR
expression in a way that it would become concentrated on bGttsiufaces
involved in adhesion and ligand endocytosis. The immunocytochemistry data
showed no obvious changes in the expression pattern of MR, by the ®M-M

incubated on ECM-protein coated substrata for O/N.

However, this does not exclude the possibility of altered MR
expression on both M surfaces, as the observed lack of change may be due to
the detection of out-of-focus light emitted as a result of the excitation of the
whole specimen. This results in the detection of the fluorescence coming from

all parts of the M, rather than specific ones. The out-of-focus light can be
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eliminated by using confocal microscopy, which is able to isolate and collect a
plane of focus from within a sample, and in this way it can detect light emitted
only from the focused parts of the cell. Future studies involving confocal
microscopy can further helfp analyse the MR expression ondMsurfaces

involved in the adhesion to ECM protein-coated wells.

Apart from receptor-mediated endocytosis, the possible effect of ECM
adhesion on M cellular responses was further examined by monitoring
zymosan-induced TNE-mRNA expression levels. In contrast to Rosas et al.,
who did not observe any TNé-production by BM-M® in response to
particulate B-glucan (the active component of zymaséiRosas et al., 2008),
the data shown demonstrates a significant enhancement in the level of TNF-
MRNA synthesis upon incubation with zymosan particles. The observed
difference can be explained by the involvement of TLRs, which are also
stimulated by zymosan particles. Accordingly, BMPMfrom mice with
MyD88 (central adaptor molecule fo.R signalling) deficiency were shown
to lack TNFe production in response to zymosan particles (Gantner et al.,
2003). Nevertheless, the level of enhancement in the d MRNA synthesis
did not differ in BM-M® adhered to ECM protein-coated and uncoated

surfaces.

Overall, it wassuggestd that the role of the collagen binding ability of
MR may be to mediate the clearance of collagen fragments, rather than cellular
adhesion. MR interaction with collagen, in addition to other ligands of

endogenous origin such as lysosome enzymes, makes MR a key receptor
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involved in the resolution of inflammation, tissue remodelling, and wound-
healing. In fact, MR is used as a marker folPMopulations, known as
alternatively-activated K (AA-M®), which are mainly involved in the
resolution of inflammation and maintaining heaemostasis once the pathogen is

neutralized (Daigneault et al., published online in 2010).

Apart from collagenamther ECM component that MR was shown to
interact with was chondroitin sulphate-associated proteoglycans. This list was
further extended in this study which was the first to show the interaction
between MR and the matrix adhesive glycoprotein class of ECM
macromolecules. Among the best characterised members of this family,
laminin, but not FN, was shown to engage with MR in a mannose-dependent
manner, through the CTLD4-7 region. This is in correlation with the previous
study by Cooper et al that showed the mannosylated nature of laminin (Cooper

et al., 1981)

The other study which emphasizes the importance of MR-ECM
interaction was Sturge et al., which showed enhanced random migration of
MR 7 BM-M® (Sturge et al., 2007). In support to the data presented, this
suggests a putative role for MR in the function of podosomes, which are
subcellular structures used by myeloid cells for migration, as well as
internalization, of receptor-bound antigens- e.g. collagen and other matrix
components detected by MR. The MR function in cell migration was further
highlighted by the enhanced recruitment in the lungs of MR-KO mice

infected with P.carinii (Swain et al., 2003).
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To conclude, in this chapter, it was shown that, in spite of inducing
distinct cell morphologies, substrata coated with ECM component (including
collagen | and 1V) did not have a major effect on murine BMP-Kuinction
including zymosan-induced cytokine mRNA expression, MR- andMiRn-
mediated endocytosis as well as MR expression. Therefore MR is proposed to
function mainly as an endocytic rather than an ECM adhesion receptor, and the
collagen binding ability of MR might be simply crucial for tissue remodelling
and wound healing during which MR expression is enhanced by the released
cytokines such as IL-10, IL-4, and IL-13. With this study, the range of ECM
components recognized by MR is extended further to include laminin as it was

shown to bind MR in a mannose-dependent fashion.
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3. ENHANCED MR-SHEDDING IN
RESPONSE TO FUNGI SPECIES AND

HOUSE DUST MITE

3.1. Introduction

In addition to the cell-associated form (cMR), a soluble form of MR
(SMR) has been detected previously in the supernatants from cultured human
and mouse M, and in human and mouse serum (Taylor et al.,, 2005a,
Martinez-Pomares et al., 2006, Martinez-Pomares et al., 1998, Jordens et al.,
1999). sMR comprises the extracellular region of the receptor and is produced
as a result of proteolytic cleavage of cMR by a metalloprotease (Martinez-
Pomares et al., 2006). Previously Fraser et al observed that P. carinii enhanced
SMR production, and reported the formation of sMR-coated fungi that could

not be phagocytosed by (Fraser et al., 2000).

Fungi constitute a part of normal flora in healthy individuals, and the
innate immune response provides an effective defence against all fungal
species that arencountered. Fungi-associated diseases in humans are mainly
caused by opportunistic fungi that represent a small subset and cause infection
once the immune system is compromised. Because of the increased incidences
of immunocompromised individuals as a result of HIV infection, and

immunosuppressant administration to transplant recipients and cancer patients,
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the clinical relevance of fungal diseases has augmented sharply. Today the
average mortality from opportunistic fungal infections is still more than 50%

and it is as high as 95% in bone-marrow transplant recipients (Romani, 2004).

To date, almost all of the fungal PAMPs involved in anti-fungal

immunity were found to be carbohydrate structures that make up to 90% of the

cell wall (Figure 3.1). The associated PRRs are mostly those that can detect

mannoseaich matrix component, and p-glucan of the inner skeletal
component. Membrane-anchored receptors involved in the recognition of
mannosylated macromolecules include C-type lectins; MR, dectin-2, DC-
SIGN, and mincle, and TLRs; TLR2, and TLR4. TBglucan component

was shown to be detected by at least fdgtucan receptors: lactosylceramide,
scavenger receptors, complement receptor-3 (CR3) and dectin-1. While the
physiological role of the former two is still unclear, the latter two are the
primary receptors responsible f@-glucan recognition. Today the PRR

involved in chitin detection is still not yet clear (Netea et al., 2008).

3.1.1. The aim of the study

The aim of this study was to investigate if the enhanced shedding of
MR was fungi- rather than P. carinii-specific and was triggered byBthe
glucan component of the fungi cell wall, which was shown to have a central
role in the initiation of the anti-fungi immune response (Taylor et al., 2007)

(Werner et al., 2009, Brown et al., 2003).
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MR-shedding was detected by western blot and there were several
attempts to identify the protease responsible. The effect of enhanced sMR
production on MP function was also examined by screening the levels of
fungi-induced cytokine production and MR- and SR-mediated endocytic

internalization.
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Figure 3.1: The Candida albicans cell wall structure. Fungal cell walls are composed of two
components: highly immunogenic inner skeletal components (i.e. chitif-ghecan) which

are found in proximity to the cell membrane in an inner layer; and the matrix components
which, in contrast, are located towards the outside of the cell wall. The matrix component is
rich in highly mannosylated glycosylphosphatidylinositol-linked (GPI)- and Pir- cell wall
proteins (CWP) which are anchored to the inner skeleton through GPI linkagd3-(4it)-

glucan and alkali-sensitive linkages wifa(1,3)-glucan, respectively (Netea et al., 2008)
Even though they are mostly hidden deep inside the cell wall, the surface expression of chitin
and 3-glucan can be detected in restricted regions such as bud scars, as a result of cell wall
modelling during budding (Ruiz-Herrera et al., 2006)
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3.2. Materials and Methods

3.2.1. Animals

The wt and MR-KO mice were bred and handled as described in

section 2.2.1.

3.2.2. Cells

Thioglycollate-elicited mouse # (thio-M®) were obtained by
intraperitoneal injection of 4% (w/vBrewer’s thioglycollate broth (Sigma
Aldrich) 4 days before harvest. Mice were sacrificed and the peritoneal cavities
were rinsed with PBS (Sigma Aldrich) containing 5 mM EDTA®Mvere
cultured O/N on 6-well tissue culture plates (1.25xtélls per well, BD
Biosciences) in RPMI medium 1640 (Sigma Aldrich) supplemented wih 10
(viv) HI FBS (Sigma Aldrich), 2 mM GIn (Sigma Aldrich), 100 U/ml
penicillin, 100 pg/ml streptomycin (Sigma Aldrich), 10 mM Hepes

(Invitrogen) (R-10 media) and washed three times with PBS prior use.

3.2.3. Experimental conditions

Thio-M® were treated with particulate house dust mite (HDM)
(Allergon), zymosan (Molecular Probes), A fumigatus ATCC 13073 strain (a

kind gift from Gordon Brown from the University of Aberdeen), Heat-killed
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(HK) and paraformaldehyde-fixed C. albican ATCC 18804 strain (gift from
Sigrid Heinsbroek from the University of Amsterdam), Staphylococcus aureus
RN6390B strain (kindly contributed by Alan Cockayne, from the University of
Nottingham) at concentrations of ~50 particles per cell in serum-free Opti-
MEM with GlutaMAX (Invitrogen) supplemented with 100 U/ml penicillin,
100 pg/ml streptomycin for 3 hours at %7, 5% CQ. Before treatment with
fixed stimuli, free aldehyde groups were quenched by incubating witM 0.1

glycine in PBS, followed by three washes in PBS.

For inhibition assays, thio-¥ were pre-incubated witl8-glucan
phosphate (kindly contributed by David L. Williams, from East Tennessee
State University, USA), mannan (Sigma Aldrich)y&D-fmk (Calbiochem),
GM®6001 or control for GM6001 (Calbiochem) at indicated concentrations for
1 hour before treatment, and were present during the incubation with the

stimuli.

3.2.4. Collection of culture media and preparation
of cell lysates

Before starting cell lysate preparation, cell culture supernatants were
collected after the addition of protease inhibitors (1X final concentration)
(Roche Molecular Biochemicals), 10 mM EDTA, and 1 mg/ml BSA (Sigma
Aldrich) to diminish any protein loss due to protease activity or non-specific

adhesion to the collection tube. Following PBS washes to remove any non-
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adhered cells, K were lysed and protein concentration was quantified by

using the same protocol described in section 2.2.5.

3.2.5. Western blotting

Equivalent proportions of cell lysates (&) and supernatants were

electrophoresed under the same conditions as described in section 2.2.6.

3.2.6. Internalization assay

Thio-M® were plated for 2 hours at®75% CQ in non-tissue culture
treated plastic in Opti-MEM with GlutaMAX (Invitrogen) containing 100
U/ml penicillin (Sigma Aldrich) and 100Qg/ml streptomycin (Sigma Aldrich).
After 2 hrs Opti-MEM was replaced with R-10 media and cells were
maintained at 3, 5% CQ O/N and Mb selected by washing three times
with cold PBS. Followinga 3-hour treatment with zymosan in the presence
and absence of GM6001 or GM6001 control, th@ Mere then incubated for
30 minutes in serum-free Opti-MEM media containinggdml of SQ-3-Gal-
PAA-FITC (Lectinity) or Alexa-488 conjugated acetylated low-density
lipoprotein (Ac-LDL, Invitrogen). The M were collected by scraping, using
1X trypsin-EDTA (Sigma Aldrich) and fixed in% (v/v) formaldehyde
solution in PBS. The internalisation was then analysed using Beckman Coulter

Epics Altra and Weasel software.
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3.2.7. Cytokine assays

Levels of TNFe, MCP-1 and KC were determined by using the mouse
TNFo. DuoSet, mouse CCL2/JE/MCP-1 DuoSet and mouse CXCL1/KC

DuoSet (R&D systems) respectively.

3.2.8. Cytokine profiles

The cytokine profiles of treated ™M were determined by using mouse
cytokine array panel A array kit (R&D systems) and following the
manufacurer’s protocol. At the end of the protocol, the cytokine array data on
the developed X-ray film was quantified by utilising a transmission-mode

scanner (BD Biosciences).

3.2.9. Preparation of liver necrotic cell extracts

Mouse liver (12 weeks old) was dissected into minute pieces in a sterile
environment before been homogenized in sterile PBS by using a Dounce
homogenizer. The liver homogenate was centrifuged at 2 000 rpm for 5

minutes and the supernatant was collected.

3.2.10. Statistical analysis

Statistical analysis was performed as described in section 2.2.13.
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3.3. Results

3.3.1. MR shedding is promoted by the non-
opsonic recognition of fungal particles

In order to investigatéf other pathogens in addition to P. carinii
(Fraser et al., 2000) could promote MR shedding, thib-Mere treated with
zymosan, fixed A fumigatus, and fixed and heat-killed (HK) C. albicans
under serum-free conditions. However, initially the incubation time for the
treatments was determined by using different time points: 1.5 hours, 3-hours
and O/N. In Fraser et al, enhanced sMR production was detected after O/N

incubation withP. carinii.

After treatment with zymosan particles, cell culture supernatants and

cell lysates were analysed, for sMR and cMR levels respectively, by western

blot. As shown in Figure 3|2A, enhanced levels of SMR were detected in cell

culture supernatants collected from all time intervals. Since, MR bands
detected after each time-interval correspond to independent exposures the band

intensities are not comparable.

Shorter incubations were preferred to minimise the chances of having
new protein synthesis. It appears that the SMR accumulation after 1.5 hours
was not high enough since, in comparison to 3-hour-treated samples, it

required longer exposure times to give a detection signal as strong as that
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detected from 3-hour treated samples. Therefore, it was chosen to treat thio-

M® with fungal particles for 3 hours.
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Figure 3.2 MR shedding is induced by zymosan, C. albicans and A. fumigatus, and
requires B-glucan-recognition. Western blot analysis of cMR and sMR expression by thio-
M® incubated with zymosan particles at concentration of 50 particles/cell (Z-50) for 1.5 hours,
3-hours or O/N (A). The level of cMR and sMR expression by thib-fvbated with fixed A
fumigatus or fixed or HK C. albicans for three hours (B). MR shedding in response to HK C.
albicans could be inhibited by solulfieglucan-phosphaté-Gluc) but not mannan (Man)
pretreatment (C)Data are representative of three independent experiments.

Enhanced MR-shedding was also evident after 3-hour treatment with

other fungi species examined, i.e. fixed A fumigatus, and fixed and HK C.

albicans|(Figure 3B). However, the method of fungi processing appeared to

have an effect on the level of SMR production as HK C. albicans consistently

induced more MR shedding than the fixed fungal particles. Due to their
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complex composition, C. albicans, like other fungi specresliate their effect

on M® through a variety of receptors. Among those, B-glucan has been
previously shown to be the active component involved in fungal detection. As
during heat-inactivation, thg-glucan component is thought to become more
exposed on the outer surface (Wheeler and Fink, 2006), it was hypothesised
that enhanced-glucan exposure could be responsible for the differences
observed between HK- and fixed fungi, and that the recognitirgbican in

the fungal cell wall could be responsible for their effect on MR cleavage. This
possibility was investigated by performing the treatment with HK C. albicans

in the presence of soluble glucan phospTate. Figute 3.2C shows that glucan-

phosphate, but not mannan treatment considerably blocked sMR expression,

which suggests that fungi-induced MR shedding is mainly mediated through
the recognition of th@-glucan component of the cell wall. These results also
demonstrate that the recognition of soluplglucan, or mannan pesge are

insufficient for inducing sMR production.

3.3.2. Fungi-induced MR shedding is blocked by a
MMP/ADAM inhibitor but not by caspase
inhibition

In an attempt to characterize the protease activity responsible for the

enhanced MR shedding, the effect of caspase inhibiton was examined.

Previously Gross et akhowed the activation of inflammasome for anti-fungal
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host defence (Gross et al., 2009). An inflammasome is a multiprotein complex
of more than 700 kDa whose central effector molecule is the cysteine protease
caspase-1 that mediates the cleavage, activation and secretion of cytosolic pro-
IL-18, prodL-18 and pral-33 (Pedra et al., 2009). Nevertheless, caspases do
not appear to have a major role in the fungi-mediated MR shedding as their

inhibition by zVVAD-fmk did not result in a significant change in the amount

of SMR produced in response to HK and fixed C.albigans (Figufe 3.3A).

A C.albicans C.albicans
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Figure 3.3: MR shedding is mainly mediated by MMP/ADAM-, but not by caspase-
mediated responses. Western blot analysis of cMR and sMR expression by thid-xéated

with fixed or HK C. albicans in the presence and absencé/éfiz-fmk caspase inhibitor (A).

In contrast to caspase inhibitor, pre-treatment of thid-Mith GM6001 metalloprotease
inhibitor (Inh), but not GM6001 control (Cont), reduced the level of HK C. albicans-induced

MR shedding (B). The data is representative of three independent experiments.
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Another protease family examined for its role in the induction of MR
shedding was the metalloproteases. In fact, the steady state MR shedding
detected in the supernatants of murine primarp Mas revealed to be
mediated by a MMP or ADAM activity (Martinez-Pomares et al., 199§). B
using GM6001, a wide spectrum MMP/ADAM inhibitor, it was investigated
wheather fungi detection leads to a similar mechanism promoting MR
shedding. Pre-treatment of @ with GM6001 significantly inhibited sMR

production, which suggests that the fungi-induced MR shedding, like in the

case of steady-state SMR production, is MMP or ADAM depengent (Higure
ﬁB).

3.3.3. Zymosan treatment reduces MR-mediated

endocytosis which cannot be restored by
inhibition of MR-shedding

Under steady state conditions, sMR was previously shown to be
produced by the proteolytic cleavage of pre-existing full-size ¢MRrtinez-
Pomares et al., 1998). This raised the question & ®hdocytosis of MR
ligands is affected upon fungi-mediated MR shedding. Zymosan particles were
used as an MR shedding inducer, and MR-mediated endocytosis was
monitored by usinggOs-3-Gal-PAA-FITC, which has a higher MR-specificity
than the other MR-ligands which can also be detected by non-MR receptors
(e.g. detection of mannose-rich residues by dectin-2, and collagen by
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integrins). The level of internalized Ac-LDL, a ligand of SRs, was also

monitored in order to verify if any observed effect is MR-specific.

As expected, the zymosan treatment diminished the level of MR
endocytosis. Nonetheless, the reduction is not mediated through MR shedding,

since GM6001 was not able to restore the levfelS@y-3-Gal-PAA-FITC

internalization, albeit it inhibits SMR productign (Figure |3.4A). Therefore it

appears that the MR-shedding is not the only way through which zymosan can
diminish MR endocytosis, and it can also trigger other distinct signalling

pathway(s) independent of metalloprotease activity to target MR functionality.

This effect however is not solely restricted to MR, since similar

zymosan-induced reduction (that cannot be reversed by addition of GM6001)

was also observed in Ac-LDL-internalizatign (Figure|3.4B). That led us to

consider if the Ac-LDL-receptors could also undergo ectodomain-shedding.

Modified LDL are mainly detected by SRs (Pluddemann et al., 2007)
Among the family members, most of thetMpopulation express SR-A, which
as well as detecting lipoproteins and other ligands of endogenous origin, was
also shown to have an important role in establishing an effective immune
response (Haworth et al., 1997) (Kobayashi et al., 2000) (Pluddemann et al.,

2007).
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Figure 3.4: Zymosan-induced inhibition of endocytic machinery can not be prevented by
GM6001. Flow cytometry analysis of sulphated galactose (A), and ac-LDL (B) internalization
by thio-M® left untreated or treated with zymosan particles for three hours. The data represent
the mean MFI value SEM obtained from three independent experiments. Asterisks indicate a
statistically significant decrease in the level of endocytosis in comparison to unstimulated cells
(t-test; ** P < 0.01, ** P <0.001).

SR-A shedding was examined by using both cell lysates and cell

culture supernatants collected from the treated cells. However, the rabbit

117



polyclonal antibody against ® SR (purchased from Abcam) failed to give
any specific band regardless of the changes introduced to the western blot
protocol which included longer incubation periods, higher concentrations of
primary and secondary antibodies, and BSA as blocking buffer (data not
shown). Hence it is still not yet clear whether the ectodomain shedding effect

induced by fungal particles is MR-specific.

Overall these data suggest that zymosan-treatment has a negative effect
on M® endocytic machinery, and that the reduction in MR endocytosis is
independent of ectodomain shedding. This may be mediated by the reduced
expression levels of MR and SR on the cell surface due to the disruption of the
receptor recycling between intracellular compartments and cell membrane
(which will be discussed further on the next chapter). Alternatively, it can also
be explained by a possible lack of membrane availability due to phagosome

formation.

3.3.4. Inhibition of MR-shedding does not
influence cytokine production induced by fungi

Ectodomain shedding can have multiple, functional roles, including
down-regulating receptor and adhesion molecules to inhibit receptor-ligand
interactions, inducing cellular repulsion of interacting cells through the
disposal of the receptor-ligand complex, and pro-protein processing of

cytokines such as TNé&- Additionally, as in the case of CD44, following

118



receptor shedding, the cleaved cytoplasmic tail can migrate to the nucleus

inducing transcription of several genes (Garton et al., 2006).

Even though there had been no signalling motif identified on MR
cytoplasmic tail, the literature is full of studies suggesting a MR role in
intracellular signalling. In order to examine whether the ectodomain-shedding
is a way of MR to perturb intracellular signalling pathway(s) leading to
cytokine release (e.g. through the release of its cytoplasmic tail that may
interact with intracellular signalling molecules), the supernatant levels of HK
C. albicans-induced ILf}, IL-6, KC, and CCL2 (or MCP-1, monocyte
chemoattractant protein-1) in the presence and absence of GM6001 were
monitored by cytokine ELISAs. These cytokines were chosen, since previous
studies showed cMR involvement in their production (except for KC) in
response to C. albicans (Yamamoto et al., 1997) (Heinsbroek et al., 2008).
TNF-o production also served as a control since its cellular release is known to

be ADAM-17 mediated and GM6001-sensitive.

