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The human body is constantly exposed to different threats. These can come along in
the form of pathogens, like viruses and bacteria, that can enter and infect the body. On
the other hand, disturbances in tissue homeostasis of the human body, such as during
oncogenic transformation leading to cancer, also pose danger to the body. Cells of the
immune system are involved in the protection against these threats.
The study of the immune system has classically divided its components in two
separate, yet perfectly integrated, arms: the innate and the adaptive immune system.
The first line of defense is formed by the innate immune system. Through the recognition
of Pathogen Associated Molecular Patterns (PAMPs) or Damage Associated Molecular
Patterns (DAMPs) by Pattern Recognition Receptors (PRRs), cells of the innate immune
system become activated in the case of an alarming situation1,2. In contrast, the term
Self-Associated Molecular Pattern (SAMP) has been recently proposed to describe
the molecular patterns within the organism that provide regulatory signals to keep
the immune system in a quiescent state3. Cells of the innate immune system mainly
protect the body by phagocytosis of the pathogen or by secreting defense proteins.
Antigen presenting cells (APCs) participate in linking the innate to the adaptive immune
system, through the recognition and internalization of pathogens or other harmful,
but also harmless components. Internalization allows processing and presentation of
peptides derived from the ingested ligands on major histocompatibility complex (MHC)
classes I and II. Activated APCs migrate to the lymph node, where they instruct T cells
and contribute to the final differentiation of B cells. T and B cells form the effector arm
of the immune system and subsequently remove the dangerous components from the
body. A fraction of the originally activated lymphoid cells will become memory T and
B cells, residing in the lymph nodes and bone marrow respectively, thereby enabling
a quicker and improved response in the case of a second exposure to the same threat.
Inappropriate activation of the immune system against harmless endogenous or
exogenous antigens can cause either autoimmunity or allergy. Autoimmunity results
from auto-reactive T cells that escape the selection process of T cells in the thymus
or by molecular mimicry to pathogenic substances. In the thymus T cells are selected
based on the affinity of their T cell receptor (TCR) for self-peptides presented in MHC
class I and II4. The expression of several of these self-peptides is under the control of the
transcription factor autoimmune regulator (AIRE)5. T cells, expressing a TCR with low
affinity for peptides presented in MHC class I or II molecules, are positively selected.
Strong TCR-ligand interactions induce apoptosis of the TCR-expressing cell, a process
called negative selection. Failure to recognize any MHC-peptide complex also results
in death of the T cell. Self-reactive T cells may escape the selection process or develop
into anergic or regulatory T cells (Tregs); depending on the affinity, the availability of
the peptide present in the MHC molecules and the presence of certain cytokines. For
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example, the presence of interleukin 2 (IL-2) and TGFβ rescues high affinity T cells from
destruction and directs them to become Treg4.
In case of molecular mimicry a desired immune reaction is initially induced against
an invading pathogen. However, antibodies protective against the pathogen are crossreactive with self-antigens6. Due to the pro-inflammatory environment, CD4+ T cells
with low affinity for these self-antigens become activated as well. This combination can
subsequently result in autoimmunity, as is the case in Guillain-Barre Syndrome, where
antibodies are initially formed against pathogens, like Campylobacter jejuni, EbstainBarr virus, cytomegalovirus and Mycoplasma pneumoniae, but are cross-reactive with
gangliosides on myelin. These ganglioside-specific antibodies then damage the nervous
system, resulting in paralysis6.
In contrast, allergy is the inappropriate reaction of the immune system to harmless
exogenous ligands, such as grass pollen and food components. How allergy develops is
currently not entirely understood, but involves both genetic and environmental factors.
Allergy stems from a misbalance in the CD4+ T helper subsets7. Different T helper subsets
can be distinguished within the T cell compartment, of which the T helper 1 (Th1) and T
helper 2 (Th2) subsets are best defined. These cells are distinct in their cytokine profiles
and thereby in their effector functions. Through their production of IFNγ, Th1 cells are
involved in the cellular defense against intracellular pathogens, while Th2 cells secrete
IL-4 and IL-5, important for the clearance of extracellular pathogens, such as parasites8.
Allergy has largely been attributed to a hyperactivation of Th2 cells, however recently,
Th17 cells9,10, which secrete large amounts of IL-17, have been implicated in allergy and
autoimmune diseases as well7. In addition, the cytokine IL-9 is associated with allergy.
Although originally thought to be secreted by Th2 cells, IL-9 is actually produced by a
distinct subset of T helper cells, the Th9 cells11. Altogether, the misbalance in T helper
subsets results in the production of unwanted cytokines, thereby activating improper
components of the immune system, which ultimately leads to allergy.
Next to CD4+ T helper cells, CD8+ cytotoxic T cells are able to induce apoptosis in
target cells through secretion of perforin and granzymes, thereby eliminating the target
cells expressing the appropriate peptide in the context of MHC class I molecules. The
pathways leading to CD4+ and CD8+ T cell activation are different, requiring peptides
derived from endocytosed pathogens to be presented on MHC class II molecules to
activate CD4+ T cells, while CD8+ T cells are activated by peptides present in MHC class I.
These peptides in MHC class I originate from pathogenic, for instance of viral, origin, or
self-peptides present in the cytosol. Furthermore, professional APCs, primarily dendritic
cells (DCs), can present peptides from endocytosed antigens on MHC class I as well,
a process called cross-presentation12. The routing and presentation of endocytosed
antigens will be discussed in more detail later.
