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General introduction
Human beings are constantly threatened by pathogens. In order to overcome this threat 
human beings have evolved protective mechanisms as the immune system. The word 
‘immune’ (Latin immunis, meaning ‘exempt’) implies freedom from a burden, the burden of an 
infectious agent. The immune system is also known to exhibit a specific defence mechanism 
as it eradicates the infections in a specific manner by recognising foreign invaders (non-self) 
in the context of body’s own cells and macromolecules (self). The immune system is classified 
into two main arms: the innate immune system, also know as the first line of defence which 
is not pathogen-specific, and the adaptive or acquired immune system, which elicits specific 
immune activation and memory development. The innate immune system reacts quickly to 
the invading microorganism. Elements of innate immunity include anatomical barriers such 
as skin, secretory molecules (complement system, etc.) and the cellular components, namely 
neutrophils, eosinophils, NK cells and macrophages etc. On the other hand, the adaptive 
immune response develops gradually by instructing antigen-specific T- and B-lymphocytes, 
that account for memory formation. An important population of cells known as antigen 
presenting cells (APC) form a unique link between the innate and adaptive immune system, 
as they play a pivotal role in monitoring the environment for entering antigens. 

Antigen presenting cells
Antigen presenting cells are perfectly stationed at peripheral sites in the body where they can 
sense incoming antigens, by the recognition of specific structures and after antigen uptake 
migrate to lymphoid tissues to present these antigens to T cells. Macrophages, B cells and 
Dendritic cells (DCs) bear the ability to recognise, internalise, process and present antigens 
to T cells and are thus, known as antigen presenting cells (APCs). DCs are considered the 
most efficient and potent APC with the central role to initiate immune responses as they have 
the unique capacity to prime naïve T cell into effector T cells. DCs recognise both self and 
pathogenic antigens and depending on the antigenic stimulus DCs receive in the periphery, 
they can induce tolerance against self antigens and immunity to pathogens.

Dendritic cells and subsets
DCs were discovered in 1972 by Steinman and colleagues when they examined a population 
of ‘accessory cells’ with prominent stellate shape, and more impressively in the living state, 
continually extended and retracted their processes or dendrites1. These novel cells were 
termed dendritic cells for ‘tree like’, from the Greek ‘dendron’ or ‘dendreon’ for tree. DCs are 
a heterogeneous population. Although all DCs are capable of antigen uptake, processing and 
presentation to naïve T cells, several distinct types of DC, differing in origin and specialised 
functions, are present in steady-state2. The DCs normally used in laboratories are derived from 
monocytes stimulated with GM-CSF and IL-4, which models ‘inflammatory DC’, not normally 
found in steady-state but produced in vivo as a response to inflammation2. 
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DC subsets can be divided into two major groups namely, plasmacytoid DC (pDC, also called 
lymphoid DC) and conventional DC (cDC, also known as myeloid DC). The pDC serve as the 
major producers of type-1 interferons in response to viral infections, and change in a dendritic-
like phenotype acquiring antigen-presenting functions after antigen challenge. In contrast to 
pDC, cDCs have the intrinsic phenotype that contains all characteristics of DCs and exhibit 
strong antigen uptake and presentation functions. The cDCs are further sub-divided into two 
types namely migratory cDCs and the lympoid-tissue resident cDCs. The migratory cDCs 
develop from earlier precursors in peripheral tissues and travel to the local lymph nodes via 
afferent lymphatics3. These cells are largely absent in thymus and spleen as these organs are 
deprived of afferent lymph. The two subtypes of migratory DCs are called interstitial DCs and 
include dermal DCs and the Langerhans cells. Migratory DCs follow the life cycle referred as 
the ‘Langerhans cell paradigm’ as they traffic from the peripheral tissue after antigen uptake 
to the lymph nodes and exhibit a mature phenotype4. LCs are present in the epidermis of 
skin and are characterised by the expression of the C-type lectin receptor Langerin which 
contributes to the formation of specialised organelles called Birbeck granules5-7. The dermal 
DCs on the other hand are present in the deeper layer of the skin, the dermis, hence the name. 
Dermal DCs are further sub-divided into the classical dermal DCs (expressing CD205 and 
CD11b) and Langerin+ dermal DCs (expressing Langerin, CD205 and CD103)8. 

Lymphoid tissue resident cDCs arrive in lymphoid tissues as blood-borne precursor cells, 
where they carry out both their antigen collecting and antigen presentation functions within the 
lymphoid organs such as the spleen and thymus. The spleen is the usual source of lymphoid-
tissue-resident DCs and serves as a model for these DCs in general. Mouse splenic DC 
populations differ from those in lymph nodes as the spleen lacks the migratory DCs9. In mice, 
splenic DCs can be subdivided into three types, based on the expression of the T cell markers 
CD4 and CD8: CD4+CD8-, CD8+CD4- and the CD4-CD8- DCs (the double negative DCs)10. In 
general, the CD8-CD4+ and the CD4-CD8- DCs are referred to as single CD8-DC. CD8 on DCs 
is an αα homodimer rather than the αβ hetrodimer present on T cells. The splenic DCs do not 
confirm the Langerhans cell paradigm as they develop from the bone-marrow precursors within 
the spleen and they do not traffic from the periphery as the migratory DCs2,11. The precursor 
DCs (pre-cDCs) of the spleen generate all types of splenic DC subsets but not the pDCs. 
These pre-cDCs are CD11cint CD11blow CD45RAlow CD43int SIRPαhi CD4-CD8-11,12. The CD8+ 
DCs are concentrated in the T cell areas, whereas the CD8- DCs are sited in the marginal zone 
of the spleen13-15. The CD8+ cDC are the major producers of IL-12p70 on activation, and thus 
can initiate inflammatory Th1 type responses13,16. They also have a special ability to take up 
dead cells and other material and cross-present these exogenous antigens on MHC class I17-20. 
Although they can activate CD4+ T cells, they are especially adapted to activate CD8+ T cells 
to generate cytotoxic T cells. The CD8- cDC are more skilled at activating CD4+ T cells17,21. 
Although these divisions are now well developed for the mouse DC system, they are not yet 
fully established for the human DC system. In particular, CD8α is not expressed on human 
DCs, and other novel markers may serve to distinguish important subsets. There is evidence 
that the BDCA-3+ DC subtype of human blood may represent a DC lineage equivalent to 
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the mouse CD8+ cDC, as they have several surface markers in common, such as nectin-like 
protein-2 (Necl2) and Clec9A17,22-24.

DC function: Antigen presentation and T cell induction
Antigen Presentation
DCs are known as professional APCs as they have a central role in the initiation of adaptive 
immune responses. DCs are specialised to capture and process antigens in vivo25,26, to 
convert proteins to peptides that are than presented on major histocompatibility complex 
(MHC) molecules and recognised by T cells. DCs also migrate to T cell areas of lymphoid 
organs, where the two cell types interact to bring about clonal selection3,27. 

APCs take up exogenous antigens through pinocytosis, phagocytosis or receptor-mediated 
endocytosis. The exogenous and endogenous antigens are processed and loaded on MHC 
molecules. In order to initiate immune responses (tolerance or immunity), recognition of 
antigens in the peptide-binding groove of surface-expressed MHC class I and class II molecules 
by specific T cell receptors is central to T cell activation. To fulfill their physiological function, 
MHC proteins must first acquire peptide antigens, a function that is executed differently by the 
two main classes of MHC molecules. 

MHC class I-restricted presentation
MHC class I molecules are expressed on all nucleated cells and bind peptides that are derived 
from cytosolic pathogens such as viruses and intracellular bacteria. MHC class I heavy chains 
initially assemble with β2-microblobulin (β2M), followed by recruitment into the peptide-loading 
complex in the endoplasmic reticulum (ER). According to the classical model of MHC class I 
assembly pathway, endogenous peptides generated in the cytoplasm through the action of 
proteasomes and other peptidases, are transported into the ER via Transporter associated 
with Antigen Processing (TAP). Endoplasmic Reticulum Aminopeptidase associated with 
Antigen processing (ERAAP) mediates final amino acid trimming of peptides, before or after 
initial binding to MHC class I molecules. Peptide occupancy triggers the dissociation of MHC 
class I from the peptide loading complex (PLC), exit from the ER and transport to the cell 
surface, where peptide loaded MHC class I molecules become available for presentation to 
naïve T cells and initiation of immune responses28-30. 

In addition to sampling endogenous protein/peptides for presentation by MHC class I 
molecules, DC have in particular the ability to present exogenous antigens taken up via the 
endocytic pathway to CD8+ T cells31-34. This property is atypical, because most cells exclusively 
present peptides derived from endogenous proteins on MHC class I molecules. In 1976, Bevan 
described for the first time the process of presenting exogenous peptides on MHC class I 
molecules known as cross-presentation or cross-priming35,36. Cross-presentation requires the 
requisite peptide precursors to gain access to the cytosol for processing by the proteosome, 
followed by the active transport into the ER where newly assembled MHC class I molecules 
are found. Both soluble and phagocytosed particulate antigens have been reported to access 
the cytoplasm through a mechanism involving molecular components of the ER-associated 
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degradation system, which transfers misfolded proteins from the ER to the cytoplasm for 
degradation37. Soluble proteins might directly access the ER after endocytosis through a 
retrograde transport pathway that is active in DCs38. A recent study has suggested that the 
mechanism of internalisation of soluble antigens controls access to a cross-presentation 
pathway in DC39.

Proposed pathways for cross-presentation fall into two main categories: those dependent 
on the TAP and proteasomal processing and those relatively independent of these factors. 
The latter, also termed the vacuolar pathway40-42, involves proteolysis of endocytic antigens 
by cysteine proteases such as cathepsin S (Cat S)42 and loading of recycling MHC class I 
within the same compartments. Because peptide loading in the vacuolar pathway is generally 
proteasome and TAP independent, the ability to use the vacuolar pathway might be restricted 
to a few selected antigens that are appropriately cleaved within endosomes.

MHC class II-restricted presentation
MHC class II molecules are expressed on APC such as macrophages, B cells and DCs. The 
antigen from the extracellular milieu is internalised and delivered to the MHC class II antigen 
processing machinery43. DCs acquire exogenous antigens via pinocytosis, phagocytosis and 
receptor-mediated endocytosis. The class II MHC antigen presentation pathway deals with 
antigens that reside in the extracellular space and are internalised into the endo-lysosomal 
pathway. Class II MHC αβ dimers assemble in the ER and associate with the chaperone 
invariant chain (Ii), which inserts its class II MHC-associated Ii peptide (CLIP) portion in the 
peptide-binding groove of the αβ dimer, preventing its premature (prelysosomal) loading. Ii is 
also important for correct assembly and transport of class II MHC in the endocytic pathway. 
Furthermore, class II MHC maturation and peptide loading take place in acidified compartments 
of the endolysosomal pathway of APCs, since low pH favors an ‘open’ conformation of the 
class II MHC molecule and hence peptide exchange, as well as the action of specific cysteine 
proteases that displace Ii from the class II MHC–Ii complex, and that of the class II MHC-like 
molecule HLA-DM which facilitates peptide loading. The many hydrolase activities present 
in the endolysosomal compartments of APCs, such as the IFN-γ-inducible lysosomal thiol 
reductase (GILT), numerous cysteine proteases of the cathepsin (Cat) family, like CatB, CatS, 
CatL, and asparaginyl endopeptidase (AEP), produce the peptide ligands that are loaded onto 
class II MHC products. The mature class II MHC–peptide complex, consisting of a class II 
MHC αβ dimer loaded with peptide, is transported to the cell surface for recognition by CD4+ 
T cells44-48. 

T cell induction
DCs control many T cell responses. After antigenic stimulus received at the periphery DCs 
migrate to lymph nodes, undergo phenotypic changes as they express high levels of co-
stimulatory molecules, process the internalised antigen and present it to naïve T cells in the 
lymph nodes (Fig. 1). The T cell differentiation decision is governed predominantly by three 
main signals, the strength of pMHC-T cell receptor interaction, the amount of co-stimulation 
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provided by B7-family members (CD80, CD86, PD-L2/B7-DC, ICOS-L), TNF family members 
(CD137/4–1BBL, CD134/OX40L, CD70), as well as chemokine receptors (CCR5, CCR7) and 
by the cytokines secreted by DCs in the microenvironment49-51. Under the control of IL-12-
producing DCs, naïve CD4+ T cells differentiate into IFN-γ producing T helper (Th)1 effector 
cells inducing cellular immunity and clearance of intracellular microbes52. Interleukin-4 (IL-4) 
initiates the differentiation of naïve CD4+ T cells into IL-4-producing Th2 cells that induce 
humoral immunity against parasites and play a role in allergic reactions. Recently, IL-23-
producing DCs were shown to induce an IL-17-producing CD4+ T cell subset known as Th17 
cells, critical in defence against extracellular bacilli53. Alternatively, DCs can guide T cells 
to become suppressive by making IL-10 or by differentiating into Foxp3+ regulatory T cells 
(Tregs)54,55. Finally, DCs induce the T cell clone to acquire memory, allowing it to persist for 
prolonged periods and to respond rapidly to a repeated exposure to antigen. DCs have the 
capacity to produce IL-1556 and thereby sustain memory CD8+ T cells57. CD4+ T cells are 
required to sustain strong CD8+ T cell memory under several circumstances, e.g. resistance 
to herpes viruses and vaccinia viruses58. During vaccinia infection, CD4+ T cells help is 
essential for survival of activated CD8+ T cells, leading to a reduction in clonal expansion and 
a diminished, but stable, CD8+ memory pool59. 

Pattern Recognition
The sensing and capturing of antigens, foreign or self, is done by certain specialised pattern 
recognition receptors (PRRs) expressed by DC. The most extensively studied PPRs are 
the Toll-like receptors (TLRs) which interact with pathogen-associated molecular patterns 
(PAMPs) the microbial structures from bacterial, fungal, viral and parasitic origin60. Thirteen 
mammalian TLRs have been identified till date, 10 human (TLR1–10) and 12 murine 
(TLR1–9 and TLR11–13) receptors. Recognition of pathogenic microbes by TLRs on APCs 
triggers an intracellular signalling pathway which culminates induction of pro-inflammatory 
cytokines, chemokines, type I interferons and subsequent activation of APCs61,62. Besides 
TLRs, that recognise PAMPs on the cell surface or in intracellular vesicles (endosomes or 
lysososmes), cytosolic PPRs such as Retinoic acid-Inducible gene-I (RIG-I)-like receptors 

(RLRs) and Nucleotide-binding Oligomerisation Domain (NOD)-like receptors (NLRs) 
detect viruses and bacteria intracellularly63. The cytosolic PRRs can distinguish between 
intracellular and extracellular infections, cell intrinsic infections and cell extrinsic infections 
and may also discriminate between pathogenic microorganisms from harmless commensal 
microorganisms64. 

Although TLRs have been the primary candidates of the PRRs family, other important 
candidates namely the C-type lectin receptors (CLRs) and the scavenger receptors (SRs) are 
also gaining more attention as PRRs that sense and endocytose pathogens61. 

C-type lectin receptors
C-type lectin receptors bind carbohydrates from pathogens and self-glycoproteins, and are 
important not only in pathogen sensing, but also in processing and presentation of pathogenic 
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(self) antigens65,66. The term C-type lectin stands for Ca2+-dependent carbohydrate binding 
protein, however not all family display Ca2+ dependent carbohydrate binding. CLRs contain 
different numbers of C-type lectin like domains (CTLDs) ranging between a single domain 
(e.g. DC-specific intercellular adhesion molecule [ICAM]-3 grabbing non-integrin (DC-SIGN) 
Macrophage galactose-type lectin (MGL) or eight to ten different CRDs (mannose receptor 
(MR), DEC-205). When CLR that bind carbohydrate structures via CTLDs it is also designated 
as carbohydrate recognition domain (CRD). The CTLD denotes the common fold among the 
CLRs without referring to functional similarities67,68. Depending on the amino acid sequence, the 
CRD can bear specificity for mannose, fucose (the Glu-Pro-Asn (EPN) sequence) or galactose 
structures (the Gln-Pro-Asp (QPD) sequence)67,69. However, binding of these carbohydrate 
structures to the different CLRs is also dependent on carbohydrate branching, spacing, and 
multivalency70.

Recently, an extended classification of vertebrate CTLD proteins, including the classical CLRs, 
into a total of 17 groups was proposed, based on domain architecture and phylogenetic analysis 
in different species71. Several of these groups are relevant within the mammalian immune 

naive
T cellDC

Th1 cell

Th17 cell

Th2 cell

Treg cell

IL-
12

IL-4

TGFβ, IL-6(IL-1, IL-23)

TGFβ

CD8 T cell

non- (self )antigens

Figure 1: Dendritic Cell-induced instruction of T cells. Antigen induced activation of antigen-presenting cells 
such as dendritic cells (DCs), can polarise naïve CD4+ and CD8+ T cells into different effector T cell subsets: 
T helper 1 (Th1), Th2, Th17, regulatory T (Treg) cells and cytotoxic CD8+ T cells, guided by the local cytokine 
environment and MHC-peptide complex recognition. DCs presenting peptides on MHC class II molecules to 
naïve CD4+ T cells in the presence of interleukin-12 (IL-12) or IL-4 differentiate naïve T cells into Th1 and Th2 
cells respectively, whereas IL-6 and transforming growth factor-β (TGF-β) drives differentiation into Th17 cells, 
and TGF-β alone promotes Treg differentiation. Antigen presentation via MHC class I molecules to naïve CD8+ 
T cells drives cytotoxic T cell development.
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system (Table 1). The classical Ca2+-dependent CLRs, such as DC-SIGN, MGL, Langerhans 
cell specific C-type lectin (Langerin), DC-associated C-type lectin-2 (Dectin-2), blood DC 
antigen-2 (BDCA-2), DC immunoreceptor (DCIR), and DC immunoactivating receptor (DCAR) 
belong to group II and are type II transmembrane proteins containing a short cytoplasmic 
tail, a transmembrane domain, an extracellular stalk region, and Ca2+/carbohydrate binding 
CTLD. The natural killer (NK) cell receptors (group V and exclusively expressed on NK cells) 
are similar in structure to the group II CLRs, although their CTLD does not bind Ca2+. Members 
of this group include DC-associated lectin-1 (DCAL-1), DCAL-2, and Dectin-1, Dendritic cell 
NK lectin Group Receptor-1 (DNGR-1, Clec9A). Finally, the group VI CLR including mannose 
receptor (MR) and lymphocyte antigen 75 (DEC-205) belong to type I transmembrane proteins 
with an N-terminal ricin-like domain, a fibronectin type 2 domain, eight or 10 CTLDs in the 
extracellular domain, and a short cytoplasmic domain. By binding to carbohydrate moieties, 
CLRs mediate biological events, such as cell-cell or cell-matrix adhesion and glycoprotein 
turnover. Furthermore, CLRs contribute to the innate immune response through pathogen 
recognition and internalisation of antigens for presentation onto MHC molecules. Some 
CLRs possess intrinsic signalling properties and are capable of modulating immune reactions 
(discussed later in this chapter). 

Group I CLRs

Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

DEC-205 CD205, 
LY75

cortical thymic 
epithelium, thymic 
medullary DCs 
(CD11c+ CD8+), 
CD11c+ CD8+ 
splenic/ lymph 
node (LN) 
DCs, dermal / 
interstitial DCs, 
and Langerhans 
cells (LCs)

unknown dead cells,  
Y. pestis

Endocytic  
receptor

72 - 75

Mannose 
Receptor

CD206 Tissue 
macrophages, 
lymphatic 
and hepatic 
epithelium, 
kidney 
mesangial cells, 
tracheal smooth 
muscle cells, 
retinal pigment 
epithelium and 
subpopulation of 
murine DCs.

high mannose, 
sulfated glycans 
and N-acetyl-
glucosamine 
(GlcNAc)

C. albicans,  
L. donovani,  
P. carinii,  
M. tuberculosis,  
K. pneumoniae,  
S. pneumoniae,  
T. cruzi, 
Lysosomal hydro-
lases, tissue plas-
minogen activator 
and neutrophil 
derived myeloper- 
oxidase, Sialo- 
adhesin, CD45

Role in homeo-
stasis, uptake 
receptor

76 - 90 
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Group II CLRs

Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

Asialogly-
co-protein 
receptor 
(ASGR1 
and 2)

CLEC 4H1, 
HL1, 
Ashwell 
receptor

hepatocytes terminal β-linked 
galactose (Gal) 
or N-acetylgalac-
tosamine (GalNAc) 
residues

Von Willebrand Factor, 
platelets

removal of 
desialylated 
serum glyco-
proteins and 
apoptotic cells 
and homing 
receptor for 
lymphatic and 
metastatic cells

91,92

Macrophage 
galactose-
type c-type 
lectin  
receptor 1, 
MGL1

CLEC 10A, 
CD301a

Macrophages, 
DCs, pDCs

Lewis X,  
Lewis A

Sialoadhesin Uptake receptor, 
role in apoptosis

93-95

Macrophage 
galactose-
type c-type 
lectin  
receptor 2, 
MGL2

CD301b, Macrophages, 
DCs in dermis, 
small intestines 
and LN

Gal, GalNAc MUC1 Endocytic 
receptor

93-96

Scavenger 
receptor 
with CTLD, 
SRCL

COLEC 12, 
CL-P1, 
SCARA4

Endothelial cells Lewis X,  
weak Lewis A

Zymosan, amyloid 
beta

unknown 74,97

Langerhans 
cell specific  
C-type 
lectin, 
Langerin

CD207, 
CLEC4K

LCs,  
dermal DCs, 
CD8α+ DCs

mannose, GlcNAc, 
fucose, galactose-
6-sulfated glycans

fibroblast-derived 
type I procollagen,

Uptake 
receptor, 
induction 
of Birbeck 
granules

5, 98-
100

Kupffer 
Cell 
receptor, 
CLEC4F

CLECSF 
13

Kupffer cells GalNAc, Gal 101, 
102

Macrophage 
inducible 
C-type 
lectin, 
Mincle

CLEC4E, 
CLECSF9

macrophages Multivalent 
α-mannose

Splicosome 
associated protein 
130 (SAP130) 
released by necrotic 
cells, Malassezia 
fungus species, 
Candida spp., 
S. cerevisiae

Pathogen 
receptor, 
senses 
nonhomeo-
static cell death

103, 
104

Macro-
phage C-
type lectin, 
MCL

CLEC4D, 
MPCL, 
CLEC-6, 
CLECSF 8

peritoneal 
macrophages 
and at lower 
levels in bone 
marrow, spleen, 
lung and LN

unknown unknown unknown 105
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Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

Dendritic 
cell 
immuno 
receptor, 
DCIR1

CLEC4A2 B cells, 
monocytes, 
macrophages, 
and DCs

unknown unknown Uptake 
receptor, 
Role in DC 
homeostasis

106, 
107

Dendritic 
cell 
immuno 
receptor, 
DCIR2

CD8- splenic 
DCs

unknown unknown Uptake 
receptor

21

Dendritic 
cell 
immuno 
receptor, 
DCIR3

CLEC4A3 unknown unknown unknown 108

Dendritic 
cell 
immuno 
receptor, 
DCIR4

CLEC4A1 unknown unknown unknown 108

Dendritic 
cell 
immuno 
activating 
receptor 
DCAR1

F8300 
43G1 
2Rik, 
CLEC 4B1, 
APLR A1

CD8+ DC subset 
in spleen and 
thymus and on 
subpopulations 
of CD11b+ 
myeloid cells in 
bone marrow 
and spleen

unknown unknown Uptake 
receptor, pro-
inflammatory 
cytokine 
production

109

Dendritic 
cell 
immuno 
activating 
receptor, 
DCAR2

CLEC4B, 
CLEC4 
B2, 
APLRA2, 
DCAR

unknown unknown unknown unknown

Dendritic 
cell-
associated 
C-type 
lectin 2, 
Dectin-2

CLEC4N, 
CLEC6A, 
CLECSF 
10

monocytes, 
macrophages, 
B cells and 
neutrophils

high-mannose 
structures 

S. cerevisiae,  
C. albicans,  
M. tuberculosis,  
P. brasiliensis,  
H. capsulatum,  
D. farinae,  
D. pteronyssinus,  
A. fumigatus

Pathogen 
recognition, 
uptake receptor

110 - 
113

SIGNR1 CD209B Marginal zone 
macrophages, 
peritoneal 
macrophages, 
LSECS in liver, 
DC in LN

high mannose, 
fucose, terminal 
GlcNAc

C. albicans,  
S. pneunomonie, 
Complement C1q

Pathogen 
recognition, 
uptake receptor

114-
116

SIGNR2 CD209C LPS-stimulated 
B cells, testis

Terminal GlcNAc unknown unknown 117, 
118
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Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

SIGNR3 CD209D RNA level on 
CD11c+ splenic 
DC, B cells 
and activated 
B cells, Lung 
(myeloid) cells 
upon activation 
(myobacterial 
infection)

high mannose, 
fucose, terminal 
GlcNAc

M. tuberculosis Uptake 
receptor, 
macrophage 
activation and 
production of 
inflammatory 
cytokines

116 - 
119

SIGNR4 CD209E testis unknown unknown unknown 118
SIGNR5 CD209A, 

CIRE
CD4+ and CD4-

CD8- DCs and 
pDCs 

mannose unknown unknown 118, 
120

SIGNR6 CD209-
PS

no transcript no transcript no transcript no transcript 117

SIGNR7 23100 
66I10 Rik, 
CD20 9G

testis, liver, lung, 
brain and heart

fucose,  
6-sulfo-sialyl Lewis X 

unknown unknown 117

SIGNR8 18100 
29C2 
2Rik, 
CD20 9F

testis, liver, lung, 
brain and heart

mannose unknown unknown 117

Group V CLRs

Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

C-type 
lectin, 
CLEC2L

AI 414 
054, AW 
122724, 
Gm1064

 unknown unknown unknown

Myeloid 
DAP12- 
associating  
lectin, 
MDL-1

CLEC5A, 
CLE 
CSF5, 
Ly100 

Bone marrow  
cells,  
Monocytes, 
macrophages, 
neutrophils

unknown Dengue Virus Cell survival,  
promotes 
DAP10/12  
mediated osteo-
clastogenesis

121-
124 

Oxidised 
LDL 
receptor

OLR1, 
SCARE1, 
LOX1, 
CLEC8A

unknown unknown LDL Inhibits  
arthrosclerosis 
progression

125 

C-type 
lectin 
receptor, 
CLEC-1

CLEC1A unknown unknown unknown unknown
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Lectin 
and their 
common 
names

Other 
names

Expression§ Carbohydrate 
specificity*

Ligands (self-,  
non-self)#

Function Refs

C-type 
lectin 
receptor, 
CLEC-2

CLEC 1B Bone marrow 
cells, peripheral 
blood mono-
nuclear cells, 
monocytes, 
peritoneal 
macrophages, 
neutrophils, 
platelets 

Sialic acids podoplanin of 
platelets and tumour 
cells, snake venom 
toxin, rhodocytin

Platelet activa-
tion, phagocy-
tosis and TNFα 
induction, role 
in homeostasis 
and thrombus 
formation

126

CLEC1D NP_ 
99532 4.1, 
4933425B 
16Rik, 
CLEC 
12B, 
Macro- 
phage 
antigen h

unknown unknown unknown unknown

Dendritic 
cell-
associated 
lectin, 
DCAL-2

CLEC 
12A, 
CLEC 1C, 
MICL, 
KLRL1, 
CLL-1

granulocytes, 
monocytes, 
macrophages 
and DCs

unknown Endogenous 
(unknown) ligand 
on heart, lung, liver, 
spleen and kidney

unknown 126

CLEC9A DNGR-1 CD8+ DCs, 
low levels on 
plasmacytoid 
DCs

unknown Dead cell-associated 
antigens

Sensing 
necrosis cross-
presentation of 
dead cell asso-
ciated antigens

24, 
127, 
128

Dectin-1 CLEC7A, 
CLECSF 
12, Beta-
glucan 
receptor

monocytes/ 
macrophage, 
DCs and neu-
trophils

Beta glucans C. albicans, 
A. fumigatus, 
P. carinii, 
C. posadasii, 
M. audouinii, 
T. rubrum

DC maturation, 
ligand uptake 
by endocytosis 
and phagocyto-
sis, respiratory 
burst, produc-
tion of aracha-
donic acid 
metabolites 
and numerous 
cytokines and 
chemokines, 
such as TNF, 
CXCL2, IL-23, 
IL-6 and IL-10

129 - 
133

Table 1: Overview of murine group I, II and V C-type lectin receptors (CLRs). § Expression pattern in murine 
tissue, *, # Carbohydrate and ligand (self- and non-self) of murine CLRs. Protein designations based on 
nomenclature from: http://imperial.ac.uk/research/animallectins. 

DEC-205
DEC-205 (CD205) is an endocytic type I C-type lectin-like molecule consisting of a single 
polypeptide chain; the extracellular portion contains an N-terminal cysteine-rich domain 
(CysR), a fibronectin type II domain (FnII), and 10 domains structurally resembling C-type 
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lectin domains (C-type lectin-like domains, CTLDs)74,134,135. In mice, DEC-205 is expressed at 
high levels on cortical thymic epithelium, thymic medullary DCs (CD11c+ CD8+) and subsets of 
peripheral DCs (CD11c+CD8+ splenic/lymph node DCs, dermal/interstitial DCs and Langerhans 
cells)73,74. However, DEC-205 expression in humans is not strictly DC-restricted and extends 
to B cells, T cells, monocytes, macrophages and natural killer (NK) cells136. DEC-205 recycles 
through late endosomal and lysosomal compartments and mediates antigen presentation137. 
Till date, carbohydrate ligands recognised by DEC-205 have remained elusive.

The Mannose receptor
Mannose receptor (CD206, MR) is type I C-type lectin expressed on various cell types 
including immature DCs and macrophages138. Similar to its family member DEC-205, MR 
contains a cysteine-rich (CysR) domain located at the extreme N terminus, followed by a 
single fibronectin type II domain (FNII) and eight C-type lectin-like domains (CTLDs)139. The 
Mannose receptor recognises different carbohydrate structure such as mannose, fucose, 
glucose and N-acetylglucosamine (GlcNAc) on pathogenic and self antigens. Binding to its 
ligands results in receptor-mediated endocytosis and phagocytosis and facilitates presentation 
of antigens via the MHC class I and MHC class II pathways39,70,78,79. Initially the MR was 
reported to be expressed on tissue macrophages; however, extensive studies have shown 
that MR is also expressed on lymphatic and hepatic epithelia, kidney mesangial cells, tracheal 
smooth muscle cells and the retinal pigment epithelium83,84,88. MR is also expressed on human 
monocyte-derived DCs76,78,140 and on a subpopulation of murine DCs85. The bulk of MR is 
present intracellularly in the endocytic pathway, resulting in low expression of MR on the cell 
surface. Regulation of MR expression by cytokines has been demonstrated as MR levels 
are increased in response to IL-4, IL-13 and IL-10 and decreased in response to IFN-γ141-144. 
Surface expression of MR is also influenced by proteolytic cleavage of the membrane-bound 
MR by metalloproteases resulting in a soluble form of the receptor145.

MR binds a broad array of pathogens such as Candida albicans, Pneumocystis carinii, 
Leishmania donovani, Mycobacterium tuberculosis, and capsular polysaccharides of 
Klebisiella pneumoniae and Streptococcus pneumoniae through interaction with mannose 
type CRD77,80,81,86,146. The MR has been implicated in phagocytic uptake op pathogens, 
although there are limited examples supporting MR-dependent phagocytosis. The first study 
implicating MR as phagocytic receptor reported the mannan-inhibitable uptake of zymosan 
by peritoneal macrophages but other CLRs such as DC-SIGN also bind mannose structures 
and may induce phagocytosis147. However, transfection of MR in non-phagocytic cells line 
COS-7 cells results in phagoytosis of C. albicans and P. carinii and the cytoplasmic tail of MR 
is essential in this process79,80.