Among these cytokines, the supernatant levels offilaid IL-6 were
below the detection level, and as expected, the amount of fungi-induced TNF-
was significantly reduced in the presence of GM6001, but not affected by
GM6001 control (GM6001 cont). On the other hand, the level of fungi-induced
KC production did not change in the presence of GM6001 and GM6001 cont,
implying lack of MR shedding effect on cytokine production by Muring
fungal infections. This was in contrast to the fungi-induced MCP-1 levels

which displayed a significant change upon the introduction of GM6001.
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However, the observed effect appears not to be as a result of the inhibition of
MR shedding, as treatment with GM6001 cont which is a negative control for

the GM6001 inhibitor, also resulted in a significant increase in the MCP-1

level (Figure 3.5C).
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Figure 3.5: Inhibition of fungi-induced MR shedding does not influence the cytokine
production examined. Capture ELISA analysis of the TNE{A), KC (B), and MCP-1 (C)
production by Mp left untreated or treated with HK C. albicans in the presence and absence of
GM6001 metalloprotease inhibitor (Inh) or control (Cont). The data represent the mean
cytokine concentration detecte SEM obtained from three independent experiments.
Asterisks indicate a statistically significant change in cytokine production compare®to M
treated with HK C. albicans in the absence of GM6001 and GM6001 c@rtest; ** P <

0.01, *** P > 0.001).
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3.3.5. Cytokine production in response to
zymosan or necrotic cells is not affected by MR
deficiency

The effect of MR on cytokine production was further examined by
comparing the cytokine profiles of wt and MR-KOIMFor this purpose, both
M® populations were either left untreated or treated with different stimuli (i.e.
zymosan or necrotic cells) O/N in serum-free Opti-MEM before their
supernatants were collected, centrifuged, and analyzed by using commercially

availablenitrocellulose membranes spotted with capture antibodies specific to

a wide-range of cytokines. |n Figure 8.6, only the cytokines with detectable

signal are shown. The other released factors that were assayed but could not be
detected on the membrane included CXCL13, G-CSF, GM-CSF, CCL1,
CCL11, CD54, IFNy, IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10,

IL-13, IL-12 p70, IL-16, IL-17, IL-23, IL-27, CXCL10, CXCL11, M-CSF,
CCL12, CXCL9, CCL5, CXCL12, CCL17, tissue inhibitor of metalloproteases

(TIMP)-1, and triggering receptor expressed on myeloid cells (TREM)-

Initially the importance of MR in zymosan-induced cytokine

production was examined. In support of the data preserfed in Figure 3.5, MR-

KO and wt Mb did not differ in the cytokines they released in response to

zymosan| (Figure 3|6A). However, the profile displayed by the untreated cells

showed slight variation upon MR deficiency: MR-KOdMappeared to release

more IL-1ra, KC, and MIP-2 in the absence of any stirpuli (Figure 3.6A).
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Figure 3.6: MR deficiency did not influence the cytokine production in response to
zymosan or necrotic cells. Cytokine profile analysis of wt and MR-KO thiod¥ left
untreated (Untpr treated with zymosan particles (100 particles/cell, Z-100) (A) or necrotic
cell extracts (1/25 dilution) (B) for O/N. The data represent the mean arbitrary OD values

detectedt SD obtained from duplicate cultures of a single experiment.

These cytokines were previously shown to facilitate the infiltration of
leukocytes following the injection of necrotic cells into the peritoneal cavity
(Tanimoto et al., 2007). Therefore, the observed difference was thought to be
due to the presence of necrotic cells in the cell suspensions and MR role in the

regulation of the cytokine release. This was investigated by incubating both wt
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and MR-KO Mb populations with freshly prepared liver necrotic cells O/N.

However no change was detected in the cytokine profile displayed by wt and

MR-KO (Figure 3.6B).

Even though both of these results indicate that MR may not be involved
in the cytokine release in response to zymosan or damaged cells, further
studies are required to verify the conclusion, as both studies were performed

only once.

3.3.6. Allergen, but not fixed bacteria, can induce
MR shedding

In an attempt to investigate if the enhanced MR ectodomain shedding is
fungi specific, the levels of SMR production were analysed aftertdatment
with other inducers, such as Staphylococcus aureus, which is not known to
have any detectablg-glucan, or house dust mite (HDM, Dermatophagoides
pteronyssinus) that was previously shown to indaceimmune response
throughB-glucan recognition (Nathan et al., 2009). It appears that the ability to
induce MR shedding is not a fungi-specific effect and can also be induced

upon incubation with particulate HDM, but not by soluble HDM (data not

shown) or Saurews (Figure 3.7).

Since HDM is also known to have B-glucan in its structure (Nathan et
al., 2009) the observed induction of MR shedding by HDM further supports

the importance oB3-glucan recognition. However, the proteolytic cleavage
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responsible appears to be distinct, since in contrast to fungi-treated samples,

HDM-treated Mb released two distinct populations of sMR with different

molecular weights (~165 and ~130 kDa) (Figure| 3.7). Among the two sMR

populations, the heavy sMR (sMRappears similar to the one induced by

fungi.

C. albicans
A.
Unt Fixed HK  fumigatus HDM
- ™ o
— — W m— SMR
B e i
Fixed
Staph. HK
B Unt aureus C.albicans

ey e o

e sMR

Figure 3.7: In addition to fungi, particulate HDM, but not S. aureus can also induce MR
shedding. Western blot analysis of MR expression by thi®Mnhcubated with particulate
HDM, fixed A fumigatus or fixed or HK C. albicans (A). The cMR and sMR expression
levels by MD treated with fixed S. aureus (B). Data are representative of two independent

experiments.

As well as being M-derived, the proteases responsible may also come
from the HDM used, since allergens are generally rich in proteolytic enzymes
that allow their access to internal tissues (Shakib et al., 2008). Among those
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Der p 1 is an immunodominant allergen found in the faeces of HDM and is
involved in destroying tight junctions between the epithelial cells via its

cysteine protease activity (Shakib et al., 2008, Shakib et al., 1998).
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3.4. Discussion

In this chapter of results, it was shown that (i) the induction of MR
shedding is an early event as it was evident after 3 hours of treatment, (ii)
enhanced sMR production is f@tcarinii specific and can also be induced by
other fungal particles such as zymosan, A fumigatus and C. albicans, as well
as particulate HDM(iii) the fungi-mediated sMR production dependsfan
glucan recognition and GM6001-sensitive MMP/ADAM activity, but not on
caspase, (iv) the inhibition of enhanced MR shedding by GM6001 does not
influence the levels of cytokines released and does not block the reduction in
the levels of MR- and SR-mediated endocytosis in response to fungi particles,
(v) in contrast to fungi, HDM leads to the production of two sMR fragments of

different molecular weights (MW).

Enhanced MR shedding was initially described in resporisecarinii
after O/N incubation by Fraser et al (Fraser et al., 2000). By wasnather
shorter incubation period (i.e. 1.5 and 3 hours), it was shown that MR shedding
is an early event. It was considered that at these early points there would be
less chances of having new protein synthesis, and therefore de novo protein
expression may not be required for initial SMR release upon induction. Future
studies including transcriptional and translational inhibitors may further help to

understand this area.

By using zymosan, A fumigatusnd both heat-killed and fixed C.

albicans, it was shown that MR shedding can also be induced by other
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opportunistic pathogens. In correlation with previous studies which showed
that B-glucan recognition is the main requirement for inducing anti-fungi
immune responses (Taylor et al., 2007), (Werner et al., 2009, Brown et al.,
2003), it was demonstrated that the enhanced sMR production is mostly
induced by thg-glucan component of the fungi cell wall. This clearly implies
the participation of dectin-1, the main myelddeglucan receptor, which will

be examined in the next chapter.

Having significant, but not complete, inhibition of HE&. albicans-
induced sMR production b-glucan phosphate pre-treatment, implies the
possible involvement of other ®receptors. Apart frori-glucan,another key
PAMP responsible for triggering the anti-fungal immune response are the
mannoproteins, which together wiflaglucan, make up to 90% of the fungal
cell wall (Poulain and Jouault, 2004) (Chaffin et al., 1998) (Wheeler and Fink,

2006).

The lack of obvious change in the level of fungi-mediated MR
shedding in the presence of soluble mannan suggests that mannoprotein
detection may not be responsible for fwglucan-independent. albicans-
induced MR shedding. However, the commercial mannan used in these studies
is derived from S. cerevisiae and it differs from tBealbicans mannan in
structure and MW that may influence its interaction with PRRs (Williams DL,
unpublished data). Therefore in the presence of soluble mannan (purchased
from Sigma Aldrich), there may still be PRRs involved in the detectidd. of

albican mannan that can trigger sSMR production. Further studies are required
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to understand the underlying mechanism responsible for BHgducan-

independent MR shedding.

The attempt to identify the enzyme(s) responsible for the proteolytic
cleavage of MR revealed that the ectodomain shedding was mainly mediated
by a GM6001 sensitive MMP/ADAM activity. However, as wiBaglucan-
phosphate pre-treatment, the inhibition was not complete, which suggests the

possible involvement of other GM6001-insensitive mechanisms.

MMPs are zinc-dependent endopeptidases belonging to a subfamily of
metzincins. Initially they were thought to be responsible solely for the turnover
and degradation of the ECM, and were named accordingly. However, today
they are known to have a wide-spectrum of functions, including the release of
pro-inflammatory cytokines and chemokines (Webster and Crowe, 2006), as
well as facilitating the shedding of various surface receptors including CD44
(Yu et al.,, 1997), ErbB2 receptor (Codony-Servat et al., 1999), and TNF-

receptor (Lombard et al., 1998).

ADAMs are transmembrane proteases and, like MMPs, belong to the
metzincin family of metalloproteases. They are known as the major protease
family responsible for the ectodomain shedding affecting functionally diverse
proteins including cadherins, Fas ligand, and epidermal growth factor (EGFR)

ligands as well as TNE-(Huovila et al., 2005).

Within this family, ADAM-17 was the first ADAM sheddase to be

identified. It was initially identified by its activity as a TNFeonvertase, but
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following studies revealed its participation in the shedding of several other
cytokines (e.g. CXCL-1, TRANCE) and receptors (e.g. IL-1 receptor 16 IL-
receptor). The other important ADAM sheddase is ADAM-10 which, like
ADAM-17, can target a wide-range of proteins including cytokines (e.g.
CXCL-16, and CX3CL-1), growth factors (e.g. Epidermal growth factors, and

betacellulin) and receptors (e.g. IL-6 receptor).

Previous data by Martinez-Pomares et al. showed that the sMR is
produced as a result of a proteolytic cleavage of the cell-associated MR, and
accordingly, the flow-cytometry data revealed a significant reduction in the
MR-mediated internalization by ® (Martinez-Pomares et al., 1998)
However, this effect was not reversed upon GM6001 treatment, even though it
was able to inhibit MR shedding. One possible explanation for the observed
data includes the reduction of surface MR expression through disrupting its
recycling between the endocytic compartments and the plasma membrane,
such that it becomes trapped intracellularly without affecting its cellular
expression level. The flow cytometry analysis of surface MR expression will

be discussed in the next chapter.

The observed reduction in the level of endocytic internalization is not
MR specific, as the same effect was also observed in Ac-LDL upfakin
the case of MR endocytosis, this was thought to be as a result of ectodomain
shedding of receptor(s) involved in its internalizatibonan attempt to clarify
the mechanism behind this, the level of soluble form of SR-A was screened in

the supernatants collected from the treated cells. However, the antibody failed
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to give any specific band, regardless of the changes introduced to the western
blot protocol. Therefore, it is still open to debate whether the ectodomain
shedding induced by fungal particles is MR-specific or not. In the next chapter,
this will be further examined by monitoring the level of another cell surface
receptor CD44 (a known target for MMPs and ADAMS) in the supernatants
collected from M treated with purified B-glucan particles.

On the other hand, the inability to block the reduction in the level of
Ac-LDL internalization by GM6001 treatment implies the same type of
machinery responsible for the decline in the level of MR-endocytic uptake.
Apart from the reduced expression levels of MR and SR on the cell surface,
this decrease in the level of endocytosis can also be explained by a possible
lack of membrane availability due to phagosome formation.

The importance of MR in fungal infections is not yet clear, as the
literature is full of conflicting results. For instance, even though the MR-KO
mice were shown to have a normal host defence during systemic candidiasis
(Lee et al., 2003), in the studies by Yamamoto et al and Heinsbroek et al, MR
was shown to mediate ILB] IL-6, MCP-1, and TNFe, in response to
infection with C. albicans (Heinsbroek et al., 2008, Yamamoto et al., 1997)
However, MR lacks any known intracellular signalling motif on the
cytoplasmic tail that would enable it to contribute to cytokine production. This
is why MR is thought to form a receptor complex with other receptor(s) (e.g.
TLR2 (Tachado et al., 2007)) that participate in intracellular signalling.

sSMR production has previously suggested to assist pathogens to escape

the immune response (Fraser et al., 2000). In this study, formation of SMR-coat
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around the fungal pathogen was shown to block its removal by phagocytosis
(Fraser et al., 2000). That led us to examine if MR-shedding has also any effect
on cytokine production. This was thought to, at least partially, explain the

conflicting results for the MR role in cytokine production.

The effect of enhanced MR shedding on cytokine production was
investigated by monitoring the levels of I[3,1IL-6, MCP-1, and KC in the
supernatants collected from®Atreated with HKC. albicans in the presence
and absence of GM6001 or GM6001 cont. Among these cytokines, the levels
of IL-13, and IL-6 were below the detection level. This was surprising since
previously Yamamoto et al showedCaalbican- induced expression of these
cytokines by thio-MP after 1 hour of treatment. However, the levels were
screened at the mRNA level, and therefore the lack of detection in protein level
may be as a result of post-transcriptional or post-translational modifications
controlling their release. On the contrary, in a similar model, Heinsbroek et al
could not detect any IL-6 expression in the supernatant collected Grom
albicans-treated thio-§ (Heinsbroek et al., 2008).

Among the rest of the cytokines examined, the fungi-mediated release
of KC did not change upon the inhibition of MR shedding by GM6001. In
contrast, fungi-mediated MCP-1 release was altered upon the introduction of
GM6001. However, this seems to be nonspecific since a similar increase was
also detected in samples treated with KK albicans in the presence of
GM®6001 cont, which lacks any inhibitory activity. These results suggest the
lack of MR-shedding effect on the fungi-mediated cytokine release.

Neverthelessa 3-hour incubation period may not be enoughGoalbicans to
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be coated with sSMR as observed previously (Fraser et al., 2000), and therefore
the possible effect of SMR production on cytokine release in the later stages of
fungal infection cannot be excluded.

In an independent approach, MR-KO thigPMvere used to examine
any MR effect on the cytokine release in response to zymosan, or liver necrotic
cells. The necrotic cells were choseraasimuli inducer, since in the previous
attempt, untreated MR-KO # supernatants were reported to have enhanced
levels of IL-1lra, KC and MIP-2; the cytokines shown to facilitate the
infiltration of leukocytes following the injection of necrotic cells into the
peritoneal cavity (Tanimoto et al., 2007). As both MR-KO and i Mere
handled the same way, the enhanced level of cytokine release was thought to
be due to the MR role in the regulation of cytokine production in response to
endogenous signals, such as damaged cells.

Both wt and MR-KO Mb displayed the same cytokine profile in
response to zymosan and liver necrotic cells, suggesting no MR role in
cytokine production and release in both conditions. However further studies
are required to confirm this conclusion since this study was only performed
once. Additionally, as there are not many free zymosan particles after 3-hours
of incubation, this data does not exclude the possible effect of SMR in the later
stages of infection.

By using other stimuli it was showed that the MR-shedding is not
fungi-specific, and it can also be induced by particulate preparations of
Dermatophagoides pteronyssinus (house dust mite, HDM). The reason behind

HDM-induced MR shedding is not yet clear. However it may be involved in
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the allergic immune response by targeting sMR-bound allergens (Deslee et al.,
2002) to the CR=c" cells surrounding the white pulp of the spleen, or

follicular regions in lymph nodes (Martinez-Pomares et al., 1996).

The proteolytic cleavage responsible for the HDM-induced MR
shedding appears to be quite different to that triggered by fungi. In contrast to
the fungi-mediated shedding which produced a single sMR population (~165
kDa), HDM treatment resulted in two sMR populations with molecular
weights of ~165 (sMR and ~130 kDa (dR.). The observed sMR
production is in correlation with a very recent study by Nathan et al, which
showed aB-glucan-mediated activation of the innate immune response by
HDM, that was inhibited by using-glucanase, which digegB-glucan
structures or othgs-glucan moieties, such as laminarin or zymosan (Nathan et

al., 2009).

The reported ~35 kDa difference between the two sMR populations
may be due to the cleavage of the N-terminal CR domain, as it was previously
suggested to result in the production of an additional cMR population (~40
kDa lighter) in small intestine tissues (Su et al., 2009). Today, the CR domain
is known to recognise antigens of endogenous origin only. Therefore its
removal may enhance MR specificity for non-self molecules, and sMR bound
antigen may be immediately regarded as a foreign material to be destroyed by
the immune system. Future studies to identify any immune cells that are able to
recognise sMR and determine sMRfunctionality, may further help to

examine this possibility.
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As well as being M-derived, the protease(s) responsible for this
distinct SMR population, may also come from the allergen, since the mite
extracts are generally rich in proteolytic enzymatic activity that allow their
access to internal tissues. Their effects are mediated by breaking down the
connective tissues and destroying tight junctions between the epithelial cells,
and involve the cleavage of surface receptors that may also help modulating
the immune response. For instance, Der p 1 is known to cleave CD23, CD25,
lung surfactant proteins (SP)-A and D, CD40, DC-SIGN, and DC-SIGNR

(Shakib et al., 2008).

Overall, theselata suggest a putative role for -glucan recognition and
ADAM/MMP activity in the induction of SMR production, which was shown
to helpP. carini to evade the host immune response (Fraser et al., 2000). In
contrast to Fraser et al, sSMR production did not have any effect on the fungi-
mediated cytokine release. This may be due to the short incubation periods
used, since it would not be enough for the formation of a SMR coat around the
fungi that would influence its interaction with@(Fraser et al., 2000). The
next chapter will be on the identification gfe PRR responsible for the -
glucan-mediated MR-shedding. The first candidate is dectin-1; the main

myeloid B-glucan receptor.
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4. THE ROLE OF DECTIN-1 IN FUNGI-

MEDIATED MR-SHEDDING

4.1. Introduction

Dectin-1 is a member of the group V transmembrane C-type lectin
family encoded by the natural killer gene complex (NKC) (Huysamen and
Brown, 2009). It consists of a type Il transmembrane domain, a single
extracellular CTLDthat can detect the B-glucan component of the fungi cell
wall in a C&*-independent manner, a stalk, and a cytoplasmic tail with a hem-
ITAM motif. The stalk region is the region that is most commonly spliced out
in functional dectin-1 isoforms in both human and mouse (Brown, 2006,
Ariizumi et al., 2000b). As discussed in section 1.2.3.ii.d, dectin-1 can trigger
both Syk-dependent and Syk-independent-Raf-1-mediated signalling which

can act independently as well as in cooperation with the TLR pathway.

Dectin-1 was shown to detect several fungi species including P. carinii,
S. cerevisiae, C. albicans, aAdfumigatus, and their recognition by declin-
triggers various protective responses such as phagocytosis, killing via
respiratory burst, and the productionaofumber of cytokines and chemokines
such as TNF, CXCL2, IL{}, IL-1la, IL-6, CCL3, GM-CSF, and G-CSF
(Brown, 2006). The dectin-1 role as a crucial fungi recognition receptor was

also examined in vivo with mixed results, which are probably due to the
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genetic background of the mice, differences in the fungal strains and/or routes

of infection tsed(Netea and Marodi, published online in 2010).

The importance of dectin-1 engagement was further supported by the
evidence that pathogens may utilise mannoproteins to maskBtighican in
order to evade the immune response (Gantner et al., 2005) (Wheeler and Fink,
2006). For instance, hyphal forms©falbicans cannot be detected by dectin-
1 and accordingly, do not trigger the immune response, as they do not have a
detectable surface-exposgejlucan (Gantner et al., 2005). Nevertheless, the
condition was reversed by disrupting the mannoprotein outer layer which
would enhance th@-glucan expression on the surface (Wheeler and Fink,
2006). Likewise, wherea#é. fumigatus resting conidia and hyphae do not
possess surfad&glucan expression, swollen conidia and early germlings can
be detected by dectin-1, due to expoBeglucan (Hohl et al., 2005) (Gersuk et
al., 2006) (Steele et al., 2005). Additionally, tBeglucan component of
Histoplasma capsulatum was recently shown to be hidden under a layer of
glucan, and Paracoccidioides switches frfrglucan toa-glucan, to avoid

detection by dectin-1 (Rappleye et al., 2007).

Furthermore, in humans, recent identification of polymorphisms in
dectin-1 was associated with an enhanced colonization with Candida species
(Plantinga et al., 2009), and patients with dectin-1 deficiency had defective
production of IL-6, TNFe and IL-17 in response to -glucans andC. albicans

(Ferwerda et al., 2009).
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4.1.1. The aim of the study

In light of the preceding chapter of results which showedtg&ican
phosphate-mediated inhibition of fungi-mediated MR shedding, it was
hypothesized that dectin-1 is responsible for fglucan-mediated MR

shedding.