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Dendritic cells and their function in antigen recognition and
presentation
DCs reside in all peripheral tissues. In addition, DC subsets may also be present in the
blood. DCs are specialized in the detection of invading pathogens. After pathogen
recognition, the pathogens are taken up and the DC migrates to the lymph nodes to
activate T cells13,14. These cells were named DCs based on their branched morphology
and their dendrite-like structures, which stretch out when DCs adhere to glass15. These
dendrites likely attribute to their ability to efficiently capture antigens by filtering large
areas.
DCs express high levels of PRRs, receptors involved in the recognition of PAMPs,
DAMPs and, hypothetically, SAMPs. A large variety of PAMPs and DAMPs is recognized
by the so-called Toll like receptors (TLR), whereby TLR engagement induces activation
of the TLR-expressing cell16,17. Several TLRs, like TLR1, TLR2, TLR4, TLR5 and TLR6,
are expressed on the cell surface and recognize PAMPs located on the exterior of the
pathogen. The intracellular TLRs (TLR3, TLR7, TLR8 and TLR9) are mainly involved in
recognition of RNA and unmethylated CpG DNA, for which internalization and partial
degradation of the pathogen is required. In addition, endogenous TLR ligands, like heat
shock protein 60, have been described18. These proteins can be aberrantly expressed
upon stress and/or secreted in the exterior after necrosis, thereby functioning as marker
for damage-associated conditions.
Another family of PRRs expressed by DCs is the Nod-like receptor (NLR) family19. NLRs
reside in the cytosol, where they participate in sensing microbial motifs and endogenous
danger signals. Some NLRs are involved in the induction of the inflammasome, leading
to the production of mature IL-1β.
C-type lectin receptors (CLRs) form a different group of PRRs, which will be
discussed in more detail hereafter. CLRs are carbohydrate-binding receptors that
recognize carbohydrate structures present on the surface of pathogens, commensals
and endogenous proteins. Besides antigen recognition, most CLRs are capable of
internalizing the antigens, and thereby contribute to the activation of the adaptive
immune system.
DCs use different modes of ligand internalization. Receptor-mediated uptake of
antigens, via endocytosis or phagocytosis, is mediated by CLRs and other antigen
capture receptors present on DCs. Additionally, the non-specific uptake of small
molecules directly across the cell membrane is called pinocytosis.
The intracellular fate of the antigen is partially determined by the internalization
method used13, as well as the type of DC that mediates the antigen uptake. In mammals,
DCs are often grouped into two major subtypes: the plasmacytoid DCs (pDCs) and the
conventional DCs (cDCs), also called myeloid DCs (mDCs). pDCs are vital in the response
against viruses by producing high amounts of type I interferons, while cDCs have a more
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prominent role in antigen presentation to T cells. cDCs can be further subdivided in
different subtypes, depending on their expression of various surface receptors and their
location in the body. Moreover, these subsets have remarkably different capacities for
antigen presentation to T cells. In mice, DCs that excel either in MHC class I or MHC
class II presentation can be distinguished on the basis of their CD8 expression13. The
CD8α+ DCs are specialized in (cross)-presentation of antigens on MHC class I molecules,
while the CD8α- DCs play a more important role in MHC class II presentation to CD4+ T
cells. Recently, the human BDCA3+ DCs have been shown to exceed in their ability to
cross-present antigens and therefore these cells likely represent the human homologue
of the murine CD8α+ DCs20–22.
The expression of high levels of co-stimulatory molecules and an increased expression
of MHC molecules on the surface of DCs contribute to optimal T cell activation23–25.
These characteristics are present on DCs that have matured after encountering
DAMPs, PAMPs or inflammatory cytokines24. Recognition of these “danger” molecules
triggers specific intracellular signaling cascades, leading to the expression of these
co-stimulatory molecules on the plasma membrane and additionally the secretion of
several pro-inflammatory cytokines. The type of DAMP or PAMP dictates the actual
profile of co-stimulatory molecules and cytokines expressed26, and is therefore vital in
determining the nature of the T cell response induced. In contrast, antigen presentation
by immature DCs, which lack the expression of co-stimulatory molecules, leads to the
development of regulatory T cells25. Mature DCs are capable of inducing regulatory
T cells as well, depending on the expression of inhibitory molecules on the plasma
membrane or through the secretion of anti-inflammatory cytokines, such as IL-10 and
TGFβ27,28.
Due to the limited availability of human blood DCs, many studies exploit the so-called
monocyte-derived DCs (moDCs), which are formed by the incubation of monocytes
with IL-4 and GM-CSF29. Based on their TLR and CLR expression these moDCs have
been shown to resemble the in vivo inflammatory DCs quite well14,30. Therefore, moDCs
are often used as a representative tool to study DC function.

The recognition of glycoconjugates by C-type lectins
All cells express an array of lipids or proteins that carry covalently attached single
sugars (monosaccharides) or branched chains of sugars (oligo- or polysaccharides).
