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Chapter 1

Our defence-system to dangerous invaders
Our body is equipped with a beautiful system to defend us against antigens
that are harmful to the body. This system, called the immune system, discriminates between self versus non-self, and dangerous versus non-dangerous.
Everything that is recognized as dangerous or non-self is eliminated. Pathogens
like bacteria and viruses but also old, damaged or transformed cells belong to
these non-self and harmful antigens. On the other hand, innocuous antigen,
such as self- or food-antigens that lack danger-signals, will induce tolerance.
Tolerance is a mechanism preventing inflammatory immune responses and the
development of auto-immunity1, 2. The immune system can be divided into an
innate and adaptive arm. The innate arm provides a rapid and non antigenspecific first-line of defence and comprises granulocytes, natural killer (NK)cells, macrophages and dendritic cells (DCs). Macrophages and granulocytes
are specialized in binding and uptake of pathogens, which are subsequently
killed through cytotoxic agents. NK-cells are important for killing of virally infected host cells by the release of granules containing cytotoxic agents like
perforin or granzyme B.
The adaptive arm is a slower mechanism which consists of the activation and
the proliferation of T- and B-cells specific for the invaded antigen. Next to their
initial response to antigens, T- and B-cells are able to elicit life-time immunological memory. The formation of memory cells enables the body is able to tackle
a second outburst of the same disease much faster.
After activation, B-cells differentiate into plasma cells producing antigen-specific antibodies. Upon pathogen-recognition by these antibodies, the complement system is activated resulting in antibody-dependent cell-mediated
cytotoxicity (ADCC) or direct killing by the formation of a membrane-attack
complex. Furthermore, antibodies bound to antigen form immune-complexes
which are recognized by Fc-receptors. Fc-receptors are expressed on several
phagocytic and/or cytotoxic cells, and through triggering via Fc-receptors
they become activated to perform their effector function. The T-cell compartment can be subdivided in CD4+ and CD8+ T-cells. Naïve CD4+ T-cells can differentiate into different T-helper types, upon recognition of antigen. CD4+ T-helper cells support immune-responses, and are essential for CD8+ cytotoxic T-cells
and plasma B-cells to become fully functional 3-5. Activated naïve CD8+ T-cells
develop into cytotoxic T-cells, which are able to kill cells that are infected with
viruses (or other pathogens), or other damaged or dysfunctional cells.
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T-cells express unique T-cell receptors (TCRs) by which they recognize specific
antigens when presented in major-histocompatibility complexes (MHCs), these
antigen-MHC complexes are expressed by APC. The function of antigen presenting cells (APCs) is to take up antigens and present them to naïve T-cells with
appropriate co-stimulatory molecules. DCs are thereby capable to instruct the
development of an antigen-specific T-cell response. It is because of this function that APC operate in both the innate and adaptive immune response, by
early antigen-recognition and uptake (innate) and stimulation of antigen-specific T-cells (adaptive)6.

The function of APCs:
antigen presentation and instruction of T-cells
Antigen presentation
APC reside in the tissues, where they sample their environment, scanning for
incoming pathogens and local environmental changes. Immune cells that belong to APC are: DCs, macrophages and B-cells. Of these cells DCs are being
regarded as most professional because they are best equipped to instruct ‘naïve’ antigen inexperienced T-cells. Via a set of specific receptors, DCs recognize and bind antigens. Subsequently, antigen is taken up and transported into
intracellular compartments where it is destroyed into smaller peptides that are
suitable for presentation on MHC-molecules. These MHC-peptide complexes
are transported from the intracellular compartments to the surface of the DC6.
Moreover, the activated DCs that digested antigen migrate from the tissues
to the lymph node, where they encounter naïve T-cells7. In the lymph node,
MHC-peptide complexes are recognized by antigen-specific T-cells by their
TCR, leading to their activation and subsequent development into effector Tcells (figure 1).
The DC is equipped with several antigen-processing pathways, specific for different localizations of the antigen. The processing and intracellular localization of antigen influences whether antigen is loaded onto MHC-class II or –I
molecules and thus whether CD4+ or CD8+ T-cells are activated, respectively.
The classical paradigm of antigen presentation encloses that endogenous antigens are processed in the direct MHC-class I restricted processing pathway
which is present in all nucleated cells. By contrast, exogenous antigens are
processed in the MHC-class II processing pathway, which is restricted to APCs8.
It is now known that endogenous and exogenous peptides are not confined
to their specific pathways but can enter both presentation routes. Endogenous
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adapted from Palucka et al. Immunity 2010
Figure 1:
DC-activation and the instruction of T-cells.
Various subsets of DCs reside in the tissues where they scan the micromilieu for antigens, be it either microbes, vaccines or damaged or transformed cells. After recognition and uptake of antigen through
DC-receptors, DCs are activated and travel through the lymphatics to the lymphnode. Furthermore,
DCs upregulate co-stimulatory molecules and produce cytokines. Locally secreted cytokines by the
DCs activate effector cells of innate immunity such as eosinophils, macrophages, and NK cells. In the
lymphnode, DCs in their turn activate and instruct naïve antigen-specific T-cells. Activated effector
T-cells travel to the site where the antigen is encountered, where they eliminate microbes and/or
microbe-infected cells. Furthermore, B cells activated by DCs and T cells, differentiate into plasma
cells that produce antibodies against pathogens.