The aim of this chapter was to investigate if and how dectin-1, the
major B-glucan receptor, was responsible for fungi-mediated MR-shedding.
For this purpose, dectin-1-KO @™ were treated wittHK C. albicans or
purified B-glucan particles (fromC. albicans), and sMR production was
examined by western blot. As dectin-1 has two murine isoforms with
differences in structure and possibly in intracellular signalling, the effect of
different isoform expression on sMR production was also examined by using
M® isolated from C57 BL/6 and BALB/c mouse strains that display different
dectin-1 isoform expression (Heinsbroek et al., 2006). The intracellular
signalling responsible was investigated by using purfieglucan particles as

the fungi model, in the presence and absence of various signalling inhibitors.
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4.2. Materials and Methods

4.2.1. Animals

The wt and MR-KO mice were bred and handled as described in

section 2.2.1.

Dectin-1 knock-out (dectin-1-KO) mice and their controls were on a
129S6/SvEv genetic background. Animals were provided by Dr. Philip
Taylor, and were maintained in accordance with institutional guidelines at

Cardiff University, Schoadf Medicine,U.K.

4.2.2. Cells

Thio-M® were obtained by following the protocol described in section

3.2.2.

4.2.3. Experimental conditions

Thio-M® were treated with particulate p-glucan (kindly contributed by
David L. Williams, from East Tennessee State University, USA) curdlan
(Wako), ionomycin (Sigma Aldrich), phorbol myristate acetate (PMA, Sigma
Aldrich) or PamCSK, (Invivogen) at the indicated concentrations in serum-
free Opti-MEM with GlutaMAX (Invitrogen) supplemented with 100 U/mi

penicillin and 10Qug/ml streptomycin for 3 hours at %7, 5% CQ.
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For inhibition assays, thio-¥ were pre-incubated witl8-glucan
phosphate (kindly contributed by David L. Williams, from East Tennessee
State University, USA), mannan (Sigma Aldrich), Syk kinase inhibitor 1V,
wortmannin, Akt inhibitor VI, Raf-1 kinase inhibitor I, GM6001, GM6001
control, cytochalasin D, latrunculin A (all from Calbiochem), bafilomycin or
chloroquine, (Sigma Aldrich) at indicated concentrations for 1 hour before

treatment, and were present during the incubation with the stimuli.

The supernatants collected from MR-KO thigbM treated with
purified B-glucan particles were used to analyse the potential role of soluble
components in the induction of MR shedding. After 3 hours of treatment,
supernatants were collected and apnglucan particle contaminant was
removed by centrifugation at 13 000 rpm for 20 minutes, using a bench top
centrifuge. The clarified supernatant was then used to incubatedwioi3

hours.

The cell lysates and culture supernatants were collected and protein
concentration was determined by following the same protocol described in

section 2.2.5.

4.2.4. Western blotting

The protocol was described in section 2.2.6. CD44 were visualised
using rat ati-CD44 mADb (clone KM201, Abcam), in combination with HRP-

conjugated anti-rat IgG (Chemicon).
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4.2.5. Flow ctometry analysis

For the endocytosis assay, thigPMvere plated on non-tissue culture
treated plastic as described in the previous chapter. Folloai3ghour
treatment with B-glucan, the Mp were then incubated for 30 minutes in serum-
free media containing pg/ml of SQ-3-Gal-PAA-FITC (Lectinity), or Alexa-

488 conjugated Ac-LDL (Invitrogen). The ® were collected by scraping
using 1X trypsin-EDTA (Sigma Aldrich) and fixed idl(v/v) formaldehyde
solution in PBS. The internalisation was then analysed using Beckman Coulter

Epics Altra and Weasel software.

To examine MR expression on the cell surface, thib-Mated on non-
tissue culture treated plastic, were collected by scraping using non-enzymatic
cell dissociation buffer (Sigma Aldrich), washed in FACS block (&/v)
heat-inactivated rabbit serum, 0.5% (w/v) BSA, 2 mM jlaNmM EDTA in
PBS) and incubated in FACS block containing 2.4G2u(@/nl) for 30 min at
4°C. After blocking MP were incubated with Alexa488-labelled anti-MR Ab
(clone 5D3, Biolegend), for 60 min at@ After staining, cells were washed
three times with FACS wash (0.5% (w/v) BSA, 2 mM NaN3, 5 mM EDTA in
PBS) and fixed in % (v/v) paraformaldehyde in PBS. Isotype-matched Ab
were used as controls. Labelling was analysed using a Beckman Coulter Epics

Altra, and Weasel software.
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4.2.6. Gelatin zymography

A precast SDS-PAGE gel (7.5%), containing %.Xw/v) gelatin
(Invitrogen), was used to separate samples in 2X nonreducing sample buffer
(0.125 M Tris-HCI, pH 6.8, 2 (v/v) glycerol, 4% (w/v) sodium dodecyl
sulphate, 0.003% (w/v) bromphenol blue) at 120 V. SDS was removed by
incubation with renaturing buffer (2.5% (v/v) Triton X-100 in distilled water)
(Invitrogen) for 30 min at room temperature. The gels were incubated O/N at
37°C (Heraeus Incubator, Langenselbold) in developing buffer (20 mM Tris-
HCI, pH 7.6, 10 mM CaGland 0.04% (w/v) NaB (Invitrogen) and then
stained with 0.% (v/v) Coomassie blue in 40 (v/v) methanol and 1 (v/v)
acetic acid and destained until clear proteolytic bands appeared on the
contrasting blue background. Bands were visualized using the Gene Genius

Bioimaging System (Cambridge).

4.2.7. Target opsonization

For Fc-mediated phagocytosis,uén latex beads (Polysciences) were
incubated O/N at «©C in 10 mg/ml bovine serum albumin (BSA, Sigma
Aldrich) in PBS, followed by three washes in PBS. The beads were then re-
suspended in mouse-derived anti-BSA 1gG antibody (Sigma Aldrich) for 1
hour at room temperature before being washed for three times and stored in

PBS at 4C (May et al., 2000).
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4.2.8. Real-time quantitative PCR (qPCR)

The protocol was described in section 2.2.12.

Table4. 1. Forward and reverse primer sequences used in qPCR experiments.

Gene | Forward oligonucleotid¢ Reverse oligonucleotid
sequence (5’2 3’) sequence (5’2 37)

HPRT | GTAATGATCAGTCAACGGG | CCAGCAAGCTTGCAACCTTA
GGAC ACCA

MMP-9 | CAGAGGTAACCCACGTCAG | GGGATCCACCTTCTGAGACT
C T

MMP-8 | CTTTCAACCAGGCCAAGG | GAGCAGCCACGAGAAATAG

G

MMP-2 | ATAACCTGGATGCCGTCGT | TCACGCTCTTGAGACTTTGG

MMP-3 | TTGTTCTTTGATGCAGTCA | GATTTGCGCCAAAAGTGC
GC

4.2.9. Statistical analysis

The statistical analysis was performed as described in section 2.2.13.
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4.3. Results

4.3.1. B-glucan particles induce MR shedding
through dectin-1 engagement

Previous results indicated thfitglucan recognition is required for
enhancing sMR production upon the recognition of fungi. The possible effect
of purified B-glucan particles on sSMR production was investigated to see if the
recognition of particulat@-glucan was sufficient for inducing this effect. The
data proved that particulafeglucan enhanced MR shedding, when used at
particle per cell ratio similar to that used in the case of C. albicans and A
fumigatus, and that it could be inhibited by pre-treatment with soluble glucan

phosphate. This demonstrates that the observed effect is not mediated by any

contaminant present in the preparation of particilagican|(Figure 4{1A).

In order to establish the role of the mgjeglucan receptor, dectin-1, in
mediating MR shedding, wt and dectin-1-KO thigPMwere treated with

particulatep-glucan. Dectin-1 expression was essential for the induction of

MR shedding in response to particulafeglucan |(Figure 4J1A). The

importance of dectin-1 was further confirmed by the significant reduction in

sMR production observed in dectin-1-KOdMn response to HK C. albicans

Figure 4.1B).
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Figure4.1: Therole of dectin-1in fungi-mediated MR shedding and its specificity to MR.

The particulatep-glucan-induced sMR production was completely blocked by déctin-
deficiency or pre-treatment with solubfeglucan, but not by mannan (A). There was
significant inhibition of fungi-mediated shedding in dectin-1-KGDPMB). Continuous p-

glucan presence is required for MR shedding during 3 hours of incubation, as the removal of
B-glucan particles after 1 hour significantly reduced the ectodomain sheddingli®.cMR

and sMR were detected in the cell lysate and supernatant, CD44 could only be detected in cell
lysates collectedfrom B-glucan treated wt Kb (D). Data are representative of three

independent experiments.

To examine if the initial dectin-1-induced signalling is enough for the
enhanced MR ectodomain shedding observed after 3 hours of incubation, the
B-glucan particles were removed after 1 hour and the Were then left

untreated at 37°C in serum-free media for two more hours (i.e. 3 hours in
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total). As shown in the Figure 41 continuous presence of -glucan appears

to be essential for MR shedding, as the intensity of the bands corresponding to

SMR reduced significantly upon removal@fjlucan particles after 1 hour.

The selectivity of the signalling triggered was examined by studying
the effect of particulat@-glucan treatment on the shedding of CD44. CD44 is
a type | transmembrane glycoprotein with a broad range of functions
(Nakamura et al., 2004) (Bazil and Horejsi, 1992). CD44 is shed off the cell
surface as a result of multiple signalling pathways including protein kinase C
(PKC), as well as the influx of intracellular €aand is mediated bDAM -

10, ADAM-17 and MMP-14 activity (Kajita et al., 2001, Okamoto et al., 1999,

Kawano et al., 2000). As revealeq in Figure| 4.gRjlucan treatment did not

induce CD44 shedding, which indicates that particuBatducan recognition

does not lead to a general release of receptors from the cell surface.

4.3.2. No difference in pB-glucan-induced MR

shedding between C57 BL/6 and BALB/c mice

Murine M® express two functional dectin-1 isoforms: dectin-1A and
dectin-1B which are structurally distinct. Dectin-1A is composed of all

structural domaina whereas dectin-1B lacks the stalk region.

According to the g-PCR data shown by Heinsbroek et al (2006), their
expression is genetically determined such that both dectin-1 isoforms are

expressed in equal amounts by BALB/c and other related mouse strains (e.g.
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C3H/HeH and CBA/ca), while dectin-1B is the predominant isoform expressed
by C57 BL/6, 129/SvEv and B10.BR (Heinsbroek et al., 2006). This
differential expression appears to be the cause of the previously observed
differences in theC. albicans-induced production of defensins, chemokines,
and cytokines between C57 BL/6 and BALB/c mice (Schofield et al., 2005)
since dectin-1B-expressing cells released significantly more d dfesponse

to zymosan than the dectin-1A expressing cells (Heinsbroek et al., 2006).
Furthermore, differential expression of dectin-1 isoforms was shown to

enhance susceptibility to coccidoides in mice (del Pilar Jimenez et al., 2008).

In an attempt to investigate if this differential dectin-1 isoform
expression would also have an effect on sMR production follo@tgfucan
treatment, the levels of ectodomain shedding and MR- and non-MR mediated
endocytosis were compared between the two mouse strains by western blot and

flow-cytometry respectively.

Flow-cytometry analysis revealed that bothdMpopulations have a
similar endocytic capacity before the treatment, and displayed similar levels of

reductions in endocytosis @O;-3-Gal and Ac-LDL after being incubated

with B-glucan particles (Figure 4.2A). Accordingly, both mouse strains showed

the same level of SMR production in responsg{glucan particle§ (Figurg

ﬂB). In support of these data, thicdMsolated from both mouse strains were
previously shown to have similar level of cell-surface MR expression

(Heinsbroek et al., 2006).
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Figure 4.2: Thereis no difference between C57 BL/6 and BAL B/c mice strainsin dectin-
1-mediated reduction of endocytic internalization and MR shedding. Flow cytometry
analysis of sulphated galactose and ac-LDL internalization by tldo-Mft untreated or

treated with B-glucan particles (A). The endocytosis level was identical between the mouse
strains in both untreated and treated samples, and they showed a similar rate of reduction in
their endocytic capacity upon treatment wgkglucan particles. This is in support of the
similar amount of MR shedding as detected in the supernatants collected from the same cell
populations used in the endocytosis assay (B). The enhanced IgG2a binding observgd in the
glucan treated samples did not allow drawing a reliable conclusion on the cell surface MR
expression by using flow-cytometry (C). Data are representative of three independent

experiments.
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As discussed in the previous section, zymosan-induced reduction of
MR endocytosis was not reversible by the presence of GM6001, and therefore
apart from mediating MR shedding, zymosan was thought to decrease surface
MR expression by another GM6001-insensitive pathway, which may include
the enhanced internalization of the receptor. That led us to examine the levels
of surface MR expression aft@fglucan treatment in the presence of GM6001.
However, the attempts failed to provide reliable data ab Wsplayed
enhanced non-specific binding to the IgG2a isotype control antibody upon

treatment with3-glucan particles, creating doubts about the specificity of 5D3

binding |(Figure 4.pC).

The underlying reason for this enhanced non-specific binding was
thought to be because of enhanced FcR expression on&heukace upon
dectin-1 signalling. However, the non-specific binding was not blocked even
after the addition of 10@wg/ml of rat IgG to the blocking buffer (data not
shown). A similar type of enhanced binding was also observed in the case

mouse IgG1 isotype control antibody (data not shown).

4.3.3. B-Glucan mediated MR shedding depends
on Syk and, partially on Raf-1 kinases

Upon ligand binding, dectin-1 triggers intracellular signalling through

Syk-dependent and Syk-independent Raf-1-mediated pathways. Syk kinase
149



was observed to be indispensible for fhglucan-induced sMR production,

since MR shedding was completely blocked by Syk kinase inhib|ition (Higure

4.3A). However, Raf-1 kinase seemed to be partially responsible for the

phenomenon, as reduced sMR production was observed only at high

concentrations of Raf-1 kinase inhibi}or (Figure|4.3B).

Syk-kinase was previously shown to be required for collaborative

signalling between dectin-1 and TLR-mediated pathways that sustains
degradation ofdB and enhances nuclear translocation ofdBFDennehy et
al., 2008). The high Syk-dependence of dectin-1-mediated MR shedding raised
the question of whether sMR production could be enhanced by the activation
of TLR signalling. By using a TLR2 agonist (P&d%K,), it was shown that

TLR2 engagement does not affect MR shedding in isolation or in combination

with B-glucan|(Figure 43C).

The observed crucial effect of Syk in the enhancement of MR-shedding
in response to B-glucan particles, led us to examine if the sMR production can
also be triggered by other ITAM-associated receptors. In an attempt to
investigate this, latex beads coated with mouse 1gG were used. To make sure
that the antibody Fc fragments are free to engage with FcR, latex beads were

incubated with BSA and then with mouse anti-BSA antibody.
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Figure 4.3: Dectin-1-mediated MR shedding is dependent on Syk, and partially on Raf-1.
Western blot analysis of MR expression bypNteated with B-glucan particles in the presence
and absence of Syk kinase (@f)Raf-1 kinase inhibitors (B). While Syk inhibition completely
abrogates MR shedding in responsedglucan, Raf-1 inhibition has a minor effect at high
concentrations. Th@-glucan effect could not be enhanced by the addition ok@3Ky which
indicates that dectin-1-mediated MR-shedding is independent of TLR-signalling (C). Data are

representative of three independent experiments.

As can be seen iE Figure #.there was not any enhanced sMR

production in response to lgG-coated latex beads. However, this could also be

explained by the lack of efficient intracellular signalling, since only

approximately two particles were successfully internalized by eabh(data
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not shown). Lack of efficient phagocytosis implies the lack of receptor cross-
linking, which is also required for FcR-mediated signalling (Garcia-Garcia and

Rosales, 2002).

Latex beads
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Unt —  +BSA +IgG C.albicans

B
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Figure 4.4: 1gG-coated latex beads cannot induce sSMR production. Western blot analysis
of MR expression by thio-kb treated with HK C. albicans or latex beads with/without BSA

or mouse IgG coat. Data are representative of three independent experiments.

4.3.4. B-glucan-induced MR shedding is PI3K, but

not Akt, dependent

Phosphoinositides are crucial second messengers for intracellular
signalling pathways including the one initiated by dectin-1-mediated Syk-
kinase activation (Hiller et al., 20QQ©lsson and Sundler, 2007), (Olsson and
Sundler, 2006), (Shah et al., 200Q@)ee et al., 2008), (Crowley et al., 1997).
Among several other downstream elements that phosphoinositide-3 kinase
(PISK) activates, Akt (aka Protein kinase B) plays a central role in innate
immunity, since the PI3K/Akt pathway was shown to be required for the

production of cytokines such as IL-12, IL-10, as well as for controlling cell
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proliferation and survival (Weichhart and Saemann, 2008, Martin et al., 2003,

Polumuri et al., 2007, Koyasu, 2003).

The potential role of the PI3K/Akt pathway Biglucan-induced MR
shedding was investigated by using a PI3K and Akt inhibitors. Enhanced MR

shedding was completely blocked upon PI3K inhibition by the PI3K inhibitor

wortmannin |(Figure 4J5A), but Akt inhibition had no effdct (Figure| 4.5B).

Therefore, these results suggest fhrgtucan induces MR shedding through an

Akt-independent, PI3K-mediated signalling pathway.
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Figure 4.5: Dectin-1-mediated MR shedding utilizes Akt-dependent PI3K pathway. The

cMR and sMR expression levelsy B-glucan-treated P in the presence and absence of
wortmannin (A), or Akt inhibitor | (B). While wortmannin completely blocks MR shedding in
response t@-glucan, Akt inhibition had no effect. Data are representative of three independent

experiments.
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4.3.5. pB-glucan-induced MR shedding is
phagocytosis-independent but requires actin-

polymerisation

Even though dectin-1 is a phagocytic receptor (Herre et al., 2004)
(Underhill et al., 2005), it does not require phagocytosis to induce
inflammatory responses (McCann et al., 2005). In fact, dectin-1-mediated
intracellular signalling is enhanced by frustrated phagocytosis (Hernanz-Falcon
et al., 2009, Rosas et al., 2008). In order to investigate if phagocytosis is
required for dectin-1-mediated MR shedding three different approaches were
used: (i) investigating MR shedding in response to the non-phagocyt@sable
glucan particle curdlan, (ii) inhibiting actin polymerisation with cytochalasin D

or latrunculin A and (iii) inhibiting phagosome acidification.

As shown iT Figure 4|6A, incubation of thio@®Awith curdlan particles

enhanced MR shedding, which suggests that dectin-1-mediated MR shedding
is independent from particle internalisation. To eliminate the possibility of
small curdlan fragments being responsible for its effect on MR shedding, only
curdlan particles repeatedly (three timestained in a 100 uM cut off filter

were used for these experiments. Microscopical examination of these

preparations demonstrated that all small fragments had been eliminated.
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Figure 4.6: Dectin-1-induced sMR production can be induced by curdlan but cannot be

blocked by bafilomycin or chloroquine. Western blot analysis of MR expression by thi®M

treated with curdlan and HK C.albicans (A) at concentrations of four particles/celf (40

curdlan would contain ~550 particles (Rosas et al., 2008)) and 50 particles/cell, respectively.

Both particles were found to enhance MR shedding (A). Inhibition of phagosome acidification

using bafilomycin (B) or chloroquine (C) did not change the level of sMR produced in

response to B-glucan particles. Data are representative of three independent experiments.

In support to phagocytosis not being required for MR shedding in

response tg3-glucan particles, inhibition of phagosome acidification using
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bafilomycin |(Figure 4.6B) or chloroquing (Figure

production in response fglucan.

1.6C) did not alter sMR

Nevertheless, it was observed that inhibitors of actin-polymerisation,

cytochalasin D (used at 05uM) and latrunculin A (used at 0.5 uM),

blocked sMR production in responseftgylucan

(Figure 4.

7A-B), in spite of

the ability of the non-phagocytabfieglucan particle, curdlan, to promote MR

shedding. Therefore, two conditions under which dectin-1-mediated signalling

is enhanced because of the increased receptor engagement have opposite

effects on MR shedding.

This could be due to actin polymerisation being required for MR

stability/recycling, since high concentrations of actin-polymerisation inhibitors

(5-10 uM for cytochalasin D, and0 pM for latrunculin A) reduced the cMR

expression level in the absence of B-glucan particles (Figure
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Figure 4.7: p-glucan-induced MR shedding can be blocked by actin-polmerisation
inhibitors. Both latrunculin A (A) and cytochalasin D (B) inhibited the production of SMR in
response toB-glucan treatment. This was thought to be because of the effect of actin-
polymerisation inhibitors on MR expression, as when used at high concentrations cMR
expression was decreased in the absence of B-glucan particles (C). Data are representative of

three independent experiments.

4.3.6. B-glucan-induced MR shedding is mediated

by a non-secreted metalloprotease

Previously, fungi-mediated ectdomain shedding throgiglucan

recognition was shown to be mediated by MMP/ADAM activity (Figure 3.3).
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To investigate if dectin-1 engagement on its own also utilises the same
mechanism to promote MR sheddinbe B-glucan treatment was repeated in
the presence and absence of GM6001, a wide spectrum MMP/ADAM
inhibitor. The pre-treatment of ® with GM6001 inhibited sMR production,
which suggests that dectin-1-induced MR shedding, like in the case of steady-

state and fungi-induced sMR production, is MMP or ADAM dependent

Figure 4.8A).