Glycan is a generic term for any sugar or assembly of sugars, in free form or attached
to another molecule. Glycans can be linked to proteins via N- or O-linked glycosylation,
resulting in glycoproteins. The N-glycan is coupled to an Asparagine residue in the
consensus peptide sequence Asparagine-X-Serine/Threonine (X = any amino acid with
the exception of Proline), while O-glycosylation of proteins starts with the attachment
of an N-acetylgalactosamine (GalNAc) moiety to the hydroxyl group of either a Serine
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or Threonine residue in the protein31. The exact N- or O-glycan formed depends on the
availability of different sugar-donors, the repertoire of glycosylation-related enzymes
and the protein on which the glycosylation occurs32. Glycosaminoglycans are linear
copolymers of repeating acidic disaccharide units, coupled to proteins via a typical
core region in which a xylose residue is linked to a Serine residue or as free complex
polysaccharide. The glycosylation process mainly occurs in the endoplasmic reticulum
(ER) and Golgi, resulting in abundant glycosylation of cell surface proteins. However,
the addition of an N-acetylglucosamine (GlcNAc) to the amino acid Serine occurs as a
form of cytoplasmic glycosylation (Figure 1).
Bacteria use an N-glycosylation-related pathway to synthesize their cell wall, which
are composed of several layers of glycoconjugates (molecules in which one or more
glycan units are covalently linked to a noncarbohydrated entity) and polysaccharides,
including peptidoglycans and β-glucans (Figure 1). In addition, gram negative bacteria
express the lipopolysaccharide LPS on the exterior of their outer membrane (Figure 1).
Similar to eukaryotes, some bacteria synthesize glycoproteins with N- and O-linked
glycans attached33,34. Most viral envelope proteins are heavily glycosylated forming a
shield to the underlying viral protein, thereby protecting the virus from host immune
reactions. As most viral genomes do not encode for glycosyltransferases, viruses employ
the host glycosylation machinery to synthesize their viral glycoproteins. Therefore,
their glycosylation pattern closely resembles that of the host cell from which they
emerge. Higher eukaryotes are thought to express more complex glycans compared to
fungi, helminths and prokaryotes. Yet, mammalian-type glycans are also found on the
surface of pathogens. For example, some Helicobacter pylori strains express the human
blood group antigen LewisX on their LPS35, needed for proper colonization of the human
stomach.
Since many glycans are located on the cell membrane or on secreted proteins, they
participate in cell-cell communication as well as in the host-pathogen interaction.
Human cells express several classes of glycan-binding receptors that contribute to these
interactions31. We here focus on the family of CLRs that are abundantly expressed by DCs36.
CLRs are carbohydrate-binding receptors that share a common fold in their recognition
domain, the so-called C-type lectin-like domain (CTLD). However, the presence of a CTLD
does not warrant glycan recognition37. The occurrence of a calcium (Ca2+) ion in classical
glycan-binding CLRs optimizes the fold of the carbohydrate recognition domain (CRD),
necessary for glycan binding38. In contrast to type II CLRs, that hold only one CRD and an
extracellular C-terminus, type I CLRs contain an extracellular N-terminus with multiple
CRDs39. The CLRs are generally divided into two different classes, the galactose and/
or GalNAc-binding lectins, including the macrophage galactose-type lectin (MGL)40,41,
that contain a Glutamine-Proline-Aspartic acid (QPD) motif within their CRD37 and the
CLRs with a Glutamic acid-Proline-Asparagine (EPN) motif in the CRD that interact
with mannose and/or fucose. DC-specific intercellular adhesion molecule-3 (ICAM-3)-
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Figure 1: Examples of glycans and glycoconjugates found in nature. In eukaryotic
glycoproteins glycans are attached in an N- or O-linked manner. Proteoglycans contain several
glycosaminoglycans attached to Serine residues in the protein sequence. Hyaluron are secreted
glycosaminoglycans. In addition to glycoproteins, GPI anchors and glycolipids carry glycan
structures as well. Prokaryotes can express several other classes of glycan structures, including
peptidoglycans and β-glucans, present in the cell wall of bacteria. Gram negative bacteria contain
glycosylated lipopolysaccharide (LPS) in their outer membrane. Moreover, some prokaryotes
are able to synthesize N- or O-linked glycans. Higher eukaryotes in general carry more complex
glycan structures compared to the lower eukaryotes and prokaryotes. Modified from Essentials
of Glycobiology (2009)31 and Marth and Grewal (2008)32.
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grabbing non-integrin (DC-SIGN)42 and the mannose receptor (MR)43 possess this EPN
motif and binding to high mannose- and/or fucose-containing glycans is well established
for these lectins. The dendritic cell immunoreceptor (DCIR) is the only CLR expressed on
DCs with an unusual sequence in the putative carbohydrate binding site. Instead of an
Asparagine residue, like in the EPN motif, a Serine residue is present, resulting in an EPS
motif. In addition, group V CLRs, encoded by the natural killer receptor gene complex
on human chromosome 12, are expressed by DCs as well, however these CLRs lack the
Ca2+ and carbohydrate binding motifs. An overview of different CLRs expressed on DCs
is shown in Figure 2.
DC-expressed CLRs are involved in multiple DC-related processes. Besides
recognition of glycosylated PAMPs on pathogens, CLRs internalize and route their
ligands to MHC class I or MHC class II loading compartments. Furthermore, some CLRs
have been shown to mediate cell-cell interactions. For example, DC-SIGN binding
to ICAM-3 on T cells enhances the efficiency of T cell activation44. Lately, also ligandinduced signaling has been attributed to CLRs45. Based on their signaling properties,
CLRs can be divided into four groups36. First, the hemITAM (immunoreceptor tyrosinebased activation motif) group contains an intracellular ITAM-like motif. The second
group needs association to an ITAM-containing adaptor protein to conduct signaling.