DC-SIGN
DC-SIGN (CD209) is a type II CLR expressed specifically on dendritic cells148. DC-SIGN consists 
of an extracellular domain, a transmembrane region and a cytoplasmic tail. The extracellular 
domain of DC-SIGN contains a CRD and a neck or a hinge region. The CRD of DC-SIGN 
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contains an EPN sequence making it specific to high mannose structures, fucose and blood 
group-related antigens such as Lewis X, Y, A and B69,149-151. The neck region consists of seven 
complete and one partial tandem repeat that have been proposed to regulate oligomerisation 
and thus, carbohydrate specificity152,153. The short cytoplasmic N-terminal domain of DC-SIGN 
consists of several intracellular sorting motifs such as the tyrosine-based consensus motif 
YXXΦ and a dileucine motif. DC-SIGN functions as an antigen uptake receptor and the 
dileucine residues support the DC-SIGN-ligand complex internalisation, routing of the complex 
for degradation and subsequently leading to antigen presentation to T cells65. DC-SIGN binds 
the self-glycoproteins Intercellular adhesion molecules 2 and 3 (ICAM-2 and -3) and functions 
as a cell adhesion receptor regulating DC migration and DC-T cell interactions154. Enzymatic 
removal of the N-linked glycans from ICAM-2 and ICAM-3 abrogates binding to DC-SIGN155. 
The binding partner of DC-SIGN on ICAM-2, expressed on endothelial cells, is the carbohydrate 
Lewis Y156. DC-SIGN was first identified as the HIV-1 envelope binding C-type lectin. Since 
then DC-SIGN has been reported as a binding receptor for various viruses such as the Ebola 
virus, Cytomegalovirus (CMV), hepatitis C virus and Dengue virus157. In addition to viral 
ligands, certain bacteria such as Helicobactor pylori, Mycobacterium tuberculosis, parasites 
such as Schistosoma mansoni and Leishmania pifanoi and yeasts such as Candida158-162 have 
been demonstrated to bind DC-SIGN. In the mouse, DC-SIGN-homologues include seven 
genes named Sign1-5, Sign7-8 and one pseudogene Sign6117,118. SIGNR5 also known as 
mDC-SIGN was initially described as the murine homologue of human DC-SIGN118. However, 
functional analysis showed that SIGNR5 differs from human DC-SIGN as it does not recognise 
any DC-SIGN ligands probably due to its monomeric expression whereas human DC-SIGN 
forms tetramers117,120,163. Amino acid sequence analysis and reconstruction of the phylogeny 
showed that SIGNR3 is the closest murine orthologue of DC-SIGN as it shows specificity 
for both high mannose glycans and Lewis X and also forms tetramers similar to human 
DC-SIGN. After ligand binding, SIGNR3 mediates endocytosis and releases antigen into acidic 
compartments117. Furthermore, transgenic mice expressing human DC-SIGN under the control 
of the CD11c promoter have been generated. Studies with these mice suggest that DC-SIGN 
may be involved in protection against tuberculosis164. SIGNR1, the earlier reported DC-SIGN 
homologue, is primarily expressed on macrophages and by LSECs in the liver154. Additionally, 
other DC-SIGN homologues such as SIGNR2 and SIGNR4 have been shown to be expressed 
in the testis and not on CD11c+ DCs in the spleen118. SIGNR5 (mDC-SIGN) is expressed on 
a fraction of CD4+ and CD4- CD8- DCs and also on pDCs120. Recently reported SIGNR7 and 
SIGNR8 were both expressed in the testis, liver, lung, brain and heart. SIGNR7 and 8 are also 
expressed in the spleen, where SIGNR7 is expressed at lower levels117. SIGNR1, 3 and 7 all 
bind preferentially to fucose, whereas SIGNR5 and 8 prefer mannose. SIGNR2 binds equally 
well to fucose and mannose. SIGNR7 also binds to 6-sulfo-sialyl Lewis X, whereas SIGNR2 
shows exclusive binding to terminal GlcNAc residues.
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MGL
The CLR Macrophage galactose-type lectin (MGL) is expressed on macrophages and DCs 
both in humans and mice165,166. The MGL gene is located in a cluster on the human chromosome 
17p13 together with the genes encoding for two other CLR, the asialoglycoprotein receptor 
(ASGP-R) H1, and ASGP-R H2. In human and rats only one copy of MGL has been described, 
whereas in mice two distinct genes mmgl1 and mmgl2 are expressed167,168. Both MGL1 and 
MGL2 are expressed in the dermis of the skin, small intestines and lymph nodes93,94. The 
glycan specificity of human MGL has been well documented for GalNAc (e.g. Tn-antigen), core 
5 and 6 O-glycan structures169. Extensive analysis on the glycan specificity of murine MGL1 
and MGL2 has not yet been performed. Till now, studies have shown that MGL1 specifically 
binds Lewis X and MGL2 prefers GalNAc structures. Although, the amino acid sequences of 
MGL1 and MGL2 show 91% similarity, there are several differences in the cytoplasmic domain 
and the CRD of these receptors168. Pair-wise site-directed mutagenesis studies have shown 
that mutations of Val61, Ala89, Thr111, and Phe125 in MGL1 CRD resulted in reduced Lewis X 
binding. Mutations in MGL2 CRD at positions Leu61, Arg89, Arg115, and Tyr125 implicated 
its preference for β-GalNAc170. Also, molecular modelling illustrated potential direct molecular 
interactions of Leu61, Arg89, and His109 in MGL2 CRD with GalNAc. Both MGL1 and MGL2 
have a putative internalisation motif YXXΦ, however, MGL2 contains 14 extra amino acids 
residues in its cytoplasmic domain. Like other CLR, murine MGL functions as an uptake 
receptor that binds and internalises GalNAc residues96. 

MGL1/2-positive cells are reported to be involved in the sensitisation phase of antigen-
dependent contact hypersensitivity171-173. Epicutaneous sensitisation with a hapten, leads to 
trafficking of MGL1/2-positive macrophages to the draining lymph nodes. Development of 
specific a MGL2 antibody has revealed that MGL2 is expressed on dermal DCs in the skin 
and lymph nodes. MGL2+ DDCs localise in the outer T cell cortex closely associated with the 
high endothelial venule (HEV)-related reticular structure, in the draining LNs within 24 hrs 
of sensitisation with FITC174. Adoptive transfer of these MGL2+ cells into naïve mice leads 
to development of contact hypersensitivity. Furthermore, sialoadhesin (siglec-1) has been 
identified as an endogenous ligand of MGL1 in lymph nodes175. MGL1 expressing macrophages 
that secrete IL-1α are proposed to regulate specific cellular interactions crucial to granulation 
tissue formation176. MGL1 has also been reported in induction of anti-inflammatory responses 
in DSS-induced colitis model by inducing IL-10 production177.

MGL expressed on human APC down-regulate effector T cell function via a GalNAc-dependent 
interaction with CD45 expressed on effector T cells178. MGL preferentially bound antigen-
experienced effector T cells, through site-specific glycosylation of CD45RB. The MGL-CD45 
interaction suppresses TCR-mediated signalling, resulting in decreased phosphatase activity 
of CD45 and inhibition of Lck activation and calcium mobilisation. Via this mechanism, human 
MGL+ tolerogenic APCs can down-regulate effector T cell activation, decrease cytokine and 
T cell proliferation, and even induce T cell death. As memory T cells retain their CD45RB 
expression, MGL binding to these cells could potentially also dampen memory T cell responses. 



Chapter 1        

24        

MGL expression is upregulated in chronic inflammatory diseases such as rheumatoid arthritis 
and could be a self-protecting mechanism initiated to prevent excessive inflammation and tissue 
damage. However, it is still unclear how MGL-mediated signalling can modulate DC function.
The GalNAc specificity of human MGL (hMGL) has been reported166,169,179. hMGL has been 
shown as the receptor for the tumour antigen MUC1, specifically interacting with the Tn-antigen 
(α-GalNAc-Ser/Thr)180. DCs have been shown to internalise MUC1-Tn glycopeptides in a MGL-
dependent manner to endosomal and lysosomal compartments. The MUC1-Tn glycoprotein 
was only found in MHC class II compartments but did not enter the MHC class I pathway181. 
In murine model systems MGL was found to be expressed on activated tumouricidal 
macrophages and was suggested to interact with tumour cells182. The activated macrophages 
expressing MGL elicited a cytotoxic effect against P518, a murine mastocytoma cell line183. In 
an experimental metastasis system, involving highly metastatic ovarian cell line HM-1, MGL 
positive macrophages selectively accumulated in metastatic nodules in lungs184. Injection 
of blocking anti-MGL antibodies significantly increased the tumour loads at metastatic sites 
confirming the contribution of MGL+ APC during host defense against tumours185. However, 
no discrimination was made between MGL1 and MGL2 in tumour immunity or by which 
mechanism MGL would protect against cancer. 

Dectin-1
The β-glucan receptor, Dectin-1 was originally identified as a DC-specific molecule, from 
which its name ‘dendritic-cell-associated C-type lectin-1’ was derived131,132. It is one of the 
best characterised receptors in the ‘Dectin-1 cluster’ and Dectin-1 is predominantly expressed 
on monocytes, macrophages, neutrophils and microglia, but also weakly on a subset of 
T cells, and in humans, B cells, mast cells and eosinophils131. Expression of dectin-1 on 
macrophages is upregulated by IL-4 and IL-13, and downregulated by LPS as well as IL-10 
and dexamethasone. Dectin-1 specifically recognises (1,3)-linked β-glucans in a calcium-
independent manner and is the primary receptor for these carbohydrates on leukocytes131,133,186. 
Dectin-1 lacks the conserved residues responsible for carbohydrate binding187. The crystal 
structure of the CTLD of dectin-1 and mutational analyses have shown that two residues Trp221 
and His223 are potentially required for β-glucan binding131,188. However, the exact mechanism 
of β-glucan recognition by Dectin-1 is still unknown. Dectin-1 has been shown to recognise 
several fungal species via β-glucans expressed on fungal walls, including Saccharomyces, 
Candida, Pneumocystis, Coccidiodes, Penicillium and Aspergillus, but not Cryptococcus129-131. 
Recognition of these organisms by dectin-1 triggers fungal uptake and killing via the respiratory 
burst. Next to its carbohydrate ligands, dectin-1 is also thought to recognise an endogenous 
ligand on both CD4+ and CD8+ T cells in vitro, stimulating their proliferation132.

Dectin-2
Dectin-2 (CLEC6A), similar to dectin-1, was first identified as a DC-specific molecule, 
however, it is also expressed on monocytes, macrophages, B cells and neutrophils111,113. 
Dectin-2 was predicted to have mannose binding activity due to the presence of an EPN 
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motif in the CRD111. Dectin-2 has been identified as a PRR for fungi, preferentially interacting 
with fungal hyphae110,190. Use of a soluble form of the CRD of Dectin-2 as a probe, revealed 
that the receptor could recognise zymosan and numerous pathogens including Candida 
albicans, Saccharomyces cerevisiae, Mycobacterium tuberculosis, Microsporum audounii, 
Trichophyton rubrum, Paracoccoides brasiliensis, Histoplasma capsulatum and capsule-
deficient Cryptococcus neoformans. Recently, a glycan microarray showed that the receptor 
had specificity for high-mannose structures110. Moreover, dectin-2 also has an endogenous 
ligand on CD4+ CD25+ T cells and interaction between dectin-2 and its ligand results in 
immunosuppression in the presence of UV189.

CLEC9A
CLEC9A, also known as DC, NK lectin group receptor-1 (DNGR1) is the most recently 
characterised receptor from the Dectin-1 cluster and is expressed in many tissues22,24,127. 
In peripheral blood, human CLEC9A is primarily expressed on BDCA3+ DCs, but is also 
detected on small subsets of monocytes and B-cells. At least five isoforms of CLEC9A are 
found in mice resulted by alternative splicing, and the receptor is expressed on CD8+ DCs, the 
possible equivalent of human BDCA3+ cells, and also at low levels on pDC. Human CLEC9A 
and selected murine isoforms are expressed at the cell surface as glycosylated dimers. The 
cytoplasmic tail of CLEC9A contains a single tyrosine residue within a sequence showing 
similarity to the ITAM-like sequence of Dectin-1, suggesting that CLEC9A may function as 
an activation receptor. Indeed, using receptor chimeras in transfected myeloid cells, CLEC9A 
was shown to be capable of inducing inflammatory cytokine production and signal via the Syk 
kinase22. 

Dendritic cell immunoreceptor 1 (DCIR-1)
DCIR was originally identified as a homologue of the C-type lectin hepatic asialoglycoprotein 
receptors191. DCIR is expressed on CD14+ monocytes, CD19+ B cells, macrophages, 
neutrophils as well as myeloid and plasmacytoid DCs (pDCs), but not on CD3+ T cells nor 
on CD56+ or CD16+ NK cells106,191,192. In vitro, DCIR expression is found to be higher in CD14+ 
than CD1a+ derived DCs. Expression levels of DCIR on moDCs are down-regulated upon 
maturation with LPS or the CD40 ligand191. Also, DCIR expression on neutrophils is down-
regulated by TNF-α, IL-1α and LPS stimulation but upregulated by anti-inflammatory stimuli, 
including IL-4 and IL-10193. 

DCIR was the first reported CLR to bear an ITIM motif in the cytoplasmic tail which associates 
with the inhibitory phosphates, Src homology 2-containing tyrosine phosphatase 1 (SHP-1) and  
SHP-2106,191,193. Stimulation of pDCs with a TLR9 ligand resulted in the production of large amounts 
of IFN-α, which could be inhibited by cross-linking of DCIR with anti-DCIR antibodies, similar 
to BDCA-2192. Cross-linking of DCIR on immature moDCs stimulated with other TLR ligands 
including LPS (TLR4), poly(I:C) (TLR3), zymosan (TLR2 and 4) and R848 (TLR8), resulted only 
in the inhibition of the TLR8-mediated responses, implying selectivity in DCIR function194. 
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DCIR participates in the capture and transmission of HIV-1 by DCs. The stalk region of 
DCIR plays an important role in HIV-1 interaction, perhaps by extending the CRD from the 
cell surface and making it available for attachment195. DCIR has also been shown to play a 
role in controlling autoimmune diseases107. Aged DCIR-deficient mice spontaneously develop 
joint abnormalities; have elevated levels of autoantibodies, show higher levels of CD11c+ DCs 
and a proportional expansion of T cell populations in their lymph nodes. DCIR-deficient mice 
also have elevated levels of IL-4, IL-10, IL-17 and IL-23 after type II collagen immunisation, 
consistent with a negative regulatory role of the receptor. Additionally, bone-marrow cells from 
DCIR-deficient mice differentiated into DCs and proliferated more efficiently than wild-type 
cells, due to an increased responsiveness to GM-CSF. DCIR, therefore, appears to be crucial 
in maintaining appropriate DC numbers and preventing the development of autoimmunity in 
mice107. In rheumatoid arthritis patients, DCIR is expressed CD56+ NK cells and CD4+ and 
CD8+ T cells in synovial biopsies196. DCIR+ T cells in the synovial fluid were activated, as 
well as much more abundant than in peripheral blood. The function of DCIR on T cells in 
this disease is undefined. Overall, these observations suggest that DCIR plays an essential 
role in maintaining homeostasis of the immune system by controlling DC expansion and the 
development of autoimmune disease.

Immune modulation by CLRs through signalling
CLR triggering by recognition of different pathogens initiates diverse immune responses. 
Dectin-1 was the first PRR outside of the TLR family that was found to be capable of inducing 
its own intracellular signals131. Signalling from dectin-1 following ligand binding is mediated 
through the cytoplasmic ITAM-like motif that becomes phosphorylated by Src family kinases, 
providing a docking site for spleen tyrosine kinase (Syk) through the membrane proximal 
tyrosine (YxxxI/Lx7YxxL) of dectin-1197,198. Syk is a pivotal kinase mediating many of the dectin’s 
downstream cellular responses, such as cytokine production and induction of the respiratory 
burst131. Downsteam of Syk, caspase recruitment domain 9 (CARD9) assembles with BCL10 
and MALT1 resulting in activation of the canonical NF-κB pathway199,200. Dectin-1 can also 
induce the non-canonical NF-κB pathway, by activating NFAT201. Dectin-1 also signals through 
Syk-dependent, but CARD9-independent pathways, leading to the induction of ERK, a MAP 
kinase regulating the Dectin-1-mediated production of cytokines, particularly IL-10 and  
IL-2202,203. Dectin-1 can also induce intracellular signalling through Syk-independent pathways. 
Dectin-1 was recently found to induce a Syk-independent pathway involving the serine-
threonine kinase Raf-1204. This pathway was shown to integrate with the Syk pathway, at the 
level of NF-κB, and to be involved in controlling Dectin-1-mediated cytokine production.

Binding of C. albicans hyphae or cross-linking by specific anti-Dectin-2-antibodies resulted 
in tyrosine phosphorylation of intracellular proteins as well as internalisation of the receptor 
into endosomes, activation of NF-κB, and up-regulation of TNFα and IL-1ra expression190. 
Dectin-2 associates with the FcRγ chain to transduce these signals. Recently, Dectin-2 was 
shown to play a role in response to allergens by binding to extracts from the house dust mite 
(Dermatophagoides farinae and Dermatophagoides pteronyssinus) and Aspergillus fumigatus 
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in a mannose-dependent manner112. Stimulation of mast cells co-expressing Dectin-2 and the 
FcRγ chain with these extracts resulted in production of cysteinyl leukotrienes, proinflammatory 
lipid mediators. Similarly interaction of Dectin-2 with mite extracts in primary BM-DCs resulted 
in production of cysteinyl leukotriene, dependent on the Syk kinase and the FcRγ chain.

DC-SIGN
The diverse set of pathogens that interact with DC-SIGN, due to the presence of high-
mannose, fucosylated Lewis structures or GlcNAc, has been demonstrated to differently 
affect immune responses, by inducing polarisation of Th1, Th2 or Tregs. Pathogens that interact 
with DC-SIGN simultaneously trigger TLRs as well resulting in different immune responses 
e.g. interaction of DC-SIGN with mannosylated Mycobacterium tuberculosis results in Th1 
responses, whereas binding of DC-SIGN to phase variants of Helicobacter pylori that express 
the Lewis X or Y antigens results in mixed Th1 and Th2 responses162,205. Binding of Schistosoma 
mansoni SEA to DC-SIGN leads to Th2 response206. Interaction of LPS mutants of Neisseria 
meningitidis with DC-SIGN results in Th1 responses, on the contrary, interaction of DC-SIGN 
with Lactobacilli elicits regulatory T cells response207,208. The signalling processes involved 
are complex and can depend on cross-talk with other PRRs, such as TLRs209. The signalling 
pathway induced by CLRs can modulate TLR-induced gene expression e.g. interaction of 
DC-SIGN with mannose-containing pathogens such HIV-1, measles virus, Mycobacterium 
tuberculosis and Mycobacterium leprae influences DC-restricted TLR-4 mediated immune 
responses159,210. DC-SIGN triggering activates the serine/threonine protein kinase RAF1, 
resulting in phosphorylation of NF-κB subunit p65 at Ser276210. This enables the binding of 
histone acetyltransferases CREB-binding protein (CBP) and p300 to p65, which leads to the 
acetylation of p65 on several lysine residues. The activation of DC-SIGN-mediated acetylation 
leads to both increased as well as prolonged transcriptional activation from the IL-10 promoter 
and the production of the immunosuppressive cytokine IL-10. Consistently, recent studies 
with SIGNR3 have shown that recognition of mycobacterium via SIGNR3 induces signalling 
pathway resulting in the production of inflammatory cytokines such as TNF in NFκB- and 
Raf1-ERK-dependent pathway suggesting a role for both SIGNR3 and DC-SIGN in innate 
resistance to M. tuberculosis in vivo119. DC-SIGN also recognises N. gonorrhoeae variant A 
via a terminal GlcNAc on its LOS and induces IL-10 production211, whereas phenotype C of 
N. gonorrhoeae, carrying a terminal GalNAc, primarily interacts with MGL skewing immunity 
towards the Th2 lineage.

Dendritic cell-based immunotherapy
DCs are often referred to as ‘natural adjuvants’ as they are equipped with the unique ability 
to stimulate naïve CD4+ and CD8+ T cells into active helper- and killer T cells212. DCs not 
only initiate immune response, but also control and regulate the type of response making 
them optimal candidates for new vaccination strategies. Current DC-based vaccines use 
autologous DCs that are harvested from patients and then loaded ex-vivo with antigen prior 
to re-administration to patients. While various strategies have been utilised to load antigen to 
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DCs, by necessity all have been highly laborious. A more efficient approach would be to deliver 
the antigen in vivo to the endogenous DC by specific DC-targeting. Several approaches to 
deliver antigens to DCs are currently being evaluated. They employ live infectious vectors 
such as attenuated adenovirus, microparticles like liposomes, and specific ligands which 
either enter DC or specifically bind surface receptors expressed on DCs. The antigens are 
loaded on MHC class I and II molecules, and delivering an activation signal to the DC can 
result in induction of antigen-specific CD4+ and CD8+ T cell responses.

DC surface receptors for targeting
Targeting antigen to DCs in vivo via specific surface receptors represents a more direct and 
less laborious strategy compared to ex-vivo targeting strategies and has been the subject 
of considerable recent investigation. Different receptors have been investigated, including 
Fc receptors and CLRs such as DEC-205, the MR and DC-SIGN. 

Fc receptors
Fc receptors consist of a family of membrane proteins which interact with the constant region 
of immunoglobulins (Ig). Fc receptors are important mediators of immune responses as they 
exhibit different effector and immunemodulatory functions such as phagocytosis, antibody-
dependent cell-mediated cytotoxicity (ADCC), cell degranulation, production, and secretion 
of chemokines, regulation of lymphocyte proliferation, antibody secretion, and antigen 
presentation213. FcγRI, FcγRIIB, FcγRIII are common FcRs found both in human and rodents, 
however, rodents also express FcγRIV. FcγRII is further divided into activating FcγRIIA, and the 
inhibitory FcγRIIB214. DCs express FcγRs which recognise opsonised particles, FcεRs interact 
with allergen-bound IgE and FcαRs that bind IgA215. 

FcR-mediated uptake of immune complexes (ICs) leads to the presentation of antigenic 
peptides in the context of MHC class I and MHC class II molecules, thus, priming CD4+ as 
well as CD8+ T cell responses in vitro and in vivo216-218. These receptors expressed by DCs, 
may facilitate or diminish immune responses. Apoptotic tumour cell-immune complexes (ATC-
ICs) targeted to FcγRs expressed on DCs, lead to efficient internalisation of ATC-ICs and 
induce DC maturation more efficient than that of ATCs alone. FcγRI and FcγRIII are capable of 
enhancing MHC class I-restricted Ag presentation to CD8+ T cells in vitro and these activating 
FcγRs on DCs result in efficient priming of Ag-specific CD8+ T cells in vivo and induction of 
tumour protection219.

C-type lectin receptors (CLRs)
Several studies have been performed on antigen targeting to CLR like MR, DEC 205 and DC-
SIGN providing new insights in developing vaccines (Fig. 2). DEC-205 targeting of antigens 
by an antibody along with CD40 co-stimulation is an efficient strategy to achieve protection in 
a host against tumour growth rejection of an existing tumour, protection against a virus airway 
challenge, as well as enhanced resistance to an established rapidly growing tumour or viral 
infection72,137,220,221. In the absence of co-stimulation, DEC-205 targeting of antigen can be used 
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to suppress the development of autoimmunity, such as type 1 diabetes222. Versatile bifunctional 
fusion protein (bfFp) that targets antigen to DEC-205 receptors using single chain DEC-205 
antibody has also been developed. Antigens such as biotinylated DNA (WEEV, EBOV GP1,2, 
SARS-CoV spike, SARS-CoV membrane), protein (OVA), peptide (MUC-1) or glycolipid 
(GM2 and GM3) in the presence of bfFp and anti-CD40 mAb as costimulator, exhibited strong 
humoral and cell-mediated immune responses223. ‘Hybrid’ DNA vaccines, composed of single 
chain DEC205 antibody fused to HIV gag p41 resulted in induction of broad T cell mediated 
immunity224.

Figure 2: CLR targeting. Antigen complexes directed to CLRs expressed on DCs in combination with 
appropriate adjuvant (anti-CD40 or TLR ligand) results in induction of antigen-specific T cells, either CD8+ 
T cells of CD4 T cells depending upon the CLR targeted.

Mannose receptor has also been implicated in internalisation and cross-presentation of soluble 
and not cell-associated OVA225. The internalised OVA is then transported to early endosomes 
and processed in a TAP-dependent manner and presented to CD8+ T cells39,226. Due to the 
endocytic capacity, the MR has gained attention in the field of DC targeting. Targeting with 
MR-specific antibodies has resulted in enhanced antigen uptake and presentation via both the 
MHC class I and II pathways227,228. Targeting strategies using natural ligands have also been 
developed. Designing vaccination strategies using the natural ligands mannose or mannan 
have resulted in enhanced antigen-specific immunity138. Cationic liposomes containing 
HIV-1 DNA and coated with mannan induced HIV-specific CTL responses, IFN-γ production 
and delayed-type hypersensitivity responses, including enhanced IgG2a and IgA antibody 
responses229. Furthermore, HER2 protein complexed to cholesteryl group-bearing mannan 
evidently induced CD8+ CTL cells which rejected HER2+ tumours in vivo230. MR targeted with 
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the tumour-associated antigen mucin 1 (MUC1) conjugated to oxidised mannan generates 
CD8+ CTLs, a low level of IgG2a antibodies, and IL-12 and IFN-γ cytokine production231-235. 
Knowledge gained from these results have further been translated into clinical trials including a 
Phase III clinical study on oxidised mannan conjugated to MUC1. All patients with stage II breast 
cancer receiving immunotherapy were free of tumour recurrences, whereas the recurrence 
rate in patients receiving placebo was 27% 236.

DC-restricted expression and the capacity to function as an antigen uptake receptor has made 
DC-SIGN an attractive candidate for DC targeting strategies. Human DC, targeted in vitro with 
anti-DC-SIGN coupled with KLH induced expansion of KLH-specific T cells237. In primates, 
administration of anti-DC-SIGN mAb was shown to target APC238. The in vivo targeting 
capacity of DC-SIGN was assessed in ‘humanised mice’, i.e. mice reconstituted with human 
immune cells. These humanised mice were immunised with anti-DC-SIGN mAb carrying 
either tetanus toxoid peptides or keyhole limpet hemocyanin (KLH) antigen and were found to 
have enhanced T cell responses239. Moreover, different studies have shown promising results 
regarding DC-SIGN-mediated DC targeting using its natural ligands, the glycans. Modification 
of the melanoma differentiation antigen gp100 with DC-SIGN-interacting glycans enhances 
targeting to human DC. A high mannose glycoform of gp100 not only interacted specifically 
with DC-SIGN on DC but also resulted in an enhanced antigen presentation to gp100-specific 
CD4+ T cells240. Lewis-Melan-A conjugates bind DC-SIGN with high affinity that results in an 
efficient presentation of Melan-A to CD8+ T-lymphocytes241.

Targeting dectin-1 with antigen-anti-dectin-1 antibody complexes to dectin-1 resulted in 
induction of CD4+ and CD8+ T cell and low doses of antibody responses242. Moreover, similar 
study with β-glucans targeted to dectin-1 resulted in dectin-1 specific MHC class II and 
MHC class I restricted antigen presentation to CD4+ and CD8+ T cells243. Similar to dectin-1, 
Carter et. al. showed that anti-Dectin-2 monoclonal antibodies conjugated to ovalbumin were 
capable of targeting this model antigen to the cells and increase presentation to CD8+ T cells, 
regardless of the low expression on DCs244. Antigens targeted to the recently discovered 
CLR, CLEC9A induces humoral, CD4+ and CD8+ T cell responses, even in the absence of 
adjuvant24,128. The cross-presentation of tumour antigens targeted to CLEC9A elicited potent 
anti-tumour responses128. CLEC9A specifically cross-presents dead cell-associated antigens 
in vitro and increases the immunogenicity of necrotic cells in vivo via recruitment and 
activation of the tyrosine kinase Syk127. Cross-linking DCIR on pDCs and moDCs also results 
in internalisation of the receptor into intracellular vesicles in a clathrin-dependent manner192,194. 
Furthermore, once internalised, DCIR delivers antigen into the antigen-presentation pathway, 
resulting in efficient T cell responses192.

Thesis outline
The aim of this thesis is to explore the potential to target the CLRs, such as DC-SIGN, MR, 
MGL1 and MGL2 on DCs for enhanced antigen presentation and modulation of immune 
responses in vivo. CLRs belong to a large family of surface receptors and each may have 
individual properties as different CLRs can elicit diverse T cell mediated immune responses. 
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The endocytic and the signalling capacity of CLRs are exclusive properties for designing 
DC restricted targeting strategies. CLR-specific antibodies or glycan structures (the natural 
ligands of CLR) have been used as tools to target different CLR. In this thesis we investigated 
the potential of CLR specific glycans as strategy for in vivo dendritic cell targeting in mice. 
As the glycan binding profile of murine DCs was practically unknown, we initially performed 
pilot studies to determine the specificity of different glycan structures to murine DCs. We 
observed that the glycan specificity of murine DCs was different as they preferentially bound 
GalNAc containing-, sulfated, GlcNAc glycans and sialylated carbohydrate structures. The 
Lewis antigens bound very weakly to murine DCs and by using DC-SIGN transgenic cells 
the binding was increased (Chapter 2). Glycan binding to DC-SIGN initiates different immune 
responses such as induction of CD4+ T cell response or inhibition of DC maturation. This implies 
that different signalling pathways can be activated upon DC-SIGN ligand binding resulting in 
diverse immune responses. We used DC-SIGN transgenic mice (hSIGN mice) to initially study 
the effect of glycan binding to DC-SIGN and induction of immune responses in vitro. To date, 
MR is mainly targeted using mannose or mannan; however, MR and DC-SIGN both share 
specificity for mannan and mannose. From our pilot studies, we observed that sulfated glycans 
and GlcNAc bind with high affinity to murine DCs. As MR is reported to bind Sulfo Lewis A and 
GlcNAc, we aimed, in Chapter 3, to primarily target MR by using Sulfo Lewis A- and GlcNAc-
modified OVA. Targeting MR with these glycans resulted in enhanced cross-presentation to 
CD8+ T cells. Human MGL specifically binds terminal GalNAc moieties and tumour-associated 
Tn-antigen. Our initial glycan binding profile to murine DCs showed high binding to GalNAc 
and weak binding to Lewis X the described ligands of murine MGL2 and MGL1 respectively. In 
Chapter 4, we characterised the carbohydrate recognition profile of murine MGL1 and MGL2 
using recombinant MGL1-Fc and MGL2-Fc. In contrast to the human MGL, murine MGL1 
displayed specificity for Lewis X and Lewis A, whereas MGL2 solely binds galactose and 
GalNAc moieties, specifically the tumour-associated glycan Tn-antigen (GalNAc-Ser-Thr). 
Using these carbohydrate recognition profile, the interaction of tumour-associated glycans with 
both MGL1 and MGL2 was analysed on tumour cell lines. As MGL2 specifically binds tumour-
associated glycan GalNAc, we further investigated the antigen targeting capacity of MGL2 by 
using tumour-associated GalNAc-modified antigen in Chapter 5. MGL2 rapidly internalised the 
GalNAc-modified antigen and processed it in enodosomal compartments and cross-presented 
it to antigen-specific CD8+ T cells. This cross-presentation was TLR ligand independent. 
Strong cross-presentation of tumour-associated GalNAc containing antigen provides future 
implications for designing new and better tumour vaccine strategies. In Chapter 6, we describe 
the effect of neo-glycosylation of OVA with Lewis X to direct the antigen to MGL1. This leads 
to further increase in cross-presentation of OVA via MGL1 in vitro and in vivo. OVA-Lewis X 
targeting to MGL1 did not influenced MHC class II restricted presentation, but it did elicit IFN-γ 
Th1 cells, thus influencing Th polarisation. In Chapter 7 the results described in this thesis are 
discussed and put into perspective of the current scientific legacy. 
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Abstract
Dendritic cells (DCs) have gained much interest in the field of anti-cancer vaccine development 
because of their central function in immune regulation. One of the receptors that facilitate DC-
specific targeting of antigens is the DC-specific C-type lectin DC-SIGN. Although DC-SIGN is 
specifically expressed on human DCs, its murine homologue is not present on any murine DC 
subsets, which makes in vivo evaluation of potential DC-SIGN targeting vaccines very difficult. 
Here we describe the use of DC-SIGN transgenic mice, as a good model system to evaluate 
DC-SIGN targeting vaccines. We demonstrate that glycan modification of OVA with DC-SIGN 
targeting glycans, targets antigen-specifically to bone marrow (BM) derived DCs and splenic 
DCs. Glycan modification of OVA with Lewis X or Lewis B oligosaccharides that target DC-SIGN 
transgenic DCs, resulted in efficient 10-fold induction of OT-II T cells compared to unmodified 
OVA. Interestingly, glycan modified OVA proteins were significantly cross-presented to OT-I  
T cells by wild type DC, 10-fold more than native OVA, and the expression of DC-SIGN further 
enhanced this cross-presentation. Targeting of glycosylated OVA was neither accompanied 
with any DC maturation, nor the production of inflammatory or anti-inflammatory cytokines. 
Thus, we conclude that glycan modification of antigens and targeting to DC-SIGN enhances 
both CD4+ and CD8+ T cell responses. Furthermore, our data demonstrate that DC-SIGN 
transgenic mice are valuable tool for optimisation and efficiency testing of DC vaccination 
strategies that are designed to target in particular the human DC-SIGN receptor.