In an attempt to discern if the metalloprotease responsible for MR
shedding was secreted into the medium, wt thi®-Mere incubated with
culture supernatants collected fr@vglucan-treated MR-deficient #4. It was
reasoned that this would be a suitable approach, befagisean recognition
is not affected by MR deficiency (Heinsbroek et al., 2008). As demonstrated

by the results shown ‘n Figure #1.8B, MR shedding was not altered upon

treatment with culture supernatants collected from MR-KO tkeated with3-
glucan. These results indicate that the protease responsible for MR shedding is

probably membrane-anchored.
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Figure 4.8. Dectin-1-induced MR shedding is mediated by a non-secreted
metalloprotease. GM6001 treatment inhibits MR shedding in response to B-glucan particles

(A). No enhanced MR shedding by wtdMwas observed upon treatment with supernatants
collected from MR-KO Mp incubated witt3-glucan particles for three hours (B). Analysis of

cell lysates and supernatants from MR-KO cells demonstrated that detection of MR in samples
from wt cells was specific. Analysis of metalloprotease activity by gelatin zymography in the
supernatants and cells lysates fr@mlucan and HK C. albicans (C.a.)-treated thi®NLC).

Data are representative of three independent experiments.
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In agreement with these observations, gelatine zymography data does
not suggest a role for MMP-2 or MMP-9 in MR shedding in responge to
glucan. Only a band corresponding to MMP-9 was visualised in cell lysates
and supernatants from untreated #nglucan or HK C. albicans-treated thio-

M®, and this band was unaltered pyglucan or HK C. albicans-treatment

Figure 4.TC). These observations are in correlation with gPCR results

demonstrating the lack of MMP-2 and -3-specific mRNA (data not shown) and
the presence of MMP-9-specific mMRNA in thiodM Additionally, levels of

MMP-8- and MMP-9-specific mRNA were not affected by the presenge of

glucan even after O/N treatmgnt (Figure)4.9

To examine possible ADAM patrticipation in enhanced MR shedding,
M® were treated with two pharmacological agents known to activate ADAM
proteins: ionomycin, and PMA. lonomycin, acting as & Canophore,
stimulates ADAM-10 activity whereas treatment with PMA, a potekC P
activator, results in ADAM-17 induction (Nagano et al.,, 2004). Through
ADAM -mediated processes, both ionomycin and PMA were previously shown
to mediate ectodomain shedding of various receptors including CD14p.TNF-
CD44 and L1 (Stoeck et al., 2006) (Nakamura et al., 2004) (Liu et al., 2006)
(Bazil and Strominger, 1991). Among those, CD44 was used as a positive

control in this study.
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Figure 4.9: Quantification of MMP-8 and MM P9-specific mRNA in thio-M® treated

with particulate B-glucan. QPCR analysis of MMP-9 (A) and MMP-8 (B) MRNA expression
by M® treated with B-glucan particles for 3, 6 hours or O/N (B). The data represent the mean
ratio of mRNA expression of MMP-9 or MMP-8 to HPRHE SBEM obtained fromfour

independent experiments.
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As demonstrated in Figure 410, only ionomycin was able to induce

MR shedding under the conditions tested, while sMR production by PMA-
induced MP was not significantly altered. The effect of ionomycin is very
dramatic suchthat the SsMR produced is more than that induced by B-glucan
treatment. However, the observed effect seemed to be a consequence of
extensive cell death, as revealed by microscopical examination and BCA data
showing reduced protein concentrations in ionamyieated MpP. This was
further supported by the lack of change in the level of SMR produced when
treatment was done in the presence ¢&fX0/v) FBS in order to increase the

cell survival. The sMR band detected in untreated samples was found to be
derived from the FBS used, which is in correlation with the previous data that
reported the presence of sMR in the mouse serum under steady-state

conditions (data not shown) (Martinez-Pomares et al., 1998)

The other explanation for the lack of enhanced MR-shedding in FBS-
containing conditions is the presence of bovine serum albumin (BSA), which
was previously reported to counteract the ionomycin-mediated synoptosomal
hydrogen peroxide production and “Camovement through binding the
ionophore. The inhibition was overcome by the addition of excess ionomycin
(Zoccarato et al., 1989). Accordingly, besides sMR, enhanced soluble CD44
(~90kDa (Katoh et al., 1994)) production in response to ionomycin was also

blocked by the addition of FBS.
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Figure 4.10: CD44 and MR expression upon treatment with ionomycin or PMA. Westen
blot analysis of cMR, sMR, cCD44 and sCD44 expression By théated with 2.5uM (not
shown) or 5uM ionomycin (Ion) in the presence or absence of 10 % (v/v) serum, or PMA at
concentrations of 1AM (not shown) and 2QM in serum-free mediaData are representative

of three independent experiments.

In contrast to ionomycin data, strikingly there was not any detectable
enhanced CD44 cleavage in response to PMA even at concentrations as high as
20uM. The underlying reason may be because of the differences in the cells
being used, as most of the studies that showed CD44 shedding in response to
PMA were done using tumour cells (Gasbarri et al., 2003) (Nagano et al.,

2004) (Murai et al., 2004).
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4.4. Discussion

In this study it was shown that: (i) purifigétglucan particles can
induce MR-shedding on their own and this is not enhanced by the addition of
the TLR2 ligand PagCSK,, (ii) the B-glucan-mediated MR shedding depends
on dectin-1, Syk kinase, PISK and membrane-anchored MMP/ADAM activity,
and partially on Raf-1 kinase, and is independent of phagocytosis and Akt, and
(i) there is no difference between C57BL/6 and BALB/c mouse strains in
terms of B-glucan-mediated MR shedding, and reduction in the cellular

endocytosis capacity.

In correlation with the previous chapter showing tReglucan
phosphate-mediated inhibition of fungi-mediated MR shedding, by using wt
and dectin-1-KO M, it was demonstrated that the ectodomain shedding i
mostly induced by dectin-1, the mgirglucan receptor expressed by myeloid
cells. The exclusive role played by dectin-1 was confirmed using de&t®-1-
M® in which MR shedding, in response to purifigdjlucan particles isolated
from C. albicans, was not observed. Overall these data suggest thgt the

glucan recognition required for MR shedding is largely mediated by dectin-1.

Murine M® express two functional dectin-1 isoforms, dectin-1A and
dectin-1B, which are structurally distinct: dectin-1A is composed of all
structural domains whereas dectin-1B lacks the stalk region. It was quite
recently shown that they also differ in intracellular signalling, as dectin-1B

expressing cells were reported to produce more @MNRan the dectin-1A
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expressing cells (Heinsbroek et al., 2006). As both isoforms were equally
efficient in zymosan recognition, the stalk region was thought to influence the
ability of the receptor to interact with other molecules (such as TLR2, CD63),
as it is often used by other C-type lectins related to dectin-1 to form dimers

(Heinsbroek et al., 2006) (Marshall and Gordon, 2004).

This difference in intracellular signalling was proposed to be the cause
of the observed differences in chemokines, cytokine and B-defensin responses
to candidiasis between C57 BL/6 and BALB/c mouse strains (Schofield et al.,
2005), as they are known to differ in dectin-1 isoform expression: BALB/c
mice express both isoforms in equal amounts while C57 BL/6 mice

predominantly express dectin-1B (Heinsbroek et al., 2006). However, as

shown in Figure 412, K from both mouse strains responded equally td3the

glucan patrticles in terms of MR-shedding, and the reduction in MR- and non-

MR-mediated endocytosis.

During the induction of MR shedding, there is no requirement for
dectin-1 to cross-talk with TLR as treatment with the TLR2 agonist,
PamCSK,, on its own or in combination with particulgteglucan, even after

prolonged incubation periods (e.g. overnight), does not influence sMR

production. This further confirms S. aureus data shoyvn in Figufe 3.7, which is

known to activate TLR1/TLR2 and TLR2/TLR6 heterodimers (Issa et al.,
2008) (Kurokawa et al., 2009). Together, these results imply that the sMR

production is independent of TLR-mediated signalling.
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Among the two signalling pathways induced by dectin-1, the Syk-
dependent pathway is the most characterised, thanks to the common elements
shared with other ITAM-mediated pathways, while the Syk-independent
signalling pathway is still poorly understood, but has been shown to involve a
Raf-1 kinase activity (Gringhuis et al., 2009). In this study, it was shown that,
the effect of the Syk-independent pathway on sMR production was
significantly weaker than that of the Syk-dependent pathway whose inhibition

completely stopped the enhanced MR shedding.

The attempt to examine whether other ITAM-associated receptors can
also induce MR-shedding failed to give reliable results, due to the doubts
concerning the intracellular signalling. Since only approximately one or two
particles (out of 50) were internalized by eactbMt was suggesd that the
intracellular signalling triggered by FcR is not sufficient to initiate any cellular
activity (Garcia-Garcia and Rosales, 2002). Similar levels of latex bead uptake
by M® were also reported by Chavele et al (Chavele et al., published online in
2010) implying that in future studies on the effect of FcR on MR-shedding,

different approaches should be used.

The partial dependence of the phenomenon on Raf-1 kinase suggests
the requirement of a possible cross-talk between Syk kinase- dependent and
independent pathways. This might occur via PI3K, since PI3K and Raf-1
kinase were previously shown to induce activation of each other in response to
various growth factors (Wang et al., 2009, Sutor et al., 1999, Wennstrom and

Downward, 1999, Scheid and Woodgett, 2000). Apart from PI3K, Raf-1 also
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stimulates downstream kinase MAP kinase/ERK kinase (MEK), which in turn
activates ERK 1/2 (Yart et al., 2002) (Hagemann and Rapp, 1999) (Wang et
al., 2009). Future work will need to address the question whether this pathway

is required for dectin-1-mediated SMR production.

The requirement for actin polymerisation in this model is intriguing
since this does not appear to be caused by a requirement for phagosome
formation. A possibility that could explain these observations is the
requirement of actin polymerisation for MR recycling, as suggested by Deslee
et al. In this study, MR-mediated endocytosis of dextran was shown to be
reduced significantly in the presence of cytochalasin D (Deslee et al., 2002).
This would also explain the drastic reduction in cMR levels observed when
actin-polymerisation inhibitors were used at higher concentration$ (v
for cytochalasin D and 10 uM for latrunculin A), as non-recycled MR could be

targeted for degradation.

The data presented suggest the requirement for a cell-associated
protease, sensitive to the broad metalloprotease inhibitor GM6001, known to
inhibit both MMPs and ADAMSs. In contrast to ADAMs, not all MMPs are
transmembrane proteins. Membrane-anchored MMPs include MMP-7, MMP-
12, MMP-14, MMP-15, MMP-16, MMP-17, MM-19, MMP-20, MMP-23,

MMP-24, MMP-25, MMP-26, MMP-28 (Webster and Crowe, 2006).

The possible ADAM participation was further investigated by treating
thio-M® with PMA or ionomycin; conditions known to promote ADAM-10

and ADAM-17 activity respectively (Huovila et al., 2005). Treatment with
167



PMA for 3 hours did not enhance MR ectodomain shedding. Surprisingly,
there was no detectable amount of soluble CD44 in PMA-treated samples
either. However, differences in the cell types and the incubation times used
could explain the lack of PMA-induced CD44 shedding. Treatment of thio-
M® with ionomycin had no effect on both CD44 and MR cleavage in the
presence of serum. On the other hand, when ionomycin was added in the
absence of the serum, sCD44 could be detected and there was a major increase
in sSMR production. This could be a consequence of increased cell death
observed under these conditions, or of the serum BSA-mediated inhibitory
effect as previously reported by Zoccarato et al (Zoccarato et al., 1989). The
observed enhanced levels of MR ectodomain shedding in conditions of
increased cell death suggests the possible involvement of mincle, an ITAM-
coupled receptor known in the recognition of dead cells as well as fungi
species including. albicans (Yamasaki et al., 2008) (Yamasaki et al., 2009,
Wells et al., 2008). Nevertheless, the preliminary data showed that the uptake
of dead cells did not enhance MR ectodomain shedding (LMP, personal

communications).

MR shedding promoted by dectin-1 could be regarded as a way of
modulating MR involvement during fungal uptake. For instance, it could
explain the surprising redundancy observed for MR in murine models of
fungal infection (Lee et al., 2003, Swain et al., 2003) that does not correlate
with observations in human models involving alveolar macrophages and
cultured peripheral blood mononuclear cells (Netea et al., 2008, Netea et al.,

2006, Zhang et al., 2005b, Zhang et al., 2004). In this regard, the major effect
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that cellular differentiation has on dectin-1-mediated signalling should be
considered. While the cells used during the course of these studies @io-M

do support robust sSMR production upon dectin-1 engagement, this does not
occur in the case of bone marrow-derive® Nia Wang and LMP, personal
communications). An intriguing possibility is that in human tissue culture-
based studies the relevance of cMR becomes apparent because MR shedding
might not occur. Indeed, it is possible that the balance between sMR and cMR
could set the fate between escape and protection; something that cannot be
observed under conditions where there is a complete lack of MR expression

(i.e. MR-KO animals).

Therefore, further studies on fungi- and non-fungi- induced MR
shedding may enlighten the mechanism of how pathogens use or abuse MR to
modulate the immune response, and can also prove to be useful in developing

new drug strategies.
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5. GENERAL DISCUSSION AND FUTURE

STUDIES

MR is a type-l membrane protein with a single transmembrane region,
and a cytoplasmic domain that mediates receptor internalization and recycling.
Through its extracellular region, MR is involved in the recognitioa wide-
range of ligands, including sugars terminated in,i-S@al or SQ-3/4-
GalNAc by the CR domain, and sugars terminated-mannosel.-fucose or
GIcNACc by the eight tandemly arranged CTLD. In contrast to the CR domain,
the CTLD are involved in the recognition of both self- (e.g. myeloperoxidase,
and lysosomal hydrolases) and non-self antigens (e.g. C. albicans, Leishmania,

M. tuberculosis, HIV and P. carihi{Gazi and Martinez-Pomares, 2009).

In addition to these, MR was also shown to recognise collagen
molecules through its FNII domain. As collagen is the most-abundant protein
in animals, it was suggested that MR might also serve as an ECM adhesion
receptor, which in turn may influence its activity as an endocytic receptor. The
initial studies presented by this thesis focused on the possible effecpof M

adhesion to collagen on MR function.

The data showed that the cellular adhesion to collagen | or IV does not
influence MR-mediated endocytosis. This was not because of the changes in
the MR expression as revealed by western blot and gPCR data. Therefore, MR
may not to participate in ECM adhesion and its interaction with collagen may
simply be crucial for removing collagen from the microenvironment during
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tissue remodelling and wound healing. It was also shown that in addition to
collagen and chondroitin sulphates, MR can also recognise another ECM
component, laminin, in a mannose-dependent manner via its CTLD4-7

domain.

Furthermore, the immunocytochemistry data showed no obvious
changes in the pattern of MR expression b Mpon adhesion to the ECM
proteins. However, this does not imply an unaltered MR-expression on®he M
surface in contact with the adhesive surface. This can be investigated by using
confocal microscopy, which in contrast to fluorescence microscopy, can detect

light emitted only from the focused points.

A recent study by Sturge et al. showed enhanced random migration of
MR 7 BM-M® (Sturge et al., 2007). This can be explained by the possibility
that MR expression at the cell surface may be enough to mediate both the cell-
adhesion and antigen internalization through endocytosis. Thereby
participation of MR in cellular adhesion to ECM protein-coated wells will not
affect its function as an endocytic receptor. Comparing the cell migration of
both wt and MR-KO MP on ECM protein-coated plates may further help to

enlighten this area of research.

As well as a cell-associated form (cMR), MR is also expressed in a
soluble form (sMR), which is comprised of only an extracellular region of
intact MR (Taylor et al., 2005a, Martinez-Pomares et al., 2006, Martinez-
Pomares et al.,, 1998, Jordens et al., 1989en though it was initially

suggested to have an important role in transferring mannosylated antigens to a
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subset of MP population in secondary lymphoid organs (Martinez-Pomares et
al., 1999), enhanced sMR production was later shown to assist pathogens to
evade the immune response by the formation of sSMR-coated fungi that cannot

be phagocytosed by ® (Fraser et al., 2000).

In this study it was shown that this way of escaping the immune
response may also be used by other fungal species, since A fumigatus, C.
albicans, and the yeast-derived zymosan particles were able to induce
enhanced sMR production after an incubation period as short as 3 hours. By
using B-glucan phosphate and soluble mannan as inhibitors, and de€@n-1-
mice, MR ectodomain shedding was shown to be mainly triggered by the
recognition of theB-glucan component of the fungi cell wall by dectin-1.
Differential expression of dectin-1 isoforms does not appear to have an effect
on MR-=hedding, since the level of B-glucan-induced sMR production did not

differ between the C57 BL/6 and BALB/c mouse strains.

This enhanced sMR production may also explain the previous
observation by Heinsbroek et al which reported the absence of MR in the early
phases of phagosome formation (Heinsbroek et al., 2008). According to this
study, dectin-1 and CR3 accumulates at the phagocytic cup and as the
phagosome matures, both of these receptors disappear while MR becomes

recruited to the phagosomes.

In agreement with the previous studies by Martinez-Pomares et al
(1998 and 2006) (Martinez-Pomares et al., 2006) (Martinez-Pomares et al.,

1998), it was shown that the dectin-1-mediated signalling induces MR-
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shedding through membrane-anchored ADAM/MMP activity. In an attempt to
characterise the protease responsible for the sheddifgwbte treated with

PMA or ionomycin. However, the results are not conclusive as PMA
surprisingly was not able to induce CD44 shedding, and ionomycin-induced

sCD44 production was inhibited by the addition of FBS.

The FBS-mediated inhibition was initially thought to be due to the
inhibition of the extensive cell death that was observed upon ionomycin
treatment in serum-free conditions. However, preliminary data showed that the
uptake of dead cells did not enhance MR ectodomain shedding (LMP, personal
communications). The alternative reason for the observed FBS-mediated
inhibition is the presence of BSA in the serum, which was previously
demonstrated to block ionomycin-mediated synoptosomal hydrogen peroxide
production and C4 movement through binding the ionophore. Therefore,
using specific ADAM or MMP knock-out mice appears to be a better way to

identify the MMP/ADAM responsible for the ectodomain shedding.

It also appears that the signalling responsible for SsMR production does
not require cross-talk between dectin-1 and TLR signalling, and by asing
wide-range of signalling inhibitors, it was shown that dectin-1 utilizes both
Syk-dependent andindependent pathways to trigger SMR production. The
dectin-1-mediated sMR production was highly dependent on Syk-kinase, as its
inhibition completely blocked the ectodomain shedding. The cross-talk

between the Syk-dependent aniddependent pathways may occur via the
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Akt-independent PI3K-pathway whose inhibition also completely blocked the

ectodomain shedding.

In an attempt to investigate the effect of other ITAM-associated

receptors on MR-shedding, mouse IgG-coated latex beads were used in place

of fungal particles. As was shown|in Figure|4h&re was no enhanced sMR

production in response to coated or uncoated latex beads. However, this may
be due to the lack of efficient intracellular signalling, since there was not
sufficient uptake of latex beads. Therefore, the possibility of other ITAM-
asociated receptors (such as Fc-receptors) being able to induce sMR

production is still open to debate.

Phagocytosis is not important for dectin-1-mediated MR-shedding as
curdlan particles are able to trigger sMR production, and the inhibition of
phagosome maturation did not alter the level of ectodomain shedding.
However, actin-polymerisation has an important role in the induction of MR-
shedding since the inclusion of cytochalasin D or latrunculin during the
treatment with B-glucan particles reduced the level of sSMR released. As
suggested previously by Deslee et al (Deslee et al., 2002), actin-polymerisation
may be required for MR recycling between the plasma membrane and the
endocytic vesicles. Further studies with inhibitors specific to endocytosis (e.g.
dynasore (Newton et al., 2006)) and exocytosis (e.g. botulinum toxin type A

(Kanno et al., 2009)) are required to clarify the role of actin-polymerisation.

As sMR production was previously suggested to block phagocytosis of

fungal particles (Fraser et al., 2000), it was hypothesized that it may also affect
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the cytokine levels released bydM For this purpose, the levels of released
KC, MCP-1, IL-6, and IL} were screened, since cMR was previously shown
to facilitate their production (except for KC) in response to C.albicans

(Yamamoto et al., 1997) (Heinsbroek et al., 2008).

The capture-ELISA studies suggadthat the inhibition of ectodomain
shedding by GM6001 does not change the KC and MCP-1 levels in the
supernatants collected after 3 hours of treatment MKhC. albicans, while
IL-6 and IL1B production were below the detection level. Although these data
imply that SMR production does not have a role in fungi-mediated cytokine
release, its possible role in the later phases of infection cannot be excluded. As
was observed by Fraset et al, after a prolonged incubation period, SMR may
form a protective coat around the fungal pathogen that would disrupt its

interaction with Mp (Fraser et al., 2000).

Following the treatment of @ with fungal particles, MR-mediated
endocytosis was significantly reduced. However this decrease was surprisingly
not as a result of enhanced MR-shedding, since the inclusion of GM6001 was
not able to restore the level of endocytosis. This may be due to possible lack of
membrane availability due to the phagosome formation which can be
confirmed by repeating the same study with curdlan particles which cannot be

phagocytosed because of their large sizes.

In addition to fungal particles, it was shown that particulate HDM can
also trigger MR-shedding, while it is not evident upon treatment with S.

aureus. This further emphasizebe importance of f-glucan-dectint
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interaction in the induction of SMR production, since in contrast to bacteria,
HDM was previously shown to induce the immune response thigugiican

recognition (Nathan et al., 2009).