Thirdly, a group with an intracellular immunoreceptor tyrosine-based inhibitory motif
(ITIM) is thought to deliver inhibitory signals to the cell and finally a group lacking
obvious signaling motifs36. Although most carbohydrate binding CLRs fall in the last
group, some of these CLRs have been reported to modify TLR signaling45. We will shortly
discuss the glycan specificity of the four CLRs discussed in this thesis, an overview of
their function and glycan specificity is given in Table 1.
Figure 2: C-type lectins expressed
by dendritic cells. Several CLRs
are presented on DCs. Based on
the orientation of their N- and Cterminus, these CLRs are classified
as type I and type II CLRs. Most
CLRs contain an EPN as the
glycan binding motif, which has,
in most cases, been demonstrated
to be associated with mannose
and/or fucose binding. Different
internalization motifs are present in
the intracellular domains, including
the proline rich motif in the
intracellular tail of Langerin. The
intracellular ITIM of DCIR is unique,
since this sequence also harbors
the tyrosine based internalization
motif. Modified from Sancho and
Reis e Sousa (2012)36.
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DC-SIGN
One of the best-characterized human CLRs on DCs is DC-SIGN. After the initial
description of the DC-SIGN-human immunodeficiency virus type 1 (HIV-1) and DCSIGN-ICAM-3 interactions by Geijtenbeek and colleagues44,46, hundreds of articles have
been published addressing DC-SIGN. DC-SIGN expression is mainly restricted to DCs
with the exception of a few specialized macrophage types44. In contrast, the expression
pattern of the 8 different homologues of DC-SIGN present in mice is less restricted
to DCs47,48. The EPN motif present in the CRD of human DC-SIGN facilitates binding
to both high mannose and fucose or fucose-containing Lewis-type glycans (a glycan
structure which exists of the glycans GlcNAc, galactose and one or two fucoses)42,
whereby DC-SIGN binding to fucose is of higher affinity compared to the DC-SIGNmannose interaction49. The affinity is even further enhanced for the interaction of DCSIGN with the Lewis antigens42,50. The avidity of the DC-SIGN interaction is improved
by increasing the number of mannose residues in the structure or the number of glycan
moieties attached to the glycoprotein49–53. The murine DC-SIGN homologues, SIGNR1
and SIGNR3 share overlapping glycan specificity with DC-SIGN, however they both bind
sialylated Lewis structures as well (Table 1, 54,55).
Repeats present in the neck region of DC-SIGN trigger the formation of DC-SIGN
tetramers in the cell membrane51. This multimerization strengthens the DC-SIGN-ligand
interaction. Feinberg and colleagues53 showed that the DC-SIGN CRDs in the tetramer
configuration are flexible, allowing the interaction with variably spaced glycans on
both pathogenic and endogenous ligands. The DC-SIGN-ligand interaction is further
optimized by the presence of DC-SIGN in microdomains on the membrane of DCs56.
DC-SIGN binds a wide variety of ligands, including the pathogens Candida Albicans57,
Hepatitis C virus (HCV)58,59 and Mycobacterium tuberculosis60. Nevertheless, DC-SIGN
binding glycans are present on other endogenous ligands, besides ICAM-3, as well. These
are for example Mac-161 and CEACAM-162 on neutrophils and the adhesion molecule
ICAM-2 on vascular and lymphoid endothelium63. During oncogenesis, glycosylationrelated changes can give rise to the expression of DC-SIGN binding glycans on selfproteins, as has been shown for carcinoembryonic antigen (CEA) on colorectal cancer
cells64.
The diversity of DC-SIGN ligands is reflected in the different functional outcomes
after ligand binding. While DC-SIGN binding to cell surface molecules facilitates cell-cell
adhesion, DC-SIGN-pathogen interactions result in internalization of these ligands. In
addition, DC-SIGN-mediated signaling can occur upon DC-SIGN-ligand interactions, as
has been shown for the interaction of DC-SIGN with ManLAM, present on the surface
of M. tuberculosis60. Compared to TLR4 stimulation alone, the combined ManLAM and
TLR4 triggering led to increased IL-10 production and decreased expression of DC
maturation markers. These effects were dependent on DC-SIGN, as a DC-SIGN blocking
antibody could reverse the observed results.
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Table 1: Overview of CLR expression and function in human and mice. Modified from StrengOuwehand et al. (2011)115. Le: Lewis, n.d.: not determined.
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Recent findings indicate that ligand-induced DC-SIGN signaling varies depending on
the nature of the DC-SIGN binding structures, e.g. high mannose or fucose-type glycans.
Mannose-containing ligands, such as ManLAM, induce a DC-SIGN-dependent increase
in the secretion of the anti-inflammatory cytokine IL-10 as well as the pro-inflammatory
cytokines IL-12p70 and IL-665. In contrast, fucose-containing ligands, like LewisY present
on for example Helicobacter pylori J223-3, cause an increased IL-10 production and a
diminished secretion of IL-12p70 and IL-6. Activation of Raf-1, a key player in DC-SIGNmannose signaling, was dispensable in DC-SIGN-fucose signaling, likely explaining the
differences in cytokine profile65.
Both murine SIGNR1 and SIGNR3 function as antigen uptake receptor55,66, similar to
DC-SIGN. Stimulation of SIGNR1 with M. tuberculosis results in increased IL-12 and IL-10
production67–70, but the role of SIGNR1 during M. tuberculosis infection in vivo is limited.