antigens can enter MHC-class II pathway by a process called autophagy and
exogenous antigens enter the MHC-class I pathway in a mechanism called
cross-presentation9, 10.

Cross-presentation pathway
Cross-presentation is particularly important for the stimulation of a CD8+ cytotoxic T-cell response against viruses and tumors 9. The processing pathway used
for cross-presentation is still under debate and various models have been contemplated (reviewed in11, 12, Figure 2). Initially, the “cytosolic pathway” of crosspresentation was proposed. This model states that antigens that are taken up
via receptor-mediated endocytosis or phagocytosis are translocated from the
endosome into the cytosol, where they are degraded into antigenic peptides
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Adapted from: Amigorena and Savina, curr. Opin. Imm., 2010
Figure 2:
Proposed intracellular mechanisms for cross-presentation.
For cross-presentation extracellular antigens are taken up in early endosomal compartments which
display high pH. After this, two major pathways are described. 1) Antigen ecapes from the endosome
to the cytosol, where it is processed by the proteasome. The resulting peptides are than either translocated to the ER, following the endogenous route of MHC-class I presentation, or be re-imported to
the early endosome for loading on MHC-class I molecules. 2) Antigen does not leave the endosome
and is cleaved in the endocytic compartment by endosomal proteases. Furthermore, the antigenic
peptides are loaded on MHC-class I molecules in the same compartment.
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by the proteasome and transported into the lumen of the endoplasmic reticulum (ER)13, or ER/phagosomal fusion compartments14, 15 by TAP-transporters.
There, antigens are loaded on newly synthesized MHC class I molecules for
presentation at the cell-surface. Recently, a variation to the cytosolic pathway
was described, in which soluble OVA is taken up via the Mannose Receptor
(MR) and is supplied to stable early endosomal compartments16. The MHC
class I molecules as well as TAP-transporters are selectively recruited to these
compartments, facilitating direct loading of antigen-derived peptides onto
MHC class I molecules without trafficking to the ER.
A second pathway is called the “vacuolar pathway”. Here, antigens are degraded into peptides in early endosomal compartments by endosomal proteases like Cathepsin-S, to be loaded on MHC class I molecules in the same
compartment. This route is thus TAP-independent17.
Which of these antigen-presentation pathways is followed, depends on the nature of the antigen, the uptake receptor and the DC that expresses this uptake
receptor. For example, antigen taken up via phagocytosis leads to presentation on MHC-class II and the induction of CD4+ T-cells whereas receptor-mediated endocytosis via some C-type Lectin Receptors (CLRs) preferentially leads
to cross-presentation and the generation of a CD8+ T-cell response. Furthermore, DCs are a heterogenous population consisting of several DC-subsets,
each expressing different sets of uptake receptors. These populations of DCs
show differential capacity to take up, intracellularly route and present antigens. Indeed, some DC-subsets seem to be more specialized in cross-presentation whereas other preferentially induce CD4+ T-cell responses. In this thesis we
focused on the potential of the CLR-family of uptake receptors to modulate
antigen-presentation and subsequent induced immune responses.