Introduction
Dendritic cells (DCs) are guardians of the immune system as they operate at the interface of 
innate and adaptive immunity1,2. As specialised antigen presenting cells (APCs), they sense 
their environment for antigens, pathogenic or self-antigens to create a strict balance between 
immunity and tolerance. Immature DCs take up antigen in the periphery, process and present 
antigen to naïve T cells in the draining lymph nodes as peptides bound to both MHC class I or II 
molecules. Depending upon the stimulus DCs encounter, they can regulate the development 
of naïve T helper (Th) cells into Th1, Th2 or Th17 effector T cells or into regulatory T cells (Tregs) 
that suppress immunity by inducing tolerance.

Given their capacity to modulate immune response, DCs are exceptionally attractive targets 
for developing both preventive and therapeutic vaccines. Different approaches have been 
applied to target DCs to modulate immune responses. Dendritic cells ex-vivo loaded with 
tumour antigens induce potent anti-tumour responses in mice3,4. In addition to tumour therapy, 
DC-based vaccinations also elicit protective immunity against bacterial, viral and fungal 
infections5. In current DC-based vaccines, autologous DCs are harvested from patients, 
loaded ex-vivo and then re-administered to the patients. While different strategies are used to 
load antigens to DCs, by necessity all are extremely laborious. 

Apart from ex-vivo targeting, strategies have been proposed to directly target the antigens 
to DC in vivo6. For this, multiple DC surface receptors such as Fc receptors7,8 and C-type 
lectin receptors (CLRs)9,10 have been considered as targets, as they facilitate internalisation of 
the targeted antigen for processing presentation on MHC-I/II molecules. The APC restricted 
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expression of CLR makes them attractive candidates for in vivo targeting of antigen to DC 
compared to Fc receptors, which are also expressed on other immune cells. Both DEC-205 
and the mannose receptor have been used for antibody targeting studies both in vitro and 
in vivo11,12. Previous studies on DEC-205 have shown the potency of targeting antigens to 
CLR. Clearly, anti-DEC-205 antigen conjugates when targeted to DC in combination with a 
strong adjuvant, generated a strong CD8+ T cell response in vivo, whereas in the absence 
of adjuvant tolerance was induced. In relation to this, enhanced CD4+ T cell responses were 
observed when antigens were targeted to DCIR-213 or Dectin-114.

Different CLRs expressed by DC have been reported, such as the mannose receptor15, 
DEC20516, DC-SIGN17, Dectin-118, Langerin19, MGL20, DCIR-221 and Dectin-222. In the human, 
there is special interest in targeting antigens to DC-SIGN as this C-type lectin is primarily 
expressed on immature monocyte-derived DCs, dermal DCs and on DCs present in draining 
LN. Several studies have demonstrated that antigen targeting to DC-SIGN, using anti-DC-
SIGN antibodies, can result in enhanced T cell presentation of both naïve as well as memory 
T cell responses23. However, next to using antibodies for specific targeting one could also use 
glycans to direct antigens to specific CLR. CLRs recognise carbohydrates through a conserved 
carbohydrate recognition domain (CRD). Depending on the amino acid sequence, the CRD 
bears specificity for mannose, fucose or galactose structures. The binding specificity of CLR for 
oligosaccharides is also dependent on carbohydrate branching, spacing and its multivalency, 
leading to a specific carbohydrate recognition profile for each CLR24. For example, the mannose 
receptor (MR) primarily recognises end-standing mono- or di-mannose25, whereas DC-SIGN 
binds high-mannose as well as fucose-containing carbohydrates present on blood group 
antigens26. On the contrary, the C-type lectin MGL recognises terminal N-acetylgalactosamine 
(GalNAc) and not mannose or fucose-containing epitopes27. 

Several publications have recently demonstrated the potency of glycan modification of antigen 
to facilitate targeting to CLR for antigen presentation28,29. Recently we have demonstrated that 
glycan modification of antigen, such as the melanoma antigen gp100, with natural DC-SIGN 
targeting high-mannose glycans, can specifically direct antigen to human monocyte-derived 
dendritic cells, resulting in enhanced MHC class II presentation30. Also, lentiviral vectors that 
contain viral glycoproteins of the Sindbis virus have illustrated their potency to target DC-SIGN 
and induce T cell responses31. This indicates that also specific glycans can be used to direct 
antigens to CLR on DCs to enhance antigen presentation and thus, modify CD4+ and CD8+ T 
cell responses. 

Studies with human DC have shown that certain pathogenic structures composed of 
carbohydrate structures and TLR agonists are captured by CLR and can modulate immune 
responses. For example, binding of ManLAM, a highly mannosylated cell wall component of 
Mycobacterium tuberculosis, to DC-SIGN has been shown to enhance IL-10 production and 
to reduce DC maturation32. In contrast, other studies demonstrate that binding of DC-SIGN to 
phase variants of Helicobacter pylori that express the Lewis X or Y antigens results in mixed 
Th1 and Th2 responses33, whereas binding of Schistosoma mansoni SEA to DC-SIGN leads to 
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Th2 response34. These findings indicate that binding of carbohydrate structures from pathogens 
can modulate DC function via C-type lectins such as DC-SIGN, while simultaneously targeting 
TLR35.

Many CLRs expressed on human DCs are also expressed on murine DC, with one exception 
that murine DCs lack a DC-SIGN homologue. The closest murine homologue of DC-SIGN 
is mDC-SIGN (CIRE), which is expressed on a subset of p-preDC and CD8- splenic DC and 
has been shown to have a limited glycan specificity restricted to only mannosylated BSA36,37. 
Another DC-SIGN homologue SIGN-R1 shares similar glycan specificities as DC-SIGN (with 
the exception of Lewis X), but is not expressed on murine DC38. Recently, a set of proteins 
related to human DC-SIGN were identified. Glycan array screening demonstrated that only 
one of them, SIGNR3, shares the ability to bind both high-mannose and fucose-terminated 
glycans in this format and to mediate endocytosis with human DC-SIGN. However, expression 
of this homologue still remains unidentified39. 

In current study, we have investigated whether the recently generated DC-SIGN transgenic 
mice that express human DC-SIGN under the control of CD11c promoter, would be a valuable 
mouse model for analysis of specificity and efficacy of DC-SIGN targeting vaccines40. We 
have in detail analysed the glycan specificity of DC-SIGN transgenic DC compared to 
C57BL/6 DC and although murine DC demonstrate poor binding to glycans, the DC-SIGN 
transgenic DC display a similar specificity as human DC-SIGN-expressing DC. Moreover, we 
show that engineered Ovalbumin (OVA) neo-glycoconjugates, containing DC-SIGN-specific 
carbohydrates, led to enhanced DC-SIGN-mediated antigen presentation, enhancing both 
OT-I and OT-II T cell proliferation.

Materials and methods
Mice
C57BL/6 mice were purchased from Charles River Laboratories and used 8–12 weeks of 
age. OT-I mice41 and OT-II mice42 bred in our animal facility under pathogen-free conditions, 
express a transgenic Vα2 Vβ5.1/5.2 T cell receptor (TCR) specific for the OVA peptides 
presented on H2-Kb (amino acids 257–264; SIINFEKL) or on I-Ab (amino acids 323–339; 
ISQAVHAAHAEINEAGR), respectively. Human DC-SIGN transgenic mice (termed ‘hSIGN’) 
were generated using the murine CD11c promoter driving expression of a human DC-SIGN 
cDNA sequence as described40. Hemizygous hSIGN mice were identified by PCR using primers 
#359: 5’ – CGG GAT CCG AGT GGG GTG ACA TGA GTG ACT – 3’ and #360:5’ – ACG CGT 
CGA CAA AAG GGG GTG AAG TTC TGC TAC G – 3’ and backcrossed for 10 generations 
on C57BL/6 background. Animals were bred and maintained under SPF conditions at the 
animal facility of the Institute for Medical Microbiology, Immunology and Hygiene, Technical 
University of Munich. Sex- and age-matched transgenic and littermate control mice between 
6 and 14 weeks of age were used in all experiments. All animal experiments were performed 
under specific pathogen-free conditions and in accordance with institutional, state and federal 
guidelines.
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Antibodies and reagents
The following antibodies were used: anti-CD11c-APC, CD80-PE, CD86-PE, CD40-PE, 
MHC-II-Alexa488 (e-bioscience, San Diego, CA, USA), anti-hDC-SIGN-FITC (R&D systems 
Europe Ltd., Oxon, UK), anti-MGL (ER-MP23; a kind gift from Dr. P. Leenen, Rotterdam, The 
Netherlands), MRD5-Alexa 488 (anti-MR; Biolegend, San Diego, CA), anti-Lewis B antibody, 
anti-Lewis X antibody (Calbiochem, Damstadt, Germany). For unconjugated antibodies 
secondary antibodies were used: peroxidase-labeled F(ab’)2 fragment goat anti-human IgG, 
Fcγ fragment specific antibody, F(ab’)2 fragment goat anti-mouse IgG, Fcγ fragment specific 
antibody (Jackson, West Grove, PA, USA) and peroxidase-labeled goat anti-mouse IgM, Fcγ 
fragment specific antibody (Nordic Immunology, Tilburg, The Netherlands).

Cells
Bone marrow derived DC (BM-DCs)
BM-DCs were cultured as previousely described by Lutz et. al.43 with minor modifications. The 
femeur and tibia of mice were removed, both ends were cut and marrow was flushed with 
Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, CA, USA) using a syringe with 0.45 mm 
diameter needle. The bone marrow suspension was vigorously resuspended and passed 
over a 100 μm gauge to obtain a single cell suspension. After washing, cells were seeded 
2x106cells per 100 mm Petridish (Greiner Bio-One, Alphen aan de Rijn, The Netherlands) in 
10 ml IMDM, supplemented with 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin 
and 50 μM β-mercaptoethanol (Merck, Damstadt, Germany) and 30 ng/ml recombinant murine 
GM-CSF (rm GM-CSF). At day 2, 10 ml medium containing 30 ng/ml rmGM-CSF was added. 
At day 5 another 30 ng/ml rmGM-CSF was added to each plate. From day 6 onwards, the 
non-adherent DCs were harvested and used for subsequent experiments. DCs were purified 
by positive selection with anti-CD11c MACS microbeads (Miltenyi Biotec, Bergisch Gladbach, 
Germany) following manufacturer’s protocol. 

Splenic DC isolation
Spleens from 3–5 mice were cut into small pieces and digested by stirring at 37°C for 45 min 
in IMDM containing 1 WU/ml Liberase RI (Roche, Basel, Switzerland) and 50 μg/ml DNase I 
(Roche, Basel, Switzerland). EDTA was added to a final concentration of 10 mM, and the cell 
suspension was incubated for an additional 10 min at room temperature. IMDM with 10% 
FCS/10 mM EDTA/20 mM Hepes (IMDM/HE) was added and the cells were pelleted. Red 
blood cells were lysed with ACK lysis buffer. Cells were washed once with IMDM/HE and 

undigested material was removed by filtration through a 100 μm cell strainer. CD11c+ DCs 
were purified using anti-CD11c microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) 
according to manufacturer’s instructions. 

Antigen-specific T cell isolation
OVA-specific CD4+ and CD8+ T cells were isolated from spleen and lymph nodes cell 
suspensions from OT-II and OT-I mice respectively. Lymph nodes and spleen were crushed 
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and cell suspensions were pelleted. Erythrocytes were lysed and the cells were passed 
through a cell strainer. CD4+ and CD8+ T cells were isolated from the suspensions using Dynal 
mouse CD4/CD8 negative isolation kit (Invitrogen, CA, USA) according to the manufacturer’s 
protocol.

Flow cytometry and cellular adhesion assays
Cells were incubated with primary antibody, followed by conjugated secondary antibody and 
analysed on FACSCalibur (BD Pharmingen, San Diego, CA, USA).

Cells were incubated with biotinylated PAA-coupled glycoconjugates (10 μg/ml; Lectinity 
Holdings, Inc., Moscow, Russia) for 30 minutes at 37oC and afterwards stained with 
streptavidine Alexa 488 (Molecular Probes, CA, USA) for detection. Binding of glycoconjugates 
was analysed on FACSCalibur and presented as the percentage or relative percentage of cells 
that have bound the glycoconjugate.

Generation of neo-glycoconjugates
For conjugation of carbohydrates such as lacto-N-fucopentose III (creating OVA-Lewis X) and 
lacto-N-difucopentose II (creating OVA-Lewis B) (Dextra Labs, UK) to ovalbumin (Calbiochem, 
Darmstadt, Germany) a bifunctional cross-linker (4-N-maleimidophenyl) butyric acid hydrazide 
(MPBH; Pierce, Rockford, USA) was used. This cross-linker has a hydrazide moiety and a 
maleimide moiety that is reactive towards thiols at neutral pH. Via reductive amination the 
hydrazide moiety of the linker was covalently linked to the reducing end of the carbohydrate 
and the maleimide moiety of the linker was later used for coupling the carbohydrate structures 
to OVA. Briefly, the carbohydrates were dissolved in 100 μl dimethyl sulfoxide (DMSO)-acetic 
acid (17:3, v/v). A mixture of sodium cyanoborohydride (Sigma-Aldrich, St. Louis, MO, USA) 
and MPBH (1:1 molar equivalent) in DMSO-Acetic Acid (17:3 v/v) was freshly prepared and 
added to the carbohydrate mixtures (10:1 molar equivalent). After 2 hrs incubation at 70o C 
the mixtures were cooled down to room temperature. 1 ml ice-cold isopropanol (HPLC grade; 
Riedel de Haan, Seelze, Germany) was added and further incubated at –20o C for 1 hr. The 
precipitated derivatized carbohydrates were pelleted by centrifugation (5 min at 14,000 rpm) 
and washed twice with ice-cold isopropanol. Pelleted carbohydrates were dissolved in 1 mM 
HCl (at this pH the maleimide moiety will remain stable). A sample was also dissolved in 50% 
acetonitrile and spiked with 0.1% acetic acid for offline analysis using offline needles (Promega) 
on Iontap Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). OVA in PBS 
was added to derivatized carbohydrates of interest (10:1 mol equivalent carbohydrate:OVA) 
and conjugation was performed overnight at 4oC. Neo-glycoconjugates were separated from 
reaction reductants using PD-10 desalting columns (Pierce, Rockford, USA). 

Enzyme-linked immuno sorbent assay (ELISA)
Neo-glycoconjugates were coated to NUNC maxisorb plates (Roskilde, Denmark) overnight 
at room temperature. Plates were blocked with 1% BSA in PBS for aspecific binding. After 
extensive washing conjugates were incubated either with DC-SIGN-Fc or anti-Lewis B/X 
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antibodies for 1.5 hrs at room temperature. Binding was detected using peroxidase-labeled 
F(ab’)2 fragment goat anti-human IgG, Fcγ fragment specific antibody, F(ab’)2 fragment goat 
anti-mouse IgG, Fcγ fragment specific antibody or peroxidase-labeled goat anti-mouse IgM, 
Fcγ fragment specific antibody respectively.

T cell proliferation assay
Irradiated DCs were pulsed with neo-glycoconjugates in round bottom 96-wells plate and 
washed three times. Purified T cells either CD4+ T cells from OT-II mice or CD8+ T cells from 
OT-I mice were added to each well and co-cultured with antigen-pulsed BM-DC for 48 hrs. 
After 48 hrs, [3H]-thymidine (1μCi/well; Amersham Biosciences, NJ, USA) was added for 
16 hrs to detect incorporation into DNA of proliferating T cells. Cells were harvested onto filters 
and [3H]-thymidine incorporation was assessed using a beta counter.

cDNA synthesis and real time PCR
Cells were lysed and mRNA was specifically isolated by capturing poly(A+)RNA in streptavidin-
coated tubes using a mRNA Capture kit (Roche, Basel, Switzerland). cDNA was synthesized 
using the Reverse Transcription System kit (Promega, WI, USA) following manufacturer’s 
guidelines. cDNA was diluted 1:2 in nuclease-free water after synthesis and stored at –20ºC 
until analysis. 

Specific primers for mouse IL-1α, IL-1β, IL-6, IL-10, IL-12p40, IL-12p35, IL-23p19 were 
designed by using the computer software Primer Express 2.0 (Applied Biosystems, CA, USA) 
and synthesized at Invitrogen (CA, USA). Primer specificity was computer tested by homology 
search with the mouse genome (BLAST, National Center for Biotechnology Information, MD, 
USA) and later confirmed by dissociation curve analysis. Real time PCR reactions were 
performed using the SYBR Green method in an ABI 7900HT sequence detection system 
(Applied Biosystems, USA) as previously described44. Briefly, 4 μl of the Power SYBR Green 
Master Mix (Applied Biosystems, USA) were mixed with 2 μl of a solution containing 5 nmol/μl 
of both oligonucleotides, and 2 μl of a cDNA solution (1/100) of the cDNA synthesis product). 
The Ct value is defined as the number of PCR cycles where the fluorescence signal exceeds 
the detection threshold value (fixed at 0.045 relative fluorescence units). For each sample the 
relative abundance of target mRNA was calculated from the obtained Ct values for both target 
and endogenous reference gene GAPDH applying the formula: relative mRNA expression= 
2[Ct (GAPDH) - Ct (target)]. 

Results
DC-SIGN is expressed on bone marrow derived DCs from human DC-SIGN transgenic 
mice (hSIGN mice)
In order to analyse the functionality of DCs derived from hSIGN mice, we first studied the 
in vitro expression of DC-SIGN on these DCs. hSIGN mice were generated as described40. 
The expression of DC-SIGN, under the control of the CD11c promoter, resulted in specific 
expression on DCs only. Immature DCs were generated by culturing murine bone marrow 
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Figure 1: DC-SIGN is expressed on BM-DCs and splenic DCs derived from hSIGN mice. (A) DC-SIGN 
expression on human monocyte derived DC. Bone marrow cells from C57BL/6 and hSIGN mice were 
differentiated into immature BM-DCs in the presence of GM-CSF. Splenic DCs were isolated from spleen 
using CD11c purification (B) MHC-II, CD80, CD86, CD40, DC-SIGN, MGL and mannose receptor expression 
was determined by flow cytometry. Filled histograms are the isotype controls and open histograms represent 
the expression of respective surface marker. (C) Murine DC-SIGN (mDC-SIGN), human DC-SIGN (hDC-
SIGN), mannose receptor (MR) and MGL-1 transcript levels were determined by RT-PCR using GAPDH as 
an endogenous reference gene. A representative example of three independent experiments is depicted here.
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in the presence of GM-CSF. As reported previously, human immature monocyte-derived DC 
express high levels of DC-SIGN45,46. CD11c bone marrow (BM) derived DCs from hSIGN 
mice expressed high levels of hDC-SIGN, at comparable levels as human DCs, while CD11c 
C57BL/6 BM-DCs were negative for hDC-SIGN (Fig. 1A). Staining for MHC class II markers 
and the co-stimulatory markers CD80, CD86 and CD40 showed similar expression on BM-
DCs derived from C57BL/6 and hSIGN BM-DCs, indicating a similar activation state of the 
DCs obtained from both mice. Moreover, our data demonstrates that other C-type lectins such 
as MGL-1 and the mannose receptor were also expressed at similar level on BM-DCs derived 
from both C57BL/6 and hSIGN mice (Fig. 1B;47). This was confirmed by RT-PCR (Fig. 1C). 
Neither type of BM-DCs expressed mDC-SIGN and only human DC-SIGN was expressed by 
hSIGN DCs.

Murine BM-DC have a poor capacity to bind carbohydrates compared to human 
monocyte-derived DC
In order to investigate the potency of glycans to target CLR on DCs, it is essential to determine 
the specificity of murine DC subsets for carbohydrates. The carbohydrate specificity of DC-
SIGN, has been investigated in great detail using DC-SIGN-Fc and DC-SIGN-expressing cells. 
These studies have demonstrated the carbohydrate specificity of DC-SIGN for high-mannose 
and Lewis blood group glycans (Fig. 2A)48-50. When analysing the carbohydrate binding of 
human monocyte-derived DCs to different soluble glycoconjugates (Fig. 2B), very high affinity 
for fucosylated carbohydrate structures, such as Lewis blood group antigens (Lewis X, Y, B, A) 
was observed due to high expression levels of DC-SIGN. 

As human and murine DCs express different C-type lectin receptors, the carbohydrate recognition 
profile may also differ. To investigate the carbohydrate specificity of immature murine BM-DCs, the 
binding potential of BM-DCs to soluble glycoconjugates was analysed. Surprisingly, in contrast 
to human monocyte-derived DCs, BM-DCs derived from C57BL/6 mice did not strongly bind 
fucose-containing carbohydrates (Fig. 2C), indicating that binding of glycans to BM-DCs derived 
from C57BL/6 was very low compared to human monocyte-derived DCs. Similar findings were 
also observed with BM-DCs from Balb/c mice (data not shown). Strikingly, of all Lewis antigens 
tested Lewis X had the highest interaction to BM-DCs, although at low percentage (7% binding), 
likely due to the presence of murine C-type lectin MGL-1 on BM-DCs (Fig. 1A and B) which 
shares specificity for Lewis X with human DC-SIGN51,52. Also the carbohydrate recognition profile 
of murine CD11c+ splenic DCs was determined. Similar to BM-DCs splenic DCs also show very 
low binding to Lewis blood antigens, with the exception of Lewis A and Lewis Y (Fig. 2D). Thus 
binding of carbohydrates to murine DCs compared to human DCs suggests lower affinity binding 
of carbohydrates which may depend on the absence of DC-SIGN or expression of other C-type 
lectin receptors.

Carbohydrate recognition of DCs derived from hSIGN mice is similar to that of  
human DC
Since BM-DCs from C57BL/6 mice hardly bind fucose-containing carbohydrate structures, the 
prominent ligands for DC-SIGN, we reasoned that murine models as such do not reflect the 
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human situation, especially if one considers strategies that target the DC-specific lectin DC-
SIGN. Therefore, we explored whether the introduction of human DC-SIGN into CD11c cells in 
mice would better resemble human DC regarding their glycan specificity50. 

Also, BM-DCs and splenic DCs derived from hSIGN mice showed strong binding to fucose-
containing carbohydrate structures such as Lewis X, Y, B and A (Fig. 3A and B). Although, the 
binding affinity of murine DC derived from hSIGN mice differs from that of human DCs, they do 
specifically bind DC-SIGN ligands. This indicates that expression of hDC-SIGN on murine DCs 
modifies the glycan specificity of these DCs to a similar specificity as observed for human DCs. 
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Figure 2: Monocyte-derived DCs have a higher affinity for fucosylated glycan structures than murine C57BL/6 
BM derived DCs. Human monocytes were differentiated into immature DCs in the presence of IL-4 and GM-
CSF. Day 7 DCs were used for binding assays. (A) DC-SIGN-specific glycans used in this study are depicted 
in the symbol nomenclature. Directionality is from non-reducing end at the left to the reducing end at the right. 
Linkages between monosaccharides contain the anomeric configuration of the monosaccharide (α and β) 
and the oxygen atom in the reducing end monosaccharide to which it is linked to. These glycan structures 
have been used in all binding assays. (B) Binding of human moDC to PAA-coupled glycans was determined 
by flow cytometry. Results are representative of three different experiments. (C) Day 6 BM-DCs were used in 
this binding assay. Binding to PAA-coupled glycans was analysed by flow cytometry. (D) CD11c+ splenic DCs 
were used in binding assay, binding to glycans was assessed by flow cytometry. All results are representative 
of three to five experiments.
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Construction of neo-glycoconjugates
To investigate whether DC-SIGN-specific glycan modifications would increase antigen 
presentation and CD4+ and CD8+ T cell responses by BM-DCs, we made use of the OT-I and 
OT-II T cells that are specific for OVA peptides in MHC class I and II respectively. We constructed 
two neo-glycoconjugates, OVA-Lewis X and OVA-Lewis B, glycans that are recognised by DC-
SIGN. These glycoconjugates were created by chemically conjugating the reduced Lewis X 
and Lewis B to free cysteines of OVA (Fig. 4A). Activation of the oligosaccharide Lewis X and 
Lewis B was confirmed by mass spectrometry (Supplementary Fig. 1A and B). The successful 
glycosylation of neo-glycoconjugates was determined by specific antibodies to Lewis X, 
Lewis B and DC-SIGN-Fc (Fig. 4B). Our data shows that the neo-glycoconjugate OVA-Lewis X 
and OVA-Lewis B were recognised by anti-Lewis X and anti-Lewis B antibodies respectively, 
suggesting successful conjugation of fucose-containing carbohydrate structures (Fig. 4B). 
Clearly, anti-Lewis B and anti-Lewis X antibodies did not recognise native OVA. Additionally, 
binding of DC-SIGN-Fc to OVA-Lewis X and OVA-Lewis B was also observed, whereas no 
binding to native OVA was observed. Furthermore, OVA did not appear to denature during the 
process of chemical conjugation to the glycans, as both native OVA and neo-glycoconjugates 
were recognised to the same extent by anti-OVA antibodies (Fig. 4B). Before using the neo-
glycoconjugates in functional assays, endotoxin levels were analysed by incubating the neo-
glycoconjugates with HEK-TLR4 tranfectants and measuring IL-8 production. Results obtained 
indicated that the endotoxin levels in all three conjugates used (OVA, OVA-Lewis X and OVA-
Lewis B) were below the detection limit (< 2 ng/ml) (Fig. 4C).

Lewis X and Lewis B neo-glycoconjugates strongly enhance DC induced CD4+ and CD8+ 
T cell responses
To examine the potency of the neo-glycoconjugates when targeted to DC-SIGN on DCs, for 
boosting antigen-specific T cell proliferation, BM-DCs derived from C57BL/6 mice and hSIGN 
mice were loaded with either native OVA or neo-glycoconjugates in varying concentrations. 
Antigen loaded DCs were then co-cultured with either OVA-specific CD4+ T cells from OT-II 
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Figure 3: DCs derived from hSIGN mice interact strongly with Lewis antigens. GM-CSF cultured day 6 BM-DCs 
(A) and splenic DCs (B) derived from C56BL/6 mice (black) and hSIGN mice (white) were used for binding 
assay. DCs were incubated with PAA-coupled glycans and binding was analysed by flow cytometry. Results 
depicted here are representative of four independent experiments.
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mice or CD8+ T cells from OT-I mice. T cell proliferation was analysed by measuring [3H]-
thymidine incorporation. Compared to OVA, targeting of OVA-Lewis X and OVA-Lewis B to 
C57BL/6 BM-DCs did not result in improved antigen presentation and CD4-specific T cell 
proliferation (Fig. 5A). Strikingly, at all concentration tested (1–10 μg/ml), BM-DCs derived 
from hSIGN mice showed a 10-fold enhanced presentation and proliferation of OT-II T cells, 
when DCs were targeted with the glycosylated OVA structures OVA-Lewis X and OVA-Lewis B 
(Fig. 5B). Also splenic DCs loaded with OVA-Lewis X and OVA Lewis B resulted in enhanced 
CD4+ T cell proliferation (~7-fold; Fig. 5D). These results suggest that specific targeting of neo-
glycoconjugates to DC-SIGN efficiently augments uptake and presentation to OT-II responder 
T cells (Fig. 5B). Surprisingly, when analysing the cross-presentation of neo-glycoconjugates to 
induce CD8-specific T cell proliferation, we observed that both OVA-Lewis X and OVA-Lewis B 
loaded wild type C57BL/6 BM-DCs showed a 10-fold increase (Fig. 6A). Interestingly, targeting 
OVA-Lewis X and OVA-Lewis B to BM-DCs from hSIGN mice further enhanced MHC class I 
presentation by 2-fold compared to C57BL/6 BM-DC (Fig. 6B), suggesting a synergistic effect 
between DC-SIGN and an unknown CLR. Primary splenic DCs from C57BL/6 and hSIGN mice 
loaded with OVA-Lewis X and OVA-Lewis B also resulted enhanced CD8+ T cell proliferation 
(Fig. 6C and D). Probably C-type lectins such as MGL-1 and the mannose receptor which are 
also expressed on BM-DCs and splenic DCs and share a similar carbohydrate specificity as 
DC-SIGN resulting in increased presentation of neo-glycoconjugates to CD8+ T cells53,54 (Fig. 
2C and D, data not shown). The enhanced cross-presentation by OVA-Lewis X and OVA-
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Lewis B was observed at higher antigen dosage of 30 μg/ml, which confirms earlier reports 
that high antigen dose favours cross-presentation55. Collectively, these data indicate that neo-
glycoconjugates that specifically target DC-SIGN induce a 7–10-fold increase of CD4+ T cells 
even at lower concentrations, while at higher concentration a 2-fold enhanced proliferation of 
CD8+ T cells is observed, suggesting that directing antigens to DC-SIGN induces strong CD4+ 
T cell proliferation and also favours cross-presentation. Moreover, our data demonstrate that 
glycan modified OVA enhances cross-presentation of wild type C57BL/6 DCs.

The enhanced antigen presentation was not due to an induction of DC maturation by the neo-
glycoconjugates as we did not observe any functional difference between BM-DC derived from 
C57BL/6 or hSIGN in relation to DC maturation status (CD80, CD86 and CD40; Supplementary 
Fig. 2). Taken together, these data suggest that glycosylation of antigens, in particular Lewis X 
and Lewis B, leads to enhanced antigen presentation and amplification of T cell proliferation. 
Targeting to DC-SIGN, in particular, robustly induced CD4+ T cell responses. Strikingly, 
targeting wild type BM-DCs with neo-glycoconjugates enhanced CD8+ T cell responses (via 
an unknown CLR) that were further enhanced by targeting DC-SIGN. These data show that 
the hSIGN mice are a good reflection of glycan specificity of human DCs, and can thus be a 
useful model system for the analysis of DC-SIGN targeting vaccine strategies. 
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Figure 5: OVA-Lewis X and OVA-Lewis B lead to enhanced MHC class II presentation and CD4 T cell 
proliferation. BM-DCs and splenic DCs from C57BL/6 (A and C) and hDC-SIGN (B and D) were incubated 
with neo-glycoconjugates (concentrations of 10 to 1 μg/ml) for 6 hrs and then co-cultured with OT-II (CD4) 
T cells for 48 hrs. Proliferation was determined in triplicate by [3H]-thymidine uptake. Data represent the mean 
± SD of triplicates in a representative example out of three to five independent experiments. 
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Figure 6: Neo-glycoconjugates result in enhanced cross-presentation to CD8+ T cells. BM-DCs and splenic DCs 
from C57BL/6 (A and C) and hDC-SIGN (B and D) were incubated with neo-glycoconjugates (concentrations 
of 30 to 1 μg/ml) for 6 hrs and then co-cultured with OT-I (CD8) T cells for 48 hrs. Proliferation was determined 
in triplicate by [3H]-thymidine uptake. Data represent the mean ± SD of triplicates in a representative example 
out of three to five independent experiments.

Discussion
Using hSIGN mice, we here demonstrate that targeting glycans to DC-SIGN strongly enhances 
CD4+ and CD8+ T cell responses. Moreover, enhanced uptake of the neo-glycoconjugates was 
not associated with DC maturation or the production of cytokines. Our data indicate that the 
hSIGN mice are o ptimally suitable for efficacy testing of DC-SIGN targeting vaccines that could 
not be evaluated in mice before, due to the absence of a functional DC-SIGN homologue in mice. 
Dendritic cells have proven to be prime candidates for vaccine efficacy. DCs express several 
C-type lectin receptors (CLRs), carbohydrate binding proteins that play a pivotal role in antigen 
recognition, uptake and presentation. Recently, a lot of interest has arisen based on the fact 
that some C-type lectins are specifically expressed on DC, and are therefore optimal for 
targeting antigens to DCs in vivo. Furthermore, the fact that most C-type lectins are genuine 
antigen uptake receptors that facilitate antigen presentation to T cells is a major advantage for 
optimally priming of specific T cells responses. 

In mouse models, receptor-mediated targeting of DCs via DEC205, using anti-DEC205 
antibodies, has been shown to strongly increase the efficiency of vaccination for inducing T cell 
immunity56,57. However, in the human setting the C-type lectin DC-SIGN is a more attractive 
targeting receptor due to its DC-specific expression in skin, mucosal tissues and draining 
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lymph nodes58. In contrast, in humans, DEC205 is broadly expressed on various immune cells 
such as DCs, monocytes and lymphocytes59. Studies have also demonstrated that targeting 
of DC-SIGN using DC-SIGN-specific antibodies results in efficient antigen presentation and 
T cell activation both in vitro and in vivo23,60,61. Because the glycan specificity of DC-SIGN is 
well characterised also specific glycans can be used for targeting antigens to DC-SIGN50,62. 
Glycan modification of the melanoma antigen gp100 with high-mannose structures enhances 
human anti-gp100 CD4 responses in vitro30. Thus, DC-SIGN targeting has great potential 
improving vaccine responses. To evaluate the effectiveness of DC-SIGN targeting vaccines 
in humans, one needs to assess its potency in an in vivo mouse model system that displays 
similar expression and specificity of DC-SIGN as in the human system. In this study, we 
demonstrate that DC-SIGN targeting strategies can be evaluated in hSIGN transgenic mice. 
Furthermore, we demonstrate that glycan modification of OVA with DC-SIGN-binding glycans 
such as Lewis X or Lewis B strongly promotes improved T cell responses, both CD4+ and CD8+ 
T cell responses. 