On the other hand, the interaction of M. tuberculosis with SIGNR3 did not affect IL-10
and IL-12 secretion, while it clearly affected IL-6 and TNFα production. In addition, the
presence of SIGNR3 decreased the amount of M. tuberculosis colony-forming unit in the
lungs, but no effect was observed for the spleens71. These data suggest that although
SIGNR1 and SIGNR3 share functional properties with human DC-SIGN, differences
between the human and murine molecules are also observed.

DCIR
DCIR is one of the classical, glycan binding CLRs expressed on DCs. However, DCIR
expression is not restricted to these cells, since expression of DCIR on monocytes,
B-cells, neutrophils and activated T cells has also been reported72–77. DCIR is unique in
the sense that it is the only classical CLR containing an ITIM in its intracellular domain. In
mice 4 different homologues of the human DCIR gene, dcir1 till 4 are present, of which
only dcir1 and dcir2 encode for a protein that encompasses an intracellular ITIM. The
highest sequence similarity is found between the human DCIR gene and the murine
dcir1. Both human DCIR and murine DCIR1 contain the EPS motif, while dcir2 encodes
for a protein with an EPN motif (Table 1).
In general, phosphorylated ITIMs are able to recruit phosphatases and thereby
dephosphorylate activated kinases78. Although phosphatases usually inhibit cellular
responses; activation of cellular processes has been described as well79. Phosphorylation
of the ITIM in human DCIR results in the recruitment of the Src Homology 2 domain
containing protein tyrosine phosphatases 1 (SHP-1) and SHP-280,81. Simultaneous
triggering of human DCIR (with the use of an antibody) and TLRs results in a decreased
cytokine response compared to TLR stimulation alone75,82, suggesting an inhibitory
function for DCIR. In mice, functional inhibition mediated by the ITIM in DCIR1 has
been described by Kanazawa and colleagues83. They coupled the intracellular domain
of DCIR1 to the extracellular domain of the FcγRIIB receptor and transduced the B cell
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line IIA.1.6 with these constructs. Concordant stimulation of this chimeric protein and
the B-cell receptor resulted in a decreased calcium release and reduced overall protein
phosphorylation compared to cells expressing mutated ITIM chimeric receptors or
stimulation of the B-cell receptor alone. Additional data obtained from dcir1 knockout
mice (dcir-/- mice) strengthen the inhibitory function for DCIR during homeostatic
control84. In these mice an increased proliferation of DCs is observed after in vitro or
in vivo stimulation, combined with an increased incidence of autoimmune diseases,
like sialadenitis and enthesitis at latter age. Furthermore, the human DCIR locus is
associated with the development of the autoimmune disease rheumatoid arthritis85,86.
No conclusive results have been obtained so far regarding the carbohydrate
ligands of DCIR. Binding of a DCIR-Fc construct to both sulfated lactose and N-acetyl
lactosamine (LacNAc)87 as well as to fucose and mannose49 has been observed. DCIR
expression increases the HIV-1 infectivity of DCs due to DCIR-mediated signaling via
the ITIM88,89, nevertheless data on the actual binding of HIV-1 to DCIR is still lacking.
Recently, HCV has been shown to interact with DCIR90, however the glycans involved in
this interaction have not been elucidated.

MGL
MGL belongs to the galactose/GalNAc-binding lectins with a QPD motif in the CRD
and is expressed on macrophages and mDCs, with enhanced expression on tolerogenic
DCs91,92. Strong binding of MGL to terminal GalNAc glycans has been observed40,41.
GalNAc moieties are present on endogenous and exogenous ligands, therefore, MGL
interacts with pathogens, such as Schistosoma mansoni41 and a specific variation of
Neisseria gonorrhoeae lipooligosaccharide93 and self-proteins, like MUC194. Additionally,
MGL interacts with CD45 on effector T cells, thereby decreasing T cell proliferation and
inducing cell death95. In mice two MGL homologues are present, of which only one
(MGL2) interacts with terminal GalNAc glycans, while MGL1 binds LewisX and Lewisa
glycans96.
MGL does not have clear signaling motifs in its intracellular tail36, similar as DCSIGN, however also MGL has been shown to mediate intracellular signaling after ligand
binding. MGL triggering induces DC maturation97 and affects TLR2 induced cytokine
production (van Vliet et al. 2013, manuscript in preparation). In addition, N. gonorrhoeae
strains that interact with MGL shift the T helper balance towards Th2 cells93. The role of
these lectins in murine signaling has not been established yet.
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MR
MR belongs to the type I CLRs with an extracellular N-terminus with multiple CRDs.
Both human and murine MR contain 8 CRDs, which are involved in the Ca2+-dependent
binding to mannose, fucose and GlcNAc43,98. In addition, a fibronectin type II domain,
that recognizes collagen99, and a cysteine rich domain, that mediates Ca2+-independent
binding to sulfated GalNAc, galactose and Lewis structures100,101, are present in human
and murine MR. MR clustering is prevented by sialylation of the MR protein, thereby
decreasing the glycan interaction via the cysteine rich domain102. In addition, glycan
binding to the CRD regions is directly influenced by MR glycosylation, independently on
the capability to form multimers.
Various different ligands have been described for MR, these include ligands from
exogenous and endogenous origin103. The interaction with mannosylated pathogens
like C. albicans, M. tuberculosis and Streptococcus pneumoniae is mediated by the CRDs
of MR103, while endogenous proteins bind either the cysteine rich domain, like the
hormones lutropin and thyrotropin, or the CRDs, like the lysosomal hydrolases104.