However the process of MR-shedding appears to differ from the one
triggered by fungal particles since instead of one, two sMR populations were
detected in the supernatants collected from HDM-treated samples. Since there
is not enough information about the second sMR population which could lack
the CR domain, as the cMR detected in the small intestine, ELISA based

binding analysis would help to reveal more about its structure and ligands.

The cross-talk between MR and dectin-1 encourages the re-
examination of the data on the roles of the two PRRs in anti-fungal immune
response. For instance, previously MR deficient mice did not display any
changes in susceptibility to fungal infections and showed minor changes in
lung pathology and fungal burdens upon infection wRthcarinii and C.
albicans, respectively (Swain et al., 2003) (Steele et al., 2003) (Willment and
Brown, 2008). This lack of significant difference between wt and HOR-
mice may be because of the dectin-1-mediated sMR production that may
reduce the level of cMR expression on the w® Murface. In fact, MR-
deficient MD were reported to become less efficient in cleafthgcarinii
(Swain et al., 2003). Accordingly, studies with the inhibition of dettin-
expression and/or function also require to be readdressed, since the sMR

production would not be induced in response to fungal particles.
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Therefore inhibition of MR-shedding is essential to identify the precise
roles of dectin-1 and MR during fungal infections. Inclusion of GM6001 is not
a reliable approach, as it can inhibit a wide-range of MMP/ADAM, and
therefore can influence the progress of inflammation independent of MR-
shedding (e.g. TN release). Instead, point-mutation studies would help to
identify the sequence/region of MR targeted during the ectodomain shedding,
and facilitate the generation of mice unable to produce sMR. By knocking
down dectin-1 or MR expression, the sMR-deficient mice can be used to
identify the precise roles of SMR, cMR and dectin-1 in triggering the iremun

response against fungi.

As revealed by Fraser et aVJR-shedding may be another way of
pathogens to evade the immune response (Fraser et al., 2000). This can be i)
either through the reduction of cMR expression level on the cell surface, which
was shown to facilitate phagocytosis, cytokine production, and antigen
processing and presentation (Gazi and Martinez-Pomares, 2009), ii) or the
enhancement in sSMR production that may form a protective-coat around the
invading pathogen (Fraser et al., 2000). However like cMR, the sMR role in
immune response requires further confirmation since, alternatively, it may also
play an important role in transferring mannosylated antigens to a subset of
macrophages present in secondary lymphoid organs (Martinez-Pomares et al.,
1999). Therefore, it is possible to say that the balance between cMR and sMR

expression may have a decisive role in the destruction of the pathogen.

177



REFERENCES

AKILOV, O. E., KASUBOSKI, R. E., CARTER, C. R. & MCDOWELL, M.

A. (2007) The role of mannose receptor during experimental
leishmaniasis. J Leukoc Biol, 81188-96.

AKIRA, S. & TAKEDA, K. (2004) Toll-like receptor signalling. Nat Rev
Immunol, 4 499-511.

APOSTOLOPOULOQOS, V. & MCKENZIE, I. F. (2001) Role of the mannose
receptor in the immune response. Curr Mol MediGb-74.

APOSTOLOPOULOS, V., PIETERSZ, G. A., GORDON, S., MARTINEZ-
POMARES, L. & MCKENZIE, I. F. (2000) Aldehyde-mannan antigen
complexes target the MHC class | antigen-presentation pathway. Eur J
Immunol, 30 1714-23.

APOSTOLOPOULOS, V., PIETERSZ, G. A., LOVELAND, B. E,,
SANDRIN, M. S. & MCKENZIE, I. F. (1995) Oxidative/reductive
conjugation of mannan to antigen selects for T1 or T2 immune
responses. Proc Natl Acad Sci U S A 92128-32.

ARIIZUMI, K., SHEN, G. L., SHIKANO, S., RITTER, R., 3RD, ZUKAS, P.,
EDELBAUM, D., MORITA, A. & TAKASHIMA, A. (2000a) Cloning
of a second dendritic cell-associated C-type lectin (dectin-2) and its
alternatively spliced isoforms. J Biol Chem, 21%957-63.

ARIIZUMI, K., SHEN, G. L., SHIKANO, S., XU, S., RITTER, R., 3RD,
KUMAMOTO, T., EDELBAUM, D., MORITA, A.,
BERGSTRESSER, P. R. & TAKASHIMA, A. (2000b) Identification
of a novel, dendritic cell-associated molecule, dectin-1, by subtractive
cDNA cloning. J Biol Chem, 2720157-67.

ARNDT, U., WENNEMUTH, G., BARTH, P., NAIN, M., AL-ABED, Y.,
MEINHARDT, A., GEMSA, D. & BACHER, M. (2002) Release of
macrophage migration inhibitory factor and CXCL8/interleukin-8 from
lung epithelial cells rendered necrotic by influenza A virus infection.
Virol, 76, 9298-306.

ASTARIE-DEQUEKER, C., N'DIAYE, E. N., LE CABEC, V., RITTIG, M.

G., PRANDI, J. & MARIDONNEAU-PARINI, I. (1999) The mannose
receptor mediates uptake of pathogenic and nonpathogenic
mycobacteria and bypasses bactericidal responses in  human
macrophages. Infect Immun, ,6469-77.

AVRAMEAS, A., MCILROY, D., HOSMALIN, A., AUTRAN, B., DEBRE,

P., MONSIGNY, M., ROCHE, A. C. & MIDOUX, P. (1996)
Expression of a mannose/fucose membrane lectin on human dendritic
cells. Eur J Immunol, 2694-400.

BARRETT, N. A.,, MAEKAWA, A., RAHMAN, O. M., AUSTEN, K. F. &
KANAOKA, Y. (2009) Dectin-2 recognition of house dust mite
triggers cysteinyl leukotriene generation by dendritic cells. J Immunol,
182 1119-28.

BARTON, G. M. & MEDZHITOV, R. (2003) Toll-like receptor signaling
pathways. Science, 300524-5.

178



BAZIL, V. & HOREJSI, V. (1992) Shedding of the CD44 adhesion molecule
from leukocytes induced by anti-CD44 monoclonal antibody
simulating the effect of a natural receptor ligand. J Immunol, 74%-

53.

BAZIL, V. & STROMINGER, J. L. (1991) Shedding as a mechanism of
down-modulation of CD14 on stimulated human monocytés.
Immunol, 147 1567-74.

BEINKE, S. & LEY, S. C. (2004) Functions of NF-kappaB1 and NF-kappaB2
in immune cell biology. Biochem J, 38293-4009.

BERLYN, K. A., SCHULTES, B., LEVEUGLE, B., NOUJAIM, A. A,
ALEXANDER, R. B. & MANN, D. L. (2001) Generation of CD4(+)
and CD8(+) T lymphocyte responses by dendritic cells armed with
PSA/anti-PSA (antigen/antibody) complexes. Clin Immunol,, Z75-

83.

BOO, K. H. & YANG, J. S. Intrinsic cellular defenses against virus infection
by antiviral type | interferon. Yonsei Med J,,%t17.

BOSKOVIC, J., ARNOLD, J. N., STILION, R., GORDON, S., SIM, R. B.,
RIVERA-CALZADA, A., WIENKE, D., ISACKE, C. M,
MARTINEZ-POMARES, L. & LLORCA, O. (2006) Structural model
for the mannose receptor family uncovered by electron microscopy of
Endo180 and the mannose receptor. J Biol Chem,87&D-7.

BROWN, G. D. (2006) Dectin-1: a signalling non-TLR pattern-recognition
receptor. Nat Rev Immunol, 83-43.

BROWN, G. D., HERRE, J., WILLIAMS, D. L., WILLMENT, J. A,
MARSHALL, A. S. & GORDON, S. (2003) Dectin-1 mediates the
biological effects of beta-glucans. J Exp Med, , 18719-24.

BURGDOREF, S., KAUTZ, A., BOHNERT, V., KNOLLE, P. A. & KURTS,

C. (2007) Distinct pathways of antigen uptake and intracellular routing
in CD4 and CD8 T cell activation. Science, 3662-6.

BURGDORF, S., SCHOLZ, C., KAUTZ, A.,, TAMPE, R. & KURTS, C.
(2008) Spatial and mechanistic separation of cross-presentation and
endogenous antigen presentation. Nat Immunol.

CALIGIURI, M. A. (2008) Human natural killer cells. Blood, 1,4561-9.

CAMBI, A., BEEREN, I., JOOSTEN, B., FRANSEN, J. A. & FIGDOR, C. G.
(2009) The C-type lectin DC-SIGN internalizes soluble antigens and
HIV-1 virions via a clathrin-dependent mechanism. Eur J Immunol, 39
1923-8.

CARTY, M., GOODBODY, R., SCHRODER, M., STACK, J., MOYNAGH,
P. N. & BOWIE, A. G. (2006) The human adaptor SARM negatively
regulates adaptor protein TRIF-dependent Toll-like receptor signaling.
Nat Immunol, 71074-81.

CHAFFIN, W. L., LOPEZ-RIBOT, J. L., CASANOVA, M., GOZALBO, D. &
MARTINEZ, J. P. (1998) Cell wall and secreted proteins of Candida
albicans: identification, function, and expression. Microbiol Mol Biol
Rev, 62 130-80.

179



CHAKRABORTY, P., GHOSH, D. & BASU, M. K. (2001) Modulation of
macrophage mannose receptor affects the uptake of virulent and
avirulent Leishmania donovani promastigotes. J Para8itp1,023-7.

CHAKRABORTY, R., CHAKRABORTY, P. & BASU, M. K. (1998)
Macrophage mannosyl fucosyl receptor: its role in invasion of virulent
and avirulent L. donovani promastigotes. Biosci Rep128-42.

CHAVELE, K. M., MARTINEZ-POMARES, L., DOMIN, J., PEMBERTON,

S., HASLAM, S. M., DELL, A, COOK, H. T., PUSEY, C. D,
GORDON, S. & SALAMA, A. D. Mannose receptor interacts with Fc
receptors and is critical for the development of crescentic
glomerulonephritis in mice. J Clin Invest, 12@469-78.

CHIEPPA, M., BIANCHI, G., DONI, A., DEL PRETE, A., SIRONI, M.,
LASKARIN, G., MONTI, P., PIEMONTI, L., BIONDI, A.,
MANTOVANI, A., INTRONA, M. & ALLAVENA, P. (2003) Cross-
linking of the mannose receptor on monocyte-derived dendritic cells
activates an anti-inflammatory immunosuppressive program.
Immunol, 171 4552-60.

CHOY, J. C. Granzymes and perforin in solid organ transplant rejection. Cell
Death Differ, 17567-76.

CHUANG, C. F. & BARGMANN, C. I. (2005) A Toll-interleukin 1 repeat
protein at the synapse specifies asymmetric odorant receptor expression
via ASK1 MAPKKK signaling. Genes Dev, 1970-81.

CODONY-SERVAT, J., ALBANELL, J., LOPEZ-TALAVERA, J. C,,
ARRIBAS, J. & BASELGA, J. (1999) Cleavage of the HER2
ectodomain is a pervanadate-activable process that is inhibited by the
tissue inhibitor of metalloproteases-1 in breast cancer cells. Cancer
Res, 591196-201.

COOPER, A. R., KURKINEN, M., TAYLOR, A. & HOGAN, B. L. (1981)
Studies on the biosynthesis of laminin by murine parietal endoderm
cells. Eur J Biochem, 11989-97.

COWAN, H. B., VICK, S., CONARY, J. T. & SHEPHERD, V. L. (1992)
Dexamethasone up-regulates mannose receptor activity by increasing
MRNA levels. Arch Biochem Biophys, 29814-20.

CREAGH, E. M. & O'NEILL, L. A. (2006) TLRs, NLRs and RLRs: a trinity
of pathogen sensors that co-operate in innate immunity. Trends
Immunol, 27 352-7.

CROWLEY, M. T., COSTELLO, P. S., FITZER-ATTAS, C. J., TURNER,
M., MENG, F., LOWELL, C., TYBULEWICZ, V. L. & DEFRANCO,

A. L. (1997) A critical role for Syk in signal transduction and
phagocytosis mediated by Fcgamma receptors on macrophages. J Exp
Med, 186 1027-39.

DAIGNEAULT, M., PRESTON, J. A., MARRIOTT, H. M., WHYTE, M. K.

& DOCKRELL, D. H. The identification of markers of macrophage
differentiation in PMA-stimulated THP-1 cells and monocyte-derived
macrophages. PLoS One,eB668.

180



DAN, J. M., KELLY, R. M., LEE, C. K. & LEVITZ, S. M. (2008) The Role of
the Mannose Receptor in a Murine Model of Cryptococcus neoformans
Infection. Infect Immun.

DASGUPTA, S., NAVARRETE, A. M., BAYRY, J., DELIGNAT, S,
WOOTLA, B., ANDRE, S., CHRISTOPHE, O., NASCIMBENI, M.,
JACQUEMIN, M., MARTINEZ-POMARES, L., GEIJTENBEEK, T.

B., MORIS, A., SAINT-REMY, J. M., KAZATCHKINE, M. D.,
KAVERI, S. V. & LACROIX-DESMAZES, S. (2007) A role for
exposed mannosylations in presentation of human therapeutic self-
proteins to CD4+ T lymphocytes. Proc Natl Acad Sci U S A, 8085-

70.

DE TREZ, C., PAJAK, B., BRAIT, M., GLAICHENHAUS, N., URBAIN, J.,
MOSER, M., LAUVAU, G. & MURAILLE, E. (2005) TLR4 and Toll-
IL-1 receptor domain-containing adapter-inducing IFN-beta, but not
MyD88, regulate Escherichia coli-induced dendritic cell maturation and
apoptosis in vivo. J Immunol, 17839-46.

DEL PILAR JIMENEZ, A. M., VIRIYAKOSOL, S., WALLS, L., DATTA, S.

K., KIRKLAND, T., HEINSBROEK, S. E., BROWN, G. & FIERER,

J. (2008) Susceptibility to Coccidioides species in C57BL/6 mice is
associated with expression of a truncated splice variant of DEctin-
(Clec7a). Genes Immun, 338-48.

DENNEHY, K. M., FERWERDA, G., FARO-TRINDADE, I., PYZ, E.,
WILLMENT, J. A., TAYLOR, P. R., KERRIGAN, A., TSONI, S. V.,
GORDON, S., MEYER-WENTRUP, F., ADEMA, G. J., KULLBERG,

B. J., SCHWEIGHOFFER, E., TYBULEWICZ, V., MORA-MONTES,
H. M., GOW, N. A., WILLIAMS, D. L., NETEA, M. G. & BROWN,

G. D. (2008) Syk kinase is required for collaborative cytokine
production induced through Dectin-1 and Toll-like receptors. Eur J
Immunol, 38 500-6.

DESLEE, G., CHARBONNIER, A. S., HAMMAD, H., ANGYALOSI, G.,
TILLIE-LEBLOND, I., MANTOVANI, A.,, TONNEL, A. B. &
PESTEL, J. (2002) Involvement of the mannose receptor in the uptake
of Der p 1, a major mite allergen, by human dendritic cells. J Allergy
Clin Immunol, 110763-70.

DOYLE, A. G., HERBEIN, G., MONTANER, L. J., MINTY, A. J., CAPUT,
D., FERRARA, P. & GORDON, S. (1994) Interleukin-13 alters the
activation state of murine macrophages in vitro: comparison with
interleukin-4 and interferon-gamma. Eur J Immunol, 241-5.

DRICKAMER, K. (1988) Two distinct classes of carbohydrate-recognition
domains in animal lectins. J Biol Chem, 26857-60.

DURE, M. & MACIAN, F. (2009) IL-2 signaling prevents T cell anergy by
inhibiting the expression of anergy-inducing genes. Mol Immunagl, 46
999-1006.

EAST, L. & ISACKE, C. M. (2002) The mannose receptor family. Biochim
Biophys Acta, 1572364-86.

181



EGAN, B. S., LANE, K. B. & SHEPHERD, V. L. (1999) PU.1 and USF are
required for macrophage-specific mannose receptor promoter aclivity.
Biol Chem, 2749098-107.

ENGERING, A. J.,, CELLA, M., FLUITSMA, D., BROCKHAUS, M.,
HOEFSMIT, E. C., LANZAVECCHIA, A. & PIETERS, J. (1997) The
mannose receptor functions as a high capacity and broad specificity
antigen receptor in human dendritic cells. Eur J Immungl22%7-25.

EZEKOWITZ, R. A., SASTRY, K., BAILLY, P. & WARNER, A. (1990)
Molecular characterization of the human macrophage mannose
receptor. demonstration of multiple carbohydrate recognition-like
domains and phagocytosis of yeasts in Cos-1 cells. J Exp Med, 172
1785-94.

EZEKOWITZ, R. A., WILLIAMS, D. J., KOZIEL, H., ARMSTRONG, M. Y.,
WARNER, A., RICHARDS, F. F. & ROSE, R. M. (1991) Uptake of
Pneumocystis carinii mediated by the macrophage mannose receptor.
Nature, 351155-8.

FATHMAN, C. G. & LINEBERRY, N. B. (2007) Molecular mechanisms of
CD4+ T-cell anergy. Nat Rev Immunol, 599-609.

FEINBERG, M. W., WARA, A. K., CAO, Z., LEBEDEVA, M. A,
ROSENBAUER, F., IWASAKI, H., HIRAI, H., KATZ, J. P,
HASPEL, R. L., GRAY, S., AKASHI, K., SEGRE, J., KAESTNER, K.
H., TENEN, D. G. & JAIN, M. K. (2007) The Kruppel-like factor
KLF4 is a critical regulator of monocyte differentiation. Emhad26,
4138-48.

FERNANDEZ, N., ALONSO, S., VALERA, I., VIGO, A. G., RENEDO, M.,
BARBOLLA, L. & CRESPO, M. S. (2005) Mannose-containing
molecular patterns are strong inducers of cyclooxygenase-2 expression
and prostaglandin E2 production in human macrophages. J Immunol,
174, 8154-62.

FERWERDA, B., FERWERDA, G., PLANTINGA, T. S., WILLMENT, J. A.,
VAN SPRIEL, A. B., VENSELAAR, H., ELBERS, C. C., JOHNSON,

M. D., CAMBI, A.,, HUYSAMEN, C., JACOBS, L., JANSEN, T.,

VERHEIJEN, K., MASTHOFF, L., MORRE, S. A., VRIEND, G.,

WILLIAMS, D. L., PERFECT, J. R., JOOSTEN, L. A., WIJMENGA,

C., VAN DER MEER, J. W., ADEMA, G. J., KULLBERG, B. J.,

BROWN, G. D. & NETEA, M. G. (2009) Human dectin-1 deficiency
and mucocutaneous fungal infections. N Engl J Med, B6a0-7.

FERWERDA, G., MEYER-WENTRUP, F., KULLBERG, B. J., NETEA, M.

G. & ADEMA, G. J. (2008) Dectin-1 synergizes with TLR2 and TLR4
for cytokine production in human primary monocytes and
macrophages. Cell Microbiol, 12058-66.

FIETE, D. J., BERANEK, M. C. & BAENZIGER, J. U. (1998) A cysteine-rich
domain of the "mannose" receptor mediates GalNAc-4-SO4 binding.
Proc Natl Acad Sci U S A 92089-93.

FRASER, I. P., TAKAHASHI, K., KOZIEL, H., FARDIN, B., HARMSEN,

A. & EZEKOWITZ, R. A. (2000) Pneumocystis carinii enhances

182



soluble mannose receptor production by macrophages. Microbes Infect,
2, 1305-10.

GANTNER, B. N., SIMMONS, R. M., CANAVERA, S. J., AKIRA, S. &
UNDERHILL, D. M. (2003) Collaborative induction of inflammatory
responses by dectin-1 and Toll-like receptod Exp Med, 197 1107-

17.

GANTNER, B. N., SIMMONS, R. M. & UNDERHILL, D. M. (2005) Dectin-

1 mediates macrophage recognition of Candida albicans yeast but not
filaments. Embo J, 24.277-86.

GARCIA-GARCIA, E. & ROSALES, C. (2002) Signal transduction during Fc
receptor-mediated phagocytosis. J Leukoc Biol 10®2-108.

GARTON, K. J., GOUGH, P. J. & RAINES, E. W. (2006) Emerging roles for
ectodomain shedding in the regulation of inflammatory respoidses.
Leukoc Biol, 79 1105-16.

GASBARRI, A., DEL PRETE, F., GIRNITA, L., MARTEGANI, M. P,
NATALI, P. G. & BARTOLAZZI, A. (2003) CD44s adhesive function
spontaneous and PMA-inducible CD44 cleavage are regulated at post-
translational level in cells of melanocytic lineage. Melanoma Res, 13
325-37.

GAVINO, A. C., CHUNG, J. S., SATO, K., ARIIZUMI, K. & CRUZ, P. D.,
JR. (2005) ldentification and expression profiling of a human C-type
lectin, structurally homologous to mouse dectin-2. Exp Dermatol, 14
281-8.

GAZI, U. & MARTINEZ-POMARES, L. (2009) Influence of the mannose
receptor in host immune responses. Immunobiology, 234+-61.

GEIJTENBEEK, T. B. & GRINGHUIS, S. I. (2009) Signalling through C-type
lectin receptors: shaping immune responses. Nat Rev Immyrt$59
79.

GEIJTENBEEK, T. B., VAN VLIET, S. J., KOPPEL, E. A.,, SANCHEZ-
HERNANDEZ, M., VANDENBROUCKE-GRAULS, C. M,
APPELMELK, B. & VAN KOOYK, Y. (2003) Mycobacteria target
DC-SIGN to suppress dendritic cell function. J Exp Med,, 19%7.