Research on in vivo evaluation of DC-SIGN targeting vaccines has been hampered due to 
the lack of a DC-SIGN homologue on DCs in the mouse with identical expression and glycan 
specificity. Our analysis of the carbohydrate specificity of endogenous C-type lectins on 
murine DCs, revealed that murine DCs show low binding to prominent DC-SIGN ligands such 
as fucose-containing blood antigens as Lewis X, Y, B and A50,63 (Fig. 2). Until now, eight mouse 
huDC-SIGN homologues have been cloned and described64. Only one of these named mDC-
SIGN (CIRE) is expressed in a restricted manner on DCs (CD8- DC and plasmacytoid-preDC) 
while others named SIGNR1–8 display a different tissue distribution. Functional comparisons 
of mouse DC-SIGN and human DC-SIGN have revealed that mDC-SIGN only binds to FITC-
mannosylated BSA but lacks binding to FITC-dextran, FITC-ovalbumin and human DC-SIGN-
specific pathogens such as HIV, cytomegalovirus and Leishmania mexicana37,65,66. Gamberg 
et. al. (2006) illustrated that determinants in the carbohydrate recognition domain and in the 
neck domain of mDC-SIGN inhibit any functional interaction. Moreover, mDC-SIGN was found 
to be monomeric, suggesting a lack of multimerisation that is required for efficient pathogen 
recognition by huDC-SIGN67. Due to the fact that murine DCs do not express an identical 
homologue, we investigated whether transgenic mice expressing human DC-SIGN under the 
control of CD11c promoter, are useful for evaluating human DC-SIGN targeting strategies. 
BM-DCs derived from transgenic mice show an up-regulated binding to fucose-containing 
blood antigens as Lewis X, Y, B and A compared to BM-DCs from C57BL/6. Surprisingly, the 
binding percentage of glycans to hSIGN DCs is lower than human DCs (max 20% versus 
80%). This is likely reflected by the lower expression levels of DC-SIGN on BM-DCs versus the 
high expression of DC-SIGN on human DCs. Our data also provide evidence that DCs derived 
from hSIGN mice not only capture DC-SIGN ligands, but also present antigens to CD4+ and 
CD8+ T cells. 

It has been reported that CLRs on DCs act as antigen receptors that internalise and target 
antigens to the endocytic pathway, resulting in processing and subsequent presentation of 
these antigens to T cells. Glycosylated antigens, like mannosylated BSA have been shown 
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to enhance MHC class II restricted T cells responses via the mannose receptor, compared 
to non-mannosylated BSA68. DC-SIGN efficiently takes up anti-DC-SIGN antibodies and HIV 
virions which are processed and presented to T cells23,46,69,70. Mansour et. al. (2006) have also 
demonstrated the uptake and presentation of mannoproteins from Cryptococcus neoformans 
by DC via the mannose receptor and DC-SIGN71. As we have shown that BM-DCs derived 
from hSIGN mice display higher binding to DC-SIGN-specific carbohydrate ligands such as 
Lewis X and Lewis B compared to wild type C57BL/6 mice, we selected these carbohydrate 
structures for chemical conjugation to the model antigen OVA and using them as tools to target 
DC-SIGN. In contrast to C57BL/6 DCs, DCs derived from hSIGN mice showed a pronounced 
enhancement of antigen presentation, which further translates into amplified CD8+ and, in 
particular, CD4+ T cell proliferation. In relation to this, prior studies have shown that yeast-
produced mannosylated ovalbumin is more potent at inducing OVA-specific CD4+ T cell 
proliferation than the unmannosylated OVA72. In that case, mannosylated OVA was targeted to 
the mannose receptor. Also, MUC1 conjugated to oxidised mannan was shown to elicit MUC1-
specific cytotoxic T cell responses73. However, we also observed increased presentation of 
processing of our neo-glycoconjugates in C57BL/6 DCs to CD8+ T cells, which is likely due to 
other CLRs that are specific for Lewis X74,75 (such as MGL-1) and Lewis B. 

Cross-presentation is an important mechanism for generating immunity to viruses and tumours 
as well as for the induction of tolerance against self-antigens76. DCs cross-present soluble 
exogenous antigens on MHC class I to antigen-specific CD8+ T cells. Till now, little is known 
about receptor mediated cross-presentation. Carter et. al. (2006 a,b) and Burgdorf et. al. 
(2006, 2007) have demonstrated that antigens targeted to dectin-2 and mannose receptor 
respectively, are cross-presented to antigen-specific CD8+ T cells77-79. Also the CLR langerin on 
Langerhans cells mediates efficient presentation of MHC-I and MHC-II products in vivo80. We 
here establish that the CLR DC-SIGN facilitates cross-presentation of neo-glycoconjugates to 
OVA-specific CD8+ T cells. Our experiments also show that the enhanced cross-presentation 
is only observed by higher antigen dose (30 μg/ml), consistent with the data that a high antigen 
dose is crucial to allow receptor mediated cross-presentation81. 

We have observed that DC-SIGN captured antigens specifically enhanced CD4+ T cell 
responses. In particular, lower antigen doses (down to 1 μg/ml) augmented CD4+ T cell 
proliferation by 10-fold. In contrast, targeting wild type BM-DC with neo-glycoconjugates did 
not enhance CD4+ T cell responses, indicating that this was a DC-SIGN-specific effect. To 
date, several C-type lectins have demonstrated to enhance antigen presentation through 
cross-presenting the antigen (mannose receptor, DEC205, dectin-2), yet not all C-type lectins 
that cross-present antigen, also enhance CD4+ T cell responses (DCIR-2 and dectin-1). Our 
data imply that DC-SIGN can both boost cross-presentation and CD4+ T cell responses. 

Binding of antigens to DC-SIGN has also been shown to modulate immune responses. 
Engagement of DC-SIGN through mannosylated antigen from mycobacteria, ManLAM results 
in DC maturation block via IL-10 production. Moreover, other bacteria expressing Lewis X or Y, 
such as Helicobacter pylori target DC-SIGN and alter Th1 skewing towards Th233. With our 
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DC-SIGN-binding neo-glycoconjugates, we did not observe any modulatory effects on DC 
maturation and cytokine production by DC, illustrating that the enhanced CD4+ and CD8+ T cell 
proliferation is achieved by active internalisation of the C-type lectin receptor DC-SIGN only. 

In conclusion, we here show that DC targeting via the human DC-specific CLR, DC-SIGN is 
an important strategy to improve vaccine design. Using carbohydrates, the natural ligands of 
CLR, we have demonstrated that glycan modification of antigen can greatly increase CD8+ and 
CD4+ T cell responses. We furthermore establish that hSIGN mice are a perfect model system 
to evaluate the potency of new vaccines designed to target DC-SIGN in vivo. 
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Supplementary Figure 1: Neo-glycoconjugate analysis by Mass Spectometry after conjugation. Activated 
Lewis B (A) and activated Lewis X (B) were subjected to mass-spectometry analysis for activation of Lewis B 
and Lewis X structures before conjugation to OVA. 

Supplementary Figure 2: Native OVA and neo-glycoconjugates did not modify DC maturation. Effect of neo-
glycoconjuates was studied on C57BL/6 and hSIGN BM-DC. (A) Neo-glycoconjugates (OVA, OVA-Lewis X 
and OVA-Lewis B) in a concentration of 30 μg/ml were incubated with BM-DCs O/N and maturation markers 
such as CD80, CD86, CD40 and MHC-II expression was analysed by flow cytometry. 
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Abstract
Cross-presentation is an important mechanism by which dendritic cells (DC) present exogenous 
antigens in MHC-I molecules, and activate CD8+ T cells, which are crucial for the elimination of 
tumours. Our aim is to exploit the cross-presentation capacity of the Mannose Receptor (MR) 
to improve presentation of tumour-antigens, as well as T-helper cell polarisation, both of which 
are pivotal for anti-tumour potency of cytotoxic T cells. To this end, we selected two glycan-
ligands of the MR, 3-sulfo-Lewis A and tri-GlcNAc, to conjugate the model antigen OVA and 
assessed the effect on antigen presentation and T-helper cell differentiation.

Our results demonstrate that conjugation of either 3-sulfo-Lewis A or tri-GlcNAc specifically 
directs antigen to the MR. Both neo-glycoconjugates showed even at low doses, improved 
uptake compared to native OVA, resulting in enhanced cross-presentation. Using MR-/- and 
MyD88-/- BM-DC, we show that the cross-presentation of the neo-glycoconjugates is dependent 
on MR and independent of TLR-mediated signalling. Whereas proliferation of antigen-specific 
CD4+ T cells was unchanged, stimulation with neo-glycoconjugate-loaded DC improved 
generation of IFN-γ producing T cells. We conclude that modification of antigen with either 
3-sulfo-Lewis A or tri-GlcNAc enhances cross-presentation and permits Th1 skewing, through 
specific targeting of the MR, which may be beneficial for DC-based vaccination strategies to 
treat cancer.

Introduction
Activation of antigen-specific cytotoxic T cells is crucial for the induction of adequate anti-
tumour immunity. Since most tumour cells are poorly immunogenic, optimal presentation of 
tumour-derived antigens in MHC class I molecules on the surface of antigen presenting cells 
is required. An important mechanism that allows dendritic cells (DCs) to present exogenous 
antigens, such as tumour-derived antigens, in MHC class I molecules is cross-presentation1.

At tumour lesions, multiple factors and cells are present that prevent the proper activation of 
DC that enter the lesion to sample for antigens2,3. Consequently, these DC will not be able 
to properly activate antigen-specific CD8+ T cells in the tumour-draining lymph nodes. To 
obtain therapeutic anti-tumour immunity powerful vaccination protocols are required. Current 
strategies focus either on ex-vivo loading of autologous DC as well as specifically targeting of 
antigens to DC in vivo. These new therapies may be combined with a regulatory T cell (Treg) 
depletion regimen, as these cells have been shown to block anti-tumour immune responses3-6. 

As a classical C-type lectin receptor (CLR), the Mannose Receptor (MR) binds carbohydrate 
structures such as mannose, fucose and N-acetylglucosamine (GlcNAc) in a calcium-
dependent manner7,8. Besides these carbohydrate structures, the MR has recently also been 
reported to bind sulfated sugars, such as sulfated oligosaccharides of the blood group antigens 
Lewis A (LeA) and Lewis X (LeX)8-10. Binding of these types of ligands occurs via the Cysteine-
rich (CR) region of the MR and in a calcium-independent manner8.

The MR has been proposed to mediate antigen uptake and presentation by DC based on 

the finding that mannosylated proteins are presented more efficiently than non-mannosylated 
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proteins11,12. Fusion of a MR-specific monoclonal antibody to tumour antigens enhanced MHC 
class I-restricted T cell responses13. Additionally, the glycoprotein ovalbumin (OVA), which 
contains mannose residues, was reported to be endocytosed through the MR, upon which 
the antigen was transferred to early endosomes, resulting in strong cross-presentation14,15. 
By contrast MR-mediated uptake of OVA did not induce CD4+ T cell responses. Processing 
of native glycosylated OVA in the early endosomes occurs in a TAP-dependent manner. 
Transport of TAP from ER to the endosomes is mostly, but not entirely, dependent on toll-
like receptor-4 (TLR4)/MyD88 signalling15. Although these studies report that the MR is an 
endocytic receptor for mannosylated OVA, in the human setting mannose may simultaneously 
target other CLR such as DC-SIGN, which shares specificity for mannose16. In addition 
DC-SIGN may preferentially shuttle endocytosed antigens into the MHC class II-restricted 
presentation pathway17. 

Importantly, although no signalling-motif is recognised in the cytoplasmic tail, the MR has 
been shown to be essential for cytokine production, both pro- and anti-inflammatory. However, 
the outcome is dependent on TLR co-triggering by pathogens or synthetic ligands. Mannose-
capped lipoarabinomannans from Mycobacterium tuberculosis inhibited LPS-induced pro-
inflammatory cytokine production by DC18, whereas Candida albicans-derived mannan triggers 
IL-17 production19.

In this study we exploited the feature of the MR to cross-present antigens, aiming to generate 
more potent activation of tumour-specific T cells. To this end, we selected two glycan ligands 
of the MR other than mannose, of which one also has a different binding site than mannose, 
that showed profound binding to BM-DCs and ex-vivo purified splenic DCs. These ligands, 
3-sulfo-LeA and tri-GlcNAc, were conjugated to the model antigen OVA to examine their potency 
to enhance antigen presentation in MHC class I and II, as well as T helper cell differentiation.

Materials and methods
Mice
C57BL/6 mice were purchased from Charles River Laboratories and used at 8-12 weeks of 
age. OT-I and OT-II TCR transgenic mice were bred and kept in our animal facility under 
specific pathogen-free conditions. All experiments were approved by the Animal Experiments 
Committee of the VUmc.

Antibodies 
Unconjugated mouse anti-chicken egg albumin (OVA) antibody (OVA-14) was purchased 
from Sigma Aldrich; Alexa-488 labeled- or biotinylated-anti-MR antibody (clone MR5D3) was 
obtained from Bio-legend; PE-labeled anti-IL-4 (clone 11B11), anti-IL-17 (clone eBioTC11-
18H10.1) and APC-labeled anti-CD11c (clone N418) and anti-IFN-γ (clone XMG1.2) antibodies 
were all purchased from e-Bioscience (Belgium).

Secondary antibodies used in this study were peroxidase-labeled goat anti-human IgG and 
goat anti-mouse IgG (Jackson, West grove, PA, USA). 
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BM-DC
BM-DC were cultured as previously described by Lutz et. al.34 with minor modifications. On 
day 0, the femur and tibia of mice were removed, both ends were cut and the marrow was 
flushed with Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, CA, USA) using a syringe 
with 0.45 mm diameter needle. The resulting marrow suspension was passed over 100 μm 
gauze to obtain a single cell suspension. After washing, the cells were seeded at 2x106cells 
per 100 mm dish (Greiner Bio-One, Alphen aan de Rijn, The Netherlands) in 10 ml IMDM, 
supplemented with 10% FCS; 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin 
(BioWhittaker, Walkersville, MD) and 50 μM β-mercaptoethanol (Merck, Damstadt, Germany) 
(=IMDMc) and containing 30 ng/ml recombinant murine GM-CSF (rmGM-CSF). At day 2, 
10 ml medium containing 30 ng/ml rmGM-CSF was added. At day 5 another 30 ng/ml rmGM-
CSF was added to each plate. From day 6 onwards, the non-adherent DC were harvested and 
used for subsequent experiments. 

BM of MR-/- mice (bred on the C57BL/6 background) was a kind gift of Dr. C. Kurts (Bonn, 
Germany). MyD88-TRIFF-/- BM was a kind gift from Dr. T Sparwasser (Hannover, Germany). 

Isolation of splenic DC
Spleens from 3-5 mice were isolated, cut into small pieces and incubated in medium containing 

1 WU/ml Liberase RI (Roche, Basel, Switzerland) and 50 μg/ml DNase I (Roche, Basel, 
Switzerland) at 37°C. After 45 min. EDTA was added to a final concentration of 10 mM, and 
the cell suspension was incubated for an additional 10 min at RT. The enzymatic digestion 
was terminated by addition of IMDM supplemented with 10% FCS/20 mM Hepes/10 mM 
EDTA (IMDM/HE). Red blood cells were lysed with ACK lysis buffer. Undigested material 
was removed by passing the suspension over 100 μm gauze. From the resulting single cell 
suspension, CD11c+ DC were purified using anti-CD11c microbeads (Miltenyi Biotec, Bergisch 
Gladbach, Germany) according to the manufacturer’s instructions. The enriched DC population 
(~98%) was used for subsequent experiments.

CD4+ and CD8+ T cell isolation
OVA-specific CD4+ and CD8+ T cells were isolated from lymphoid tissue of OT-I or OT-II mice, 
respectively. In brief, lymph nodes and spleen were collected and single cell suspensions were 
obtained by straining the spleens and lymph nodes through a 100 μm gauze. Erythrocytes were 
depleted by incubation in ACK-lysis buffer and CD4+ or CD8+ T cells were isolated from the 
single cell suspensions using the Dynal mouse CD4 or CD8 negative isolation kit (Invitrogen, 
CA, USA) according to the manufacturer’s protocol. 

PAA probe binding assay
BM-DCs (5x104/well) were incubated with biotinylated polyacrylamide (PAA) conjugated to 
GlcNAc, GlcNAcb1-4GlcNAcb, 3-sulfo-LeA, 3-sulfo-LeX (Lectinity, Moscow, Russia) at 37oC 
in PBS with 0.5% BSA (PBA) for 30 minutes. Cells were washed and stained with Alexa488-
labeled streptavidin for 30 min at RT. Thereafter, cells were co-stained with APC-labeled anti-
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CD11c for 15 min at RT, and analysed by flow cytometry (Calibur, BD Biosciences).

Generation of neo-glycoconjugates
For conjugation of the glycans 3-sulfo-LeA (creating OVA-3-sulfo-LeA) and N,N’,N’’,N’’’-
Tetraacetyl chitotetraose (creating OVA-tri-GlcNAc) (Dextra labs, UK) to Ovalbumin 
(Calbiochem, Darmstadt, Germany), a bifunctional cross linker (4-N-Maleimidophenyl butyric 
acid hydrazide; MPBH; Pierce, Rockford, USA) was used. In short, via reductive amination, 
the hydrazide moiety of the linker is covalently linked to the reducing end of the carbohydrate. 
After 2 hrs incubation at 70oC, the mixtures were cooled down to RT. 1 ml ice-cold isopropanol 
(HPLC grade; Riedel de Haan, Seelze, Germany) was added and further incubated at 
–20oC for 1 hr. The precipitated derivatised carbohydrates were pelleted and dissolved in 
1 mM HCl. Ovalbumin dissolved in PBS was added to derivatised carbohydrates of interest 
(10:1 molar equivalent carbohydrate:OVA) and conjugation was performed o/n at 4oC. Neo-
glycoconjugates were separated from reaction-reductants using PD-10 desalting columns 
(Pierce, Rockford, USA). The concentration of OVA was determined using the bicinchoninic 
acid assay (Pierce, Rockford, Ill).

MHC class I and class II-restricted antigen-presentation assay
DCs were incubated with indicated concentrations of antigen in 96-well round bottom plates for 
four hours. After washing, either 5x104 purified OVA-specific CD4+ or CD8+ T cells were added 
to each well. [3H]-thymidine (1μCi/well; Amersham Biosciences, NJ, USA) was added for the 
last 16 hrs of a 3 day culture to detect incorporation into DNA of proliferating T cells. Cells were 
harvested onto filters and [3H]-thymidine incorporation was assessed using a Wallac microbeta 
counter (Perkin-Elmer, USA). 

In vitro CD4+ Thelper differentiation assay
104 BM-DCs were incubated with 30 μg/ml neo-glycoconjugates for 4 hrs in 96-wells round 
bottom plates. After washing, 5x104 purified naïve CD4+ T cells isolated from OT-II mice were 
added to each well. On day 2, rmIL-2 (10 IU) was added. On day 7, the cells were activated 
with PMA (100 ng/ml; Sigma) and ionomycin (1 μg/ml; Sigma) for 6 hrs and brefeldin A (Sigma) 
was additionally added for the last 4 hrs. Intracellular production of IFN-γ, IL-4 and IL-17 was 
analysed using a FACScalibur.

Confocal laser scanning microscopy
BM-DCs were incubated for 2 hrs at 37°C with DyLight-594 labeled-OVA or -OVA-3-sulfo-Lewis A 
(30 μg/ml). Thereafter, cells were fixed, permeabilised and stained with antibodies against 
LAMP-1 or EEA-1. Subsequently, cells were allowed to adhere to poly-L-lysine-coated glass 
slides, mounted with anti-bleach reagent and analysed by confocal microscopy (Leica AOBS 
SP2 confocal laser scanning microscope system containing a DM-IRE2 microscope with 
glycerol objective lens (PL APO 63×/NA1.30) was used; images were acquired using Leica 
confocal software (version 2.61)).
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Statistical analysis
Data are expressed as the mean ± SD, unless stated otherwise. Results of experiments were 
analysed either using a Two-way Anova, followed by Bonferroni post-test or unpaired Student 
t test. Values were considered to be significantly different when P<0.05.

Results
Sulfated and di-GlcNAc glycan moieties bind MR on murine DCs
The glycan binding specificity of the MR is not solely restricted to mannose. Using purified 
MR-Fc fusion proteins, also sulfated and GlcNAc glycan moieties were shown to bind7,9. We 
investigated whether we could use these GlcNAc and sulfated glycan structures to specifically 
target antigen to the MR.

First, expression of MR on BM-DCs and splenic DCs was confirmed. DCs were either cultured 
from bone marrow or ex-vivo isolated from the spleen from C57BL/6 mice and MR expression 
was analysed using flow cytometry. Both, CD11c+ bone marrow-derived DC (BM-DCs) and 
splenic DCs expressed significant levels of MR protein on their cell surface (Fig. 1A), herewith 
confirming previous reports20,21. 

Subsequently, binding of GlcNAc and sulfated glycan structures was examined by incubating 
DCs with biotinylated polyacrylamide (PAA)-conjugated glycans at 4°C. Streptavidin-
Alexa488 was used to visualise bound glycans. From Figure 1, it is clear that BM-DCs bind 
N-acetylglucosamine (GlcNAc) and chitobiose (GlcNAcb1-4GlcNAc; di-GlcNAc) as well as the 
sulfated blood group antigens 3-sulfo-LeA [HSO3-3Galb1-3(Fuca1-4)GlcNAc] and 3-sulfo-LeX 
[HSO3-3Galb1-3(Fuca1-3)GlcNAc] (Fig. 1B). The PAA-conjugated control structure glucitol did 
not bind to BM-DC. Surprisingly, when purified CD11c+ splenic DCs were used, we observed 
significant binding of PAA-conjugated 3-sulfo-LeA and di-GlcNAc but not of 3-sulfo-LeX. This 
can either be due to low specificity of MR for 3-sulfo-LeX or the involvement of another glycan 
binding receptor on BM-DCs with specificity for 3-sulfo-LeX, which is absent on splenic DCs. 
Together, these results show that sulfated blood group antigens and GlcNAc glycan structures 
can interact with murine DCs.

Increased binding to DC-expressed MR by the neo-glycoproteins OVA-3-sulfo-Lewis A 
and OVA-tri-GlcNAc
Based on our observation that the PAA-conjugated glycans 3-sulfo-LeA and di-GlcNAc 
efficiently bind to BM-DCs and splenic DCs, we chose to conjugate these glycans to the model 
antigen ovalbumin (OVA) to investigate their potential to enhance antigen cross-presentation. 
Native OVA contains high mannose and bi-antennary type of glycans (14, and data not shown). 
We chemically conjugated either activated 3-sulfo-Lewis A or a polysaccharide of GlcNAc 
(chitotetraose [GlcNAcb1-4GlcNAc-GlcNAcb1-4GlcNAc]), hereafter referred to as tri-GlcNAc, 
as one of the ring structures needs to be opened to be able to couple it to OVA leaving three 
GlcNAc glycans are available) to free Cysteine residues of native OVA. In this way OVA-neo-
glycoproteins that additionally contain these specific glycans (OVA-3-sulfo-LeA and OVA-tri-
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GlcNAc) were created. The presence of 2-3 moieties of either 3-sulfo-LeA or tri-GlcNAc on OVA 
was confirmed by mass-spectrometry (data not shown). The potential of these newly formed 
neo-glycoproteins to interact with the MR on DCs was examined as this might differ from 
binding of glycans conjugated to PAA. We compared the binding of these neo-glycoconjugates 
with binding of native OVA, which has previously been demonstrated to bind the MR21. Binding 
of both OVA-3-sulfo-LeA and OVA-tri-GlcNAc to BM-DCs was significantly enhanced compared 
to native OVA (Fig. 2A). In addition, we noticed that next to increased binding, also the number 
of cells that bound the glycoconjugates was increased (Fig. 2B). The binding of these neo-
glyco-conjugates was indeed MR-dependent as a significant reduction in binding to MR-/- BM-
DCs was observed (Fig. 2B, white bars).

Targeting MR using neo-glycoconjugates improves CD8+ T cell proliferation
To investigate whether MR-targeting of DCs with the neo-glycoconjugates results in increased 
MHC class I or II presentation, we co-cultured BM-DCs pulsed with OVA-3-sulfo-LeA or OVA-
tri-GlcNAc, for three days with either purified OVA-specific CD8+ or CD4+ T cells, respectively. 
Before performing these functional assays, the neo-glycoconjugates were analysed for 
potential contamination with endotoxins to rule out that increased cross-presentation of the 
neo-glycoconjugates would be due to TLR4 triggering, which has been shown to be required 
for cross-presentation of OVA15. Incubation of all three protein-preparations (OVA, OVA-3-
sulfo-LeA and OVA-tri-GlcNAc) used in this study with TLR4 transfected cell lines revealed that 
LPS levels were below detection limit (< 2ng/ml) (Supplementary Fig. 1). In addition, equal 
OVA concentrations were measured in all three protein-preparations by ELISA (Supplementary 
Fig. 2).

BMDC splenic DC

MR

A

B

MFI

BMDC splenic DC

MFI
020406080100120140 0 15 30 45 60

3’-sulfo -LeX

3’-sulfo -LeA

βGlcNAc 

di -GlcNAc

Glucitol

Figure 1: MR expression and strong binding of GlcNAc and sulfated glycans by DC. A, Immature BM-DC 
and ex-vivo purified CD11c+ splenic DC were analysed for expression of MR (solid lines). Filled histograms 
represent isotype controls. Results are representative of three independent experiments. B, the same DC 
subsets were used to examine binding of PAA-coupled glycans. DCs were incubated with biotinylated-
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Figure 2: Increased and specific binding of OVA-tri-GlcNAc and OVA-3-sulfo-LeA neo-glycoproteins bind to 
MR on DC. The OVA-neo-glycoconjugates OVA-3-sulfo-LeA and OVA-tri-GlcNAc were fluorescently labeled 
to assess binding to BM-DCs. Binding of the neo-glycoproteins was compared with native OVA. To this end, 
105 WT and MR-/- BM-DCs were incubated with 30 μg/ml of the indicated antigens for 30 min at 4oC. A, 
Fluorescence reflects binding of the neoglyco-proteins to WT BM-DCs. B, In addition the percentage of WT 
(black bars) and MR-/- (white bars) DCs that specifically bind the neo-glycoproteins was determined. One 
representative experiment out of three is shown. P-value <0.05 was considered significantly different from WT 
BM-DCs binding native OVA.
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Importantly, when titrating the amount of antigen used in these antigen-presentation 
experiments, we observed that low concentrations (30 μg/ml) of the neo-glycoconjugates  
were already sufficient to result in potent T cell proliferation compared to native OVA (i.e. 
500 μg/ml;14,15), herewith illustrating the strong potential of the neo-glycoconjugates in the 
activation of T cells.
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Figure 3: Neo-glycoconjugate targeting to MR on murine DCs results in enhanced cross-presentation 
independent of TLR triggering. To examine whether MR-targeting neo-glycoconjugates increased MHC class II 
or I presentation, we co-cultured BM-DCs pulsed with OVA-3-sulfo-LeA or OVA-tri-GlcNAc, for three days with 
purified OVA-specific A, CD4+ or B, CD8+ T cells. The involvement of MR-mediated uptake and processing 
in OVA presentation to C, CD4+ and D, CD8+ T cells was revealed by comparing responses induced by 
WT (grey bars) with MR-/- (black bars) BM-DCs. E, Increased cross-presentation of the neo-glycoproteins 
is independent of TLR triggering as proliferation of OT-I CD8+ T cells was still increased compared to native 
OVA using MyD88-/- BM-DCs (black bars). F, Addition of LPS further enhances cross-presentation of low 
concentrations of the neo-glycoconjugates. One representative experiment out of two is shown. Significant 
difference is shown as ***,P<0.001; **,P<0.01; *,P<0.05 or n.s.,P>0.05 when comparing to responses to 
native OVA (A-F), or WT vs MR-/- (C+D) or WT vs MyD88-/- (E).
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Proliferation of CD4+ T cells activated by DCs pulsed with OVA-3-sulfo-LeA and OVA-tri-
GlcNAc was slightly increased compared to T cells primed by native OVA–loaded DCs, 
despite the presence of mannose on native OVA (Fig. 3A). A much stronger effect of the 
neo-glycoconjugates was observed on CD8+ T cell proliferation. OVA-3-sulfo-LeA and OVA-tri-
GlcNAc were significantly enhanced cross-presented compared to native OVA, as shown by 
a ten-fold increased proliferation of OVA-specific CD8+ T cells (Fig. 3B). Similar results were 
obtained when ex-vivo isolated splenic DCs were used (data not shown). 

Experiments performed with BM-DCs derived from MR-/- revealed that the uptake and processing 
route of the neo-glycoconjugates was MR-dependent as the proliferation of OVA-specific CD4+ 
and CD8+ T cells was significantly decreased compared to their response using WT BM-DCs 
(Fig. 3C+D). Although the cross-presentation was greatly reduced using the MR-/- BM-DCs, 
there was still some background presentation of OVA-3-sulfo-LeA and OVA-tri-GlcNAc. As our 
neo-glycoconjugate preparations did not contain endotoxin above detection level, we conclude 
that the observed enhanced cross-presentation of OVA-3-sulfo-LeA and OVA-tri-GlcNAc is 
glycan-mediated and distinct from the previously reported TLR-dependent cross-presentation 
of native OVA15. This was confirmed using MyD88-/- BM-DCs; similar to using WT BM-DCs, 
cross-presentation of the neo-glycoconjugates was enhanced in MyD88-/- BM-DCs compared 
to native OVA, indicating that the cross-presentation induced by 3-sulfo-LeA and tri-GlcNAc is 
independent of TLR-signalling (Fig. 3E). Indeed, addition of LPS improved cross-presentation 
of native OVA. However, when LPS was mixed with the neo-glycoconjugates, mostly cross-
presentation of the lowest antigen doses (e.g. 10 and 3 μg/ml) was affected (Fig. 3F). 

Together these data indicate that both OVA-neo-glycoconjugates target the MR and upon uptake 
are potently cross-presented to CD8+ T cells. The entered cross-presentation pathway is different 
from native OVA, as the observed cross-presentation occurs independent of TLR-signalling.

Induction of Th1 cells by MR-targeting neo-glycoconjugates
The presence of IFN-γ producing CD4+ T cells is crucial for the generation of potent CD8+ 
cytotoxic T cells as well as their recruitment into the tumour site22,23. We questioned whether 
targeting DC with OVA-3-sulfo-LeA or OVA-tri-GlcNAc influenced CD4+ T cell polarisation 
rather than proliferation. Thereto, naïve OVA-specific CD4+CD62Lhigh T cells were co-cultured 
with neo-glycoprotein-pulsed DCs and one week later production of cytokines related to Th1-, 
Th2- and Th17-differentiation was analysed using flow cytometry. We compared this with the 
profile of T cells differentiated by native OVA pulsed DC. 

DCs targeted with either neo-glycoconjugate generated significantly higher frequencies of 
IFN-γ producing CD4+ T cells compared to native OVA-loaded DC (Fig. 4, left panel). By 
contrast, OVA-3-sulfo-LeA and OVA-tri-GlcNAc either reduced or did not affect the frequency 
of IL4- or IL-17-producing T cells, respectively (Fig. 4, middle and right panel). These data 
imply that 3-sulfo-LeA- and tri-GlcNAc-glycosylated antigens that target efficiently to the MR on 
DCs result in induction of IFN-γ producing effector T cells. 
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Figure 4: Neo-glycoconjugates targeted to MR polarize naïve CD4+ T cells towards Th1. BM-DCs were 
incubated with OVA-3-sulfo-LeA or OVA-tri-GlcNAc for 4 hrs, washed and co-cultured with naïve CD4+CD62Lhigh 
OT-II T cells. As a control, BM-DCs were incubated with native OVA. One week later, T cells were activated 
with PMA and ionomycin, and intracellular staining for IFN-γ (A), IL4 (B) and IL-17A (C) was analysed by flow 
cytometry. Representative results of three different experiments are shown. P-value <0.05 was considered 
significantly different from responses to native OVA. ***P<0.001; **P<0.01; *=P<0.05; P>0.05=n.s.