Furthermore, MR falls in the group of CLRs without obvious signaling motifs as well36.
Nevertheless, human MR stimulation with a specific antibody or different ligands can
induce DC maturation and the production of IL-10 and IL-1R, while stimulation with a
distinct antibody and other MR binding ligands did not result in signaling105. In contrast,
stimulated MR-/- cells showed increased IL-10 over TNFα production compared to wild
type cells106, corresponding with decreased TNFα production after ligation of human MR
with unopsonized Pneumocystis organisms107. Therefore, the role of MR in transducing
pro- or anti-inflammatory signals needs to be elucidated more precisely. Additionally,
human MR signaling directs immunity towards the Th2 lineage108.

Routing and presentation of antigens
CLRs participate in the recognition and endocytosis of different ligands. Internalized
proteins generally route to MHC class II loading compartments for the activation of
CD4+ T cells. DCs have the special ability to present internalized exogenous proteins on
MHC class I molecules as well, a process called cross-presentation28. Before discussing
the role CLRs play in the routing of endocytosed antigens, we will first describe the
routing and presentation of antigens in more detail (Figure 3).
In the ER, newly synthesized MHC class II molecules pair with the invariant (Ii)
chain, which maintains the correct folding of MHC class II molecules and protects them
from premature loading with other local peptides. During transfer of this complex to
the MHC class II loading compartment, the Ii chain is cleaved by proteases, leaving a
class II-associated invariant chain (CLIP) peptide in the peptide-binding groove of MHC
class II molecules. In the MHC class II loading compartment CLIP can subsequently be

23

1

Chapter 1

1

replaced by peptides generated after the lysosomal cleavage of endocytosed ligands28.
This process is catalyzed by HLA-DM23 (1: Exogenous MHC class II loading, thick black
arrows in Figure 3). DC maturation promotes MHC class II presentation by decreasing
the pH in MHC class II loading compartments, thereby facilitating peptide generation116.
Cytosolic proteins are loaded onto MHC class I molecules. Ubiquitinated proteins are
destined to be degraded by the proteasome and subsequently transported into the ER
via transporter associated with antigen processing (TAP), where they are directly loaded
onto newly synthesized MHC class I molecules. ER-associated aminopeptidase (ERAP1)
is present in the ER to further trim the peptides into optimal stretches for MHC class I
loading. The resulting MHC class I-peptide complexes are then transported via the Golgi
to the plasma membrane (2: Endogenous MHC class I loading, thin green arrows)25,28,117.
For a long time the consensus was that only peptides, originating from the
enzymatic degradation of protein antigens, could be presented on MHC molecules.
Nevertheless, at the beginning of the new century, Cobb et al. demonstrated that
zwitterionic polysaccharides (ZPS) can be directly presented on MHC class II without
the need of a protein backbone118–121. ZPSs are bacterial glycan structures consisting
of several repeats of a single glycan moiety. Their folding into a helical-like structure,
thereby mimicking the 3D structure of a peptide, depends on the presence of charged
residues in the glycan structure. Cleavage into smaller fragments, necessary for fitting
into the MHC class II groove, is facilitated by nitric oxide (NO)119,121–123. ZPS cleavage by
NO results in a decline in the lysosomal pH, thereby preventing further degradation
of the ZPS repeats123. ZPS stimulation of DC also triggers the transcription of the NO
producing enzyme: inducible NO-synthase (iNOS), necessary for ZPS cleavage122–124.
The MHC class II-ZPS complexes route to the plasma membrane, where they are able
to activate ZPS-specific CD4+ T cells118,121,125–130. Presentation of processed ZPSs on MHC
class I has not been reported118,122, probably because the MHC class I binding cleft is
more size restricted and therefore cannot fit the ZPS fragments.
The loading of peptides and glycans on MHC molecules enables appropriate T cell
activation to clear infectious pathogens. CD4+ T helper cells facilitate antibody production
by B cells in order to eliminate extracellular pathogens and help macrophages to actively
destroy internalized pathogens27. Virally infected cells present virus-derived peptides on
their MHC class I molecules, triggering cytotoxic CD8+ T cells to eradicate the infected
cells. However, most virally infected cells are not able to migrate to the lymph nodes, the
principal place where naive CD8+ T cells are activated. Therefore, APCs, and especially
DCs, possess an alternative cross-presentation pathway, which allows presentation of
endocytosed antigens on MHC class I molecules. After endocytosis of virally infected
cells and possibly also (parts of) cancer cells in the periphery, DCs migrate to the lymph
nodes to actively trigger T cell immunity.
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Figure 3: Intracellular routes leading to MHC-I and MHC-II presentation. Different intracellular
pathways are involved in MHC-I and MHC-II loading. The endogenous MHC-I loading pathway is
followed by endogenous and exogenous cytosolic proteins (green arrows). Internalized antigens
most commonly follow the exogenous MHC-II loading pathway (black arrows). DCs are special
in their capacity to cross-present internalized antigens resulting into MHC-I loading. The TAPdependent cytosolic pathway is the best described cross-presentation route. Herein proteins or
peptides are released from the endosomes into the cytosol, where they are further cleaved by
the proteasome and transported into the ER, where they will follow the general MHC-I loading
pathway of cytosolic proteins (purple arrows). Cytosolic proteasomal cleaved peptides can be
transported back into the endosomes and there loaded onto MHC-I as well (orange arrows).