Instruction of T-cell responses
After stimulation of the DC by a pathogen, they undergo phenotypic changes
as they upregulate co-stimulatory molecules and chemokine receptors, and
migrate to lymph nodes where they can activate and instruct naïve T cells. The
instruction of T-cells requires predominantly of three signals from the DC. Signal
1 comprises the recognition of peptide-MHC complexes by a specific TCR and
the strength of this interaction. Signal 2 mediated via co-stimulatory molecules,
whereas signal 3 consists of chemokines and cytokines secreted by the DCs
(figure 3).
Naïve CD4+ T-cells are instructed by DCs to become effector CD4+ T-helper cells
by expression of antigens in MHC-class II and additional T-cell skewing signals.
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Figure 3:
DC-signals to instruct T-cells.
After antigen-encounter, DCs become activated and provide 3 signals to instruct naïve T-cells. First,
antigen is degraded and antigenic peptides are presented on either MHC-class I or –II. The recognition of p-MHC complex by the T-cell receptor of T-cells provides signal 1. Secondly, when DCs become
activated they upregulate the expression of co-stimulatory molecules. The interaction co-stimulatory
molecules expressed on the DC and T-cell provides signal 2 and is essential T cell proliferation, differentiation and survival. Activation of T cells without co-stimulation may lead to T cell anergy, T cell
deletion or the development of immune tolerance. The third signal is the production of cytokines by
the DC, providing a pro-inflammatory or anti-inflammatory local milieu and thereby influencing T-cell
differentiation.

Effector CD4+ T-helper cells comprise several subsets that are characterized
by distinct cytokine-profiles. To which subset the naïve CD4+ T-cell is converted
depends on cytokines present in the micromilieu as well as co-stimulation by
different signalling pathways like TLR-induced signalling and Notch-signalling18
(figure 4). First, naïve CD4+ T-cells can differentiate into Th1-cells, under influence of the transcription factor T-bet19. Th1-cells produce IFNγ, and are crucial
for cellular immunity against intracellular pathogens such as viruses, some bacteria and protozoa. Th1-cells regulate the activation of CD8+ T-cells and the
influx of macrophages that participate in the immune response against these
pathogens. Secondly, when the transcription factor GATA320 rather than T-bet
is activated, via Jagged induced Notch-signaling naïve CD4+ T-cells develop
into Th2-cells. Th2-cells produce IL-4, IL-5 and IL-13. Th2-responses are essential
in nematode infections and allergies because of the control of IgE-production and the attraction of eosinophils. More recently, Th17-cells are described,
which express the transcription factor RORγt and produce IL-17, IL-21 and IL-
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Figure 4:
Differentiation of naïve CD4+ T-cells to T-helper cells.
After recognition of peptide-MHC II complex by the T-cell receptor, naïve CD4+ T-cells differentiate
into effector T-helper cells. Under the influence of the local cytokine milieu CD4+ T-cells are polarized
to either Th1-, Th2-, Th17-cells or T-regs. The presence of IL-12 or IL-4 drives the differentiation of CD4+
T-cells to Th1 or Th2 respectively. The sole presence of TGF-β leads to T-regs and when additional IL-6
is present, TH17 cells are induced.

2221-23. Th17-cells are described to have pleiotropic effects on tissue cells and
several immune cells and are important mediator in tissue inflammation24. Next
to the induction of inflammatory responses, DCs can also instruct CD4+ T-cells
to become suppressive and develop into regulatory T cells (Tregs), through the
secretion of TGF-β or IL-1025, 26. In mice, these adaptive Tregs can express FoxP3
and have been shown to be essential for the prevention of chronic immune responses, allergies and transplant-rejection27. Although Th17-cells and adaptive
Tregs are expressed in both human and mice, there are many differences in
the conditions for their induction and the expression-pattern of specific transcription factors.
The development of naïve CD8+ T-cells into cytotoxic CD8+ CTLs is crucial for
effective cellular killing and is therefore essential in the defence against intracellular pathogens. DCs instruct naïve CD8+ T-cells by the presentation of
antigens in MHC-class I. Furthermore, for the induction of initial proliferation,
co-stimulation by B7-CD28 interaction is needed. To fully license CD8+ T-cells
to perform their effector function, an additional signal is needed. This can be
provided via CD40-CD40L interaction by activated CD4+ T-cells or triggering by
DC-associated pathogen recognition receptors (PRR)28. Furthermore, there are
different factors which can enhance CD8+ T-cells responses like the cytokines
IL-12, IL-15 and type I IFNs, and the membrane-bound stimulatory molecules
CD70, OX40L, 4-1 BBL29.
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DCs and their receptors
DCs are equipped with a series of PRR that recognize pathogen-associated
molecular patterns (PAMPS) or secondary inflammatory compounds, like cytokines, to fully differentiate antigen-specific naïve T-cells. To these receptors belong Toll like receptors (TLR), c-type lectines (CLR), scavenger receptors, NODproteins, RIG-I like receptors, cytokine receptors and chemokine receptors.