OVA and OVA-3-sulfo-Lewis A are routed to endosomes in DCs
As targeting of the MR with OVA-3-sulfo-LeA and OVA-tri-GlcNAc resulted in enhanced cross-
presentation to CD8+ T cells, we investigated the intracellular routing of native OVA and OVA-
3-sulfo-LeA into BM-DCs derived from C57BL/6 and MR-/- mice. To this end, BM-DCs were 
incubated with fluorescent-labeled OVA or OVA-3-sulfo-LeA for two hours, co-stained for MR, 
EEA-1 (endosomal marker) or LAMP-1 (lysosomal marker) and analysed using confocal 
microscopy. We observed that OVA and OVA-3-sulfo-LeA (red) that bind to the MR (green, 
co-localisation with OVA appears yellow) co-localised with the endosomal marker EEA-1 
(blue, co-localisation OVA-MR-EEA-1=cyan) (Fig. 5A+B). This co-localisation is also clearly 
observed when fluorescence images are converted into histograms. Surprisingly, we observed 
that co-localisation of the MR bound OVA-3-sulfo-LeA with EEA-1 was higher compared to 
native OVA. In addition we assessed that the internalised OVA-3-sulfo-LeA did not co-localise 
with the lysosomal marker LAMP-1, but only with the MR (data not shown). The uptake of OVA 
and OVA-3-sulfo-LeA in BM-DCs derived from MR-/- was dramatically decreased (Fig. 5C+D). 
These data correlate with the data on binding and antigen presentation demonstrating that 
OVA-3-sulfo-LeA targeted to the MR results in increased internalisation of antigen to the 
endosomal compartment to facilitate loading of antigen to MHC class I molecules leading to 
enhanced cross-presentation to CD8+ T cells.

Discussion
Here we show that DC-expressed MR is capable of binding sulfated glycans such as 3-sulfo-
LeA or GlcNAc besides mannose glycans, present on native OVA. Conjugation of 2 sulfated 
glycans to each OVA molecule not only resulted in increased MR-dependent antigen uptake, 
but also strongly enhanced MHC class I mediated cross-presentation of OVA to CD8+ T cells. 
The enhanced cross-presentation was independent of TLR-signalling and inducible at low 
concentrations of antigen. Furthermore, the addition of 3-sulfo-LeA or tri-GlcNAc to OVA protein 
enhanced the frequency of IFN-γ producing CD4+ T cells, illustrating Th1 skewing. 
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Figure 5: OVA-neo-glycoconjugates are conveyed to early endosomes. WT and MR-/- BM-DC were incubated 
with fluorescent-labeled OVA or OVA-3-sulfo-LeA (red) for 2 hrs at 37oC. After fixation and permeabilisation, 
cells were stained with antibodies specific for MR (green) and EEA-1 (early endosomes, blue). Both OVA and 
OVA-3-sulfo-LeA co-localised with MR and EEA-1 in WT (A, B) but not MR-/- (C, D) BM-DC. Graphs shown are 
representative of two independent experiments.

Previous studies showed that the MR specifically binds high mannose, fucose and 
N-acetylglucosamine (GlcNAc) residues via the Carbohydrate Recognition Domains (CRD)7,24. 
Of the 8 CRDs, CRD4-5 are sufficient to generate the affinity of the whole receptor for natural 
ligands. Moreover, the MR contains a N-terminal CR domain, demonstrated to bind novel 
sulfated saccharides9,25. In this study, we show that murine DC-expressed MR strongly binds to 
sulfated blood antigens such as 3-sulfo-LeA and GlcNAc. When these glycans were conjugated 
to OVA, increased binding and uptake of the neo-glycoconjugates was detected compared 
to native OVA, which itself is mannosylated. Interestingly, 3-sulfo-LeA and tri-GlcNAc bind to 
different sites of the MR. Whereas tri-GlcNAc binds to the CRD, 3-sulfo-LeA binds the MR via 
the CR domain8-10. Nevertheless these sulfated glycans exert similar potentiating effects. When 
chemically conjugated to OVA, these novel MR-specific ligands direct antigen more potently 
to the MR and enhance cross-presentation of antigens to CD8+ T cells when compared to 
native OVA. This enhancement in cross-presentation is predominantly mediated by the MR 
as cross-presentation was greatly reduced in MR-/- BM-DC. The fact that cross-presentation 
of the neo-glycoconjugates by MR-/- BM-DC was not completely abolished may be explained 
by binding of these glycans to other receptors, such as SIGNR1 and SIGNR3, although their 
presence on myeloid DC has not been formally shown. 

The potentiating effect of tri-GlcNAc may lay in its higher affinity for the MR than mannose 
resulting in increased responses7. Since 3-sulfo-LeA binds the CR region instead of the CRD, 
it cannot compete with mannose. However, binding to the CR region might be with stronger 

OVA OVA -sulfo -Le A
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affinity than of mannose to the CRD, although to our knowledge a direct comparison between 
these ligands and regions has not been described. CR-ligand binding may elicit stronger 
responses than CRD-ligand binding. This is underlined by the fact that the response to OVA-
3-sulfo-LeA is stronger than to native OVA. However, as native OVA contains mannoses, it is 
very likely that our OVA-3-sulfo-LeA conjugate binds both regions, with 3-sulfo-LeA binding to 
the CR and mannose to the CRD region, respectively. 

Both neo-glycoconjugates evoked only a marginal increase in MHC class II restricted 
presentation via the MR. Our results correlate with previous studies showing that internalisation 
of soluble antigens containing an MR-ligand does not influence presentation to CD4+ T cells14. 
Uptake and presentation of native OVA via MHC class II molecules was shown to be 
scavenger receptor-dependent. Only when accompanied by a TLR4 ligand, native OVA is 
routed to endosomal compartments for MHC class I loading15. In contrast to these findings, we 
demonstrate here that our novel neo-glycoconjugates mediate enhanced cross-presentation 
in a strictly TLR-independent manner, as enhanced cross-presentation was observed in the 
absence of TLR triggering and also present when using MyD88-/- DCs. In addition, we could 
also exclude any endotoxin activity in our neo-glycoconjugates, indicating that this TLR-
signalling independent cross-presentation is strictly mediated by the glycosylation of the 
antigen. This could be a mechanism that ensures CD8+ T cell tolerance to autoantigens, as 
cross-presentation of auto-antigens is usually independent of TLR signalling26,27. 

A clear difference in TLR-dependency of cross-presentation may lay in the antigen dose. In our 
experiments, cross-presentation of the neo-glycoconjugates was enhanced at a concentration 
of 30 μg/ml of neo-glycoconjugate, while the TLR-dependent cross-presentation of native 
OVA was observed at a high antigen dose of 1 mg/ml14. Alternatively, the difference in TLR-
dependency might be due to the different glycans involved in MR binding. Whereas for native 
OVA the involvement of mannose structures has been described14,15,21, we here demonstrated 
the potency of 3-sulfo-LeA and tri-GlcNAc as MR-targeting glycans. The binding of different 
glycans to CLR has shown to affect different signalling processes that may interfere with TLR 
signalling28. 

Some strategies that aim targeting antigen to MR involve MR-specific antibody-antigen 
conjugates. The human anti-MR Ab B11 has been developed as a vehicle to deliver the human 
tumour Ag pmel17 directly to DCs13. Monocyte-derived DCs loaded with the B11-pmel17 fusion 
protein resulted in antigen-specific CD4+ and CD8+ T cell proliferation in vitro. Furthermore, 
injection of the B11-pmel17 conjugate in huMR transgenic mice also resulted in induction 
of both humoral and cellular antigen-specific immunity29. However, the use of MR-specific 
antibodies for antigen-targeting purposes in humans may induce adverse immune responses 
due to differences in glycosylation of the antibody with the endogenous MR in humans, which 
may arise from the cell line used for MR-Ab production. These effects will not appear when 
using natural ligands of MR to target antigen. The use of natural ligands to target the MR has 
been successful. Injection of DCs, ex-vivo targeted with oxidised mannan-MUC1 conjugates, in 
mice resulted in the generation of high frequencies of MUC1-specific CTL and protection from 
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tumour challenge30,31. These studies formed the basis of clinical trails using oxidised mannan 
tumour antigen-conjugates to target MR. In a Phase I clinical trial, patients with advanced 
carcinoma of the breast, colon, stomach and rectum were treated with mannan conjugated 
to part of MUC1. Although this resulted in antigen-specific humoral responses in half of the 
patients, and CTL responses in a minority of patients, no apparent clinical responses were 
detected32. A pilot Phase III clinical study on oxidised mannan conjugated to MUC1 in stage II 
breast cancer patients with early disease showed promising results. Evaluation of patients 
5 years after the last treatment revealed that all patients receiving immunotherapy were free of 
tumour recurrences. By contrast, the recurrence rate in patients receiving placebo was 27%33.

Since the MR shares its specificity for mannose residues with DC-SIGN, vaccination strategies 
using mannan to target MR are not specific and can involve other CLR, which can severely 
affect the desired response. Therefore, the urge to develop MR-specific vaccination strategies 
using other MR-restricted natural ligands is necessary. In this study we have shown that both 
3-sulfo-LeA and tri-GlcNAc are potential glycans which can be used to develop MR-specific 
therapeutic strategies as these two ligands induce enhanced cross-presentation to CD8+ 
T cells as well as potent Th1 responses. Induction of antigen-specific CD4+ T cells is not only 
necessary for optimal generation of effector CD8+ T cells, but also play an important role in 
the maintenance of memory CD8+ T cells22. Moreover, the presence of antigen-specific CD4+ 
T cells has recently been shown to be pivotal for the mobilisation of CTLs into the effector-site23.

Together, these findings provide new options for MR targeting studies to use specific glycans 
that do not share glycan specificity with other CLRs, and besides showing strong capacity to 
induce cross-presentation also encompass a Th1 skewing potential. 
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Supplementary information: Detection endotoxin contamination 
HEK293-TLR4/MD2 co-transfectants were cultured in DMEM (Invitrogen, Gibco, CA, USA) supplemented 
with 10% FCS and G418 (1 mg/ml). 105 cells in 100 µl RPMI were plated into 96-wells flat bottom plates and 
native OVA, OVA-3-sulfo-LeA or OVA-tri-GlcNAc was added for 24 hrs. E. Coli-derived LPS served as positive 
control for TLR4 activation. Subsequently, supernatants were analysed for IL-8 production by ELISA according 
to the manufacturer’s guidelines (Biosource, CA, USA).

Supplementary Figure 1: Neo-glyco-conjugates are LPS-free. Native OVA and OVA-neo-glyco-conjugates 
were analysed for possible LPS contamination by incubating them with HEK-TLR4/MD2 double-transfectants. 
The next day, IL8 in the supernatant was analysed using ELISA. As a positive control, cells were incubated 
with indicated amounts of LPS. 

Supplementary Figure 2: Similar amounts of OVA are present in neo-glyco-conjugate preparations. Indicated 
concentrations of native OVA and the OVA-neo-glycoconjugates OVA-3-sulfo-LeA and OVA-tri-GlcNAc were 
coated onto NUNC maxisorp plates. The next day, OVA was detected using a specific anti-OVA Ab (clone 
OVA-14) and OD was measured at 450nm. 
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Abstract
Antigen presenting cells (APC) express a variety of pattern recognition receptors, including the 
C-type lectin receptors (CLR) that specifically recognise carbohydrate structures expressed on 
self-tissue and pathogens. The CLR play an important role in antigen uptake and presentation 
and have been shown to mediate cellular interactions. The ligand specificity of the human 
macrophage galactose-type lectin (MGL) has been characterised extensively. Here, we set 
out to determine the glycan specificity of the murine homologues, MGL1 and MGL2, using a 
glycan array. Murine MGL1 was found to be highly specific for Lewis X and Lewis A structures, 
whereas mMGL2, more similar to the human MGL, recognised N-actetylgalactosamine 
(GalNAc) and galactose, including the O-linked Tn-antigen, TF-antigen and core 2. The 
generation of MGL1 and MGL2-Fc proteins allowed us to identify ligands in lymph nodes, 
and MGL1-Fc additionally recognised high endothelial venules. Strikingly, MGL2 interacted 
strongly with adenocarcinoma cells, suggesting a potential role in tumour immunity.

Introduction
Antigen presenting cells (APC) express an array of pattern recognition receptors (PRR) important 
for their function to recognise antigens. The most commonly studied receptors are the Toll-like 
receptors that play an important role in activation/maturation of the cell, upon engagement 
with conserved pathogen structures1. CLR, another family of PRR, recognise carbohydrate 
structures that are expressed by pathogens as well as host tissues2. The family includes a 
wide variety of transmembrane receptors responsible for antigen uptake and presentation. 
Type I CLR, such as the mannose receptor (MR) and DEC-205, contain several conserved 
carbohydrate recognition domains (CRD) whereas the type II family members, including DC-
SIGN, DCIR and MGL, each contain one CRD2. MGL is a member of the type II family of CLR 
and is expressed on professional APC both in humans3 and in mice4. In the mouse, two MGL 
orthologues exist, mMGL1 and mMGL25. Both contain the Gln–Pro–Asp (QPD) sequence 
in their carbohydrate recognition domain that facilitates galactose or N-acetylgalactosamine 
(GalNAc) recognition5,6. The cytoplasmic domain contains the conserved YXXØ motif, where 
X denotes any amino acid and Ø denotes an amino acid with a bulky hydrophobic side chain. 
This domain is crucial for ligand internalisation via MGL7. Also, within the cytoplasmic tail, 
mMGL2 contains a stretch of 14 amino acids that is not present in mMGL15. In mice, both MGL 
orthologues are expressed near epithelial surfaces, such as the dermis, the small intestines, 
and also in lymph nodes8,9. Initial glycan binding studies have demonstrated that both mMGL1 
and mMGL2 recognise galactose-related structures but appear to have distinct specificities. 
Whereas mMGL1 recognises the carbohydrate Lewis X (Galβ1-4(Fucα1-3)GlcNAc), mMGL2 
recognises carbohydrates containing N-acetylgalactosamine, similar to the carbohydrate 
specificity of human MGL5,10. Despite these initial findings, the exact carbohydrate recognition 
profile has not been elucidated for murine MGL1 and MGL2 using a large array of different 
glycans and, in particular, the carbohydrates specificity of MGL expressing cells. 

The known carbohydrate recognition profile of human MGL suggests that it may play a role in 
tumour immunity. Human MGL clearly recognises Tn-antigens (GalNAcα-Ser/Thr) expressed 
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by adenocarcinoma cells and aberrantly glycosylated MUC110,11. In humans Lewis X-containing 
carbohydrates are also expressed in colon carcinoma and we have demonstrated that the 
human C-type lectin DC-SIGN, expressed by dendritic cells, recognises carcinoembryonic 
antigen in colon cancer via Lewis X12. Although murine MGL has been suggested to play a role 
in tumour immunity13,14, the molecular mechanisms have not yet been defined. These early 
studies suggested that both murine MGL1 and MGL2 were responsible for tumour clearance 
in vivo, however, no discrimination was made between the two MGL orthologues, that have 
distinct carbohydrate specificities. 

For the current study, we generated recombinant MGL1 and MGL2-Fc proteins and we 
used MGL-transfected cell lines, to determine the carbohydrate specificity. We carefully 
investigated the carbohydrate recognition profile of mMGL1 and mMGL2, using a glycan array 
(www.functionalglycomics.com). Furthermore, we demonstrated specific interaction of both 
MGL1 and MGL2 with cells present in lymph nodes and of MGL2 with extracellular matrix in 
the skin. Strikingly, only MGL2 specifically bound to different murine adenocarcinoma cell lines 
suggesting that MGL2 may play an important role in tumour immunity. 

Materials and methods
Mice
C57BL/6 mice were purchased from Charles River Laboratories and used 8–12 weeks of age. 

Cells
BM-DCs were cultured as previously described by Lutz et. al.15 with minor modifications. 
The femur and tibia of mice were removed, both ends were cut and marrow was flushed 
with Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, CA, USA) medium using a syringe 
with 0.45 mm diameter needle. The bone marrow suspension was vigorously resuspended 
and passed over a 100 μm gauge to obtain single cell suspension. After washing, the cells 
were seeded per 2x106cells per 100 mm petridish (Greiner Bio-One, Alphen aan de Rijn, The 
Netherlands) in 10 ml IMDM supplemented with 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml 
streptomycin and 50 μM β-mercaptoethenol (Merck, Damstadt, Germany) and containing 
20 ng/ml recombinant murine GM-CSF (rm GM-CSF). Additional 10 ml containing 20 ng/
ml rmGM-CSF was added at day 2 and 10 ng/ml rmGM-CSF was added at day 5. From 
day 6 onwards, the non-adherent DC were harvested and used for subsequent experiments.  
DCs were purified by positive selection with anti-CD11c MACS microbeads (Miltenyi Biotec, 
Bergisch Gladbach, Germany) following manufacturer’s protocol. 

The MC38 (colon carcinoma; provided by Dr. J. Schlom, National Institutes of Health, Bethesda, 
USA), C57MG (breast carcinoma) and PancO2 (pancreatic carcinoma; both provided by 
Dr. S. Gendler, Mayo Clinic Arizona, Scottsdale, AR, USA), and B16 (melanoma; provided by 
Dr. T. Schumacher, National Cancer Institute, Amsterdam, The Netherlands) were cultured in 
DMEM medium supplemented with 10% FCS, 50 U/ml penicillin and 50 μg/ml streptomycin. 
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Antibodies and reagents
The following antibodies were used: anti CD11c-APC, CD80-PE, CD86-PE, CD40-PE, MHC-
II-Alexa-488 (e-bioscience, San Diego, CA, USA), anti-hDC-SIGN-FITC (R&D systems Europe 
Ltd., Oxon, UK), ER-MP23 (a kind gift from Dr. P. Leenen, Rotterdam, The Netherlands), anti-
Lewis A, B, X and Y antibodies (Calbiochem, Damstadt, Germany), and ER-MP12 (anti-CD31). 
For unconjugated antibodies, secondary antibodies were used: peroxidase-labeled F(ab’)2 
fragment goat anti-human IgG, Fcγ fragment specific antibody; F(ab’)2 fragment goat anti-
mouse IgG, Fcγ fragment-specific antibody (Jackson, West grove, PA, USA) and peroxidase-
labeled goat anti-mouse IgM, Fcγ fragment-specific antibody (Nordic Immunology, Tilburg, 
The Netherlands).

Enzyme-linked immuno sorbent assay (ELISA)
PAA-glycoconjugates were coated on NUNC maxisorb plates (Roskilde, Denmark) overnight 
at RT. Plates were blocked with 1% BSA in TSM buffer (TSM; 20 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 2 mM CaCl2, 2 mM MgCl2). After washing, the conjugates were incubated with MGL1-
Fc or MGL2-Fc antibodies for 1.5 hrs at room temperature. Binding was detected using 
peroxidase-labeled F(ab’)2 fragment goat anti-human IgG, Fcγ fragment specific antibody.

Glycan array
The Glycan array screening was performed at the Consortium for Functional Glycomics 
(Carbohydrate Synthesis/Protein Expression Core D, Scripps Research Institute, La Jolla), 
as previously described16. Glycans were spotted on Consortium Printed Array Slides (Schott 
Nexterion H slides), coated at a concentration of 100 μM (n = 6 per glycan). Pre-printed slides 
were soaked in deionised water for 5 min at room temperature and dried under a stream of 
nitrogen. MGL1-Fc or MGL2-Fc was diluted in TSM + 0.05% Tween 20 + 1% BSA. 50 μl were 
applied to the printed surface and coverslipped. Slide was incubated protected from light in 
a humidified chamber for 1 hr at RT. Slide was removed, coverslip removed and washed for 
10 s each in TSM buffer +0.05% Tween 20. The slide was then incubated with 50 μl FITC-
labeled anti-human Fc antibody, coverslipped and incubated for 1 hr at RT. The slide was then 
washed in TSM buffer +0.05% Tween 20, wash buffer lacking Tween 20, and deionised water. 
The slide was dried under a stream of nitrogen and the binding image was read in a Perkin 
Elmer Microscanarray XL4000 scanner and the tiff file of the image stored. Image analysis was 
performed using Imagene (V.6) image analysis software. 

Flow cytometry and cellular adhesion assays
Cells were incubated with primary antibody, followed by conjugated secondary antibody 
and analysed by flow cytometry (FACScalibur, BD Pharmingen, San Diego, CA, USA). 
For carbohydrate binding assays, cells were incubated with biotinylated PAA-coupled 
glycoconjugates (10 μg/ml; Lectinity Holdings, Inc., Moscow, Russia) for 30 min at 37ºC 
followed by staining with streptavidine Alexa-488 (Molecular Probes, CA, USA). Binding of 
glycoconjugates was analysed by flow cytometry and presented as the percentage or relative 
percentage of cells that bound the glycoconjugate.
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cDNA synthesis and real-time PCR
Cells were lysed and mRNA was specifically isolated by capturing poly(A+)RNA in streptavidin-
coated tubes using a mRNA Capture kit (Roche, Basel, Switzerland). cDNA was synthesised 
using the Reverse Transcription System kit (Promega, WI, USA) following manufacturer’s 
guidelines. cDNA was diluted 1:2 in nuclease-free water after synthesis and stored at –20ºC 
until analysis. 

Specific primers for mouse MGL1 and MGL2 were designed by using the computer software 
Primer Express 2.0 (Applied Biosystems, CA, USA) and synthesised at Isogen (MGL1 fwd: 
5’ AACCTCCAGAACTCAAGGATCG 3’; MGL1 rev: 5’ AGCTTTACCAGGCTCTTGGGT 
3’; MGL2 forward: 5’ CAGAACTTGGAGCGGGAAGAG 3’; MGL2 reverse: 5’ 
TTCTTGTCACCATTTCTCATCTCCT. Primer specificity was computer tested by homology 
search with the mouse genome (BLAST, National Center for Bioctechnology Information, 
MD, USA) and later confirmed by dissociation curve analysis. Real-time PCR reactions were 
performed using the SYBR Green method in an ABI 7900HT sequence detection system 
(Applied Biosystems, USA) as previously described17. Briefly, 4 μl of the Power SYBR Green 
Master Mix (Applied Biosystems, USA) were mixed with 2 μl of a solution containing 5 nmol/μl 
of both oligonucleotides, and 2 μl of a cDNA solution (1/100) of the cDNA synthesis product). 
The Ct value is defined as the number of PCR cycles where the fluorescence signal exceeds 
the detection threshold value (fixed at 0.045 relative fluorescence units). For each sample the 
relative abundance of target mRNA was calculated from the obtained Ct values for both target 
and endogenous reference gene GAPDH applying the formula: Relative mRNA expression = 
2[Ct (GAPDH)- Ct (target)]. 

Immunofluorescence
To study the expression of MGL in murine tissues, cryosections (7 μm) were fixed in 100% 
acetone and stained with primary antibody combinations against FITC-labeled anti-MGL (ER-
MP23), CD11c-APC and F4/80-Alexa647 (e-bioscience, San Diego, CA, USA) or a buffer 
control for 18 hrs at 4ºC. The nuclei were stained with Hoechst (Molecular Probes, Eugene, 
OR, USA). To examine the presence of MGL ligands in murine tissues, cryosections (7 μm) 
were fixed with 2% paraformaldehyde. MGL1-Fc or MGL2-Fc (25 μg/ml), F4/80-Alexa647, 
and ER-MP12 were added in TSM buffer containing 1% BSA and incubated for 2 hrs at 37ºC 
or overnight at 4ºC. Binding was detected with FITC-conjugated goat anti-human IgG-Fc 
antibody (Jackson, West grove, PA, USA) and nuclei stained with Hoechst.

Results
Glycan profiling of MGL1 and MGL2
To study in detail the carbohydrate recognition profiles of murine MGL1 and MGL2 we generated 
recombinant Fc proteins, by fusing the extracellular domain of each lectin to a human IgG1-Fc 
tail. Chimeric proteins were produced in 293T cells. The carbohydrate recognition profile of the 
lectins was analysed by ELISA by coating the plates with polyacrylamide-linked carbohydrates 
(multivalent). As reported earlier MGL1 demonstrated a strong preference for Lewis X 
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(Galβ1-4(Fucα1-3)GlcNAc). However, we also observed strong binding activity to Lewis A 
(Galβ1-3(Fucα1-4)GlcNAc) carbohydrates (Fig. 1A). These are highly related structures, only 
differing in the carbohydrate linkage between the fucose and the GlcNAc moieties. Interaction 
with other related carbohydrate structures, such as Lewis B (Fucα1-2Galβ1-3(Fucα1-4)
GlcNAc) and Lewis Y (Fucα1-2Galβ1-4(Fucα1-3)GlcNAc) was negligible. This suggested that 
MGL1 bound specifically to the galactose moiety of Lewis A and Lewis X, since the fucose 
linked to galactose (in Lewis B and Lewis Y) completely abrogated the binding (Fig. 1A). 
Furthermore, preincubation of MGL1-Fc with free galactose or α-N-acetylgalactosamine 
(α-GalNAc), completely inhibited interaction with Lewis X and Lewis A. In contrast, fucose only 
partially blocked the interaction. No binding of MGL1 was observed to galactose, α-GalNAc or 
fucose alone (Fig. 1A), indicating that fucose is also necessary for binding. In contrast, MGL2-
Fc demonstrated specificity for α-GalNAc and the binding was only abrogated in the presence 
of free α-GalNAc monosaccharides. No interaction was observed to the Lewis structures, nor 
galactose, indicating that galactose was not the main specific structure recognised by MGL2 
(Fig. 1B).

Figure 1: Murine MGL1 recognises Lewis X and Lewis A and MGL2 recognises GalNAc. Different PAA-coupled 
carbohydrates were coated on ELISA plates, followed by incubation with mouse MGL-Fc. MGL1-Fc (A) and 
MGL2-Fc (B) binding was determined with peroxidase-labeled anti-human Fc. To determine the specificity of 
the binding, MGL-Fc was pre-incubated with free monosaccharides (fucose, GalNAc, and galactose). One 
representative experiment out of three is shown. 

To get a broader idea of the recognition pattern of MGL1 and MGL2, we used a glycan 
array. Two hundred eighty five different glycan structures on a glycan array, obtained from 
the Consortium for Functional Glycomics (www.functionalglycomics.com), were screened for 
MGL binding. MGL1 demonstrated again high selectivity for Lewis X (Fig. 2A). In contrast to 
previous results, binding to Lewis A was low, although higher than to other Lewis- or galactose-
containing structures. The array contained only monovalent units of the carbohydrates which; 
therefore, could explain the discrepancy between these data and Figure 1, where polyvalent 
PAA-coupled carbohydrates were used. MGL1 did not react with any other galactose-
containing carbohydrate structures (Fig. 2A and B). Interestingly, a highly related structure 
to Lewis X, called LDNF (GalNAcβ1-4(Fucα1-3)GlcNAc; Fig. 2A), containing GalNAc instead 
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Figure 2: Carbohydrate profiling of murine MGL. MGL1-Fc (A and B) and MGL2-Fc (C–E) binding was 
determined by a glycan array obtained from the Consortium for Function Glycomics. Recognition of LacNAc, 
LDN, LDNF and Lewis structures (A and C), O-glycan core structures (B and D) and ganglioside glycan 
structures (E) is shown. Error bars represent standard error of mean (S.E.M.) of replicates of 6.
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of galactose, was not recognised by MGL1, again demonstrating selective preference for 
galactose (and not GalNAc) and fucose. 

MGL2 has previously been demonstrated to recognise α-GalNAc and β-GalNAc5, and 
appears to have a similar recognition profile as its human counterpart10. These findings were 
confirmed on the glycan array, however also several additional carbohydrate ligands were 
identified for MGL2. Unlike human MGL, murine MGL2 recognised the core 1 extension of 
the α-GalNAc (Thomsen-Friedenreich antigen; Galβ1-3GalNAcα) (Fig. 2D). Sialylation of 
α-GalNAc and core 1 significantly reduced or completely abrogated the binding. Strikingly, 
MGL2 additionally recognised the core 2 structure (Galβ1-3(GlcNAcβ1-6)GalNAcα), but not 
core 3 (GlcNAcβ1-3GalNAcα) nor core 6 (GlcNAcβ1-6GalNAcα) (Fig. 2D). Collectively, these 
data indicate that MGL2 was specific for terminal GalNAc structures, similar to human MGL, 
but also for galactose-GalNAc carbohydrates. Interestingly, MGL2 recognised the LacDiNAc 
structure (GalNAcβ1-4GlcNAcβ), probably via the GalNAc moiety, but did not interact with 
LDNF that contains fucose (GalNAcβ1-4(Fucα1-3)GlcNAcβ) (Fig. 2C). The specificity of 
murine MGL2 is in contrast to that of human MGL that recognises both LDN and LDNF. Certain 
glycosphingolipids contain terminal GalNAc residues that are recognised by human MGL10. 
Similarly, murine MGL2 recognised GM2 and GD2, both containing terminal GalNAc (Fig. 2E). 
These data indicate that MGL2, and not MGL1, can be considered a functional homologue of 
human MGL.

Figure 3: Carbohydrates interact with MGL-transfected 293T cells. Biotinylated PAA-coupled carbohydrates 
were incubated with MGL1- or MGL2-transfected 293T cells and binding detected with Alexa-488-labeled 
streptavidin. (A) Expression of MGL on transfected 293T cells detected by anti-MGL antibodies (ER-MP23). (B) 
Binding of carbohydrates to MGL1-transfected cells. (C) Binding of carbohydrates to MGL2-transfected cells. 
Binding is presented as the percentage of transfected cells binding carbohydrate subtracted by percentage of 
non-transfected 293T cells binding the same carbohydrate. One representative experiment out of two is shown.
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Interaction of cellular MGL with carbohydrate ligands
MGL is expressed on antigen presenting cells, such as bone marrow-derived dendritic cells 
(BM-DCs). MGL forms oligomers at the cell surface and, compared to soluble MGL, cellular 
MGL may exhibit increased avidity for its ligands. To study carbohydrate recognition by cellular 
MGL, full-length constructs of MGL1 and MGL2 were transfected into 293T cells (Fig. 3A) 
and interaction with PAA-coupled carbohydrates was analysed. Both cell lines recognised 
carbohydrates already identified with the soluble MGL-Fc proteins (Fig. 3B and C). These 
findings suggest that the MGL-Fc proteins represent a good model to study the carbohydrate 
recognition profile of these lectins.
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Figure 4: Bone marrow-derived DCs express MGL1 
and MGL2 and interact with Lewis X and GalNAc.  
(A) Expression of MGL and maturation markers  
on BM-DCs. (B) MGL1 and MGL2 expression 
(relative to the house keeping gene GAPDH) as 
determined by RT-PCR. (C) Interaction of BM-DCs 
with PAA-coupled carbohydrates (Glucitol represents 
a negative control). (D) Interaction of BM-DCs with 
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Next, we generated DCs from murine bone marrow. The BM-DCs were CD11c++, MHC class 
II+, F4/80+, CD80+, CD86+ and CD40neg. MGL expression, as determined with an antibody 
(ER-MP23) recognising both MGL orthologues, was observed on BM-DCs (Fig. 4A). To 
discriminate between the two MGL transcripts in BM-DCs we performed real-time PCR and 
we demonstrated that both lectins were expressed by BM-DCs (Fig. 4B).

Interestingly, BM-DCs interacted stronger with PAA-coupled GalNAc structures, than with 
either Lewis A or Lewis X (Fig. 4C). This was observed in the range between 0.085 and 5 μg/
ml of PAA-coupled carbohydrate (Fig. 4D). 

MGL ligands in host tissues
We confirmed previous findings that MGL is highly expressed in skin and lymph nodes, co-
localising with both the macrophage marker F4/80 and the DC marker CD11c (9, data not 
shown). This prompted us to determine potential ligands of these lectins in murine tissues by 
using the MGL-Fc chimeric proteins. Interestingly, strong staining was observed with MGL2-
Fc in skin cryosections, identifying structures present in the extracellular matrix. The staining 
could be blocked by pre-incubating the lectin chimera with free GalNAc (Fig. 5). Similar findings 
have been observed using human MGL, that also stained the extracellular matrix within the 
dermis18, suggesting that in both mice and humans MGL ligands are prominent within the 
dermis. MGL1-Fc did not stain the dermis, suggesting that the ligand is MGL2 specific (Fig. 5).

A B

C D

mMGL1-Fc mMGL1-Fc + galactose

mMGL2-Fc mMGL2-Fc + GalNAc

Figure 5: Ligands for MGL2 are expressed in skin. Cryosections of mouse skin (ear) were stained with MGL1-
Fc (A) and MGL2-Fc (C). To determine whether the interaction was specific, MGL1-Fc and MGL2-Fc were 
pre-incubated with free galactose (B) and GalNAc (D), respectively, before adding to the tissue sections. 
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Within the mesenteric lymph nodes (mLN) cells in the T cell area were stained with both 
MGL1-Fc and MGL2-Fc. Staining was also observed at the outer ridge of the lymph node 
(Fig. 6). Pre-incubating the lectin-Fc chimeras with galactose or GalNAc, respectively, 
abrogated the staining completely, indicating that the interaction was specific and mediated 
via the carbohydrate recognition domain (data now shown). One of the ligands for MGL1 in 
lymph nodes has previously been shown to be sialoadhesin, expressed by macrophages19.