GEISSMANN, F., JUNG, S. & LITTMAN, D. R. (2003) Blood monocytes
consist of two principal subsets with distinct migratory properties.
Immunity, 19, 71-82.

GEISSMANN, F., MANZ, M. G., JUNG, S., SIEWEKE, M. H., MERAD, M.

& LEY, K. Development of monocytes, macrophages, and dendritic
cells. Science, 32656-61.

GERONDAKIS, S. & SIEBENLIST, U. Roles of the NF-kappaB pathway in
lymphocyte development and function. Cold Spring Harb Perspect
Biol, 2, a000182.

GERSUK, G. M., UNDERHILL, D. M., ZHU, L. & MARR, K. A. (2006)
Dectin-1 and TLRs permit macrophages to distinguish between
different Aspergillus fumigatus cellular states. J Immunol,, B/a.7-

24.

GILFILLAN, A. M. & TKACZYK, C. (2006) Integrated signalling pathways

for mast-cell activation. Nat Rev Immunol,ZL8-30.

183



GORDON, S. (2003) Alternative activation of macrophages. Nat Rev
Immunol, 3 23-35.

GORDON, S. & TAYLOR, P. R. (2005) Monocyte and macrophage
heterogeneity. Nat Rev Immunol, $3-64.

GRAGE-GRIEBENOW, E., FLAD, H. D. & ERNST, M. (2001)
Heterogeneity of human peripheral blood monocyte subsets. J Leukoc
Biol, 69, 11-20.

GRAHAM, L. M. & BROWN, G. D. (2009) The Dectin-2 family of C-type
lectins in immunity and homeostasis. Cytokia8, 148-55.

GRINGHUIS, S. I.,, DEN DUNNEN, J., LITJENS, M., VAN DER VLIST, M.,
WEVERS, B., BRUIINS, S. C. & GEIJTENBEEK, T. B. (2009)
Dectin-1 directs T helper cell differentiation by controlling
noncanonical NF-kappaB activation through Raf-1 and Syk. Nat
Immunol, 10 203-13.

GRINGHUIS, S. I, DEN DUNNEN, J., LITIENS, M., VAN HET HOF, B.,
VAN KOOYK, Y. & GEIJTENBEEK, T. B. (2007) C-type lectin DC-
SIGN modulates Toll-like receptor signaling via Raf-1 kinase-
dependent acetylation of transcription factor NF-kappaB. Immunity, 26
605-16.

GROSS, O., POECK, H., BSCHEIDER, M., DOSTERT, C,
HANNESSCHLAGER, N., ENDRES, S., HARTMANN, G,
TARDIVEL, A., SCHWEIGHOFFER, E., TYBULEWICZ, V.,
MOCSAI, A., TSCHOPP, J. & RULAND, J. (2009) Syk kinase
signalling couples to the NIrp3 inflammasome for anti-fungal host
defence. Nature, 458433-6.

GUTCHER, I. & BECHER, B. (2007) APC-derived cytokines and T cell
polarization in autoimmune inflammation. J Clin Invest, ,1111719-27.

HAGEMANN, C. & RAPP, U. R. (1999) Isotype-specific functions of Raf
kinases. Exp Cell Res, 2534-46.

HAN, K. J., SU, X., XU, L. G., BIN, L. H., ZHANG, J. & SHU, H. B. (2004)
Mechanisms of the TRIF-induced interferon-stimulated response
element and NF-kappaB activation and apoptosis pathways. J Biol
Chem, 27915652-61.

HARA, H., ISHIHARA, C., TAKEUCHI, A., IMANISHI, T., XUE, L.,
MORRIS, S. W., INUI, M., TAKAI, T., SHIBUYA, A., SAIJO, S,
IWAKURA, Y., OHNO, N., KOSEKI, H., YOSHIDA, H.,
PENNINGER, J. M. & SAITO, T. (2007) The adaptor protein CARD9
is essential for the activation of myeloid cells through ITAM-associated
and Toll-like receptors. Nat Immunol, 819-29.

HARRIS, N., SUPER, M., RITS, M., CHANG, G. & EZEKOWITZ, R. A.
(1992) Characterization of the murine macrophage mannose receptor:
demonstration that the downregulation of receptor expression mediated
by interferon-gamma occurs at the level of transcription. Blood, 80
2363-73.

HARWOOD, N. E. & BATISTA, F. D. Early events in B cell activation. Annu
Rev Immunol, 28185-210.

184



HASHIMOTO, C., HUDSON, K. L. & ANDERSON, K. V. (1988) The Toll
gene of Drosophila, required for dorsal-ventral embryonic polarity,
appears to encode a transmembrane protein. CeR69279.

HAWORTH, R., PLATT, N., KESHAYV, S., HUGHES, D., DARLEY, E.,
SUZUKI, H., KURIHARA, Y., KODAMA, T. & GORDON, S. (1997)

The macrophage scavenger receptor type A is expressed by activated
macrophages and protects the host against lethal endotoxic shock.
Exp Med, 1861431-9.

HAXHINASTO, S. A., HOSTAGER, B. S. & BISHOP, G. A. (2002) Cutting
edge: molecular mechanisms of synergy between CD40 and the B cell
antigen receptor: role for TNF receptor-associated factor 2 in receptor
interaction. J Immunol, 169145-9.

HEATH, W. R. & CARBONE, F. R. (2001) Cross-presentation in viral
immunity and self-tolerance. Nat Rev Immunql126-34.

HEINSBROEK, S. E., TAYLOR, P. R., MARTINEZ, F. O., MARTINEZ-
POMARES, L., BROWN, G. D. & GORDON, S. (2008) Stage-specific
sampling by pattern recognition receptors during Candida albicans
phagocytosis. PLoS Pathog,e1000218.

HEINSBROEK, S. E., TAYLOR, P. R., ROSAS, M., WILLMENT, J. A,
WILLIAMS, D. L., GORDON, S. & BROWN, G. D. (2006)
Expression of functionally different dectin-1 isoforms by murine
macrophages. J Immunol, 15513-8.

HERNANZ-FALCON, P., JOFFRE, O., WILLIAMS, D. L. & REIS E
SOUSA, C. (2009) Internalization of Dectin-1 terminates induction of
inflammatory responses. Eur J Immunol, 397-13.

HERRE, J., MARSHALL, A. S., CARON, E., EDWARDS, A. D,
WILLIAMS, D. L., SCHWEIGHOFFER, E., TYBULEWICZ, V.,
REIS E SOUSA, C., GORDON, S. & BROWN, G. D. (2004) Dedtin-
uses novel mechanisms for yeast phagocytosis in macrophages. Blood,
104, 4038-45.

HILLER, G., STERNBY, M., SUNDLER, R. & WIJKANDER, J. (2000)
Phosphatidylinositol 3-kinase in zymosan- and bacteria-induced
signalling to mobilisation of arachidonic acid in macrophages. Biochim
Biophys Acta, 1485163-72.

HOCHREIN, H., SCHLATTER, B., OKEEFFE, M., WAGNER, C.,
SCHMITZ, F., SCHIEMANN, M., BAUER, S., SUTER, M. &
WAGNER, H. (2004) Herpes simplex virus type-1 induces IFN-alpha
production via Toll-like receptor 9-dependent and -independent
pathways. Proc Natl Acad Sci U S A 101416-21.

HOHL, T. M., VAN EPPS, H. L., RIVERA, A., MORGAN, L. A., CHEN, P.

L., FELDMESSER, M. & PAMER, E. G. (2005) Aspergillus fumigatus
triggers inflammatory responses by stage-specific beta-glucan display.
PLoS Pathog,,1e30.

HONDA, K., OHBA, Y., YANAI, H., NEGISHI, H., MIZUTANI, T.,
TAKAOKA, A., TAYA, C. & TANIGUCHI, T. (2005) Spatiotemporal
regulation of MyD88-IRF-7 signalling for robust type-l interferon
induction. Nature, 4341035-40.

185



HONDA, K., YANAI, H., MIZUTANI, T., NEGISHI, H., SHIMADA, N.,
SUZUKI, N., OHBA, Y., TAKAOKA, A. YEH, W. C. &
TANIGUCHI, T. (2004) Role of a transductional-transcriptional
processor complex involving MyD88 and IRF-7 in Toll-like receptor
signaling. Proc Natl Acad Sci U S A 1,0155416-21.

HOTTA, C., FUJIMAKI, H., YOSHINARI, M., NAKAZAWA, M. &
MINAMI, M. (2006) The delivery of an antigen from the endocytic
compartment into the cytosol for cross-presentation is restricted to
early immature dendritic cells. Immunology, 197-107.

HUANG, A. L. & VITA, J. A. (2006) Effects of systemic inflammation on
endothelium-dependent vasodilation. Trends Cardiovasc Med,516
20.

HUME, D. A., ROSS, I. L., HIMES, S. R., SASMONO, R. T., WELLS, C. A.
& RAVASI, T. (2002) The mononuclear phagocyte system revisited.
Leukoc Biol, 72 621-7.

HUOVILA, A. P., TURNER, A. J., PELTO-HUIKKO, M., KARKKAINEN, I.

& ORTIZ, R. M. (2005) Shedding light on ADAM metalloproteinases.
Trends Biochem Sci, 3@13-22.

HUYSAMEN, C. & BROWN, G. D. (2009) The fungal pattern recognition
receptor, Dectin-1, and the associated cluster of C-type lectin-like
receptors. FEMS Microbiol Lett, 29021-8.

ISSA, R., SORRENTINO, R., SUKKAR, M. B., SRISKANDAN, S,
CHUNG, K. F. & MITCHELL, J. A. (2008) Differential regulation of
CCL-11/eotaxin-1 and CXCL-8/IL-8 by gram-positive and gram-
negative bacteria in human airway smooth muscle cells. Respir Res, 9
30.

JANSEN, K. M. & PAVLATH, G. K. (2006) Mannose receptor regulates
myoblast motility and muscle growth. J Cell Biol, 1403-13.

JIANG, Z., MAK, T. W., SEN, G. & LI, X. (2004) Toll-like receptor 3-
mediated activation of NF-kappaB and IRF3 diverges at Tol-IL-
receptor domain-containing adapter inducing IFN-beta. Proc Natl Acad
SciU S A 1013533-8.

JORDENS, R., THOMPSON, A., AMONS, R. & KONING, F. (1999) Human
dendritic cells shed a functional, soluble form of the mannose receptor.
Int Immunol, 11 1775-80.

KAGAN, J. C. & MEDZHITOV, R. (2006) Phosphoinositide-mediated
adaptor recruitment controls Toll-like receptor signaling. Cell,, 125
943-55.

KAGAN, J. C., SU, T., HORNG, T., CHOW, A., AKIRA, S. &
MEDZHITOV, R. (2008) TRAM couples endocytosis of Toll-like
receptor 4 to the induction of interferon-beta. Nat Immund@69-8.

KAISER, W. J. & OFFERMANN, M. K. (2005) Apoptosis induced by the toll-
like receptor adaptor TRIF is dependent on its receptor interacting
protein homotypic interaction motif. J Immunol, 14942-52.

KAJITA, M., ITOH, Y., CHIBA, T., MORI, H., OKADA, A., KINOH, H. &
SEIKI, M. (2001) Membrane-type 1 matrix metalloproteinase cleaves
CD44 and promotes cell migration. J Cell Biol, 1833-904.

186



KANG, P. B., AZAD, A. K., TORRELLES, J. B., KAUFMAN, T. M,
BEHARKA, A., TIBESAR, E., DESJARDIN, L. E. &
SCHLESINGER, L. S. (2005) The human macrophage mannose
receptor directs Mycobacterium tuberculosis lipoarabinomannan-
mediated phagosome biogenesis. J Exp Med, 282-99.

KANNO, T., YAGUCHI, T., NAGATA, T., TANAKA, A. & NISHIZAKI, T.
(2009) DCP-LA stimulates AMPA receptor exocytosis through
CaMKIlI activation due to PP-1 inhibition. J Cell Physiol, 2283-8.

KATOH, S., MCCARTHY, J. B. & KINCADE, P. W. (1994) Characterization
of soluble CD44 in the circulation of mice. Levels are affected by
immune activity and tumor growth. J Immunol, 13340-9.

KAWAI, T. & AKIRA, S. (2006) TLR signaling. Cell Death Differ, 1816-

25.

KAWAI, T., SATO, S., ISHIl, K. J.,, COBAN, C., HEMMI, H.,
YAMAMOTO, M., TERAI, K., MATSUDA, M., INOUE, J.,,
UEMATSU, S., TAKEUCHI, O. & AKIRA, S. (2004) Interferon-alpha
induction through Toll-like receptors involves a direct interaction of
IRF7 with MyD88 and TRAF6. Nat Immunol, 5061-8.

KAWANO, Y., OKAMOTO, |., MURAKAMI, D., ITOH, H., YOSHIDA, M.,
UEDA, S. & SAYA, H. (2000) Ras oncoprotein induces CD44
cleavage through phosphoinositide 3-OH kinase and the rho family of
small G proteins. J Biol Chem, 2729628-35.

KERRIGAN, A. M. & BROWN, G. D. (2009) C-type lectins and
phagocytosis. Immunobiology, 21862-75.

KHOO, U. S., CHAN, K. Y., CHAN, V. S. & LIN, C. L. (2008) DC-SIGN and
L-SIGN: the SIGNs for infection. J Mol Me@6, 861-74.

KOBAYASHI, K., HERNANDEZ, L. D., GALAN, J. E., JANEWAY, C. A,
JR., MEDZHITOV, R. & FLAVELL, R. A. (2002) IRAK-M is a
negative regulator of Toll-like receptor signaling. Cell, 1191-202.

KOBAYASHI, Y., MIYAJI, C., WATANABE, H., UMEZU, H.,
HASEGAWA, G., ABO, T., ARAKAWA, M., KAMATA, N,
SUZUKI, H., KODAMA, T. & NAITO, M. (2000) Role of
macrophage scavenger receptor in endotoxin shock. J PathoPG6B32
72.

KOGELBERG, H., TOLNER, B., SHARMA, S. K., LOWDELL, M. W.,
QURESHI, U., ROBSON, M., HILLYER, T., PEDLEY, R. B,
VERVECKEN, W., CONTRERAS, R., BEGENT, R. H. & CHESTER,
K. A. (2007) Clearance mechanism of a mannosylated antibody-
enzyme fusion protein used in experimental cancer therapy.
Glycobiology, 17 36-45.

KOPPEL, E. A., VAN GISBERGEN, K. P., GEIJTENBEEK, T. B. & VAN
KOOYK, Y. (2005) Distinct functions of DC-SIGN and its
homologues L-SIGN (DC-SIGNR) and mSIGNR1 in pathogen
recognition and immune regulation. Cell Microbial 167-65.

KOYAMA, Y., NOROSE-TOYODA, K., HIRANO, S., KOBAYASHI, M.,
EBIHARA, T., SOMEKI, I., FUJISAKI, H. & IRIE, S. (2000) Type |

187



collagen is a non-adhesive extracellular matrix for macrophages. Arch
Histol Cytol, 63 71-9.

KOYASU, S. (2003) The role of PI3K in immune cells. Nat ImmunpB#3-
9.

KRAMMER, P. H., ARNOLD, R. & LAVRIK, I. N. (2007) Life and death in
peripheral T cells. Nat Rev Immunol, 532-42.

KRUSKAL, B. A., SASTRY, K., WARNER, A. B., MATHIEU, C. E. &
EZEKOWITZ, R. A. (1992) Phagocytic chimeric receptors require
both transmembrane and cytoplasmic domains from the mannose
receptor. J Exp Med, 17&673-80.

KUDO, K., SANO, H., TAKAHASHI, H., KURONUMA, K., YOKOTA, S.,
FUJII, N., SHIMADA, K., YANO, I., KUMAZAWA, Y., VOELKER,

D. R., ABE, S. & KUROKI, Y. (2004) Pulmonary collectins enhance
phagocytosis of Mycobacterium avium through increased activity of
mannose receptor. J Immunol, 17892-602.

KUROKAWA, K., LEE, H., ROH, K. B., ASANUMA, M., KIM, Y. S,
NAKAYAMA, H., SHIRATSUCHI, A., CHOI, Y., TAKEUCHI, O.,
KANG, H. J.,, DOHMAE, N., NAKANISHI, Y., AKIRA, S,
SEKIMIZU, K. & LEE, B. L. (2009) The Triacylated ATP Binding
Cluster Transporter Substrate-binding Lipoprotein of Staphylococcus
aureus Functions as a Native Ligand for Toll-like Receptor 2. J Biol
Chem, 2848406-11.

KURUSHIMA, H., RAMPRASAD, M., KONDRATENKO, N., FOSTER, D.

M., QUEHENBERGER, O. & STEINBERG, D. (2000) Surface
expression and rapid internalization of macrosialin (mouse CD68) on
elicited mouse peritoneal macrophages. J Leukoc Bipll @¥-8.

LAI, W. K., SUN, P. J., ZHANG, J., JENNINGS, A., LALOR, P. F,,
HUBSCHER, S., MCKEATING, J. A. & ADAMS, D. H. (2006)
Expression of DC-SIGN and DC-SIGNR on human sinusoidal
endothelium: a role for capturing hepatitis C virus particles. Am J
Pathol, 169200-8.

LE CABEC, V., EMORINE, L. J.,, TOESCA, |, COUGOULE, C. &

MARIDONNEAU-PARINI, 1. (2005) The human macrophage
mannose receptor is not a professional phagocytic receptor. J Leukoc
Biol, 77, 934-43.

LEE, H. K. & IWASAKI, A. (2007) Innate control of adaptive immunity:
dendritic cells and beyond. Semin Immunol, 48-55.

LEE, J. Y., KIM, J. Y., LEE, Y. G., RHEE, M. H.,, HONG, E. K. & CHO, J. Y.
(2008) Molecular mechanism of macrophage activation by
Exopolysaccharides from liquid culture of Lentinus edodss.
Microbiol Biotechnol,18, 355-64.

LEE, M. S. & KIM, Y. J. (2007) Signaling pathways downstream of pattern-
recognition receptors and their cross talk. Annu Rev Biocheni}4/6
80.

LEE, S. J., EVERS, S., ROEDER, D., PARLOW, A. F., RISTELI, J.,
RISTELI, L., LEE, Y. C., FEIZI, T., LANGEN, H. &

188



NUSSENZWEIG, M. C. (2002) Mannose receptor-mediated regulation
of serum glycoprotein homeostasis. Science, 2898-901.

LEE, S. J., ZHENG, N. Y., CLAVIJO, M. & NUSSENZWEIG, M. C. (2003)
Normal host defense during systemic candidiasis in mannose receptor-
deficient mice. Infect Immun, 7437-45.

LEIBUNDGUT-LANDMANN, S., GROSS, O., ROBINSON, M. J., OSORIO,
F., SLACK, E. C., TSONI, S. V. SCHWEIGHOFFER, E.,
TYBULEWICZ, V., BROWN, G. D., RULAND, J. & REIS E SOUSA,

C. (2007) Syk- and CARD9-dependent coupling of innate immunity to
the induction of T helper cells that produce interleukin 17. Nat
Immunol, 8 630-8.

LEITINGER, B. & HOHENESTER, E. (2007) Mammalian collagen receptors.
Matrix Biol, 26, 146-55.

LEMAITRE, B., NICOLAS, E., MICHAUT, L., REICHHART, J. M. &
HOFFMANN, J. A. (1996) The dorsoventral regulatory gene cassette
spatzle/Toll/cactus controls the potent antifungal response in
Drosophila adults. Cell, 8®73-83.

LETEUX, C., CHAI, W., LOVELESS, R. W., YUEN, C. T., UHLIN-
HANSEN, L., COMBARNOUS, Y., JANKOVIC, M., MARIC, S. C,,
MISULOVIN, Z., NUSSENZWEIG, M. C. & FEIZI, T. (2000) The
cysteine-rich domain of the macrophage mannose receptor is a
multispecific lectin that recognizes chondroitin sulfates A and B and
sulfated oligosaccharides of blood group Lewis(a) and Lewis(x) types
in addition to the sulfated N-glycans of lutropin. J Exp Med, 1917-

26.

LEW, D. B., SONGU-MIZE, E., PONTOW, S. E., STAHL, P. D. &
RATTAZZI, M. C. (1994) A mannose receptor mediates mannosyl-rich
glycoprotein-induced mitogenesis in bovine airway smooth muscle
cells. J Clin Invest, 941855-63.

LEYVA-COBIAN, F. & CARRASCO-MARIN, E. (1994) Participation of
intracellular oxidative pathways in antigen processing by dendritic
cells, B cells and macrophages. Immunol Letf,28837.

LI, H., WANG, C. Y., WANG, J. X., TANG, N. L., XIE, L., GONG, Y. Y.,
YANG, Z., XU, L. Y., KONG, Q. P. & ZHANG, Y. P. (2009) The
neck-region polymorphism of DC-SIGNR in peri-centenarian from
Han Chinese population. BMC Med Genet, 184.

LI, Q. & VERMA, |. M. (2002) NF-kappaB regulation in the immune system.
Nat Rev Immunol, 2725-34.

LIBERATI, N. T., FITZGERALD, K. A., KIM, D. H., FEINBAUM, R.,
GOLENBOCK, D. T. & AUSUBEL, F. M. (2004) Requirement for a
conserved Toll/interleukin-1 resistance domain protein in the
Caenorhabditis elegans immune response. Proc Natl Acad SA U S
101, 6593-8.

LIEW, F. Y., XU, D., BRINT, E. K. & O'NEILL, L. A. (2005) Negative
regulation of toll-like receptor-mediated immune responses. Nat Rev
Immunol, § 446-58.