Pattern recognition receptors
The best studied PRR are the TLRs which are able to recognize various components of bacterial or viral origin. TLR 1, 2, 4, 5 and 6 are expressed on the outer
cell membrane and recognize PAMPs present at the exterior of pathogen such
as cell-wall components. Other TLRs like TLR 3, 7, 8 and 9 reside inside the cell in
endosomal compartments30. These endosomally expressed TLRs are able to react to PAMPs that come available for recognition after breakdown of intracellular or phagocytosed pathogens, like DNA or double- or single-stranded RNA
of viruses. Recognition of PAMPs by TLR initiates a signalling-cascade, which is
mediated through adaptor molecules MyD88 and / or TRIF, leading to the activation of the transcription factor NF-κB followed by extensive DC-maturation
and cytokine-production31.
Furthermore, cytosolic expressed RIG-I-like receptors are able to recognize viral
single-stranded RNA or dsDNA32. NOD-like receptors are also expressed in the
cytosol, but recognize patterns associated with cellular stress or components
derived from intracellular degradation of bacteria. NOD-like receptors are associated with the activation of the inflammasome, which is essential for the
release of active IL-1β33.
However, these above mentioned receptors are not able to internalize pathogens for processing and presentation by the DC. This feature is covered by
pattern-recognition receptors capable of uptake of antigens, like for example
CLRs.

CLRs
CLR were originally described to be Ca2+-binding and carbohydrate-recognizing proteins. Although, some of these CLR-family members lack obvious Ca2+binding or carbohydrate-specificity has not been demonstrated yet. All CLR
contain a C-type lectin like domain (CTLD), which is called a carbohydrate
recognition domain (CRD) when it is able to bind carbohydrate structures (also
called ’glycans’) present on self- and non-self antigens. Binding of glycans to
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CLR results in the endocytosis of antigen, followed by transport into endocytic
compartments, breakdown of the antigen into peptides, that are subsequent
loading on MHC-molecules for presentation to T-cells. Depending on the structure and gene locations they have been classified into several groups, of which
group II, V and VI are highly expressed on APCs34. Most CLR on APC belong to
the type II family, carrying one CRD, and to this family belong DC-SIGN, MGL,
DCIR and Langerin. Important type VI CLR family members are DEC-205 and
mannose receptor (MR), which possess multiple CTLDs in their extracellular domain. Some CLRs like Dectin-1, CLEC9A and DC-SIGN not only take up antigen
but also possess signalling-capacities, and are thereby able to modulate immune responses upon recognition of ligands expressed on self- or pathogenic
antigens35, 36. For example, interaction of DC-SIGN with mycobacterial ManLAM
(expressing high-mannose structures) promotes the production of pro-inflammatory cytokines IL-6 and IL-12 via Raf-1 mediated signalling pathway37. In contrast, binding of fucosylated pathogens to DC-SIGN initiates a Raf-1 independent signalling pathway, resulting in strong IL-10 production, and decreased
production of IL-6 and IL-1238.
Other receptors which are able to take up antigen are for example the scavenger receptors and Fc-receptors, however, these receptors lay outside the
scope of this thesis and will not be discussed further here.
By combining all signals, induced by the separate receptors, the DC is able
to react appropriately to its surroundings, leading to pro- or anti-inflammatory
responses.