TAP-independent routing via the ER includes ligands internalized and routed via retrograde
transport to the ER (red arrows). The endosomal route does not include loading in the ER, but
in the phagolysosomes. This route lacks the cleavage in the cytosol and proteins are trimmed
inside the endosomes (blue arrows). For simplicity reasons, the routing of newly synthesized ERderived MHC-II molecules via the Golgi is not visualized.
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Most cross-presentation routes are TAP-dependent and follow the so-called cytosolic
route. Endocytosed antigens enter the cytosol, by a yet ill-defined mechanism, where
they are cleaved by the proteasome. Proteasomally cleaved peptides are subsequently
transported via TAP into the ER, which after loading onto MHC class I follow the same
route as peptide-MHC class I complexes derived from endogenous ligands (3: TAPdependent ER route, twisted purple arrows)117,131. This ER-dependent cross-presentation
pathway has several advantages. Optimal trimming of proteins by ERAP1 occurs in the
ER and all the components of the MHC class I loading machinery are present in the
ER, facilitating highly efficient loading onto MHC class I molecules. Strikingly, recent
research supports the presence of TAP in endosome/phagosome-like compartments132.
In this way, TAP could transport the proteasomal cleaved peptides back into the
endosomal compartments, for the loading on MHC class I molecules (4: TAP-dependent
endosomal route, twisted orange arrows). The decreased cross-presentation seen in
TAP deficiency and after treatment with a TAP antagonist highlight the important role
of TAP in cross-presentation28,133.
Nevertheless, not all antigens are cross-presented in a TAP-dependent manner. Some
toxins, like pertussis toxin and Pseudomonas exotoxin, are internalized, transported to
the ER and loaded onto MHC class I molecules, also in the absence of TAP134. Moreover,
simian virus 40 is initially internalized via MHC class I into caveolin-1+ vesicles, that do not
express any markers for endosomes, lysosomes, ER or Golgi compartments, however
after several hours the virus is quickly transported to the ER (5: TAP-independent ER
route, thin red arrows)135. This transport to the ER is most likely used by simian virus 40
to facilitate infection, however possibly, ER dependent protein cleavage might result in
MHC class I presentation of viral derived peptides136.
In addition, cross-presentation can occur via the endosomal pathway (6: Endosomal
route, thick blue arrows). A low phagosomal pH and protein degradation by endocytic
proteases are crucial for the formation of MHC class I-peptide complexes via this
route137,138. The presence of the insulin-responsive aminopeptidase (IRAP1), closely
related to ERAP1, in phagosomes133, and the co-localization of MHC class I with the
transferrin receptor in recycling compartments139, further attributes to the hypothesis
that efficient MHC class I loading might occur in phagosomes. Furthermore, some
ER components were detected in endosomal compartments, facilitating MHC class I
loading140,141. MHC class I molecules, internalized from the plasma membrane, may
enter the endosomes, where replacement of peptides could take place. In addition,
newly synthesized MHC class I molecules may leave the ER via the endosomal pathway,
instead of the secretory pathway. Evidence for the existence of this last route stems
from the detection of endo H-sensitive MHC class I molecules on the plasma membrane.
In the Golgi, mannose-rich glycans are trimmed by mannosidase II. Glycoproteins that
bypass the Golgi still harbor mannose-rich glycans and are therefore Endo H sensitive,
which catalyzes the trimming of these glycans141.
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Overall, the route that the antigen follows after internalization is determined by the
cell type, the maturation state, the type of ligand and the mode of internalization142.
Maturation of DCs has been shown to increase cross-presentation132, even though the
initial antigen routing appears to be similar in immature and mature DCs143. Moreover,
the nature of the TLR stimulus is important in determining the effect on crosspresentation (143 and unpublished data from our laboratory). CLR-mediated endocytosis
can target antigens for MHC class II presentation as well as for the cross-presentation
pathway. Hereafter, I will shortly discuss the knowledge currently present on antigen
internalization and presentation by the four CLRs discussed in this thesis.

CLRs in antigen presentation
The CLRs DC-SIGN, DCIR, MGL and MR all mediate antigen endocytosis for T cell
activation. DC-SIGN-mediated endocytosis of specific antibodies as well as ligands has
been demonstrated by various groups144–152, whereby the DC-SIGN ligands are routed to
endosomes and lysosomes144,145,147,150,153. The murine homologues, SIGNR1 and SIGNR3
function as antigen uptake receptor as well55,66. Three motifs inside the intracellular
domain of human DC-SIGN participate in the DC-SIGN internalization and routing
of ligands: a di-leucine motif, a tyrosine based motif and the triacidic cluster (Figure
2), of which the di-leucine motif is most important for the initial internalization144,154.
The nature of the DC-SIGN ligand might dictate its fate after endocytosis, since a DCSIGN antibody was targeted to the lysosomes, while HIV-1 remained localized to the
endosomal compartments145. Strikingly, CRD binding antibodies are quickly routed to
the lysosomes, whereas prolonged endosomal localization occurred when using a DCSIGN antibody that targets the neck region153.
Human DC-SIGN targeting using antibodies or glycoproteins engineered to
specifically bind DC-SIGN increase both MHC class I and MHC class II presentation and
subsequently the CD8+ and CD4+ T cell proliferation147,148,151–153,155. Glycosylated ligands
internalized by DC-SIGN are cross-presented even in the absence of a maturation
stimulus. However, TLR4 triggering does increase cross-presentation leading to
enhanced CD8+ T cell proliferation after DC-SIGN-dependent targeting of ligands152.