Figure 6: MGL1 ligands are expressed on high endothelial venules in lymph nodes. Cryosections of mesenteric 
lymph nodes were stained with MGL1-Fc (A), MGL2-Fc (D) and ER-MP12 (B and E), an antibody specific for 
high endothelial venules (HEV). MGL1-Fc stained parts of the lymph node that co-incided well with ER-MP12 
staining (indicated by arrows in C), whereas MGL2-Fc stained cells within the lymph node and at the outer 
ridge, not overlapping with ER-MP12 staining (F). 
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However, we also observed that MGL1-Fc staining partly co-localised with a marker for the 
high endothelial venules (HEV) (Fig. 6). This was not observed with MGL2-Fc indicating that 
MGL1 may play a role in migration of cells into the lymph node, similar as recently has been 
demonstrated for human MGL18. 

No MGL ligands were found within the liver or the brain (data not shown). Within the intestine, 
no MGL staining of intestinal epithelial cells was observed nor of the lamina propria around 
the intestinal lumen. Strikingly, MGL1-Fc stained the mucus within both the small intestine and 
the large intestine, whereas MGL2-Fc only stained the mucus within the large intestine. The 
mucus in the small intestine was devoid of any MGL2 ligands (data not shown). Human MGL 
has been reported to interact with MUC1 secreted at the mucus area of human intestine11. 
Therefore, it may be likely that MGL1 and MGL2 interact with differently glycosylated MUC1 
proteins or other mucins in the intestine.

Murine MGL2 interacts with tumour-associated glycans on murine adenocarcinoma 
cells
Tumour cells frequently exhibit altered glycan structures on their cell surface. This significantly 
contributes to changes in cell-adhesive properties as well as recognition by the immune 
system. In human adenocarcinoma, O-glycans on tumour-associated mucins are often shorter 
in length and exhibit increased sialylation20, sometimes revealing Tn- and TF-antigens. This 
implicates that MGL2 on APC may play a role in tumour recognition, which has been previously 
demonstrated for human MGL10,11. 

In the mouse, little is known about glycan changes that occur during tumour progression. To 
determine the binding of murine MGL with tumour cells, mMGL1-Fc and mMGL2-Fc were 
incubated with four different cell lines derived from C57BL/6 mice, three of epithelial origin 
(MC38, C57MG and PancO2) and one melanoma cell line (B16). Strikingly, MGL2-Fc strongly 
bound to the colon carcinoma cell line MC38 and the pancreatic carcinoma cell line PancO2. 
The binding was mediated via the carbohydrate recognition domain as it could be blocked by 
pre-incubating the lectin with EDTA (Fig. 7; thin line). In contrast, low binding was observed to 
the mammary carcinoma cell line C57MG and no binding was observed to the melanoma cell 
line B16 (Fig. 7). Interestingly, expression of MGL2 ligands on PancO2 and C57MG appeared 
to be bimodal, suggesting that ligand expression could be dependent on the cell cycle.

MGL1-Fc showed poor binding to the three adenocarcinoma cell lines and no binding to the 
B16. Strikingly, the adenocarcinoma cell lines (and not the melanoma cell line B16) were all 
stained by PNA and HPA, lectins specific for the tumour-associated TF-antigen and GalNAc 
(Tn-antigen), respectively. Binding by MGL2-Fc correlated well with staining by PNA, coinciding 
with its carbohydrate specificity (Fig. 7). As expected, no Lewis X or Lewis A expression 
was detected on the carcinoma cell lines (data not shown), explaining why MGL1-Fc hardly 
interacted with the cells.
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Discussion
In this study we have extensively analysed the carbohydrate recognition profile of two 
murine homologues of the human macrophage galactose-type lectin, (mMGL1 and mMGL2) 
expressed by professional antigen presenting cells. We demonstrate that these CLR have a 
distinct carbohydrate recognition profile, which translates into specific interactions with the 
host tissues. MGL1 showed specific interaction with cells in the lymph node as well as with 
high endothelial venules. Similarly, MGL2 specifically bound to cells in the lymph node, but also 
stained extracellular matrix in the skin. Interestingly, aberrantly expressed glycans on tumour 
cells, were strongly bound by MGL2, similar to human MGL10,11. These data demonstrate that 
MGL2 might play an important role in immune responses to cancer. 

Figure 7: Murine MGL2 recognises carbohydrates on adenocarcinoma cells. Different murine tumour cell lines: 
B16 melanoma, MC38 colon carcinoma, PancO2 pancreatic carcinoma, and C57MG mammary carcinoma, 
were stained with MGL1-Fc, MGL2-Fc (thick lines), MGL-Fc pre-incubated with 10 mM EDTA (thin lines), HPA, 
PNA, anti-Lewis A or anti-Lewis X and analysed by flow cytometry. The numbers indicate MFI of stained cells 
subtracted by MFI background staining. Numbers in parenthesis indicate cells incubated with MGL-Fc and 
EDTA as block of specific binding.
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The galactose-specific lectins were found to have distinct carbohydrate specificities. MGL1 
not only recognised Lewis X (Galβ1-4(Fucα1-3)GlcNAc), as previously reported5 but we 
demonstrated that also Lewis A (Galβ1-3(Fucα1-4)GlcNAc), a highly related structure, was 
recognised. Strikingly, MGL1 recognised both the galactose and the fucose moieties of the 
Lewis carbohydrates. No binding was observed in absence of fucose (Galβ1-4GlcNAc) and 
masking the galactose epitope with a second fucose moiety (Lewis B, Fucα1-2Galβ1-3(Fucα1-4)
GlcNAc; or Lewis Y, Fucα1-2Galβ1-4(Fucα1-3)GlcNAc) completely abrogated the binding. 
MGL2 has previously been reported to specifically bind GalNAc5, similar to human MGL10. 
Our data confirm these findings, but further demonstrate a much broader specificity of MGL2. 
Carbohydrate structures containing both GalNAc and galactose were attractive ligands for 
MGL2, such as core 1 (Galβ1-3GalNAcα) and core 2 (Galβ1-3(GlcNAcβ1-6)GalNAcα) O-linked 
glycans, but no Lewis-type structures were recognised. It is interesting to note that expression 
of Tn-antigens (stained by the lectin Helix pomatia agglutinin (HPA)) in human adenocarcinoma 
correlates with poor prognosis21,22. O-glycans on cancer-associated mucins are often shorter 
than in normal tissues, revealing both truncated glycan epitopes and the peptide backbone20. 
For example, mucins in the blood of breast cancer patients have been demonstrated to be 
dominated by core 1-type glycans23, although breast cancer cell lines have been shown to 
express core 2-based glycans24. These structures will not be recognised by human MGL, that 
primarily recognises the Tn-antigen, however the situation may be different in the mouse. 
Mouse MGL2 recognises basic core 1 and core 2 O-linked glycans, but sialylation appeared 
to significantly abrogate the binding. Little is known about glycosylation of murine tumours. 
We demonstrated here that MGL2 strongly bound to murine adenocarcinoma cell lines and 
that binding correlated with PNA staining, a plant lectin recognising the TF-antigen (core 1). 
Furthermore, we observed strong staining of MGL2-Fc in tumour tissue, obtained from a solid 
carcinoma induced with MC38 colon carcinoma cells in the peritoneum (data not shown). 

An interesting difference between human MGL and mMGL2 was their differential recognition 
of LDNF (GalNAcβ1-4(Fucα1-3)GlcNAc), a carbohydrate antigen commonly expressed by 
parasites such as Schistosoma mansoni 25. We have previously demonstrated LDNF to be a 
ligand for human MGL10 and involved in the interaction with pathogens such as S. mansoni, 
indicating that MGL can also be involved in pathogen recognition. Surprisingly, LDNF was 
not found to be recognised by mMGL2. In contrast, both lectins recognised LacDiNAc (LDN; 
GalNAcβ1-4GlcNAc), the precursor of LDNF, further suggesting that the specific epitope 
recognised by the two lectins was different. It is clear that human and mouse MGL differ in their 
carbohydrate specificities, but common expression pattern indicates that MGL clearly plays a 
role on antigen presenting cells. Currently, we can only speculate about these differences. For 
example, host tissue-specific carbohydrate structures and pathogens, that differ between mice 
and humans, probably play a major role in this evolution.

Our findings demonstrate that MGL2 has a broader specificity than previously reported by 
Tsuiji et. al. There, it was demonstrated that MGL2 primarily recognised GalNAc and neither TF 
antigens nor core 2 O-linked glycans5, in contrast to our results. The reason for the discrepancy 
could be the binding efficiency of the recombinant lectins. Tsuiji et. al. (2002) expressed the 
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extracellular domain of MGL in bacteria, whereas we fused the extracellular domain with 
human IgG-Fc and produced the proteins in eukaryotic cells. Only the latter method results 
in a glycosylated product, which may be relevant to CLR function. Furthermore, Fc-proteins 
are produced as dimers, which may enhance avidity of the interaction. MGL expressed by 
transfected cells exhibited similar carbohydrate recognition as the chimeric proteins. 

MGL expression has been detected in skin, lymph nodes, thymus, lung, lamina propria of the 
small intestine, and muscle tissue8,26. It is exclusively expressed on antigen presenting cells, 
both F4/80+ and CD11c+ cells, and can be considered a good target molecule for vaccination. 
APC-restricted expression and its efficient uptake capacity7 make MGL a potential targeting 
molecule for antigen presentation. Furthermore, the expression of MGL at sites of vaccination 
makes it an interesting candidate receptor for targeting purposes. DC-SIGN, a CLR expressed 
on human DCs, has been shown to be an interesting target molecule for DC-specific targeting, 
either by using a lentivirus27 or DC-SIGN-specific antibodies28. Currently, no MGL1 and MGL2 
specific antibodies are available, which makes it difficult to investigate which orthologue is best 
to target. However, the differences in glycan specificity between MGL1 and MGL2 provides the 
opportunity to target them separately. Therefore, it will be interesting to know whether these 
two CLR have different potency to process antigens for MHC class I and II presentation, using 
glycan-modified antigens. 

In conclusion, we here demonstrate that both MGL1 and MGL2 being expressed on murine 
APC have different glycan specificities. Furthermore, similar to human MGL, MGL1 and MGL2 
may recognise cell-associated glycans present in lymph nodes as well as on endothelial cells. 
We also demonstrate that MGL2 recognises glycans/glycoproteins expressed by tumour cells, 
suggesting that it plays a role in tumour immunity. 
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Abstract
We recently showed that MGL2 specifically binds tumour-associated glycan 
N-acetylgalactosamine (GalNAc). We here demonstrate that modification of an antigen with 
tumour-associated glycan GalNAc, targets antigen-specifically to MGL2 on bone marrow 
derived (BM)-DCs and splenic DCs. Glycan-modification of antigen with GalNAc that mimics 
tumour-associated glycosylation, promoted antigen internalisation in DCs and presentation 
to CD4+ T cells, as well as differentiation of IFN-γ producing CD4+ T cells. Furthermore, 
GalNAc-modified antigen enhanced cross-presentation of both BM-DCs and primary splenic 
DCs resulting in enhanced antigen-specific CD8+ T cell responses. Using MyD88-TRIFF-/- BM-
DCs we demonstrate that the enhanced cross-presentation of the GalNAc-modified antigen is 
TLR-independent. Our data strongly suggest that tumour-associated GalNAc modification of 
antigen targets MGL on DCs and greatly enhances both MHC class II and class I presentation 
in a TLR-independent manner.

Introduction 
Dendritic cells (DCs) are specialised antigen presenting cells (APC) well known for their 
capacity to induce MHC class I and MHC class II antigen presentation by stimulating antigen-
specific CD8+ and CD4+ T cells, respectively. Distinct classes of receptors are involved in 
processes that regulate recognition and uptake of antigen, while others receptors induce 
DC maturation upon antigen recognition. The most commonly studied pattern (pathogen) 
recognition receptors (PRR) on DCs are the Toll like receptors (TLR) and C-type lectin 
receptors (CLR). TLR recognise microbial and endogenously conserved molecular patterns 
resulting in induction of intra cellular signalling cascades1. Activation of TLR signalling cascade 
results in DC maturation and production of pro-inflammatory cytokines. On the other hand, 
CLR are endocytic receptors that recognise and internalise glycosylated pathogenic and self-
antigens. Antigen internalisation facilitates the intra cellular processing of antigen as well as 
loading on to MHC class II molecules and presentation to CD4+ T cells leading to efficient T cell 
proliferation2,3. Alternatively, CLR such as DEC-205, mannose receptor and CLEC9A have 
been shown to mediate antigen uptake leading to MHC class I loading and CD8+ T cell priming, 
a process known as cross-presentation4-8. Cross-presentation is an important mechanism 
crucial for the induction of immune responses to viral infections and tumours9. DCs are very 
efficient in cross-presenting antigens. In mice, splenic CD8α DCs are known to efficiently 
cross-present antigens to CD8+ T cells10. The traditional view of cross-presentation states that 
antigen endocytosed by APC can be processed by at least 2 different mechanisms depending 
upon the nature of the antigen. Internalised antigen is exported from the phagosome into the 
cytoplasm for proteasomal processing, followed by TAP-dependent loading of antigen to MHC 
class I molecules in the endoplasmic reticulum or phagosomes11-13. Alternatively, endocytosed 
antigen is cleaved in endocytic vesicles by proteases such as cathepsin S and is directly 
loaded on to MHC class I molecule in the same compartment14.
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Antigens have been targeted to CLR such as DEC-205 using antibodies, resulting in enhanced 
internalisation and presentation on MHC class I and II molecules to CD8+ and CD4+ T cells, 
respect ively7. In the absence of adjuvant, the T cell responses induced by targeting antigens 
to DEC-205 leads to immune tolerance in vivo, whereas antigen targeting to DEC-205 in 
combination with adjuvant results in a strong CD8+ T cell response7,15. Moreover, anti-DCIR2 
or anti-Dectin-1 coupled antigens results in evident MHC class II presentation and induction 
of CD4+ T cell responses16,17. Several reasons may explain the apparent diversity in induction 
of different T cell responses by CLR. First, different internalisation motifs are present in the 
cytoplasmic tail of CLRs. Second, different DC subsets express distinct patterns of CLRs 
such as: DEC-205 is expressed on CD8α+ DCs, whereas DCIR2 and dectin-1 are expressed 
on CD8α- DC7,16,17. In contrast to mice, in humans DEC-205 is widely expressed on other cell 
types including myeloid blood DC and several lymphocyte subpopulations18, indicating that 
DEC-205 targeting may not be DC specific.

To date, little is known on the targeting potency of the CLR, macrophage galactose-type lectin 
(MGL) that is expressed on macrophages and dendritic cells both in humans and mice19,20. 
In human and rats only 1 copy of the MGL gene is found, whereas in mice 2 distinct genes, 
mmgl1 and mmgl2, are expressed21,22. In particular, MGL2 is the murine homologue of human 
MGL based on its glycan specificity and specific recognition of tumours cells23. The glycan 
specificity of human MGL has been well documented for terminal GalNac (Tn-antigen), core 
5 and 6 O-glycan structures24. We and others have reported that the murine MGL2 has an 
overlapping glycan specificity with human MGL for Gal/GalNac moieties23. Mutations and 
molecular modelling have illustrated potential direct molecular interactions of Leu61, Arg89, 
and His109 in MGL2 CRD with GalNAc25. MGL2 has a putative internalisation motif YXXΦ, and 
has also been reported to function as an uptake receptor as it binds and internalises GalNAc 
residues26. MGL2 is expressed in the dermis of skin, small intestines and lymph nodes27,28.

The human homologue of MGL2, hMGL, has been reported to bind tumour cell lines19,24,29. 
Furthermore, it recognises and binds tumour antigen MUC130. The epithelial mucin MUC1 
is highly glycosylated and frequently upregulated in adenocarcinoma. Tumour-associated 
MUC1 contains O-linked glycans such as Tn-antigen, Thomsen-Friedenreich antigen (TF-
antigen) and their sialylated counterparts that are significantly shorter than on normal MUC131. 
DCs have been shown to internalise MUC1-Tn-glycopeptides in a MGL-dependent manner, 
where they are delivered to endosomal and lysosomal compartments in DC. The MUC1-Tn-
glycoprotein is only found in MHC class II compartments, but does not enter MHC class I 
pathway32. Similar to hMGL, MGL2 also strongly interacts with tumour-associated glycans on 
murine adenocarcinoma cell-lines C57MG and PancO2. The MGL2 interaction with these cells 
correlates with presence of Tn/TF-antigens present on these cells, suggesting a role of MGL2 
in tumour immunity23, however it is still unknown whether MGL2 interaction with (tumour) Tn-
antigens induces CD4+ and CD8+ T cell responses.

Recent studies have shown that mannose glycans exposed on the model antigen OVA, targets 
to mannose receptor resulting in induction of CD8+ T cell responses6. In the current study, 
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we generated neo-glycoconjugates by chemical modification of native OVA with tumour-
associated GalNAc glycan structures, which may target MGL2 and investigated the role 
of tumour-associated glycans on the induction of T cell responses by DCs. We show that 
tumour-associated GalNAc enhanced IFN-γ producing CD4+ T cell proliferation, and facilitated 
cross-presentation of antigen to CD8+ T cells. These results indicate that tumour-associated 
GalNAc-modified antigens may lead to better cross-presentation providing future implications 
for designing tumour vaccines.

Materials and methods
Mice
C57BL/6 mice 8–12 weeks of age were purchased from Charles River (L’Arbresle, France). 
OT-I mice and OT-II mice bred in our animal facility under pathogen-free conditions 
express a transgenic Vα2 Vβ5.1/5.2 T cell receptor (TCR) specific for the OVA peptides 
presented on H2-Kb (amino acids 257–264; SIINFEKL) or on I-Ab (amino acids 323–339; 
ISQAVHAAHAEINEAGR), respectively. All experiments were performed under specific 
pathogen-free conditions and according to institutional, state and federal guidelines.

Cells
Bone marrow derived DCs
Bone marrow derived DCs (BM-DCs) were cultured as previously described23. The femeur 
and tibia of mice were removed, both ends were cut and marrow was flushed with Iscove’s 
Modified Dulbecco’s Medium (IMDM; Gibco, CA, USA) using a syringe with 0.45 mm diameter 
needle. The bone marrow suspension was vigorously re-suspended and passed over a 
100 μm gauge to obtain a single cell suspension. After washing, cells were seeded 2x106cells 
per 100 mm petridish (Greiner Bio-One, Alphen aan de Rijn, The Netherlands) in 10 ml IMDM, 
supplemented with 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin and 50 μM 
β-mercaptoethanol (Merck, Damstadt, Germany) and 30 ng/ml recombinant murine GM-CSF 
(rm GM-CSF). At day 2, 10 ml medium containing 30 ng/ml rmGM-CSF was added. At day 5 
another 30 ng/ml rmGM-CSF was added to each plate. From day 6 onwards, the non-adherent 
DC were harvested and used for subsequent experiments. DCs were purified by positive 
selection with anti-CD11c MACS microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) 
following the manufacturer’s protocol. 

Frozen bone-marrow of MyD88-TRIFF-/- was a kind gift Dr. T. Sparwasser (Hannover, Germany) 
and was cultured using above-mentioned protocol.

Splenic DC isolation
Spleens from 3 to 5 mice were cut into small pieces and digested by stirring at 37°C for 
45 min in IMDM containing 1 WU/ml Liberase RI (Roche, Basel, Switzerland) and 50 μg/ml 
DNase I (Roche, Basel, Switzerland). EDTA was added to a final concentration of 10 mM, and 
the cell suspension was incubated for an additional 10 min at 4°C. IMDM with 10% FCS/10 
mM EDTA/20 mM Hepes (IMDM/HE) was added and the cells were pelleted. Red blood cells 
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were lysed with ACK lysis buffer. Cells were washed once with IMDM/HE and undigested 
material was removed by filtration through a 100 μm cell strainer. CD11c+ DCs were purified 
using anti-CD11c microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer’s instructions.

Monocyte-derived dendritic cells
Monocytes obtained from buffy coats of healthy donors (Sanquin, Amsterdam) were cultured 
for 4–7 days in the presence of IL-4 (500 U/ml) and GM-CSF (800 U/ml) to generate immature 
monocyte-derived DC (moDCs). The immature phenotype of the cultured DCs was analysed 
by flow cytometry.

Antigen-specific T cell isolation
OVA specific CD4+ and CD8+ T cells were isolated from spleen and lymph nodes cell 
suspensions from OT-II and OT-I mice, respectively. Lymph nodes and spleen were crushed 
and cell suspensions were pelleted. Erythrocytes were lysed and the cells were passed 
through a cell strainer. CD4+ and CD8+ T cells were isolated from the suspensions using Dynal 
mouse CD4/CD8 negative isolation kit (Invitrogen, CA, USA) according to the manufacturer’s 
protocol.

CHO cell lines
Chinese hamster ovary cells (CHO) cells were transfected with MUC1 (7 tandem repeats) and 
stable clones were generated under neomycin (G418) selection. Non-transfected CHO cells 
were used as control.

Antibodies
The following antibodies were used: anti CD11c-APC, anti-IFN-γ APC, anti- IL-4 PE and anti-
IL-17 PE (ebioscience, San Diego, CA), anti-MGL (ER-MP23; a kind gift from Dr. P. Leenen, 
Rotterdam, The Netherlands), anti-OVA antibody (Sigma Aldrich, St. Louis, MA), rat anti-
LAMP-1 (1D4B) was from Pharmingen–BD Biosciences, rabbit anti-EEA1 (PA1-063A) was 
from Dianova. Following secondary antibodies were used: peroxidase-labeled F(ab’)2 fragment 
goat anti-human IgG-Fc, F(ab´)2 fragment goat anti-mouse IgG-Fc (Jackson, West grove, PA, 
USA), Alexa Fluor 647-conjugated anti-rat IgG1 and Alexa Fluor 488-conjugated anti-rabbit IgG.

cDNA synthesis and real-time PCR
Cells were lysed and mRNA was specifically isolated by capturing poly(A+)RNA in streptavidin-
coated tubes using a mRNA Capture kit (Roche, Basel, Switzerland). cDNA was synthesised 
using the Reverse Transcription System kit (Promega, WI, USA) following manufacturer’s 
guidelines. cDNA was diluted 1:2 in nuclease-free water after synthesis and stored at -20ºC 
until analysis.

Specific primers for mouse MGL2 were designed by using the computer software Primer 
Express 2.0 (Applied Biosystems, CA, USA) and synthesized at Invitrogen (CA, USA). 
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Real-time PCR reactions were performed using the SYBR Green method in an ABI 7900HT 
sequence detection system (Applied Biosystems, USA).

Generation of neo-glycoconjugates
α-D-N-acetylgalactosaminyl 1-3 galactose (Dextra labs, UK) was conjugated to Ovalbumin 
(Calbiochem, Darmstadt, Germany) creating the GalNAc-modified antigen (OVA-GalNAc), 
using a bi-functional cross-linker (4-N-Maleimidophenyl) butyric acid hydrazide (MPBH; 
Pierce, Rockford, USA). This cross-linker has a hydrazide moiety and a maleimide moiety that 
is reactive towards thiols at neutral pH. Via reductive amination the hydrazide moiety of the 
linker was covalently linked to the reducing end of the carbohydrate and the maleimide moiety 
of the linker was later used for coupling the carbohydrate structures to ovalbumin. Briefly, 
the carbohydrates were dissolved in 100 μl dimethyl sulfoxide (DMSO)-acetic acid (17:3 
v/v). A mixture of sodium cyanoborohydride (Sigma-Aldrich, St. Louis, MO, USA) and MPBH 
(1:1 molar equivalent) in DMSO-Acetic Acid (17:3 v/v) was freshly prepared and added to the 
carbohydrate mixtures (10:1 molar equivalent). After 2 hrs incubation at 70oC the mixtures 
were cooled down to room temperature. 1 ml of ice-cold isopropanol (HPLC grade; Riedel 
de Haan, Seelze, Germany) was added, mixed and further incubated at –20oC for 1 hr. The 
precipitated derivatised carbohydrates were pelleted by centrifugation (5 min at 14,000 rpm) 
and washed twice with ice-cold isopropanol. Pelleted carbohydrates were dissolved in 1 mM 
HCL (at this pH the maleimide moiety will remain stable). A sample was also dissolved in 50% 
acetonitrile and spiked with 0.1% acetic acid for offline analysis using offline needles (Promega) 
on Iontap Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). OVA in PBS was 
added to derivatised carbohydrates of interest (10:1 molar equivalent carbohydrate:OVA) 
and conjugation was performed overnight at 4oC. Neo-glycoconjugates were separated from 
reaction reductants using PD-10 desalting columns (Pierce, Rockford, USA).

Neuraminidase treatment
To remove sialic acid, cells were treated with Neuraminidase from Vibrio cholera (Roche 
Diagnostics, Mannheim, Germany), 0.05 U/ml PBS pH 6.0 for 1 hr at 37oC. The cells were 
washed with Tris-sodium buffer pH 7.4 with 0.5% bovine serum albumin. 

Flow cytometry
5x104 cells were incubated with differentially conjugated antibodies for 30 min at 4oC. After 
incubation cells were washed with PBS+0.5% BSA. The surface marker expression was 
analysed by flow cytometry (FACScalibur, BD Pharmingen, San Diego, CA, USA). 

Fifty-thousand cells were incubated with MGL2-Fc23, for 30 min at RT, in the presence or 
absence of EGTA. Sialic acid was detected with biotinylated Maackia amurensis agglutinin 
(MAA; Sigma) and MUC1 was detected with biotinylated anti-MUC1 antibodies (clone 214D4, 
provided by John Hilkens, Netherlands Cancer Institute, Amsterdam, The Netherlands). After 
washing the cells were incubated with streptavidin-Alexa488 (Molecular Probes, Eugene, OR, 
USA) or FITC-labelled goat anti-human Fc (Jackson Laboratories, West Grove, PA, USA) for 
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30 min, before analysis by flow cytometry. BM-DCs were incubated with Dylight 594 labelled 
OVA for 30 and 60 min at 37oC. Binding/uptake was analysed by flow cytometry.

Enzyme-linked immunosorbent assay
Glycoconjugates (PAA-biotinylated glycans or OVA neo-glycoconjugates) were coated to 
NUNC maxisorb plates (Roskilde, Denmark) o/n at RT. Plates were blocked with 1% BSA 
in PBS for non-specific binding. After extensive washing conjugates were incubated either 
with MGL2-Fc23, biotinylated Helix Pomatia Agglutinin (HPA; Sigma Aldrich, St. Louis, USA) or 
anti-OVA antibodies for 1.5 hrs at RT. Binding was detected using peroxidase-labelled F(ab’)2 
fragment goat anti-human IgG-Fc fragment, peroxidase labelled streptavidin or peroxidase-
labeled goat anti-mouse IgG-Fc fragment respectively. The reaction was developed by TMB 
substrate and optical density measured by a spectrophotometer.

T cell proliferation assay
Irradiated DCs were pulsed with different concentrations of neo-glycoconjugates in round 
bottom 96-wells plate and washed 3 times. Purified T cells, either CD4+ T cells from OT-II mice 
or CD8+ T cells from OT-I mice, were added for another 18 hrs to each well and co-cultured 
with antigen-pulsed BM-DC for 48 hrs. After 48 hrs, [3H]-thymidine (1 µCi/well; Amersham 
Biosciences, NJ, USA) was added to detect incorporation into DNA of proliferating T cells. 
Cells were harvested onto filters and [3H]-thymidine incorporation was assessed using a beta 
counter.

Internalisation and confocal laser scanning microscopy
The native and GalNAc-modified antigen (OVA and OVA-GalNAc) were labelled with 
DyLight 594 conjugate according to the manufacturer’s protocol (Thermo Fisher Scientific 
Inc, Rockford, USA). BM-DCs were incubated for 2 hrs at 37°C with DyLight 594 conjugated-
OVA/OVA-GalNAc (30 μg/ml). The labelled cells were fixed and permeabilised with PBS/0.1% 
saponine for 20 min at 37°C, and stained in phosphate-buffered saline containing 0.5% bovine 
serum albumin and 0.1% saponin with antibodies against LAMP-1 (lysosomes) or EEA-1 
(early endosomes. Cells were allowed to adhere to poly-L-lysine-coated glass slides, followed 
by mounting with anti-bleach reagent and analysis by confocal microscopy. A Leica AOBS SP2 
confocal laser scanning microscope (CLSM) system containing a DM-IRE2 microscope with 
glycerol objective lens (PL APO 63×/NA1.30) was used; images were acquired using Leica 
confocal software (version 2.61).

In vitro T helper assay
1x104 BM-DCs were pulsed with 30 μg/ml neo-glycoconjugates for 4 hrs in round bottom 
96-wells plate and washed 3 times. 5x104 purified naïve CD4+ T cells from OT-II mice were 
added to each well and co-cultured with the antigen-pulsed BM-DC. After 2 days, 10 U/ml 
recombinant mouse IL-2 was added to each well. On day 7, the cells were re-stimulated with 
30 ng/ml PMA (Sigma Aldrich, St. Louis, USA) and 500 ng/ml ionomycin (Sigma Aldrich) for 
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6 hrs, 5 μg/ml brefeldin A (Sigma Aldrich) was added for the last 4 hrs. Intra-cellular production 
of IFN-γ, IL-4 and IL-17 was analysed by flow cytometry.

Results
MGL is expressed on dendritic cells in vitro and in vivo
To analyse the expression of MGL on DCs, we analysed DCs cultured from bone marrow of 
C57BL/6 mice and ex-vivo isolated CD11c+ splenic DCs. MGL expression was analysed using 
monoclonal antibody ER-MP23 recognising both MGL1 and MGL2. As previously demonstrated 
MGL was expressed both on CD11c+ BM-DCs and splenic DCs (Fig. 1A23). However, to distinguish 
the expression of MGL2 from MGL1 we verified the expression of MGL2 on mRNA level. MGL2 
was expressed on BM-DCs and also on splenic DCs, although at lower levels (Fig. 1B23). Moreover, 
we also confirmed the expression of MGL on CD11c+ DCs in the dermis of skin (Fig. 1C).

MGL2 recognises neo-glycoconjugate OVA-GalNAc and MUC1
As reported earlier, MGL2 specifically recognises GalNAc, while MGL1 prefers Lewis X 
binding22,23. Indeed, MGL2 and not MGL1 specifically bound biotinylated PAA-GalNAc 
(Fig. 2A). GalNAc has been demonstrated to be exposed on MUC1 and hMGL binds and 
internalises MUC130. MGL2, the murine homologue of hMGL also binds tumour-associated 
glycans on tumour cell lines23. We here confirm that also MGL2 binds MUC1-expressing 
CHO cells (CHO-MUC1) that expose GalNAc upon neuraminidase treatment (Fig. 2B). Plant 
lectins, such as Helix pomatia agglutinin (HPA), that specifically recognises Tn-antigen33 binds 
to neuraminidase treated CHO-MUC1 cells confirming the exposure of GalNAc epitopes 
(Fig. 2C). Binding can be inhibited by EGTA illustrating that C-type lectin-glycan interactions 
are involved. To investigate whether we could target MGL2 using its specific natural ligand 
GalNAc, the free cysteines of model antigen OVA were chemically conjugated to reduced 
GalNAc in order to create the neo-glycoconjugate GalNAc-modified antigen. While, MGL2 
did not bind native glycosylated antigen, specific binding to GalNAc-modified antigen was 
observed when probed with MGL2-Fc (Fig. 2D). Additionally, the binding activity of HPA verified 
the presence of α-GalNAc moieties conjugated to the model antigen OVA. The absence 
of interaction between either HPA or MGL2 to native antigen provides additional evidence 
that the native antigen does not contain GalNAc moieties (Fig. 2E). Moreover, both native 
antigen and GalNAc-modified antigen were equally recognised by specific anti-OVA antibody 
indicating that labelling did not destroy the natural conformation of OVA antigen (Fig. 2F). 
Titration of native antigen and the neo-glycoconjugates indicated similar antigen concentration 
in the preparations as detected by the anti-OVA antibodies (data not shown). Moreover, using 
human DC that express hMGL we could indeed confirm that the GalNAc-neo-glycoconjugate 
interacts strongly with human DCs followed by rapid internalisation in time which is inhibited 
by EGTA that blocks glycan binding to the C-type lectin receptor (Fig. 2G). Thus, we concluded 
that MGL2 is the murine homologue of hMGL that shows specificity for both MUC1 and the 
generated GalNAc-modified neo-glycoconjugate. Therefore, we conclude that the GalNAc-
modified antigen can be used to specifically target MGL2 in mice.
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Figure 1: MGL2 is expressed on different DC subsets. Bone marrow cells from C57BL/6 mice were differentiated 
into immature BM-DCs using GM-CSF. Splenic DCs were isolated from C57BL/6 spleens using CD11c MACS 
beads. (A) MGL expression on immature BM-DC and splenic DC was determined by flow cytometry. Filled 
histograms represent isotype control and open histograms symbolise MGL expression. (B) MGL2 transcript 
levels were determined by RT-PCR using GAPDH as a reference gene. (C) Immunofluorescence staining of 
back skin of C57BL/6 mice, stained with anti-MGL (green) and anti-CD11c (red) and nuclei are visualised in 
blue. Results shown are representative of 3 independent experiments.
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Figure 2: MGL2 specifically binds MUC1 and GalNAc-modified antigen. (A) Binding of MGL1-Fc and MGL2-
Fc to PAA-GalNAc glycans was determined by ELISA. (B and C) Binding of MGL2 and HPA to MUC1 
expressing CHO cells, respectively. (D) Binding of MGL2 to GalNAc-modified antigen neo-glycoconjugates 
was determined using MGL2-Fc ELISA. (E) The plant lectin HPA recognises GalNAc moieties conjugated 
to OVA antigen. (F) Anti-OVA antibody recognises both native antigen and GalNAc-modified antigen. One 
representative experiment out of 3 is shown. (G) Rapid internalisation of GalNAc-modified OVA was detected 
into human monocyte-derived dendritic cells by flowcytometry.