Use of CLRs in DC-based immunotherapy for tumor-eridication
The tumor-environment consists of an immune suppressive milieu, leading to
tolerance facilitating tumor outgrowth39. Many studies focus on reverting this
tumor-tolerance into potent cytotoxic immunity mediated by tumor-specific
CD8+ T-cell and T-helper responses, as both are essential for optimal immuneactivation. Furthermore, the induction of efficient memory is needed to eliminate recurrences of the same tumor. Different strategies are under current
investigation, including active immunisation, where DCs are loaded with antigens that are associated with tumorcells (so called tumor-associated antigens;
TAA) to induce full-blown anti-tumor responses that consist of effective tumorspecific CD4+ and CD8+ T-cell responses and prolonged memory40-42. Various
formulations of antigen are studied for improving antigen presentation by DCs
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such as full-length protein or long peptides encompassing the immunodominant epitope (which need to be processed), short peptides or RNA encoding
for TAA.
To date, most approaches that are considered as DC-based immunotherapy
are concentrated on the transfer of in-vitro generated antigen-loaded DCs
(reviewed in40-42). This includes the isolation of monocytes of patients, to develop in-vitro immature DCs that can be loaded with the desired antigen, and
presents the antigen in MHC class I or II molecules. Immature DC can mature
through the addition of a maturation stimulus or danger stimulus, such as certain cytokine cocktails or pathogenic structures, or adjuvants. This maturation
creates the optimal DC that expresses many co-stimulatory molecules that are
essential for priming and activation of antigen-specific T-cells. The antigenloaded mature DC are given back to the patient to induce a tumorantigenspecific immune response (that ideally stimulates both antigen-specific CD4+
and CD8+ T-cells). Clinical studies performed using this approach showed that
although specific immune responses are monitored, patients did not always
show a clinical response43. The discrepancy between induced immunological
responses and poor clinical outcome is not known, although some suggestions have been made. The monocyte-derived DCs might not resemble DCs
that are present in-vivo and might not be the optimal DC initiating CD8+ T-cell
responses and may have a poor migratory capacity, in particular to migrate
to the draining lymph node to stimulate antigen-specific T-cells. Furthermore,
the use of 9-mer antigenic peptides that ‘stick’ to MHC class-I without being
intracellularly processed could be insufficient to induce long-term activation
CD8+ T-cells. A drawback of using in-vitro generation of antigen-loaded DC is,
that it is a elaborate technique and it lacks the possibility for mass production
techniques. This will pose significant drawbacks for the commercial development of this therapy, decreasing the probability that this strategy will be performed at large-scale.
A more direct and less laborious technique is to target antigen to DCs in-vivo
via DC-specific receptors, like for example CLR. Antigens can be incorporated
into antigen delivery systems, such as liposomes or nanoparticles, which is subject of considerable investigation recently.

C-type Lectin Receptors (CLRs) as targeting-receptors
Because of their endocytic, cross-presenting and immunomodulatory character CLRs are very interesting to explore for DC-based immmunotherapies. A
summary of CLRs used for DC-targeting strategies, with their expression-patterns and function in humans and mice, is specified in Table 1.
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Table 1:
Expression, glycan specificity and function of CLRs expressed on APC such as macrophages, DC and
Langerhans cells (LC), from group II, V and VI, used for DC-targeting applications.
Lectin

Synonyms Expression in
human

Expression in mice

DEC205

CD205;
LY75;
CLEC13B

Cortical thymic
Unknown
epithelium; multiple
subsets of DCs:
CD11c+ CD8+ thymic
medullary / splenic
/ lymph node DCs;
Dermal / interstitial
DCs and Langerhans
cells (LC)

Group VI

MR
Group VI

DC-SIGN
Group II

BDCA1+ cDCs;
monocytes;
B-cells; low
levels on NK
cells; pDCs
and T cells

CD206;
Tissue macrophages
MRC1;
CLEC13D and DC
subpopulation
; lymphatic
and hepatic
epithelium,
kidney mesangial cells;
CD209;
CLEC4L

Tissue macrophages
and a subpopulation
of DCs; lymphatic and hepatic
epithelium, kidney
mesangial cells;

DCs; specific
macrophage
subsets

(murine
homologue is not
functional)
huMGL

CD301;
Immature DCs
CLEC10A; (iDC); macroCLECSF14 phages

Group II
mMGL1
Group II
mMGL2

Group II

DCIR
Group V

CLEC9A
Group V

20

Ligands

Function

Refs

Dead cells; Y.pestis

uptake recep- 44tor
46

mannose;
Fucose; GlcNAc and
sulphated
glycans

Role in homeo- 47C. albicans; M.
tuberculosis; T.cruzi; stasis; uptake 54
receptor
and several other
pathogens; (pro)
collagen; serum hydrolases; tissue plasminogen activator;
neutrophil derived
myoloperoxidase;
sialoadhesin;