189



LINEHAN, S. A.,, MARTINEZ-POMARES, L., DA SILVA, R. P. &
GORDON, S. (2001) Endogenous ligands of carbohydrate recognition
domains of the mannose receptor in murine macrophages, endothelial
cells and secretory cells; potential relevance to inflammation and
immunity. Eur J Immunol, 311857-66.

LINEHAN, S. A., MARTINEZ-POMARES, L., STAHL, P. D. & GORDON,

S. (1999) Mannose receptor and its putative ligands in normal murine
lymphoid and nonlymphoid organs: In situ expression of mannose

receptor by selected macrophages, endothelial cells, perivascular
microglia, and mesangial cells, but not dendritic cells. J Exp Med, 189

1961-72.

LIU, P. C., LIU, X, LI, Y., COVINGTON, M., WYNN, R., HUBER, R.,

HILLMAN, M., YANG, G., ELLIS, D., MARANDO, C., KATIYAR,

K., BRADLEY, J., ABREMSKI, K., STOW, M., RUPAR, M., ZHUO,

J., LI, Y. L, LIN, Q., BURNS, D., XU, M., ZHANG, C., QIAN, D. Q.,
HE, C., SHARIEF, V., WENG, L., AGRIOS, C., SHI, E., METCALF,
B., NEWTON, R., FRIEDMAN, S., YAO, W., SCHERLE, P.,
HOLLIS, G. & BURN, T. C. (2006) Identification of ADAM10 as a
major source of HER2 ectodomain sheddase activity in HER2
overexpressing breast cancer cells. Cancer Biol Thé5%564.

LODISH , B. A., MATSUDAIRA P., KAISER C. A., KRIEGER M., SCOTT
M. P., ZIPURSKY S. L., DARNELL J. (2003) Molecular Cell Biology
W. H. Freeman and Company.

LOMBARD, M. A., WALLACE, T. L., KUBICEK, M. F., PETZOLD, G. L.,
MITCHELL, M. A., HENDGES, S. K. & WILKS, J. W. (1998)
Synthetic matrix metalloproteinase inhibitors and tissue inhibitor of
metalloproteinase (TIMP)-2, but not TIMP-1, inhibit shedding of tumor
necrosis factor-alpha receptors in a human colon adenocarcinoma (Colo
205) cell line. Cancer Res, 5801-7.

LOPEZ-HERRERA, A, LIU, Y., RUGELES, M. T. & HE, J. J. (2005) HlV-
interaction with human mannose receptor (hMR) induces production of
matrix metalloproteinase 2 (MMP-2) through hMR-mediated
intracellular signaling in astrocytes. Biochim Biophys Acta, 158
64.

MALE, B., ROTH, AND ROITT (2006) Immunology, Mosby Elsevier.

MALLAT, Z., TALEB, S., AIT-OUFELLA, H. & TEDGUI, A. (2009) The
role of adaptive T cell immunity in atherosclerosis. J Lipid Res, 50
Suppl S364-9.

MARODI, L., KORCHAK, H. M. & JOHNSTON, R. B., JR. (1991)
Mechanisms of host defense against Candida species. I. Phagocytosis
by monocytes and monocyte-derived macrophages. J Immungl, 146
2783-9.

MARSHALL, A. S. & GORDON, S. (2004) Commentary: C-type lectins on
the macrophage cell surfaeeecent findings. Eur J Immunol, 348-

24.

MARTIN, M., SCHIFFERLE, R. E., CUESTA, N., VOGEL, S. N., KATZ, J.

& MICHALEK, S. M. (2003) Role of the phosphatidylinositol 3

190



kinase-Akt pathway in the regulation of IL-10 and IL-12 by
Porphyromonas gingivalis lipopolysaccharide. J Immunol, TTT-25.

MARTINEZ-POMARES, L., CROCKER, P. R., DA SILVA, R., HOLMES,

N., COLOMINAS, C., RUDD, P., DWEK, R. & GORDON, S. (1999)
Cell-specific glycoforms of sialoadhesin and CD45 are counter-
receptors for the cysteine-rich domain of the mannose receptor. J Biol
Chem, 27435211-8.

MARTINEZ-POMARES, L., HANITSCH, L. G., STILLION, R., KESHAV,

S. & GORDON, S. (2005) Expression of mannose receptor and ligands
for its cysteine-rich domain in venous sinuses of human spleen. Lab
Invest, 851238-49.

MARTINEZ-POMARES, L., KOSCO-VILBOIS, M., DARLEY, E., TREE,

P., HERREN, S., BONNEFOY, J. Y. & GORDON, S. (1996) Fc
chimeric protein containing the cysteine-rich domain of the murine
mannose receptor binds to macrophages from splenic marginal zone
and lymph node subcapsular sinus and to germinal centers. J Exp Med
184, 1927-37.

MARTINEZ-POMARES, L., MAHONEY, J. A. KAPOSZTA, R,
LINEHAN, S. A., STAHL, P. D. & GORDON, S. (1998) A functional
soluble form of the murine mannose receptor is produced by
macrophages in vitro and is present in mouse serum. J Biol Chem, 273
23376-80.

MARTINEZ-POMARES, L., REID, D. M., BROWN, G. D., TAYLOR, P. R,
STILLION, R. J., LINEHAN, S. A., ZAMZE, S., GORDON, S. &
WONG, S. Y. (2003) Analysis of mannose receptor regulation by IL-4,
IL-10, and proteolytic processing using novel monoclonal antibadlies.
Leukoc Biol, 73 604-13.

MARTINEZ-POMARES, L., WIENKE, D., STILLION, R., MCKENZIE, E.

J., ARNOLD, J. N., HARRIS, J.,, MCGREAL, E., SIM, R. B.,
ISACKE, C. M. & GORDON, S. (2006) Carbohydrate-independent
recognition of collagens by the macrophage mannose receptor. Eur J
Immunol, 36 1074-82.

MATSUMOTO, M., TANAKA, T., KAISHO, T., SANJO, H., COPELAND,

N. G., GILBERT, D. J., JENKINS, N. A. & AKIRA, S. (1999) A novel
LPSinducible C-type lectin is a transcriptional target of NF-IL6 in
macrophages. J Immunol, 1&9039-48.

MAY, R. C., CARON, E., HALL, A. & MACHESKY, L. M. (2000)
Involvement of the Arp2/3 complex in phagocytosis mediated by
FcgammaR or CR3. Nat Cell Biol, 246-8.

MCCANN, F., CARMONA, E., PURI, V., PAGANO, R. E. & LIMPER, A. H.
(2005) Macrophage internalization of fungal beta-glucans is not
necessary for initiation of related inflammatory responses. Infect
Immun, 73 6340-9.

MCGETTRICK, A. F., BRINT, E. K., PALSSON-MCDERMOTT, E. M.,
ROWE, D. C., GOLENBOCK, D. T., GAY, N. J., FITZGERALD, K.

A. & O'NEILL, L. A. (2006) Trif-related adapter molecule is

191



phosphorylated by PKC{epsilon} during Toll-like receptor 4 signaling.
Proc Natl Acad Sci U S A 1038196-201.

MCGHEE, J. R. (2005) The world of TH1/TH2 subsets: first prabf.
Immunol, 175 3-4.

MCGREAL, E. P., MARTINEZ-POMARES, L. & GORDON, S. (2004)
Divergent roles for C-type lectins expressed by cells of the innate
immune system. Mol Immunol, 41109-21.

MCGREAL, E. P., ROSAS, M., BROWN, G. D., ZAMZE, S., WONG, S. Y.,
GORDON, S., MARTINEZ-POMARES, L. & TAYLOR, P. R. (2006)
The carbohydi&-recognition domain of Dectin-2 is a C-type lectin
with specificity for high mannose. Glycobiology,, 422-30.

MCKENZIE, E. J., TAYLOR, P. R., STILLION, R. J., LUCAS, A. D.,
HARRIS, J., GORDON, S. & MARTINEZ-POMARES, L. (2007)
Mannose receptor expression and function define a new population of
murine dendritic cells. J Immunol, 1,78975-83.

MELIEF, C. J. (2008) Cancer immunotherapy by dendritic cells. Immunity, 29
372-83.

MEYLAN, E., BURNS, K., HOFMANN, K., BLANCHETEAU, V.,
MARTINON, F., KELLIHER, M. & TSCHOPP, J. (2004) RIP1 is an
essential mediator of Toll-like receptor 3-induced NF-kappa B
activation. Nat Immunol, ,503-7.

MILDNER, A., SCHMIDT, H., NITSCHE, M., MERKLER, D., HANISCH,

U. K., MACK, M., HEIKENWALDER, M., BRUCK, W., PRILLER,

J. & PRINZ, M. (2007) Microglia in the adult brain arise from Ly-
6ChiCCR2+ monocytes only under defined host conditions. Nat
Neurosci, 101544-53.

MILLER, J. L., DEWET, B. J., MARTINEZ-POMARES, L., RADCLIFFE, C.
M., DWEK, R. A., RUDD, P. M. & GORDON, S. (2008) The
Mannose Receptor Mediates Dengue Virus Infection of Macrophages.
PLoS Pathog, 417.

MOSSER, D. M. (2003) The many faces of macrophage activation. J Leukoc
Biol, 73, 209-12.

MOSSER, D. M. & EDWARDS, J. P. (2008) Exploring the full spectrum of
macrophage activation. Nat Rev Immunql988-69.

MURAI, T., MIYAZAKI, Y., NISHINAKAMURA, H., SUGAHARA, K. N.,
MIYAUCHI, T., SAKO, Y., YANAGIDA, T. & MIYASAKA, M.
(2004) Engagement of CD44 promotes Rac activation and CD44
cleavage during tumor cell migration. J Biol Chem,,2/811-50.

MURPHY, J. E., PADILLA, B. E., HASDEMIR, B., COTTRELL, G. S. &
BUNNETT, N. W. (2009) Endosomes: a legitimate platform for the
signaling train. Proc Natl Acad Sci U S A 106615-22.

MURPHY, T., AND WALPORT. (2008) Janeway's Immunobiology, New
York, Garland Science.

NAGANO, O., MURAKAMI, D., HARTMANN, D., DE STROOPER, B.,
SAFTIG, P., IWATSUBO, T., NAKAJIMA, M., SHINOHARA, M. &
SAYA, H. (2004) Cell-matrix interaction via CD44 is independently
regulated by different metalloproteinases activated in response to

192



extracellular Ca(2+) influx and PKC activation. J Cell Biol, 1893-
902.

NAKAMURA, H., SUENAGA, N., TANIWAKI, K., MATSUKI, H.,
YONEZAWA, K., FUJIl, M., OKADA, Y. & SEIKI, M. (2004)
Constitutive and induced CD44 shedding by ADAM-like proteases and
membrane-type 1 matrix metalloproteinase. Cancer Re8,/64382.

NAPPER, C. E., DRICKAMER, K. & TAYLOR, M. E. (2006) Collagen
binding by the mannose receptor mediated through the fibronectin type
Il domain. Biochem J, 39%579-86.

NAPPER, C. E., DYSON, M. H. & TAYLOR, M. E. (2001) An extended
conformation of the macrophage mannose receptor. J Biol Chem, 276
14759-66.

NATHAN, A. T., PETERSON, E. A., CHAKIR, J. & WILLS-KARP, M.
(2009) Innate immune responses of airway epithelium to house dust
mite are mediated through beta-glucan-dependent pathways. J Allergy
Clin Immunol, 123612-8.

NATHAN, C. (1991) Mechanisms and modulation of macrophage activation.
Behring Inst Mitf 200-7.

NEGISHI, H., FUJITA, Y., YANAI, H., SAKAGUCHI, S., OUYANG, X.,
SHINOHARA, M., TAKAYANAGI, H., OHBA, Y., TANIGUCHI, T.

& HONDA, K. (2006) Evidence for licensing of IFN-gamma-induced
IFN regulatory factor 1 transcription factor by MyD88 in Toll-like
receptor-dependent gene induction program. Proc Natl Acad Sci U S A
103 15136-41.

NETEA, M. G., BROWN, G. D., KULLBERG, B. J. & GOW, N. A. (2008)
An integrated model of the recognition of Candida albicans by the
innate immune system. Nat Rev Microbial 65-78.

NETEA, M. G., GOW, N. A, MUNRO, C. A., BATES, S., COLLINS, C.,
FERWERDA, G., HOBSON, R. P., BERTRAM, G., HUGHES, H. B.,
JANSEN, T., JACOBS, L., BUURMAN, E. T., GIJZEN, K,
WILLIAMS, D. L., TORENSMA, R., MCKINNON, A,
MACCALLUM, D. M., ODDS, F. C., VAN DER MEER, J. W.,,
BROWN, A. J. & KULLBERG, B. J. (2006) Immune sensing of
Candida albicans requires cooperative recognition of mannans and
glucans by lectin and Toll-like receptors. J Clin Invest,, 1882-50.

NETEA, M. G. & MARODI, L. Innate immune mechanisms for recognition
and uptake of Candida species. Trends Immunol3£83-53.

NEWTON, A. J., KIRCHHAUSEN, T. & MURTHY, V. N. (2006) Inhibition
of dynamin completely blocks compensatory synaptic vesicle
endocytosis. Proc Natl Acad Sci U S A, 103955-60.

NGUYEN, D. G. & HILDRETH, J. E. (2003) Involvement of macrophage
mannose receptor in the binding and transmission of HIV by
macrophages. Eur J Immunol,, 3B3-93.

NIQUET, J. & REPRESA, A. (1996) Entactin immunoreactivity in immature
and adult rat brain. Brain Res Dev Brain Res,227-33.

NOORMAN, F., BRAAT, E. A. & RIJKEN, D. C. (1995) Degradation of
tissue-type plasminogen activator by human monocyte-derived

193



macrophages is mediated by the mannose receptor and by the low-
density lipoprotein receptor-related protein. Blood, B81-7.

NORBURY, C. C., BASTA, S., DONOHUE, K. B., TSCHARKE, D. C.,
PRINCIOTTA, M. F., BERGLUND, P., GIBBS, J., BENNINK, J. R.

& YEWDELL, J. W. (2004) CD8+ T cell cross-priming via transfer of
proteasome substrates. Science, 3348-21.

O'NEILL, L. A. & BOWIE, A. G. (2007) The family of five: TIR-domain-
containing adaptors in Toll-like receptor signalling. Nat Rev Immunol,
7, 353-64.

O'RIORDAN, D. M., STANDING, J. E. & LIMPER, A. H. (1995)
Pneumocystis carinii glycoprotein A binds macrophage mannose
receptors. Infect Immun, 6379-84.

OKAMOTO, 1., KAWANO, Y., MATSUMOTO, M., SUGA, M.,
KAIBUCHI, K., ANDO, M. & SAYA, H. (1999) Regulated CD44
cleavage under the control of protein kinase C, calcium influx, and the
Rho family of small G proteins. J Biol Chem, 225525-34.

OLSSON, S. & SUNDLER, R. (2006) Different roles for non-receptor tyrosine
kinases in arachidonate release induced by zymosan and
Staphylococcus aureus in macrophages. J Inflamm (Lon8), 3

OLSSON, S. & SUNDLER, R. (2007) The macrophage beta-glucan receptor
mediates arachidonate release induced by zymosan: essential role for
Src family kinases. Mol Immunol, 44509-15.

OSHIUMI, H., SASAI, M., SHIDA, K., FUJITA, T., MATSUMOTO, M. &
SEYA, T. (2003) TIR-containing adapter molecule (TICAM)-2, a
bridging adapter recruiting to toll-like receptor 4 TICAM-1 that
induces interferon-beta. J Biol Chem, 248751-62.

PASSLICK, B., FLIEGER, D. & ZIEGLER-HEITBROCK, H. W. (1989)
Identification and characterization of a novel monocyte subpopulation
in human peripheral blood. Blood,,72627-34.

PATHAK, S. K., BASU, S., BHATTACHARYYA, A., PATHAK, S.,
KUNDU, M. & BASU, J. (2005) Mycobacterium tuberculosis
lipoarabinomannan-mediated IRAK-M induction negatively regulates
Toll-like receptor-dependent interleukin-12 p40 production in
macrophages. J Biol Chem, 282794-800.

PEDRA, J. H., CASSEL, S. L. & SUTTERWALA, F. S. (2009) Sensing
pathogens and danger signals by the inflammasome. Curr Opin
Immunol, 21 10-6.

PLANTINGA, T. S., VAN DER VELDEN, W. J., FERWERDA, B., VAN
SPRIEL, A. B., ADEMA, G., FEUTH, T., DONNELLY, J. P,
BROWN, G. D., KULLBERG, B. J., BLIJLEVENS, N. M. & NETEA,

M. G. (2009) Early stop polymorphism in human DECTIN-1 is
associated with increased candida colonization in hematopoietic stem
cell transplant recipients. Clin Infect Dis,,424-32.

PLUDDEMANN, A., NEYEN, C. & GORDON, S. (2007) Macrophage
scavenger receptors and host-derived ligands. Method2043L7.

POLUMURI, S. K., TOSHCHAKOQV, V. Y. & VOGEL, S. N. (2007) Role of
phosphatidylinositol-3 kinase in transcriptional regulation of TLR-

194



induced IL-12 and IL-10 by Fc gamma receptor ligation in murine
macrophages. J Immunol, 17286-46.

POND, L., KUHN, L. A., TEYTON, L., SCHUTZE, M. P., TAINER, J. A,,
JACKSON, M. R. & PETERSON, P. A. (1995) A role for acidic
residues in di-leucine motif-based targeting to the endocytic patidway.
Biol Chem, 27019989-97.

POULAIN, D. & JOUAULT, T. (2004) Candida albicans cell wall glycans,
host receptors and responses: elements for a decisive crosstalk. Curr
Opin Microbiol, 7, 342-9.

POWLESLAND, A. S., WARD, E. M., SADHU, S. K., GUO, Y., TAYLOR,

M. E. & DRICKAMER, K. (2006) Widely divergent biochemical
properties of the complete set of mouse DC-SIGN-related protgins.
Biol Chem, 28120440-9.

PRIGOZY, T. I, SIELING, P. A.,, CLEMENS, D., STEWART, P. L.,
BEHAR, S. M., PORCELLI, S. A., BRENNER, M. B., MODLIN, R.

L. & KRONENBERG, M. (1997) The mannose receptor delivers
lipoglycan antigens to endosomes for presentation to T cells by CD1b
molecules. Immunity, 6187-97.

QU, C., EDWARDS, E. W., TACKE, F., ANGELI, V., LLODRA, J.,
SANCHEZ-SCHMITZ, G., GARIN, A., HAQUE, N. S., PETERS, W.,
VAN ROOIJEN, N., SANCHEZ-TORRES, C., BROMBERG, J.,
CHARO, I. F., JUNG, S., LIRA, S. A. & RANDOLPH, G. J. (2004)
Role of CCR8 and other chemokine pathways in the migration of
monocyte-derived dendritic cells to lymph nodes. J Exp Med, 200
1231-41.

RAPPLEYE, C. A., EISSENBERG, L. G. & GOLDMAN, W. E. (2007)
Histoplasma capsulatum alpha-(1,3)-glucan blocks innate immune
recognition by the beta-glucan receptor. Proc Natl Acad Sci U S A, 104
1366-70.

REID, D. M., MONTOYA, M., TAYLOR, P. R., BORROW, P., GORDON,
S., BROWN, G. D. & WONG, S. Y. (2004) Expression of the beta-
glucan receptor, Dectin-1, on murine leukocytes in situ correlates with
its function in pathogen recognition and reveals potential roles in
leukocyte interactions. J Leukoc Biol,, BH-94.

RELLOSO, M., PUIG-KROGER, A., PELLO, O. M., RODRIGUEZ-
FERNANDEZ, J. L., DE LA ROSA, G., LONGO, N., NAVARRO, J.,
MUNOZ-FERNANDEZ, M. A., SANCHEZ-MATEOQOS, P. & CORBI,

A. L. (2002) DC-SIGN (CD209) expression is IL-4 dependent and is
negatively regulated by IFN, TGF-beta, and anti-inflammatory agents.
J Immunol, 1682634-43.

ROBINSON, M. J., OSORIO, F., ROSAS, M., FREITAS, R. P,
SCHWEIGHOFFER, E., GROSS, O., VERBEEK, J. S., RULAND, J.,
TYBULEWICZ, V., BROWN, G. D., MOITA, L. F., TAYLOR, P. R.
& REIS E SOUSA, C. (2009) Dectin-2 is a Sgtdpled pattern
recognition receptor crucial for Th17 responses to fungal infeciion.
Exp Med, 2062037-51.

ROMANI, L. (2004) Immunity to fungal infections. Nat Rev Immunql143.

195



ROSAS, M., LIDDIARD, K., KIMBERG, M., FARO-TRINDADE, I,
MCDONALD, J. U., WILLIAMS, D. L., BROWN, G. D. & TAYLOR,

P. R. (2008) The induction of inflammation by dectin-1 in vivo is
dependent on myeloid cell programming and the progression of
phagocytosis. J Immunol, 183549-57.

ROWE, D. C., MCGETTRICK, A. F., LATZ, E., MONKS, B. G., GAY, N. J.,
YAMAMOTO, M., AKIRA, S., O'NEILL, L. A., FITZGERALD, K.

A. & GOLENBOCK, D. T. (2006) The myristoylation of TRIF-related
adaptor molecule is essential for Toll-like receptor 4 signal
transduction. Proc Natl Acad Sci U S A 16299-304.