GalNAc-modified antigen targeted to MGL2 expressed on BM-DC induces CD4+ T cell 
proliferation
Previous studies have shown that DCs loaded with native glycosylated OVA antigen 
that contains mannose moieties, targets antigen to mannose receptor to induce cross-
presentation34. We questioned whether GalNAc modification of this native antigen, creating 
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MGL2 targeting structures, would influence skewing of MHC class II mediated CD4+ T cell 
proliferation. To determine the potency of the GalNAc-modified antigen to target MGL2 on APC 
and to boost antigen presentation and T cell proliferation, we incubated BM-DCs obtained 
from C57BL/6 mice with different concentrations of native antigen and the neo-glycoconjugate, 
the GalNAc-modified antigen. Antigen-pulsed immature BM-DCs were further cultured with 
antigen-specific CD4+ OT-II T cells. GalNAc-modified antigen targeted to DC enhanced 
antigen presentation by DC compared with native antigen, resulting in 3-fold higher CD4+ 
T cell proliferation (Fig. 3A). Surprisingly, no increased CD4+ T cell proliferation was observed 
when CD11c+ splenic DCs were targeted by GalNAc-modified antigen, this can be due to low 
expression of MGL2 on splenic DCs or by the fact that the nature of the antigen can result into 
different responses in different DC subsets (Fig. 3B) 35. 

Figure 3: GalNAc-modified antigen targeting to MGL2 results in enhanced MHC class II presentation of BM-
DCs but not of splenic DCs. BM-DCs (A) and splenic DCs (B) from C57BL/6 mice were pulsed with neo-
glycoconjugates for 6 hrs and then co-cultured with antigen-specific CD4+ T cells (OT-II) for 48 hrs respectively. 
Proliferation was determined in triplicate by [3H]-thymidine incorporation. Data presented are representative of 
3 different experiments and is designated as the mean ± SD of triplicates.

GalNAc-modified antigen targeted to MGL2 on BM-DCs induces IFN-γ producing CD4+ 
T cells
As we have observed that GalNAc-modified antigen directed to MGL2 on BM-DCs resulted 
in CD4+ T cell proliferation, we further studied the effect of GalNAc-modified antigen and 
T cell polarisation. DCs loaded with native or GalNAc-modified antigen were incubated with 
CD4+ T cells and intra-cellular cytokines were measured in proliferating T cells. We observed 
that when GalNAc-antigen-loaded DCs were used to prime CD4+ T cells, the number of 
IFN-γ producing CD4+ T cells was significantly increased compared with DCs loaded with 
native antigen (Fig. 4). Furthermore, DCs loaded with GalNAc-modified antigen that were 
simultaneously activated with TLR9 ligand CpG also showed similar induction of IFN-γ 
producing CD4+ T cells as when DCs were triggered with GalNAc-modified antigen in the 
absence of CpG, indicating that IFN-γ producing Th1 cell induction is specifically glycan-
mediated. These data imply that glycosylated antigens targeted to MGL2 on DCs results in 
induction of IFN-γ producing effector T cells.
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Figure 4: GalNAc-modified antigen targeted to MGL2 on BM-DCs induces Th1 responses. GalNAc conjugated 
antigen results in induction of Th1 responses. BM-DCs were incubated with antigen and GalNAc-modified 
antigen for 4 hrs, washed and co-cultured with antigen-specific CD4+ T cells (OT-II). T cells were re-stimulated 
with PMA and ionomycin, and intra-cellular IL-4 (Th2) and IFN-γ (Th1) were analysed on a single cell basis by 
flow cytometry. Representative results of 3 different experiments are shown. 

GalNAc-modified antigen is routed both through early endosomal and lysosomal 
compartments to MHC class I and MHC class II, respectively
Since we observed that GalNAc-modified antigen targeting MGL2 on BM-DCs results in 
enhanced MHC class II restricted CD4+ T cell proliferation, we investigated intracellular routing 
of both native and GalNAc-modified antigen into BM-DCs. Fluorescent-labelled antigen and 
GalNAc-modified antigen were incubated with BM-DCs and after 2 hrs uptake was analysed 
using confocal microscopy. We observed that both native antigen (OVA) and GalNAc-modified 
antigen (GalNAc-OVA; red) were rapidly internalised and co-localised with the lysosomal 
marker LAMP-1 (blue, co-localisation purple) (Fig. 5A and 5B). Surprisingly, we observed at a 
similar antigen dose an increased internalisation by BM-DCs of the GalNAc-modified antigen 
compared to native antigen as visualised by the increased intensity of the red fluorescence. 
This increase was also seen at earlier time points (data not shown). Additionally, we also 
observed increased co-localisation of internalised GalNAc-modified antigen with endosomal 
marker EEA-1 (yellow), compared to native antigen as previously reported by Burgdorf and 
co-workers34. These data correlate with our antigen presentation and T cell proliferation data 
demonstrating that GalNAc-modified antigen targeted to MGL2 shows increased MHC class II 
presentation. Moreover, the high co-localisation with early endosomal compartment prompted 
us to investigate whether GalNAc-modified antigen might potentially induce CD8+ T cell 
priming through cross-presentation, as previously demonstrated for mannose receptor that 
routes native OVA to endosomes for efficient cross-presentation34. 
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Figure 5: GalNAc-modified antigen rapidly internalises in DCs and routes to early endosomal and lysosomal 
compartments. Native antigen (OVA, A, red) and GalNAc-modified antigen (OVA-GalNAc, B; red) were 
allowed to internalise for 2 hrs. After fixation and permeabilisation, cells were stained for LAMP-1 (lysosomes, 
blue) or EEA-1 (early endosomes, green). Co-localisation of endosomes-antigen (yellow) and antigen-
lysosomes (purple) is visible in the XZ image derived from images of 10 x,y sections, showing antigen routing 
to endosomes and lysosomes. The cross-section (x-axis=length in μm and Y-axis= intensity) of cells further 
depicted in histogram demonstrating more clear co-localisation of antigens (red) with either endosome (green) 
or lysosome (blue).

MGL2 expressed on BM-DCs and splenic DCs specifically cross-present OVA-GalNAc
We determined whether GalNAc-modified antigen targeted to MGL2 could enhance the cross-
presentation to CD8+ T cells to a level higher than native OVA that targets mannose receptor34. 
BM-DCs and freshly isolated splenic DCs were incubated with antigens and co-cultured with 
antigen-specific CD8+ T cells (OT-I) and analysed for T cell proliferation using [3H]-thymidine 
incorporation. Analysis of DCs pulsed with varying dose of native antigen and GalNAc-
modified antigen that were co-cultured with antigen-specific CD8+ T cells showed an enhanced 
cross-presentation of CD8+ T cells of the GalNAc-modified antigen compared to native antigen 
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(Fig. 6A). Surprisingly, the efficacy of cross-presentation of the GalNAc-modified antigen was 
observed at lower antigen concentration of 30 μg/ml then previously described for native 
antigen (1 mg/ml 34). Similarly, splenic DCs pulsed with GalNAc-modified antigen resulted in 
increased antigen-specific OT-I T cells proliferation, indicating that tumour-associated glycans 
such as GalNAc greatly facilitate the sensitivity of cross-presentation by targeting antigens 
to MGL2 (Fig. 6B). As expected, the concentration of GalNAc-modified antigen required to 
trigger cross-presentation is higher (30 μg/ml) and exceeds the amount needed to induce MHC 
class II presentation, which is active even at concentrations of 3 μg/ml (Fig. 6A and 6B). These 
data suggest that GalNAc-modified antigens directed to MGL2 are efficiently cross-presented 
via MHC class I molecules to induce antigen-specific CD8+ T cell responses.

As previously reported, mannose receptor-mediated cross-presentation of native OVA antigen 
is co-dependent on TLR triggering34. We therefore investigated the role of TLR triggering on the 
GalNAc-induced cross-presentation. When BM-DCs derived from MyD88-TRIFF-/-, mice were 
loaded with either native antigen or GalNAc-modified antigen and co-cultured with antigen-
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Figure 6: GalNAc-modified antigen targeted to MGL2 on splenic DCs facilitate cross-presentation. (A and 
B) Native antigen and GalNAc-modified antigen targeted to MGL2 on BM-DCs and splenic DCs induces 
cross-presentation. BM-DCs (A) and splenic DCs (B) were pulsed with neo-glycoconjugates and co-cultured 
with antigen-specific CD8+ T cells (OT-I cells). Proliferation was determined by [3H]-thymidine incorporation. 
(C) Enhanced antigen presentation resulted by GalNAc-modified antigens is TLR-independent. BM-DCs 
from MyD88-TRIFF-/- were incubated with neo-glycoconjugates and co-cultured with antigen-specific CD8+ 
T cells. Proliferation was determined by [3H] thymidine uptake. Data presented are representative of 3 different 
experiments and is designated as the mean ± SD of triplicates.
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specific CD8+ T cells, GalNAc-modified antigen that targets to MGL2 on DCs still showed 
enhanced cross-presentation to CD8+ T cells. Clearly, no reduction in cross-presentation was 
observed in MyD88-TRIFF-/- BM-DC, indicating that TLR signalling does not contribute to the 
GalNAc-associated cross-presentation. This indicates that the enhanced antigen presentation 
eliciting amplified CD8+ T cell responses is solely due to glycan modification of the antigen 
(Fig. 6C). We also did not observe any reduction of CD4+ T cell proliferation by the GalNAc-
modified antigen using MyD88-TRIFF-/- BM-DCs (data not shown). We also analysed our neo-
glycoconjugates for the presence of endotoxin using a TLR4-reporter cell line, HEK-TLR4. 
HEK-TLR4 transfectants were pulsed with native antigen and GalNAc-modified antigen and 
IL-8 production was determined by ELISA. As expected, the results obtained indeed showed 
that both native and the GalNAc-modified antigen were not contaminated by LPS as endotoxin 
levels were below the detection limit of 2 ng/ml (data not shown). Hence, these results show 
that GalNAc-modified antigens targeted to MGL2 on immature BM-DCs can be routed to both 
the MHC class II and class I pathway to prime both CD4+ and CD8+ T cells respectively without 
accompanying TLR signalling.

Discussion
In this study we have demonstrated that antigen modification with the tumour-associated 
glycan GalNAc specifically targets C-type lectin receptor MGL2 that serves as an antigen 
uptake receptor on DCs. We have shown that GalNAc-modified antigen binds to MGL2 and is 
rapidly internalised into DCs for processing in endosomal and lysosomal compartments. BM-
DCs showed an enhanced CD4+ T cell response through GalNAc-modified antigen, whereas 
splenic DCs did not, despite the fact that both DCs express MGL2. Furthermore, engagement of 
GalNAc-modified antigen with MGL2 resulted in differentiation of naïve CD4+ T cells into IFN-γ 
producing Th1 cells. Surprisingly, GalNAc-modified antigen enhanced the induction of antigen-
specific CD8+ T cell responses by both BM-DCs and splenic DCs through cross-presentation 
at a level much more efficient than earlier reported for native glycosylated OVA antigen that 
targets to mannose receptor34. For native glycosylated OVA, it has been demonstrated that 
the mannose receptor mediates antigen uptake and routes antigen to an early endosomal 
compartment for cross-presentation. Additionally, the processing of antigen in endosomes 
was TAP-dependent as TAP was recruited to endosomes by TLR stimuli34. However, we have 
observed that GalNAc-modified antigen is routed both to early endosomes and lysosomes.

The cross-presentation of GalNAc-modified antigen to CD8+ T cells was prominent even at 
low concentrations of antigen (30 μg/ml) in contrast to previous studies in which high antigen 
concentrations were needed (1 mg/ml) to achieve cross-presentation34. Strikingly, both cross-
presentation to CD8+ T cells and MHC class II presentation to CD4+ T cells was independent of 
TLR signalling and was observed in immature DCs. The finding that GalNAc-modified antigen 
simultaneously enhances cross-presentation of DC and to some extent, CD4+ T cell responses 
indicates that GalNAc modification of any antigen may increase the extent of antigen-specific 
CD4+ and CD8+ T cell responses. Potentially, GalNAc modification of antigen can in the future 
serve as a tool to target improve anti-tumour responses against any tumour antigen of choice.
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Despite the fact that in mice 2 functional copies of MGL gene exist (MGL1 and MGL2), only 
1 copy of MGL is found in rats and humans21,22, the GalNAc specificity of hMGL is conserved 
in MGL2 and not in MGL1. Given the glycan specificity which is also reflected in a similar 
specificity to recognise MUC-1 on tumour cells, it is likely that MGL2 is the murine homologue 
of human MGL. Using human DCs, antigen targeting to hMGL through anti-MGL antibodies, 
have demonstrated to rapidly internalise antigens and route them to lysosomal compartments 
for MHC class II loading and subsequent presentation to responder CD4+ T cells36. Using 
GalNAc moieties Napoletano et. al. reported that hMGL internalises antigen to deliver antigen 
to both MHC class II and class I compartments; however, the potency of the antigens to induce 
CD4+ or CD8+ T cells was not studied32. Also, here we demonstrate that the GalNAc neo-
glycoconjugate that we generated are rapidly internalised in human DCs. In mice, MGL has 
been shown to act as an uptake receptor, as it binds α-GalNAc polymers that subsequently 
internalise to MHC class II compartments26.

We here demonstrate that MGL2, the closest homologue of hMGL, has specificity for GalNAc 
and MUC1. Binding of GalNAc-modified antigen enhances internalisation for processing in 
both endosomal and lysosomal compartments and subsequently elicit enhanced antigen 
presentation by MHC class II and class I molecules to CD4+ and CD8+ T cells, respectively. 
So far, no potential of either hMGL or MGL2 to mediate cross-presentation has been reported. 
We have demonstrated that GalNAc-modified antigen can be cross-presented by both BM-
DCs as well as ex-vivo isolated primary splenic DCs thereby eliciting CD8+ T cells responses, 
whereas no enhanced MHC class II presentation was observed by splenic DCs. CD8+ DCs are 
reported to be specialised in cross-presentation of cell-associated and particulate antigens10. 
However, recent studies have also reported the ability of CD8- DCs to cross-present antigens 
such as yeast-OVA targeted to dectin-1, which is expressed both on CD8+ and CD8- DCs. 
Fungal antigens targeted to both DC subsets result in CD4+ T cell responses whereas CD8- 
DCs specifically cross-present OVA to CD8+ T cells35. Recently, Kumamoto and co-workers 
have reported that MGL2 is expressed on CD8low DCs in lymph nodes37. However, further 
detailed analysis on the expression of MGL2 on different DC subsets is required to address 
this hypothesis.

Several studies have demonstrated the potency of using DC-specific uptake receptors, such 
as CLR, to enhance antigen-specific CD4+ and CD8+ T cell responses, and are therefore 
considered as efficient tools for targeting purposes to develop anti-tumour vaccines. Different 
approaches have been used such as liposomes38,39, live infectious vectors as lentiviruses40 or 
antibody conjugates that specifically target DC receptors41. Targeting antigen to DC receptors 
such as DEC-205 using specific antibodies-antigen conjugates has been shown to induce 
high CD8+ T cells responses in vivo; however, translating this to vaccination strategies is a 
challenge. Alternatively, the use of the natural ligands of CLRs such as glycans can be of 
great advantage and an excellent alternative to antibody-based therapies in particular as they 
are not immunogenic. For example, mannosylated OVA engineered in fungi Pichia pastoris 
targeted to the mannose receptor on murine BM-DCs resulted in elevated OVA-specific 
CD4+ T cell proliferation42. Here we show that, neo-glycosylation of OVA protein as model 
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antigen with the tumour-associated glycan GalNAc results in enhanced antigen-specific CD4+ 
and CD8+ T cell proliferation. Previous studies on tumour-associated glycoproteins, such as 
MUC1 that contains many tandem repeats that may potentially bear the tumour-associated 
Tn-antigen (α-GalNAc-Ser/Thr), have shown that glycosylated soluble MUC1 found in serum 
of cancer patients, does not elicit T helper responses when administrated exogenously to 
DC in vitro43. On the contrary, under-glycosylated MUC1 in the form of long synthetic peptide 
elicit MHC class I and class II restricted cytolytic activities in primed T cells. The host 
unresponsiveness to tumour-associated GalNAc exposing MUC1 has been demonstrated to 
be the result of a blockade of the intracellular sorting and processing machinery in DC44, due 
to the highly glycosylated state of MUC1, that blocks proper intracellular degradation and 
routing of antigen leading to unresponsiveness due to inefficient MHC peptide loading. To 
overcome this blockade in degradation, glycosylated MUC1 peptides have been used to elicit 
cytotoxic T cell responses. Short O-linked glycans, like the Tn or TF-antigens (α-GalNAc-
Ser/Thr or Galβ1-3GalNAc-Ser/Thr), on MUC1 tandem repeats remain intact during DC 
processing in the MHC class II pathway45. These glycans control the extent and site specificity 
of cathepsin L-mediated endosomal proteolysis of MUC1 glycopeptides46, and are able to elicit 
peptide or mixed glycopeptide specific Th cell responses. In our study, we have shown that 
proteins such as model antigen OVA can be used to chemically conjugate tumour-associated 
glycans using the chemical properties of the protein itself. This may help in overcoming the 
problem of heavy-glycosylation of protein which may potentially block antigen processing and 
presentation. In our chemical modification strategy we use cysteine residues present in the 
antigen to conjugate GalNAc moieties to create a Tn-antigen mimic. The model antigen OVA 
that we used in our study contains 6 cysteine residues, out of which 3 are required for protein 
folding47. The remaining 3 available cysteines were used to conjugate GalNAc, giving rise 
to 2–3 GalNAc per OVA molecule. The amount of GalNAc is far less than the amount of Tn-
antigen that is present on MUC1 protein containing 25–125 tandem repeats (TRs) of 20 amino 
acids acting as a scaffold for O-glycans such as GalNAc48. Because of this tandem repeats 
the amount of Tn-antigens on MUC1 can exceed upto 100 GalNAc moieties. The 3 GalNAc 
moieties conjugated to the antigen OVA reflect the similar situation as the glycosylated 
peptides used by Hiltbold and Stepensky in 2 different studies that show that glycosylated 
MUC1 peptides are presented in MHC class I and class II fashion49,50. This indicates that the 
amount of GalNAc (Tn-antigen) may determine the induction or inhibition of T cell responses. 
Moreover, to create MUC1-specific immune responses, it is essential to use glycosylated 
antigens, as the antibody reactive to mucins are more directed to glycopeptide than to non-
glycosylated peptide epitopes51. To overcome the weak immunogenicity of tumour antigens 
such as heavily O-glycosylated MUC1, it is essential to use less glycosylated antigens instead 
of heavily glycosylated to elicit anti-tumour responses as they result in blockage of degradation 
and thus are not further processed by the MHC class I machinery.

Cross-presentation is a specialised mechanism of the immune system to combat viruses and 
tumours while maintaining tolerance to self-antigens in steady state conditions9. DC efficiently 
cross-present exogenous antigens on MHC class I molecules to CD8+ T cells. To date, the 
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classical model of cross-presentation states that transport of endocytosed antigens is either 
TAP-dependent where proteasomal processing occurs both in endoplasmic reticulum and 
phagosome or TAP-independent following antigen-processing in endosomes. New insights in 
the mechanism of cross-presentation have shown that CLR like DEC-205, mannose receptor 
and dectin-2 expressed on DCs can cross-present antigens to CD8+ T cells7,16,34. We here show 
that MGL2 can efficiently cross-present GalNAc modified antigen on MHC class I to antigen-
specific CD8+ T cells. Delivering antigens to DEC-205 in the absence of TLR stimulus initially 
results in cross-presentation and induction of CD8+ T cells. However, antigen-specific CD8+ 
T cells are subsequently deleted, resulting in the induction of tolerance instead of effective 
CTL responses15, thus specifying the importance of DC maturation to facilitate effector T cell 
responses. In contrast to these studies, we here show that DC pulsed with glycosylated 
antigens such GalNAc-modified-OVA leads to induction of IFN-γ producing CD4+ T cells. 
This induction of effector T cells was independent of TLR-induced DC maturation and strictly 
glycan mediated. It has previously been described that the dectin-1 specific ligand curdlan 
(β-glucan) resulted in Th17 induction through DC maturation52. However, our glycosylated 
neo-glycoconjugates induced effector T cells without accompanying DC maturation. 

In conclusion, we here demonstrate that GalNAc-modified antigen directed to MGL2 on BM-
DCs is efficiently internalised and processed in lysosomal and endosomal compartments and 
is loaded on to MHC class II and class I molecules leading to enhanced antigen-specific CD4+ 
and CD8+ T cell responses in a TLR-independent manner. Furthermore, pronounced cross-
presentation is induced when GalNAc-modified antigen is targeted to MGL2 on splenic DCs. 
It is therefore likely that in vivo targeting of MGL2 will in particular lead to enhanced CD8 
T cell induction through cross-presentation. Further in vivo studies are required to address the 
potential of MGL2 as a tool to combat adenocarcinomas.
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Abstract
The uptake and subsequent intracellular routing of antigens is affected by their glycosylation-
status. Amongst the repertoire of glycans on the widely used model-antigen Ovalbumin (OVA) 
are mannose structures that target OVA to the Mannose Receptor. We show that modification 
of OVA with the glycan structure Lewis X re-directs antigen to the C-type lectin MGL1 on 
dendritic cells. Lewis X modified OVA induced differentiation of CD4+ T cells towards the Th1-
lineage, and intensified cross-presentation by inducing higher frequencies of antigen-specific 
CD8+ T cells, both in vitro and in vivo. Surprisingly, cross-presentation did not require TLR 
signalling, TAP-transporters, nor Cathepsin-S. Thus the glycosylation of antigen crucially 
influences the nature and strength of an immune response and should be considered for 
vaccination strategies.

Introduction
The stimulation of T cell immunity to viruses or tumours involves the presentation of viral or 
tumour antigens by antigen-presenting cells (APC) in the context of major histocompatibility 
complex (MHC) class I molecules, to induce antigen-specific cytotoxic T cells. This requires 
exogenously-derived antigens to be loaded onto MHC class I molecules, a process known as 
cross-presentation1. Furthermore, the cross-presenting APC can acquire antigens for induction 
of cognate CD4+ T cell help, which allows the same APC to stimulate both antigen-specific CD4+ 
T cells and CD8+ T cells, which is essential for effective CD8+ T cell priming2-4 The molecular 
mechanisms underlying cross-presentation have been studied intensively, however, little is still 
known on the nature of the antigens and stimuli that are required for APC to route exogenous 
antigens efficiently into the MHC class I presentation pathways. Most exogenous antigens 
that originate from tumour cells or viruses are glycosylated in their native form5. The relative 
composition of the glycosylation machinery, which includes all the necessary glycosylation-
related enzymes and co-factors, determines the final configuration of the glycan structures 
that decorate N- or O-linked glycosylation sites present in glycoproteins. The glycosylation 
machinery can be affected by proliferation, activation, or the transformation status of the cell6, 
thus, depending on environmental factors. APC, such as dendritic cells (DCs) and macrophages 
are able to sense glycan alterations of antigens, either self- or pathogen-derived antigens. 
Thereto, the APC express glycan-binding proteins that interact with specific glycan structures. 
Amongst these glycan-binding proteins are C-type lectins (CLRs) that recognise defined 
carbohydrate-structures through their carbohydrate recognition domain (CRD). Depending on 
the amino acid sequence, the CRD bears specificity for mannose, fucose, galactose, sialylated-, 
or sulfated structures. Also the 3-dimensional structure of the glycans exposed in a di- or tri-
antennary structure (carbohydrate branching), or the spacing of glycans dictated by the scaffold 
that presents the glycans (multivalency), affect the recognition by the CRD and create the 
specific carbohydrate recognition profile for each CLR7,8. CLRs function as antigen uptake and/
or signalling receptors that modify DC-induced cytokine responses thereby influencing T cell 
differentiation9. The specialised internalisation motifs in the cytoplasmic domains of CLRs allow 
rapid internalisation of antigen after ligand binding10-12. This suggests that DCs use CLRs to 
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“sense” the natural glycan composition of tissues and invading pathogens, and thereby modulate 
immune responses13. Several studies have demonstrated that the conjugation of antigens to 
CLR-specific antibodies, such as DEC205, MR, DC-SIGN and CLEC9A is an effective way to 
direct the antigen to specific CLR on DC enhancing antigen uptake and presentation to CD4+ 
and CD8+ T cells14,15-17. However, inclusion of a strong adjuvant is necessary to achieve the 
induction of immunity rather than tolerance. Although the potency of CLRs to function as antigen 
uptake receptors that enhance CD4+ or CD8+ T cell responses has been reported for antibody-
conjugated antigens, little is known on how natural glycosylated antigens, or alterations in the 
glycosylation of antigens may change and re-direct antigen internalisation, as well as processing 
and presentation. Alternatively, glycan binding to the CLRs DC-SIGN, Dectin-1 and Dectin-2, 
has been demonstrated to trigger the signalling capacity of these receptors, modulating DC-
mediated T-helper cell (Th) differentiation and cytokine production by DC18-21. This illustrates 
that glycan epitopes may not only improve antigen presentation but may also play an important 
role in T-helper cell differentiation and shaping of specific adaptive immune responses.

The MR has recently been shown to mediate cross-presentation of the model-antigen 
ovalbumin (OVA) in a Toll-like receptor (TLR)-dependent manner and to recruit TAP-1 to 
endocytic organelles22. The interaction of OVA with the MR was speculated to be dependent on 
the presence of mannose glycans on OVA22 . However, no detailed analysis of the glycosylation 
profile of OVA is available to date.

In the current study, we aimed to investigate the effect of modifying the glycan composition 
of the well studied model antigen OVA to alter the efficacy of cross-presentation, priming and 
differentiation of T cells. We hypothesised that modification of the antigen with specific glycans 
would re-direct antigens to CLRs resulting in altered uptake and presentation of antigen and 
T helper cell differentiation. We have chosen to conjugate the carbohydrate structure Lewis X 
(LeX) to 2 free cystein residues within the native OVA glycoprotein. LeX is a ligand of the CLR 
MGL123, which is expressed on CD8+ and CD8- splenic DC, DC in the small intestines and sub-
capsular and intra-follicular sinuses of T cell areas in lymph nodes, and on DC and macrophages 
in the dermis of skin24-27. Murine MGL1 is one of two homologues (mMGL1 and mMGL2) of 
human MGL (huMGL) that recognises the carbohydrate structures Lewis A (LeA) and LeX 23 
MGL has been shown to interact with tumour cells through glycans exposed on MUC128,29, as 
well as various pathogens that expose MGL binding glycans such as Schistosoma mansoni, 
Neisseria gonorrhoeae, Campylobacter jejuni, the Ebola virus and the Influenza virus29-33. It 
has been demonstrated that the YENF motif in the cytoplasmic tail of human MGL is essential 
for uptake of soluble antigens, which are subsequently processed and presented to CD4+ 
T cells34,35. Murine MGL1 contains a similar motif (YENL) in its cytoplasmic tail, which likely 
plays a similar and important role in antigen uptake25. In addition, MGL1 has been reported 
to have an anti-inflammatory function in colitis and obesity by modifying APC function36, 37, but 
no functional studies on the capacity of mMGL1 to improve cross-presentation of antigens or 
to induce antigen specific CD4+ or CD8+ T cells have been reported. Based on the function 
and specificity of MGL1 we expected that modification of OVA with the LeX glycan would affect 
antigen presentation and T cell differentiation.
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Here, we demonstrate that conjugation of the LeX carbohydrate to the model antigen OVA 
greatly enhanced Th1 skewing of CD4+ T cells and significantly increased cross-presentation 
of OVA, independent of the TAP1 transporter, Cathepsin-S, and TLR-signalling. Our results 
illustrate that small changes in the glycosylation-profile of protein antigens have a great impact 
on antigen routing within DC, cross-presentation and T-helper cell differentiation.

Materials and methods
Mice
C57BL/6 mice (Charles River Laboratories) were used at 8-12 weeks of age. Mgl1-/-mice 
(C56BL/6 background were kindly provided by the Consortium for Functional Glycomics), 
OT-I61 and OT-II TCR transgenic mice62 were bred in our animal facility under specific 
pathogen-free conditions. All experiments were performed according to institutional, state and 
federal guidelines.

Antibodies and Fc-chimeric constructs
Fluorochrome-conjugated antibodies used: anti-CD11c-APC, anti-IFNγ-APC, anti-IL-4-PE, 
anti-IL17-PE and anti-Foxp3-PE (E-bioscience, San Diego, CA, USA). Unconjugated mouse 
anti-OVA (Sigma Aldrich, St.Louis, MO, USA), mouse anti-LeX (Calbiochem, Damstadt, 
Germany), rat anti-mMGL (ER-MP23; kind gift of Dr. P. Leenen, Rotterdam, Netherlands), 
rat anti-LAMP-1 (BD-Pharmingen, San Diego, CA, USA), and rabbit anti-EEA-1 (Dianova, 
Hamburg, Germany). Secondary antibodies used: peroxidase-labeled F(ab’)2 fragment goat 
anti-human IgG, F(ab’)2 fragment goat anti-mouse IgG, (Jackson, West grove, PA, USA), 
peroxidase-labelled goat anti-mouse IgM, (Nordic Immunology, Tilburg, The Netherlands), 
goat anti-rat Alexa 448, goat anti-rat Alexa 647 and donkey anti-rabbit Alexa 488 (Molecular 
Probes, CA, USA). MGL-1-Fc was generated as described earlier23. MR-Fc was a kind gift of 
Dr. B. Appelmelk, VUmc, The Netherlands.

Generation of neo-glycoconjugates and endotoxin analysis
LeX (lacto-N-fucopentose III; Dextra Labs, UK) carbohydrate structure was conjugated 
to OVA (Calbiochem) as previously described23, 40. In short, the bifunctional cross-linker 
(4-N-maleimidophenyl) butyric acid hydrazide (MPBH; Pierce, Rockford, USA) was covalently 
linked to the reducing end of the LeX and the maleimide moiety of the linker was later used for 
coupling the LeX to OVA. Neo-glycoconjugates were separated from reaction reductants using 
PD-10 desalting columns (Pierce). 

Additionally, a Dylight 549- N-hydroxysuccimide (NHS) label (Thermo Scientific, Rockford, 
USA) was covalently coupled to OVA or OVA-LeX (Dylight-549-OVA). Free label was removed 
using a PD-10 column (Pierce).

Presence of LeX and CLR binding to OVA was measured by ELISA. In brief, OVA-conjugates 
were coated directly on ELISA plates (NUNC Maxisorb, Roskilde, Denmark) and binding of 
MGL1-Fc, MR-Fc, anti-LeX and anti-OVA antibodies to OVA was determined as described40.



125

 Glycan modified antigen enhances Th1 skewing and induction of CD8+ T cells 

Endotoxin contamination was analysed using Human embryonic kidney (HEK)293-TLR4/MD2 
cells (kind gift of D. Golenbock64) which respond to LPS by secretion of IL-8. These cells were 
cultured in the presence of OVA or E. coli-derived LPS (Sigma Aldrich) and IL-8 measured in 
supernatants by ELISA (Biosource, CA, USA).