High mannose; Lewisantigens;
GlcNAc (on
LPS)

HIV; M.tubercolosis;
C. Albicans;
S.mansoni;
wide panel of other
pathogens. ICAM3;
ICAM2; CD66a;
MAC-1

uptake recep- 55tor; production 58
of numerous
cytokines and
chemokines;

Terminal
GalNAcstructures

CD45; S.mansoni;
filoviruses; adenocarcinomas

uptake recep- 59
tor; regulation
of effector T
cells

CLEC10A;
CD301a

Macrophages; interstitial DCs; pDCs

CD301b

Macrophages, DCs in Galactose; tumor-associated
dermis, small intesti- GalNAc
MUC1
nes and Lymphnodes

uptake recep- 59tor
62

Group II
Langerin

Carbohydrate
specificity

LewisX;
LewisA structures

uptake receptor, role in
apoptosis

5962

CD207;
CLEC4K

LCs

LCs; CD103+ DCs and Mannose;
CD8α+ DCs;
GlcNAc;
fucose;
galactose6-sulfated
glycans

HIV
Fibroblast-derived
type I procollagen

uptake recep- 63tor; induction 66
of Birbeck granules

LLIR;
CLEC4A;
DDB27;
CLEC SF6

DCs; monocytes B-cells;
neutrophils;
granulocytes;
dermal DCs;
pDCs

CD8α- splenic DCs

Unknown

HIV

uptake recep- 67tor
70

DNGR-1

BDCA3+ DCs

CD8α+ splenic DCs;
pDCs

Unknown

Dead cell-associated antigens

uptake
36,
receptor;
71,
cross-presen- 72
tation dead
cell-associated
antigens
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Lectin

Synonyms Expression in
human

Dectin-1

CLEC7A;
CLECSF12;
Betaglucan
receptor

Group V

Expression in mice

LCs; DCs;
Monocytes;
pDCs;
macrophages; DCs;
macrophages; neutrophils
B-cells;
granulocutes;
T-cell subset

Carbohydrate
specificity

Ligands

Function

Refs

Betaglucans

C.albicans; A.
fumigatus; P. carinii;
C. posadasii; M.
audounii, T. rubrum;
T-cells

Uptake
receptor;
induction
of DCmaturation;
respiratory
burst;
production
of numerous
cytokines and
chemokines

7377

Targeting antigen-antibody conjugates to CLR
The first and by now the most extensively studied CLR for antigen-targeting is
DEC-205. The targeting of DEC-205 using antibody-antigen conjugates and an
additional DC-maturation stimulus (anti-CD40) dramatically enhanced T-cell
proliferation and effector function, resulting in improved anti-tumor-immunity78.
The absence of a maturation-stimulus led to initial T-cell division, but subsequently resulted in T-cell deletion and unresponsiveness in both CD4+ and CD8+
T-cell compartment was established44 (figure 5). These findings were confirmed
in a mouse model for auto-immune diabetes where both onset and progression of the disease could be inhibited by β-cell mimotopes targeted to DEC-205
on DC . This strategy led to the deletion of auto-reactive CD8+ T-cells79.
One of the advantages for targeting antigen to DEC-205 is that the receptor
is not down-modulated upon maturation, making it possible for mature DCs to
still take up and present antigens80. This could potentially enhance the strength
and prolong durability of responses, leading to powerful vaccine development. However, most studies to date have been performed in mice and the
expression of DEC-205 in humans is more widespread than in mice; expression
of DEC-205 is also found on B-cells, T-cells, monocytes, macrophages and NK
cells81. It has been shown that in-vitro targeting of antigen- antiDEC205 single
chain fragments variable (scFv) to monocyte-derived DCs derived from melanoma patients, leads to efficient CD4+ T-cell proliferation82. However, whether
DEC-205 targeting in humans leads to efficient CD8+ T-cell responses in-vivo
remains to be elucidated. The first clinical studies are being conducted at this
moment and will elucidate whether DEC-205 is as potent in humans as in mice.
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Figure 5:
Shaping immune responses using DC targeting antibody-antigen conjugates.
Targeting of antibody-antigen conjugates to DCs with an additional adjuvant induces upregulation
of co-stimulatory molecules, antigen-specific CD8+ and / or CD4+ T-cell responses and the secretion
of pro-inflammatory cytokines. Which response is mediated depends on the DC-subset which expresses the CLR and on the adjuvant that is used. Targeting of antibody-antigen conjugates without an
additional maturation stimulus leads to transient proliferation and deletion T-cells and the induction of
T-regulatory cells, leading to tolerance.