RUCKDESCHEL, K., PFAFFINGER, G., HAASE, R., SING, A,
WEIGHARDT, H., HACKER, G., HOLZMANN, B. &
HEESEMANN, J. (2004) Signaling of apoptosis through TLRs
critically involves toll/IL-1 receptor domain-containing adapter
inducing IFN-beta, but not MyD88, in bacteria-infected murine
macrophages. J Immunol, 173320-8.

RUIZ-HERRERA, J., ELORZA, M. V., VALENTIN, E. & SENTANDREU,

R. (2006) Molecular organization of the cell wall of Candida albicans
and its relation to pathogenicity. FEMS Yeast Re44629.

SAHA, B., JYOTHI PRASANNA, S., CHANDRASEKAR, B. & NANDI, D.
Gene modulation and immunoregulatory roles of interferon gamma.
Cytokine, 50 1-14.

SAKAGUCHI, S., YAMAGUCHI, T., NOMURA, T. & ONO, M. (2008)
Regulatory T cells and immune tolerance. Cell,, I13%-87.

SALLUSTO, F., CELLA, M., DANIELI, C. & LANZAVECCHIA, A. (1995)
Dendritic cells use macropinocytosis and the mannose receptor to
concentrate macromolecules in the major histocompatibility complex
class Il compartment: downregulation by cytokines and bacterial
products. J Exp Med, 18389-400.

SASAI, M., OSHIUMI, H., MATSUMOTO, M., INOUE, N., FUJITA, F.,
NAKANISHI, M. & SEYA, T. (2005) Cutting Edge: NF-kappaB-
activating kinase-associated protein 1 participates in TLR3ITell-
homology domain-containing adapter molecule-1-mediated IFN
regulatory factor 3 activation. J Immunol, 124-30.

SATO, K., YANG, X. L., YUDATE, T., CHUNG, J. S., WU, J., LUBY-
PHELPS, K., KIMBERLY, R. P., UNDERHILL, D., CRUZ, P. D., JR.

& ARIIZUMI, K. (2006) Dectin-2 is a pattern recognition receptor for
fungi that couples with the Fc receptor gamma chain to induce innate
immune responses. J Biol Chem, 288854-66.

SATO, S., SUGIYAMA, M., YAMAMOTO, M., WATANABE, Y., KAWAI,

T., TAKEDA, K. & AKIRA, S. (2003) Toll/IL-1 receptor domain-
containing adaptor inducing IFN-beta (TRIF) associates with TNF
receptor-associated factor 6 and TANK-binding kinase 1, and activates
two distinct transcription factors, NF-kappa B and IFN-regulatory
factor-3, in the Toll-like receptor signaling. J Immunol, 14304-10.

SATTHAPORN, S. & EREMIN, O. (2001) Dendritic cells (I): Biological
functions. J R Coll Surg Edinb, 48-19.

196



SCHEID, M. P. & WOODGETT, J. R. (2000) Protein kinases: six degrees of
separation? Curr Biol,0, R191-4.

SCHOFIELD, D. A.,, WESTWATER, C. & BALISH, E. (2005) Divergent
chemokine, cytokine and beta-defensin responses to gastric candidiasis
in immunocompetent C57BL/6 and BALB/c mice. J Med Microbiol,
54, 87-92.

SCHREIBER, S., BLUM, J. S., CHAPPEL, J. C., STENSON, W. F., STAHL,
P. D., TEITELBAUM, S. L. & PERKINS, S. L. (1990) Prostaglandin E
specifically upregulates the expression of the mannose-receptor on
mouse bone marrow-derived macrophages. Cell RegdiQ3t13.

SCHULERT, G. S. & ALLEN, L. A. (2006) Differential infection of
mononuclear phagocytes by Francisella tularensis: role of the
macrophage mannose receptor. J Leukoc B®I563-71.

SCHWEIZER, A., STAHL, P. D. & ROHRER, J. (2000) A di-aromatic motif
in the cytosolic tail of the mannose receptor mediates endosomal
sorting. J Biol Chem, 2729694-700.

SERBINA, N. V., JIA, T., HOHL, T. M. & PAMER, E. G. (2008) Monocyte-
mediated defense against microbial pathogens. Annu Rev Immunol, 26
421-52.

SERRANO-GOMEZ, D., DOMINGUEZ-SOTO, A., ANCOCHEA, J.,
JIMENEZ-HEFFERNAN, J. A, LEAL, J. A. & CORBI, A. L. (2004)
Dendritic cell-specific intercellular adhesion molecule 3-grabbing
nonintegrin mediates binding and internalization of Aspergillus
fumigatus conidia by dendritic cells and macrophages. J Immunql, 173
5635-43.

SERRANO-GOMEZ, D., LEAL, J. A. & CORBI, A. L. (2005) DC-SIGN
mediates the binding of Aspergillus fumigatus and keratinophylic fungi
by human dendritic cells. Immunobiology, 2105-83.

SHAH, V. B., OZMENT-SKELTON, T. R., WILLIAMS, D. L. &
KESHVARA, L. (2009) Vavl and PI3K are required for phagocytosis
of beta-glucan and subsequent superoxide generation by microglia. Mol
Immunol, 46 1845-53.

SHAKIB, F., GHAEMMAGHAMI, A. M. & SEWELL, H. F. (2008) The
molecular basis of allergenicity. Trends Immunol, @33-42.

SHAKIB, F., SCHULZ, O. & SEWELL, H. (1998) A mite subversive:
cleavage of CD23 and CD25 by Der p 1 enhances allergenicity.
Immunol Today, 19313-6.

SHEPHERD, V. L. & HOIDAL, J. R. (1990) Clearance of neutrophil-derived
myeloperoxidase by the macrophage mannose receptor. Am J Respir
Cell Mol Biol, 2, 335-40.

SHEPHERD, V. L., TARNOWSKI, B. I. & MCLAUGHLIN, B. J. (1991)
Isolation and characterization of a mannose receptor from human
pigment epithelium. Invest Ophthalmol Vis S82, 1779-84.

SHIBATA, Y., METZGER, W. J. & MYRVIK, Q. N. (1997) Chitin particle-
induced cell-mediated immunity is inhibited by soluble mannan:
mannose receptor-mediated phagocytosis initiates IL-12 produdtion.
Immunol, 159 2462-7.

197



SHIBUYA, A. (2003) Development and functions of natural killer cells. Int J
Hematol, 781-6.

SHIMADA, K., TAKIMOTO, H., YANO, I. & KUMAZAWA, Y. (2006)
Involvement of mannose receptor in glycopeptidolipid-mediated
inhibition of phagosome-lysosome fusion. Microbiol Immunol, Z4B-

51.

SIMPSON, D. Z., HITCHEN, P. G., ELMHIRST, E. L. & TAYLOR, M. E.
(1999) Multiple interactions between pituitary hormones and the
mannose receptor. Biochem J, 343 P4(3-11.

SOEHNLEIN, O. & LINDBOM, L. Phagocyte partnership during the onset
and resolution of inflammation. Nat Rev Immunol, 427-39.

STEELE, C., MARRERO, L., SWAIN, S., HARMSEN, A. G., ZHENG, M.,
BROWN, G. D., GORDON, S., SHELLITO, J. E. & KOLLS, J. K.
(2003) Alveolar macrophage-mediated killing of Pneumocystis carinii
f. sp. muris involves molecular recognition by the Dectin-1 beta-glucan
receptor. J Exp Med, 198677-88.

STEELE, C., RAPAKA, R. R., METZ, A., POP, S. M., WILLIAMS, D. L.,
GORDON, S., KOLLS, J. K. & BROWN, G. D. (2005) The beta-
glucan receptor dectin-1 recognizes specific morphologies of
Aspergillus fumigatus. PLoS Pathog,el2.

STOECK, A., KELLER, S., RIEDLE, S., SANDERSON, M. P., RUNZ, S.,
LE NAOUR, F., GUTWEIN, P., LUDWIG, A., RUBINSTEIN, E. &
ALTEVOGT, P. (2006) A role for exosomes in the constitutive and
stimulus-induced ectodomain cleavage of L1 and CD44. Biochem J,
393 609-18.

STRAUSS-AYALI, D., CONRAD, S. M. & MOSSER, D. M. (2007)
Monocyte subpopulations and their differentiation patterns during
infection. J Leukoc Biol, 82244-52.

STURGE, J., TODD, S. K., KOGIANNI, G., MCCARTHY, A. & ISACKE, C.

M. (2007) Mannose receptor regulation of macrophage cell migrdtion.
Leukoc Biol, 82 585-93.

SU, Y., ROYLE, L., RADCLIFFE, C. M., HARVEY, D. J., DWEK, R. A,,
MARTINEZ-POMARES, L. & RUDD, P. M. (2009) Detailed N-
glycan analysis of mannose receptor purified from murine spleen
indicates tissue specific sialylation. Biochem Biophys Res Commun,
384, 436-43.

SUTOR, S. L., VROMAN, B. T., ARMSTRONG, E. A., ABRAHAM, R. T. &
KARNITZ, L. M. (1999) A phosphatidylinositol 3-kinase-dependent
pathway that differentially regulates c-Raf and A-Raf. J Biol Chem,
274, 7002-10.

SUTTLES, J. & STOUT, R. D. (2009) Macrophage CD40 signaling: a pivotal
regulator of disease protection and pathogenesis. Semin Immunol, 21
257-64.

SWAIN, S. D., LEE, S. J.,, NUSSENZWEIG, M. C. & HARMSEN, A. G.
(2003) Absence of the macrophage mannose receptor in mice does not
increase susceptibility to Pneumocystis carinii infection in vivo. Infect
Immun, 71 6213-21.

198



TACHADO, S. D., ZHANG, J., ZHU, J., PATEL, N., CUSHION, M. &
KOZIEL, H. (2007) Pneumocystis-mediated IL-8 release by
macrophages requires coexpression of mannose receptors andJTLR2.
Leukoc Biol, 81 205-11.

TAILLEUX, L., MAEDA, N., NIGOU, J., GICQUEL, B. & NEYROLLES, O.
(2003) How is the phagocyte lectin keyboard played? Master class
lesson by Mycobacterium tuberculosis. Trends MicroHib| 259-63.

TAILLEUX, L., PHAM-THI, N., BERGERON-LAFAURIE, A,
HERRMANN, J. L., CHARLES, P., SCHWARTZ, O,
SCHEINMANN, P., LAGRANGE, P. H., DE BLIC, J., TAZI, A,
GICQUEL, B. & NEYROLLES, O. (2005) DC-SIGN induction in
alveolar macrophages defines privileged target host cells for
mycobacteria in patients with tuberculosis. PLoS Meé331.

TAILOR, P., TAMURA, T. & OZATO, K. (2006) IRF family proteins and
type | interferon induction in dendritic cells. Cell Res, 184-40.

TAKAOKA, A., TAMURA, T. & TANIGUCHI, T. (2008) Interferon
regulatory factor family of transcription factors and regulation of
oncogenesis. Cancer Sci,, 967-78.

TAKEDA, K. & AKIRA, S. (2004) TLR signaling pathways. Semin Immunol,
16, 3-9.

TAKEDA, K., KAISHO, T. & AKIRA, S. (2003) Toll-like receptors. Annu
Rev Immunol, 21335-76.

TANIMOTO, N., TERASAWA, M., NAKAMURA, M., KEGAI, D.,
AOSHIMA, N., KOBAYASHI, Y. & NAGATA, K. (2007)
Involvement of KC, MIP-2, and MCP-1 in leukocyte infiltration
following injection of necrotic cells into the peritoneal cavity. Biochem
Biophys Res Commun, 36%33-6.

TAYLOR, P. R.,, BROWN, G. D., REID, D. M., WILLMENT, J. A,
MARTINEZ-POMARES, L., GORDON, S. & WONG, S. Y. (2002)
The beta-glucan receptor, dectin-1, is predominantly expressed on the
surface of cells of the monocyte/macrophage and neutrophil linehges.
Immunol, 169 3876-82.

TAYLOR, P. R., GORDON, S. & MARTINEZROMARES, L. (2005a) The
mannose receptor: linking homeostasis and immunity through sugar
recognition. Trends Immunol, 2604-10.

TAYLOR, P. R., MARTINEZ-POMARES, L., STACEY, M., LIN, H. H,,
BROWN, G. D. & GORDON, S. (2005b) Macrophage receptors and
immune recognition. Annu Rev Immunol,,Z®1-44.

TAYLOR, P. R., REID, D. M., HEINSBROEK, S. E., BROWN, G. D.,
GORDON, S. & WONG, S. Y. (2005c) Dectin-2 is predominantly
myeloid restricted and exhibits unique activation-dependent expression
on maturing inflammatory monocytes elicited in vivo. Eur J Immunol,
35, 2163-74.

TAYLOR, P. R., TSONI, S. V., WILLMENT, J. A.,, DENNEHY, K. M.,
ROSAS, M., FINDON, H., HAYNES, K., STEELE, C., BOTTO, M.,
GORDON, S. & BROWN, G. D. (2007) Dectin-1 is required for beta-

199



glucan recognition and control of fungal infection. Nat Immunp818
8.

UNDERHILL, D. M., ROSSNAGLE, E., LOWELL, C. A. & SIMMONS, R.

M. (2005) Dectin-1 activates Syk tyrosine kinase in a dynamic subset
of macrophages for reactive oxygen production. Blood, 2563-50.

VALES-GOMEZ, M., REYBURN, H. & STROMINGER, J. (2000)
Interaction between the human NK receptors and their ligands. Crit Rev
Immunol, 20 223-44.

WAINSZELBAUM, M. J., PROCTOR, B. M., PONTOW, S. E., STAHL, P.
D. & BARBIERI, M. A. (2006) IL4/PGEZ2 induction of an enlarged
early endosomal compartment in mouse macrophages is Rab5-
dependent. Exp Cell Res, 32238-51.

WANG, C. C., CIRIT, M. & HAUGH, J. M. (2009) PI3K-dependent cross-talk
interactions converge with Ras as quantifiable inputs integrated by Erk.
Mol Syst Biol, § 246.

WEBSTER, N. L. & CROWE, S. M. (2006) Matrix metalloproteinases, their
production by monocytes and macrophages and their potential role in
HIV-related diseases. J Leukoc Biol, 8052-66.

WEICHHART, T. & SAEMANN, M. D. (2008) The PI3K/Akt/mTOR
pathway in innate immune cells: emerging therapeutic applications.
Ann Rheum Dis, 67 Suppl 8i70-4.

WEIS, W. I., CRICHLOW, G. V., MURTHY, H. M., HENDRICKSON, W. A.

& DRICKAMER, K. (1991a) Physical characterization and
crystallization of the carbohydrate-recognition domain of a mannose-
binding protein from rat. J Biol Chem, 268)678-86.

WEIS, W. |, DRICKAMER, K. & HENDRICKSON, W. A. (1992) Structure
of a C-type mannose-binding protein complexed with an
oligosaccharide. Nature, 36027-34.

WEIS, W. I, KAHN, R., FOURME, R., DRICKAMER, K. &
HENDRICKSON, W. A. (1991b) Structure of the calcium-dependent
lectin domain from a rat mannose-binding protein determined by MAD
phasing. Science, 254608-15.

WEIS, W. I, TAYLOR, M. E. & DRICKAMER, K. (1998) The C-type lectin
superfamily in the immune system. Immunol Rev,,186834.

WELLS, C. A., SALVAGE-JONES, J. A, LI, X., HITCHENS, K,
BUTCHER, S., MURRAY, R. Z., BECKHOUSE, A. G,, LO, Y. L.,
MANZANERO, S., COBBOLD, C., SCHRODER, K., MA, B., ORR,
S., STEWART, L., LEBUS, D., SOBIESZCZUK, P., HUME, D. A.,
STOW, J., BLANCHARD, H. & ASHMAN, R. B. (2008) The
macrophage-inducible C-type lectin, mincle, is an essential component
of the innate immune response to Candida albicans. J Immungl, 180
7404-13.

WENNSTROM, S. & DOWNWARD, J. (1999) Role of phosphoinositide 3-
kinase in activation of ras and mitogen-activated protein kinase by
epidermal growth factor. Mol Cell Biol, 1¢279-88.

200



WERLING, D., JANN, O. C., OFFORD, V., GLASS, E. J. & COFFEY, T. J.
(2009) Variation matters: TLR structure and species-specific pathogen
recognition. Trends Immunol, 3024-30.

WERNER, J. L., METZ, A. E., HORN, D., SCHOEB, T. R., HEWITT, M. M.,
SCHWIEBERT, L. M., FARO-TRINDADE, I., BROWN, G. D. &
STEELE, C. (2009) Requisite role for the dectin-1 beta-glucan receptor
in pulmonary defense against Aspergillus fumigatus. J Immunol, 182
4938-46.

WESCHE, H., GAO, X., LI, X., KIRSCHNING, C. J., STARK, G. R. & CAO,

Z. (1999) IRAK-M is a novel member of the Pelle/interleukin-
receptor-associated kinase (IRAK) family. J Biol Chem,, 2B403-10.

WEST, A. P., KOBLANSKY, A. A. & GHOSH, S. (2006) Recognition and
signaling by toll-like receptors. Annu Rev Cell Dev Biol, 2R9-37.

WHEELER, R. T. & FINK, G. R. (2006) A drug-sensitive genetic network
masks fungi from the immune system. PLoS Pathpg32.

WILEMAN, T. E., LENNARTZ, M. R. & STAHL, P. D. (1986) Identification
of the macrophage mannose receptor as a 175-kDa membrane protein.
Proc Natl Acad Sci U S A 82501-5.

WILLMENT, J. A. & BROWN, G. D. (2008) C-type lectin receptors in
antifungal immunity. Trends Microbiol, 1@7-32.

WILLMENT, J. A.,, GORDON, S. & BROWN, G. D. (2001) Characterization
of the human beta -glucan receptor and its alternatively spliced
isoforms. J Biol Chem, 27@3818-23.

WILLMENT, J. A., LIN, H. H., REID, D. M., TAYLOR, P. R., WILLIAMS,

D. L., WONG, S. Y., GORDON, S. & BROWN, G. D. (2003) Dectin-
expression and function are enhanced on alternatively activated and
GM-CSF-treated macrophages and are negatively regulated by IL-10,
dexamethasone, and lipopolysaccharide. J Immuno],466D-73.

YAMAMOTO, Y., KLEIN, T. W. & FRIEDMAN, H. (1997) Involvement of
mannose receptor in cytokine interleukin-1beta (IL-1beta), IL-6, and
granulocyte-macrophage colony-stimulating factor responses, but not
in chemokine macrophage inflammatory protein 1lbeta (MIP-1beta),
MIP-2, and KC responses, caused by attachment of Candida albicans to
macrophages. Infect Immun, ,6B)77-82.

YAMASAKI, S., ISHIKAWA, E., SAKUMA, M., HARA, H., OGATA, K. &
SAITO, T. (2008) Mincle is an ITAM-coupled activating receptor that
senses damaged cells. Nat Immunol, B79-88.

YAMASAKI, S., MATSUMOTO, M., TAKEUCHI, O., MATSUZAWA, T.,
ISHIKAWA, E., SAKUMA, M., TATENO, H., UNO, J,
HIRABAYASHI, J., MIKAMI, Y., TAKEDA, K., AKIRA, S. &
SAITO, T. (2009) C-type lectin Mincle is an activating receptor for
pathogenic fungus, Malassezia. Proc Natl Acad Sci U S A, 1I8%/-

902.

YART, A., CHAP, H. & RAYNAL, P. (2002) Phosphoinositide 3-kinases in
lysophosphatidic acid signaling: regulation and cross-talk with the
Ras/mitogen-activated protein kinase pathway. Biochim Biophys Acta,
1582 107-11.

201



YU, M., SATO, H., SEIKI, M., SPIEGEL, S. & THOMPSON, E. W. (1997)
Calcium influx inhibits MT1-MMP processing and blocks MNP-
activation. FEBS Lett, 41568-72.

ZAMZE, S., MARTINEZ-POMARES, L., JONES, H., TAYLOR, P. R,
STILLION, R. J., GORDON, S. & WONG, S. Y. (2002) Recognition
of bacterial capsular polysaccharides and lipopolysaccharides by the
macrophage mannose receptor. J Biol Chem, £2Vg13-23.

ZELENSKY, A. N. & GREADY, J. E. (2005) The C-type lectin-like domain
superfamily. Febs J, 278179-217.

ZHANG, J., TACHADO, S. D., PATEL, N., ZHU, J., IMRICH, A.,
MANFRUELLI, P., CUSHION, M., KINANE, T. B. & KOZIEL, H.
(2005a) Negative regulatory role of mannose receptors on human
alveolar macrophage proinflammatory cytokine release in viro.
Leukoc Biol, 78 665-74.

ZHANG, J., ZHU, J., BU, X., CUSHION, M., KINANE, T. B., AVRAHAM,

H. & KOZIEL, H. (2005b) Cdc42 and RhoB activation are required for
mannose receptor-mediated phagocytosis by human alveolar
macrophages. Mol Biol Cell, 1824-34.

ZHANG, J., ZHU, J., IMRICH, A., CUSHION, M., KINANE, T. B. &
KOZIEL, H. (2004) Pneumocystis activates human alveolar
macrophage NF-kappaB signaling through mannose receptors. Infect
Immun, 72 3147-60.

ZHANG, S., ZHANG, H. & ZHAO, J. (2009) The role of CD4 T cell help for
CD8 CTL activation. Biochem Biophys Res Commun,,386-8.

ZHU, J. & PAUL, W. E. (2008) CD4 T cells: fates, functions, and faults.
Blood, 112 1557-69.

ZOCCARATO, F., DEANA, R. & ALEXANDRE, A. (1989) Reversibility of
the ionomycin promoted synaptosomal hydrogen peroxide production.
Biochem Biophys Res Commun, 183.04-9.

202