At present, the exact route followed by DC-SIGN-endocytosed ligands mediating MHC
class II and MHC class I loading remains unidentified.
Internalization of human DCIR has been shown in both moDCs and pDCs75,82 and is
probably initiated by the tyrosine-based internalization motif, localized inside the ITIM
in the intracellular domain72,156 (Figure 2). Although in moDCs a partial co-localization of
the internalized DCIR antibody and lysosomes can be observed, a significant portion of
the DCIR molecules remains at the cell surface after prolonged internalization75. Ligands
endocytosed by DCIR activate PBLs82 and CD8+ T cells157, whereby the DCIR-dependent
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cross-presentation is strongly enhanced by CD40L or TLR7/8 stimulation. The routing of
DCIR-internalized ligands to MHC class I loading compartments is currently unknown.
Internalization of the murine DCIR homologue DCIR2 has been intensively
investigated. Internalization of α-DCIR2 antibodies specifically leads to MHC class II
presentation; however, this could be a reflection of the DCIR2-expressing DC type.
DCIR2 expression is particularly seen on CD8α- DCs, which are specialized in MHC
class II presentation110. Internalization of the other three DCIR homologues has not
been explored yet. In addition, endocytosis of DCIR binding glycosylated ligands needs
to be confirmed.
MGL-binding antibodies and ligands are quickly internalized by DCs, resulting
in endo-lysosomal routing and CD4+ T cell proliferation112. Internalization of human
MGL is dependent on a classical clathrin-mediated endocytosis motif present in the
MGL intracellular domain112. Cross-presentation of MGL internalized ligands has been
hypothesized due to the reported routing to MHC class I loading compartments158,
however the induction of CD8+ T cell proliferation has not been demonstrated for
human MGL. In mice MGL2 targeting can activate both CD4+ and CD8+ T cells159. In
contrast, MGL1 targeting with OVA-LewisX especially increases CD8+ T cell responses
(Streng-Ouwehand et al., manuscript in preparation). Similar to the human situation,
both MGL1 and MGL2 internalized ligands co-localize with endosomal and lysosomal
compartments.
MR internalization occurs very rapidly as well, leading to immediate receptor
recycling from intracellular pools160,161, thereby increasing the antigen uptake.
Furthermore, routing of human MR ligands to endo-lysosomes has been reported162,
while murine MR ligands route to a distinct endosomal compartment specialized in
cross-presentation163. This correlates with the CD4+ and CD8+ T cell proliferation induced
by human and murine MR ligands, respectively113,163. However, murine MR ligands can
induce CD4+ T cell proliferation as well164. TLR4 triggering improves cross-presentation
of MR ligands in mice132,164. Internalization and endosomal routing is mediated by
the tyrosine motif (FENTLY) in the intracellular domain of MR165,166. In this thesis we
compared the internalization characteristics of these four CLRs, to obtain more insight
in the biology of CLRs on DCs.
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Thesis outline
In this thesis we have investigated the carbohydrate specificity and function of DCIR in
comparison to the well-known C-type lectin DC-SIGN. We performed in detail analysis
on the carbohydrate specificity of DCIR, using synthetic glycoconjugates as well as
several pathogens and tumor cell lines, and demonstrate that DC-SIGN and DCIR have
different but overlapping glycan specificities. In contrast to DC-SIGN, the interaction
of DCIR with its ligands is dependent on the glycosylation of the DCIR CRD region, in
which the carbohydrate binding motif is located next to the only N-glycosylation site.
Furthermore, the identified DCIR-ligand interactions can induce signaling via the ITIM
in DCIR (Chapters 2 and 3). Chapter 4 discusses the internalization route of DC-SIGN.
We demonstrated that DC-SIGN binding antigens are routed to compartments involved
in cross-presentation and have the capability to stimulate CD8+ T cell proliferation.
Furthermore, our data demonstrates that the distribution of DC-SIGN in nanodomains
on the cell membrane and the internalization and routing are dependent on the
cytoplasmic dileucine motif. Moreover, the internalization route of both the DC-SIGN
molecule and the DC-SIGN binding ligands were compared, showing a differential
routing of the DC-SIGN-ligand complex to the ER, the major MHC class I loading
compartment, while released DC-SIGN ligands enter MHC class II loading compartments.
In Chapter 5 we have investigated the internalization of DC-SIGN, DCIR, MGL and MR
in DCs in the immature state and after LPS stimulation. Internalization rates were
unaffected by LPS stimulation, however the expression levels did decrease after
maturation and the recycling capacity of MGL was lost upon TLR4 triggering. Strikingly,
the internalization and routing of DCIR ligands differs from the other CLRs tested and
DCIR triggering affects routing of DC-SIGN ligands. Finally, we have addressed whether
CLRs participate in the internalization of one of the ZPSs, the capsular polysaccharide A
(PSA) of Bacteroides fragilis that can be presented on MHC class II molecules. We found
an essential role for DC-SIGN in the recognition of PSA by DCs, while other ZPSs were
not recognized by DC-SIGN. Furthermore, the internalization and routing of PSA to
MHC class II loading compartments was DC-SIGN mediated (Chapter 6). In conclusion,
we found a distinct, but overlapping, glycan specificity for DCIR and DC-SIGN, a
remarkable effect of DCIR glycosylation and clustering on DCIR-ligand interactions and
a major role for DCIR in signaling, while its ligand binding and internalization capacity is
only marginal compared to that of DC-SIGN.
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