Next to DEC-205 several other CLRs are being explored for DC-based vaccination, one of which is the recently discovered CLEC9A (also called DNGR-1).
CLEC9A is predominantly expressed on murine CD8+ DCs and human BDCA3+ cells71, 72, 83, and thus on another subset of DCs than DEC-205. Its physiological function is to take up dead cells for the presentation in MHC-class I (crosspresentation) to stimulate CD8+ T-cells36; however, the exact molecular ligand
on dead cells that is recognized by CLEC9A has not been identified yet. The
targeting of antigen to CLEC9A using antibody-antigen conjugates has led to
the efficient endocytosis of antigen resulting in enhanced CD4+ and CD8+ Tcell proliferation and strikingly high antibody responses71, 72. Furthermore, the
targeting of CLEC9A in mice has shown to be beneficial for tumor rejection.
Antigen-targeting to CLEC9A in the absence of any maturation-stimulus has
been shown to induce CD8+ DC dependent MHC-class II antigen-presentation
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and drives differentiation of CD4+ T-cells into FoxP3+ T-regs in steady-state condition84 (figure 5). Co-administration of different adjuvants or TLR-agonists, shifted tolerance induction to immunity by modulation of CD4+ T-cell responses.
Poly I:C induced a strong IL-12-independent Th1 response. By contrast, curdlan
led to the priming and induction of Th17 cells, illustrating the importance of the
combination of antigen and adjuvants used to evoke diverse T-cell differentiation pathways.

Glycan-modification of antigen to modulate immune-responses
Another strategy to target antigen to CLRs on DCs is using natural ligands (glycan-structures) to modify antigen. The use of glycans for in-vivo DC-targeting
purposes has advantages over CLR-specific antibodies as glycans, which are
non-immunogenic and of self-origin, can be produced synthetically using simple chemistry at large scale85. In contrast, the production of humanized antibodies is expensive and can be immunogenic in patients. Furthermore, antibodies
themselves are glycosylated. This glycosylation is depended on the cell line
used for antibody production, and can induce unfavourable immune responses86. A possible drawback of using glycans could be that glycans by themselves have lower binding affinity to CLRs in comparison to antibodies. However,
the glycan of choice can be designed to a scaffold such that it is presented in
a multivalent fashion to CLRs, leading to a higher binding affinity87. In this thesis
we explored the potency of glycans to modulate immune-responses and focused mainly on the CLR MGL1 and MGL2 expressed in mice.

Macrophage galactose-type lectin (MGL)
MGL is expressed on macrophages and DCs in humans, rat and mice. All MGLhomologues contain an YxxΦ- internalization motif in their cytoplasmic domain,
which enables them to function as an uptake receptor for ligands. In humans,
MGL is preferentially expressed on tolerogenic APC and recognizes terminal
α- and β-GalNAc structures88. huMGL is described to interact with different
antigens expressing these terminal GalNAc moieties, for example CD45 and
different pathogens. In addition, huMGL discriminates between healthy tissueassociated MUC1 and aberrantly glycosylated tumor-associated MUC1 expressed on adenomacarcinomas89. The tumor-associated MUC1 is internalized
via huMGL and directed to the MHC-class II compartment90. As huMGL is preferentially expressed by tolerogenic APC, binding of tumor-associated MUC1 to
huMGL is likely to induce tolerance, promoting tumor progression. Furthermore,
huMGL is described to interact with different pathogens like Campylobacter jejuni and filoviruses, promoting pathogen-escape from the immune-system91, 92.
Moreover, huMGL expressed on APC interacts with CD45 on effector T cells,

23

Chapter 1

resulting in reduced T cell activation, cytokine production and proliferation providing another mechanism for APCs to control unwanted effector responses93.
Although huMGL seems to have a predominantly immunosuppressive function,
to date no signalling-capacities are assigned to huMGL and it remains to be
investigated how huMGL-signalling modifies immune-responses.
Mice have 2 functional orthologues of hMGL, called MGL1 and MGL294, 95. The
Mmgl-genes are closely located to each other on chromosome 11 and are
highly homologous, which may indicate that the original mgl-gene is duplicated during mouse evolution. MGL1 and MGL2 are 79% identical on the nucleotide level and 91,5% identical in amino-acid sequence. The major differences
are found in the cytoplasmic domain and in the CRD, with latter differences
leading to distinct carbohydrate specificity profiles. Although extensive glycoprofiling is lacking, recombinant MGL1 is decribed to recognize LewisX -structures while recombinant MGL2 has specificity for α- and β-GalNAc structures95.
However, these results were not verified on the cellular level. Furthermore, differences in the cytoplasmic domains of MGL1 and MGL2, where MGL2 contains
an insertion of 14 amino-acids, could indicate differences in intracellular signalling and thus effects on the induced immune response.
Murine MGL+ cells are described to be involved in the sensitisation-phase of
contact hypersensitivity 96, 97. Dermal MGL+ cells migrate to the LN after application of FITC-labeled irritants, and the accumulation of MGL+ cells in the LN
positively correlated with the efficacy of sensitisation. Later, adoptive transfer
experiments showed that predominantly MGL2+ DCs play a key role in sensitisation98. An anti-inflammatory function of MGL1 has recently been demonstrated, including induced IL-10 production by APC in a DSS-colistis model99
and altered APC adhesive function in obesity100 but influence on the level of
anti-inflammatory T-cell induction is lacking. These findings suggest that expression of MGL1 on macrophages or DC contributes to homeostatic control of the
immune system, but no functional studies on the capacity of MGL1 or MGL2 to
improve cross-presentation of antigens or to induce antigen specific CD4+ or
CD8+ T-cells have been reported.

Thesis outline
In this thesis we explored the potential of glycan-modification of antigens for
the induction of antigen-specific CD8+ T-cells and Th-1 skewing of naïve CD4+
T-cells, that may ultimately be used in the application of targeted anti-tumor
immuno-therapies. To test our hypothesis, we modified the model-antigen OVA
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with carbohydrate structures recognized by the C-type lectin receptors MGL1,
MGL2 or MR. Glycan-OVA conjugates were tested for their targeting capacity
to these CLRs in mice, and the induction of CD8+ and CD4+ T-cell responses
was measured. We started our studies by performing a glycan-array for recombinant MGL1 and MGL2. The binding profile deducted from this array was
verified using cellular expressed MGL1/MGL2 (Chapter 2). Next, we conjugated glycans, recognized by either MGL1 or MGL2, to the model-antigen OVA
and investigated the ability of these glycan-modified antigens to modulate
immune-responses (chapter 3 and 5). We found that glycan-OVA conjugates
targeted to MGL1 or MGL2 facilitate cross-presentation and CD8+ T-cell proliferation. Furthermore, CD4+ T-cells were skewed to a T-helper 1 phenotype.
However, also differences were observed: MGL2- but not MGL1-mediated uptake of OVA enhanced antigen-specific CD4+ T-cell responses. In chapter 4 we
investigated whether adjuvants that trigger TLR4 could facilitate MGL1-mediated immune-responses. Suprisingly, we found that the commonly used adjuvant LPS inhibited MGL-1 mediated cross-presentation, and is not suitable as
an adjuvant for OVA-LeX. The model-antigen OVA is known to be taken up by
the MR, and subsequently cross-presented. However, high concentrations and
an additional TLR4-signal is needed. In chapter 6 we determined whether the
addition of new ligands of MR, would improve MR-cross-presentation and T-cell
responses. We showed that modification of OVA with triGlcNAc and sulfoLeA+structures induces CD8+ T-cell proliferation and T-helper 1 skewing, already in
low concentrations. Furthermore, in contrast to MGL1-induced cross-presentation, LPS enhances substantially MR-induced CD8+ T-cell responses. Finally our
results are integrated into a general discussion, presented in chapter 7.
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