Glycan analysis 
OVA was deglycosylated by incubation in 5 IU of PNGase F (Roche Applied Sciences, 
Mannheim, Germany) o/n at 37oC. Proteins were extracted by reverse phase chromatography 
using Sep-Pak Vac C18 disposable cartridges (Waters, Milford, MA, USA). Glycans 
were further purified by reverse phase chromatography using Superclean ENVI-Carb 
cartridges disposable columns (Supelco, St.Louis, MO, USA). Glycans were lyophilized and 
redissolved in 30 ml of 7-Amino-4-methylcoumarin (160 mM, Sigma Aldrich) and 2-Picoline 
borane (270 mM, Sigma Aldrich) in DMSO-acetic acid (4:1, Riedel deHaën, Seelze,  
Germany). 4-AMC-labelled glycans were purified by size exclusion chromatography using a 
Bio-Gel P2 (Bio-Rad, Herts, UK) column with 50 mM ammonium formate (Sigma Aldrich) as 
running buffer. 4-AMC-labelled glycans were lyophilized and analysed by multidimensional 
normal phase HPLC (UltiMate 3000 nanoLC, Dionex, Surrey, UK) using a Prevail Carbohydrate 
ES 0.075 x 200 mm column (Grace, Pittsburgh, PA, USA) coupled to an LCQ Deca XP with ESI 
interface mass spectrometer (Thermo Finnigan, Waltham, MA, USA) tuned with maltoheptoase 
(Sigma Aldrich) labeled with 4-AMC and with an intercalated fluorescence detector (Jasco 
FP-2020 Plus, Jasco, Easton, MD, USA) (maximum excitation 350 nm, band width 40 nm; 
maximum emission 448 nm, band width 40 nm).

MALDI-MS
MALDI-TOF mass spectrometry measurements were done using a 4800 MALDI–TOF/TOF 
Analyzer (Applied Biosystems, Foster city, CA, USA). Mass spectra were recorded in the 
range from to 19000 to 155000 m/z in the linear positive ion mode. The data were recorded 
using 4000 Series Explorer Software and processed with Data Explorer Software version 4.9. 

Cells
BM-DCs and CD11c+ spDCs were cultured as previously described40. BM of MyD88-
TRIFF-/-, Cathepsin-S-/- and TAP-/- mice was kindly provided by Dr. T. Sparwasser (Twincore, 
Hannover, Germany), Dr. K. Rock (Massachusetts Medical School, Worcester, MA, USA) and 
Dr. F. Ossendorp (LUMC, Leiden, The Netherlands), respectively.

OVA-specific CD4+ and CD8+ T cells were isolated from spleen and lymph nodes cell 
suspensions from OT-II and OT-I mice, respectively using the mouse CD4/CD8 negative 
isolation kit (Invitrogen, CA, USA) according to manufacturer’s protocol. 

The T cell proliferation assay was performed as described40. In short, DC were pulsed with OVA for 
4 hrs before incubation with OVA-specific T cells (OT-I and OT-II; 1:5 DC:T). [3H]-thymidine (1μCi/
well; Amersham Biosciences, NJ, USA) was present during the last 16 hrs of a 72 hrs culture. [3H]-
thymidine incorporation was measured using a Wallac microbeta counter (Perkin-Elmer, USA).
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Differentiation of naïve OT-II T cells, induced by BM-DCs or spDCs, was measured by an 
in vitro T helper differentiation assay described earlier40. 

cDNA synthesis and Real time PCR
mRNA was isolated by capturing poly(A+)RNA in streptavidin-coated tubes using a mRNA 
Capture kit (Roche, Basel, Switzerland). cDNA was synthesised using the Reverse 
Transcription System kit (Promega, WI, USA) following manufacturer’s guidelines. 

Real time PCR reactions were performed using the SYBR Green method in an ABI 7900HT 
sequence detection system (Applied Biosystems) as previously described63. 

Confocal Microscopy
BM-DCs were incubated with 30 μg/ml Dylight-549-OVA or OVA-LeX for 2 hrs at 37°C, fixed 
and permeabilised for 20 min on ice, and stained with primary and secondary antibodies. 
Co-localisation was analysed using A Leica AOBS SP2 confocal laser scanning microscope 
(CLSM) system containing a DM-IRE2 microscope with glycerol objective lens (PL APO 63×/
NA1.30); images were acquired using Leica confocal software (version 2.61).

Immunisation of mice 
For adoptive transfer experiments, 3x106 CFSE labeled OT-I cells were adoptively transferred 
to a C57BL/6 recipient mouse intravenously. One day later, 100 μg OVA mixed 1:1 with IFA was 
injected subcutaneously (s.c.). Mice were sacrificed at day 3 and draining LN were analysed. 
3x106 LN cells/ml were cultured in the presence of 0,5 μg/ml SIINFEKL-peptide and 5 μg/ml 
Brefeldin-A for 4 hrs and IFN-γ production by OT-I T cells was measured intracellularly by flow 
cytometry. For endogenous responses, C57BL/6 mice were immunised s.c. with 50 μg OVA 
emulsified in IFA, and boosted a week later. Another week later, mice were sacrificed, and the 
amount of antigen-specific CD8+ T cells was analysed in the spleen by staining with H2-Kb-
SIINFEKL tetramers (Sanquin, Amsterdam, The Netherlands).

Results
Identification of glycans on native and glycan-modified OVA, and the consequences for 
CLR-specific binding
The well known model antigen OVA contains one N-glycosylation site at N293, however, the 
full glycosylation spectrum of OVA has never been thoroughly analysed. We determined 
the glycan profile of OVA by normal-phase HPLC coupled to electrospray ionisation mass 
spectrometry with an intercalated fluorescence detector. We found that the majority of glycan 
species on OVA corresponded to the complex-type (54.9%), while mannose-rich glycans 
(mainly Man5 and Man6, potential ligands of the MR38) represented only 23% of all glycoforms 
(Fig. 1A). The remaining glycoforms were of the hybrid (16.2%) and oligomannose (Man3, 3%) 
type. To generate glycan-modified OVA we used the cysteines in OVA to link the trisaccharide 
glycan structure LeX (Galβ1-4(Fucα1-3) GlcNAc). Considering the crystal structure of OVA39 
and since cysteines C74 and C121 are already occupied in a disulfide bridge, the most likely 
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Figure 1: Generation of OVA-neo-glycoconjugates with LeX that direct OVA to bind to MGL1. (a) The 
glycosylation of OVA was investigated by glycan profiling using a multidimensional normal phase nano-HPLC 
coupled to a nano electrospray ionisation interface mass spectrometer with an intercalated fluorescence 
detector. This system allows accurate quantification of individual glycans while performing online MS/MS 
analysis of the different glycan species. The proportion of the different glycan species is depicted in bold above 
the glycan representation (in %). (b) The MALDI mass spectrum of OVA-LeX (red) shows an increase of 1.2 
KDa compared to unconjugated OVA (blue), corresponding to addition of 1,4 LeX molecules per OVA molecule. 
(c) ELISA showing functional modification of OVA with LeX, which results in binding of MGL1-Fc. Unconjugated 
OVA does not carry any ligands for MGL1; Mannose glycans are equally present and exposed on native OVA 
and OVA-LeX and equally recognised by MR, indicating that conjugation of LeX does not affect recognition by 
MR-Fc. OVA and OVA-LeX preparations contain similar amounts of OVA as detected with anti-OVA.
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candidate cysteines to accept conjugation of the tri-saccharide glycan structure LeX are 
C12, C31, C368, and C383; all in close proximity in the tridimensional structure of the protein. 
Using MALDI mass spectrometry, we confirmed that OVA-LeX increases to 1.2 KDa in mass, 
indicating that at least 40 % of the total OVA-LeX preparation contained the LeX (Fig. 1B). This 
increase corresponded to the addition of 1.4 LeX molecules per molecule OVA. Furthermore, 
the presence of LeX on OVA-LeX was detectable by anti-LeX antibodies, indicating that LeX was 
successfully conjugated to OVA (Fig. 1C). The addition of LeX to OVA may facilitate high-avidity 
binding to the LeX-specific receptor, MGL1. We therefore assessed the differential binding 
activity of native OVA and LeX-conjugated OVA to CLRs using purified MGL1-Fc and MR-Fc. 
As expected, the MR showed equal binding to native OVA and OVA-LeX, due to the presence 
of mannose rich glycans on both antigen preparations. Moreover, LeX conjugation resulted in 
specific MGL1 binding, whereas no binding of MGL1 was observed to native OVA. Fucosidase 
treatment of OVA-LeX, that removes the Fucα1-3 from LeX, resulted in loss of binding by MGL1 
and the anti-LeX antibody (Fig. 1C). Antigen titrations revealed similar binding kinetics with an 
anti-OVA antibody, illustrating similar protein concentrations of the antigen in the preparations 
of OVA and OVA-LeX used in our study (data not shown). In conclusion, through glycan 
profiling we identified 23% mannose rich glycans on native OVA that facilitates MR binding. 
OVA-LeX, conjugated next to these mannose glycans on cysteine residues (1.4 LeX moieties 
per molecule) conveyed MGL1 specificity to the OVA glycoconjugate.
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OVA-LeX is efficiently internalised and routed through early endosomal and lysosomal 
compartments 
To investigate whether the addition of LeX glycans to OVA modified antigen presentation by 
DCs, we first compared the capacity of wild type BM-DCs and MGL1-/- BM-DCs to take up 
native OVA and OVA-LeX. Murine BM-DC and splenic DCs (spDCs) express MGL as assessed 
by staining with anti-MGL antibody (ER-MP23) (40, data not shown). The ER-MP23 antibody 
does not discriminate between the 2 murine MGL homologues, MGL1 and MGL2, but we 
confirmed MGL1 expression at the mRNA level both on CD11c+ BM-DCs and splenic DCs 
(Fig. 2A). 

OVA OVA -Le X
EEA -1EEA -1 LAMP -1 LAMP -1

C.

WT

MGL1 -/-

Figure 2: MGL expressed on BM-DCs mediates enhanced uptake of LeX-modified OVA and routing of antigen to 
early endosomal and lysosomal compartments. (A) MGL1 mRNA expression by BM-DCs and splenic DCs from 
WT and Mgl-/- mice was determined using RT-PCR. GAPDH was used as a reference gene and the results are 
representative of three independent experiments. (B) Binding and uptake of fluorescent-labeled OVA-LeX (30 
µg/ml) by WT BM-DCs was compared to native OVA and analysed by flow cytometry after 30 min. Data shown 
are representative of three independent experiments. (C) WT BMDCs were incubated with Alexa-549-OVA or 
(d) Alexa-549-OVA-LeX (30 µg/ml) and 2 hrs later co-localisation of OVA antigen (Red) with early endosomal 
(EEA-1, Green) and lysosomal (LAMP-1, Blue) compartments was analysed using confocal microscopy. 
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We analysed the binding and uptake of fluorescently-labelled OVA in BM-DCs of Wild Type 
(WT) and mgl1-/- mice either by flow cytometry or by confocal microscopy. WT BM-DCs bound 
and internalised OVA-LeX more efficiently than native OVA and the binding was blocked by 
Ca2+ chelator EGTA (Fig. 2B). The enhanced internalisation of OVA-LeX by BM-DCs from 
mgl1-/- mice was significantly reduced compared to WT BM-DCs (Fig. 2C), suggesting that 
MGL1 played a major role in the uptake of OVA-LeX. We confirmed that uptake of native OVA 
through the MR is routed to the early endosomal compartment for presentation22. However, 
the OVA-LeX co-localised with both early endosomal (stained with EEA-1) and late endosomal/
lysosomal compartments (stained with LAMP-1; Fig. 2C). In conclusion, modification of antigen 
with LeX glycans results in MGL1-dependent binding to DC and efficient internalisation of the 
antigen to early endosomes.

OVA-LeX targets MGL1 and strongly enhances cross-presentation by BM-DC and 
steady-state spDC
To determine whether OVA-LeX alters the potency of DC to induce antigen-specific T cell 
proliferation and differentiation we first studied whether OVA-LeX enhanced CD4+ and CD8+ 
T cell priming. Surprisingly, both native OVA-loaded BM-DCs and OVA-LeX-loaded BM-DCs 
induced CD4+ T cell (OT-II) proliferation to a similar extent (Fig. 3A, left panel) illustrating 
that the increase in antigen uptake, mediated by LeX, did not affect MHC class II- induced 
CD4+ T cell proliferation. Similar results were obtained using steady-state spDC (Fig. 3A, right 
panel). Furthermore, no significant differences in the induction of CD4+ T cell proliferation by 
OVA-LeX were observed when using BM-DCs and spDCs from mgl1-/- mice (data not shown). 

Strikingly, OVA-LeX induced significantly more proliferation of CD8+ T cells than native OVA 
(Fig. 3B). Around 3-fold higher concentration of native OVA compared to OVA-LeX was needed 
to induce equal OT-I T cell proliferation. Similar increase in cross-presentation was observed 
when steady-state spDCs were used (Fig. 3B, right panel). Moreover, cross-presentation of 
OVA-LeX was clearly mediated by MGL1 as demonstrated using BM-DCs or steady-state 
spDCs from mgl1-/- mice (Fig. 3C). These results suggest that LeX-modified antigens that target 
MGL1 on murine DCs (both BM-DCs and steady-state spDCs) preferably facilitate cross-
presentation to CD8+ T cells.

OVA-LeX induces Th1 skewing of naïve CD4+ T cells
Although we did not observe any effect of LeX on CD4+ T cell proliferation, glycan modification 
of antigens could affect signalling via CLRs and potentially influence T helper differentiation. 
We therefore investigated whether OVA-LeX affected the differentiation of naïve CD4+ T cells. 
We pulsed BM-DCs and spDCs of WT-mice with OVA or OVA-LeX and co-cultured them with 
naïve CD4+CD62Lhi OT-II cells. After 7 days of stimulation, frequencies of IFN-γ (Th-1), IL-4 
(Th-2), IL-17 (Th17)-secreting T cells and Foxp3+ T-regulatory (Treg) cells was measured by 
FACS. Both BM-DCs and spDCs incubated with OVA-LeX induced significantly more IFN-γ 
producing T cells than cells incubated with OVA. No induction of IL-4-producing CD4+ 
T cells was observed (Fig. 4A) and neither IL-17-producing T cells nor Tregs were detected. 
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Furthermore, OVA-LeX did not have any effect when the Th-skewing adjuvants peptidoglycan 
(Th17)41 and TGF-β (Treg)42 were included in the cultures (data not shown).

To exclude that the Th1 skewing by OVA-LeX was attributed to the more Th1 prone status 
of C57BL/643, we also performed the Th-differentiation assay with BM-DCs of BALB/c mice 
and OVA-specific naïve CD4+ T cells derived from DO.11.10 transgenic mice (on BALB/c 
background) which are Th2 prone44. We observed that T cells stimulated with BM-DC from 
BALB/c mice produced IL-4; however, OVA-LeX did not influence the frequency of IL-4 
producing cells. Remarkably, using these Th2-prone T cells, OVA-LeX pulsed-DCs still induced 
significantly more IFN-γ producing CD4+ T cells than native OVA-pulsed DCs (Fig. 4B). 

To investigate whether the differences observed between OVA and OVA-LeX were due to any 
potential contamination of lipopolysaccharide, we analysed the protein preparations could 
trigger IL-8 production of TLR4-transfected HEK293 cells. Based on the lack of any IL-8 
production, we concluded that our OVA preparations were free of any LPS contamination 
(Suppl. Fig. 1). Also, neither OVA preparation induced maturation of BM-DCs nor altered 
their cytokine production (data not shown) which may indicate that the induction of the Th1 
phenotype is due to DC-T cell interactions rather then cytokine-induced Th-differentiation.

C.C57BL/6A.

B.

MGL1 -/-

Figure 3: Neo-glycoconjugate targeting to MGL1 on BM-DCs and CD11c+ spDCs results in enhanced cross-
presentation. Pulsing of WT BM-DCs or CD11c+ spDCs with OVA-LeX results in equal (A) OT-II and (B) enhanced 
OT-I proliferation, compared to native OVA. (C) The enhanced effect on cross-presentation was MGL1-mediated 
as this was absent using Mgl1-/- DC. Proliferation of OT-I or OT-II T cells was determined in DC-T cell co-
cultures on day 3 by [3H]-thymidine uptake. Data are presented as mean ± standard deviation of triplicates, 
representative of three independent experiments.
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MGL1 mediates cross-presentation of OVA-LeX independently of TLR signalling
Recent studies have shown that MR-induced cross-presentation of antigen to CD8+ T cells 
is dependent on TLR signalling22, 45. To investigate any potential influence of TLR ligands on 
the LeX-induced cross-presentation we used BM-DC from MyD88-TRIFF-/- mice. We observed 
that BM-DCs from MyD88-TRIFF-/- mice were fully capable of inducing OT-I proliferation 
when targeted with OVA-LeX. Only a slight reduction of cross-presentation was observed 
compared to WT BM-DCs, suggesting that TLR signalling only played a minor role (Fig. 5). 
Cross-presentation of native OVA was reduced using BM-DC of MyD88-TRIFF-/- mice, albeit 
with low proliferation counts, confirming previous reports that TLR signalling is required for 
presentation of native OVA22. As expected, MHC class II presentation of OVA and OVA-LeX 
was not dependent on TLR signalling (data not shown).
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Figure 4: Modification of OVA with LeX structures skewes naïve CD4+ T cells towards the Th1-effector lineage. 
BM-DCs or spDCs derived from (A) C57BL/6 or (B) Balb/c mice were pulsed with OVA or OVA-LeX (30 μg/ml) 
and co-cultured with naïve CD4+CD62LhiCD25- OT-II or DO-11.10 T cells, respectively. One week later, T cells 
were re-stimulated with PMA/ionomycin and Th1 and Th2 differentiation was monitored by intracellular IFN-γ 
and IL-4 staining, respectively.
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Cross-presentation induced by MGL1-targeting is independent of TAP-transport and 
Cathepsin-S-induced endosomal degradation
Several cross-presentation pathways have been described, one of which is dependent on 
the transport of peptides from the cytosol into MHC-class I loading compartments via TAP-
molecules46. To study TAP-dependency in our model, we pulsed BM-DCs of TAP-/- and WT 
control mice with either OVA or OVA-LeX followed by incubation with OT-I cells. Surprisingly, 
cross-presentation induced by OVA-LeX-loaded TAP-/- BM-DCs was unaffected compared with 
OVA-LeX-loaded WT BM-DCs (Fig. 6A) indicating that TAP-transporters do not play a role in 
enhanced cross-presentation of OVA-LeX. This illustrates that the induced cross-presentation 
may not solely be the result of enhanced LeX-conjugated antigen internalisation.

Figure 6: LeX-modified antigen is cross-presented in a TAP- and Cathepsin-S-independent fashion. (A) TAP-/- 
BM-DCs or (B) Cathepsin-S-/- BM-DCs were pulsed with 30 μg/ml OVA(-LeX) and co-cultured with OT-I T cells 
for 3 days. Proliferation was determined by [3H]-thymidine uptake and data are presented as mean ± SD of 
triplicates (representative of three experiments).

Figure 5: The enhanced cross-presentation 
of OVA-LeX is independent of MyD88-TRIFF 
signalling. BM-DCs from WT or MyD88-
TRIFF-/- mice were pulsed with indicated 
concentrations of antigen and co-cultured with 
OT-I or OT-II T cells, respectively. Proliferation 
was determined by [3H]-thymidine uptake 
and indicated as triplicate mean ± standard 
deviation.
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Another cross-presentation pathway depends on endosomal degradation by the cysteine 
protease Cathepsin-S47. As depicted in figure 6B, cross-presentation by Cathepsin-S-/- BM-
DCs was similar to wild type BM-DCs when targeted with OVA-LeX. Therefore, we excluded the 
involvement of the Cathepsin-S pathway for cross-presentation of OVA-LeX. As expected, the 
MHC-class II-restricted CD4+ T cell proliferation was compromised in the Cathepsin-S-/- BM-DCs 
(data not shown), illustrating the involvement of Cathepsin-S in cleaving the invariable chain 
of the MHC-class II molecule48. Taken together, our data show that cross-presentation route of 
OVA-LeX via MGL1 is distinct from that of OVA and is neither dependent on TAP nor Cathepsin-S. 

Immunisation with OVA-LeX leads to enhanced proliferation and induction of high 
frequency of OVA-specific CD8+ T cells in vivo
Based on our in vitro data we explored the potency of OVA-LeX to induce proliferation of OVA-
specific CD8+ T cells in vivo. WT mice received purified CFSE-labelled OT-I T cells, followed by 
subcutaneous immunisation with 100 μg OVA or OVA-LeX. After 3 days the CFSE-dilution and 
IFN-γ-production of the transferred OT-I T cells was analysed. In line with our in vitro data, we 
observed more robust proliferation of OT-I T cells upon immunisation with OVA-LeX than with 
native OVA (Fig. 7A). Furthermore, OVA-LeX induced effector T cell differentiation, as shown 
by IFN-γ production (Fig. 7B).

Figure 7: Immunisation with OVA-LeX induces increased CD8+ T cell responses in vivo. C57BL/6 mice were 
adoptively transferred with CFSE-labeled OT-I cells. The next day, mice were immunised s.c. with OVA 
(100 μg ; black line) or OVA-LeX (100 μg; grey histogram), emulsified in IFA.Three days later, mice were 
sacrificed and draining LN were examined. OVA-LeX induced robust proliferation as measured by (A) CFSE 
dilution as well as effector differentiation, as revealed by (B) IFN-γ-production after re-stimulation with 50 ng/ml 
OVA257-264 peptide. (C) C57BL/6 mice were immunised with OVA or OVA-LeX using a prime-boost protocol. 
H-2Kb/SIINFEKL tetramer staining (TM) of splenocytes 1 week after boosting revealed the presence of more 
antigen-specific CD8+ T cells in OVA-LeX-immunised mice.
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To study the potency of OVA-LeX to enhance endogenous T cell responses, we immunised mice 
with OVA or OVA-LeX and analysed the amount of antigen-specific CD8+ T cells by tetramer 
staining. Consistent with the in vitro data and OT-I transfer experiments; OVA-LeX induced 
a higher frequency of endogenous antigen-specific CD8+ T cells than native OVA (Fig. 7C). 
Taken together, these results indicate that the conjugation of two LeX glycans on OVA not only 
enhances cross-presentation in vitro but also induces a strong CD8+ T cell response in vivo.

Discussion
We here demonstrate that the glycosylation-profile of an antigen has a major influence on 
antigen uptake and presentation by dendritic cells, thereby affecting both the type and strength 
of the induced immune response. Modification of the model-antigen OVA with LeX-glycans 
redirects OVA towards other CLR, in our case MGL1, inducing naïve CD4+ T cell differentiation 
into IFN-γ producing Th1-cells. In addition, targeting of OVA-LeX to MGL1 next to MR, 
significantly enhanced cross-presentation of OVA, as revealed by the increased frequency 
of antigen-specific effector CD8+ T cells in vitro and in vivo. Importantly, MGL1-dependent 
cross-presentation occurred independently of TLR-signalling and it involved Ag routing to the 
early endosomes, where it entered a novel cross-presentation pathway that did not involve 
TAP-transporters and Cathepsin-S. 

Previous studies on CLR-mediated antigen uptake and cross-presentation demonstrated a 
clear requirement for a TLR ligand22, 49. A common denominator in some of these studies is the 
use of Ab-antigen conjugates, which potentially could induce a different signal than the natural 
ligand, by binding to different part of the receptor or through co-engagement of Fc-receptors. 

However, the fact that the addition of LeX-structures to OVA obviates the need for TLR signals 
for the induction of cross-presentation and Th1 priming may indicate that MGL signalling is 
involved in these processes. Some CLR, like DC-SIGN50, Clec9A51 and Dectin-152 are known to 
induce signalling after triggering with natural ligands. Till now, no signalling pathway has been 
described for MGL1. In our studies the uptake of LeX-modified antigen through MGL1 was not 
associated with any DC maturation or altered cytokine production by DC. The fact that we 
induce enhanced frequency of antigen-specific CD8+ T cells by LeX modification in the absence 
of any TLR triggering in vivo suggests that MGL1 may also be involved in cross-tolerance to 
LeX-modified antigens. An anti-inflammatory function of MGL has recently been demonstrated, 
including induced IL-10 production by APC36 and altered APC adhesive function37 but influence 
on the level of anti-inflammatory T cell induction has not been elucidated. These findings 
suggest that expression of MGL1 on macrophages or DC contributes to homeostatic control 
of the immune system. 

Various models for cross-presentation of antigens have been contemplated. Initially, the 
'cytosolic pathway' of cross-presentation was proposed. This model states that antigens 
that are taken up via receptor-mediated endocytosis or phagocytosis are translocated 
into the cytosol, where they are degraded into antigenic peptides by the proteasome and 
transported into the lumen of the endoplasmic reticulum (ER)47, 49 or ER/phagosomal fusion 
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compartments53, 54 by TAP-transporters. There, antigens are loaded on newly synthesised 
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 MR and is supplied to 
stable early endosomal compartments55. In these compartments, the MHC class I machinery 
as well as TAP-transporters are selectively recruited, 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’. In this pathway, 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, thus TAP-independent47. The currently described 
models of cross-presentation depend on peptide-transport by TAP from the cytosol to either 
ER or ER/phagosomal fusion compartments or on endosomal degradation of antigens via 
Cathepsin-S (reviewed in46, 56). Although we observe localisation of OVA-LeX in an early 
endosomal compartment, absence of either TAP molecules or Cathepsin-S did not have any 
influence on the enhanced cross-presentation of OVA when modified with LeX-glycans. Our 
data indicate that the cross-presentation pathway entered via MGL1 is different than that of 
the MR and occurs via a yet undescribed mechanism that needs to be further investigated. 

In the current study, we show that already at very low concentrations, protein antigens are 
efficiently cross presented by MGL. DCs pulsed with a low dose of OVA-LeX (10 μg/ml, 
100 times less than previous reports25, 40) induced high CD8+ T cell proliferation, whereas the 
same concentration of native OVA was hardly cross-presented (Fig. 3). Also, others have 
demonstrated that only a high dose of native OVA (0,5-1,0 mg/ml) can be cross-presented 
and when accompanied with TLR-triggering22, 57. A possible explanation for the efficient cross-
presentation by MGL compared to MR, may lay in the fact that only ~23% of the N-glycans 
on OVA are mannose-rich structures, whereas 40% of OVA was found to contain LeX-glycans 
after conjugation. Although the glycan-modification was associated with increased antigen 
uptake and enhanced cross-presentation, it did not result in enhanced MHC-class II antigen-
presentation indicating that increased uptake of antigen is not per se a requirement to facilitate 
MHC class I and II presentation. It is therefore; most likely that the CLR dictates how efficiently 
an antigen is cross-presented and based on our study MGL cross-presents antigen much 
more efficiently than the MR.

The activity of the glycosylation machinery is subjected to subtle regulation and depends on 
the cell-type or activation status of the cell. Upon malignant transformation glycan profiles may 
change dramatically. LeX carbohydrate structures are described to be de novo expressed on 
several human tumours like colon carcinoma, Hodgkin’s lymphoma and acute pro-myelocytic 
leukemia58-60. Therefore, the glycosylation pattern of in vivo accumulating antigens, being 
tumour tissue or pathogen structure, is crucial for directing specific CLR antigen uptake and 
cross-presentation. Although in our studies only ~2 LeX glycans were conjugated to each OVA 
molecule, it can not be ruled out that multivalent presentation of LeX, such as often observed 
on tumours or pathogens may alter avidity induced MGL-1 signalling and antigen presentation, 
and induce an anti-inflammatory immune repertoire. At this stage we do not know whether high 
glycan valency further enhances or inhibits the MGL1 mediated cross-presentation.
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The fact that pulsing of DCs with OVA-LeX resulted in improved cross-priming and Th1-skewing 
indicates that conjugation of these carbohydrates to tumour-antigens could be beneficial for 
induction of potent anti-tumour responses. Therefore, the use of glycans for targeting CLR 
for anti-cancer immunotherapy could have several advantages. First, they mimic natural 
function of the receptors, inducing ‘natural’ signalling cascades in DCs. Furthermore, they 
are very small molecules, easy to use and relatively cheap to produce. Importantly, many 
glycans may be considered self-antigens, in contrast to recombinant antibodies that are often 
not completely of human origin. These properties make it possible to decorate any antigen of 
choice with glycans to target specific receptors. 

In conclusion, the glycan blueprint of proteins is fundamentally important in dictating the 
antigen routing and Th-skewing, and should be considered as a major determinant in the 
design of therapeutic vaccines against cancer and infectious diseases.
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Supplementary Figure 1: Both OVA and OVA-LeX were tested for endotoxin levels. Thereto, Human embryonic 
kidney (HEK)293-TLR-4/MyD88 transfectants were cultured in the presence of either antigen preparation 
(30 µg/ml) or different concentrations of LPS. The HEK transfectants respond to LPS by secreting IL-8. In both 
preparations, LPS was below detection limits. Results are representative of two independent experiments.
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Summary and Discussion
In this thesis, we have explored the ability to target antigens to different C-type lectin receptors 
(CLRs) expressed on murine DCs using glycans specific for CLRs to enhance antigen 
presentation and induce diverse T cell immune responses. Targeting of CLR on DCs with 
specific glycans augments antigen presentation via MHC class II and class I promoting 
CD4+ and CD8+ T cell induction, bringing this knowledge closer to development of refined 
vaccination strategies. At the beginning of this project the glycan specificity of human DC 
was well characterised, yet little was known on the glycan specificity of murine DCs. We have 
extensively characterised the glycan binding profile of murine bone marrow-derived DCs (BM-
DCs). Murine DCs displayed high binding affinity to sulfated-, sialylated-, galactosylated-, 
N-acetylgalactosamines (GalNAc) and N-acetylglucoamines (GlcNAc). Surprisingly, the Lewis 
antigens such as Lewis X and Lewis B, that contain fucose, bound very weakly to murine 
DCs, in contrast to human monocyte-derived DCs that have strong affinity for fucose and 
Lewis antigens. During this glycan profiling, we found potential glyco-ligands for the Mannose 
Receptor (MR) and MGL, which we could use to modify antigen for targeting purposes. Using 
this information we generated neo-glycoconjugates by conjugating e.g. Sulfo Lewis A, GlcNAc, 
GalNAc to the model antigen OVA, which is itself glycosylated (Chapter 2, 3, 5, 6), allowing 
us to read-out CD4, CD8 and Treg responses (Fig. 1). The neo-glycoconjugates were used as 
a tool to study the effect of glycans on antigen uptake, processing and presentation of protein 
antigens to steady-state T cells. One of the reasons that murine DCs have a poor capacity to 
bind Lewis antigens is their lack of CLR DC-SIGN expression. We therefore, used human DC-
SIGN transgenic mice (hSIGN) that more closely resemble to human DCs and investigated the 
potential of these mice to translate the DC-SIGN related responses in vivo. We observed that 
Lewis glycans strongly interacted with DCs from hSIGN mice compared to C57BL/6 mice that 
lack DC-SIGN. Furthermore, targeting DC-SIGN with the neo-glycoconjugate OVA-Lewis X  
and OVA-Lewis B resulted in enhanced MHC class II-mediated presentation to antigen-specific 
CD4+ T cells. Additionally, neo-glycoconjugate uptake by DC-SIGN also resulted in cross-
presentation to CD8+ T cells (Chapter 2). The enhanced presentation was due to the glycan 
modification of the OVA protein, and did not induce any DC maturation. The MR has been 
studied for enhanced antigen uptake using either specific antibodies or mannan/mannose 
which binds the MR1. In this thesis we investigated the possibility to modify MR targeting by 
using other MR-specific glycans, such as Sulfated Lewis A and GlcNAc, that we conjugated 
to OVA, which itself is N-glycosylated containing high mannoses and mainly targets the MR2,3. 
OVA-Sulfo Lewis A and OVA-GlcNAc induced approximately 3-fold increased MHC class II 
mediated proliferation of OVA-specific CD4+ T cells. Nevertheless, neo-glycoconjugates elicited 
10-fold stronger cross-presentation to CD8+ T cells in a TLR-independent manner compared 
to native OVA (Chapter 3). Surprisingly, the neo-glycoconjugates resulted in priming of naïve 
CD4+ T cells to IFN-γ producing Th1 cells, although the glycans did not induce enhanced 
proliferation of CD4+ T cells, indicating that potentially a different signalling pathway can be 
induced by these glycans upon binding to a different site on the MR. 
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Figure 1: Immunological consequences of glycan-CLR interaction. Interaction of glycosylated antigens with 
CLRs result in different immunological consequences. Lewis X or Lewis B decorated antigens directed to 
DC-SIGN induce enhanced MHC class II and class I presentation compared to MR, whereas the interaction 
of glycosylated antigens with MGL specifically enhances cross-presentation.

The study on the glycan binding specificity of MGL1 and MGL2 is presented in Chapter 4. We 
observed that MGL1 was specific for Lewis X and Lewis A and MGL2 (similar to human MGL) 
for GalNAc, but unlike human MGL, also binds galactose, TF-antigen and core 2 O-glycans. 
Interestingly, MGL2 bound tumour-associated glycans and tumour cells. Targeting MGL2 with 
the tumour-associated glycan GalNAc resulted in enhanced cross-presentation to CD8+ T cells 
and induction of Th1 responses (Chapter 5). Cross-presentation was TLR stimuli-independent. 
Finally, interaction of Lewis X-conjugated antigen with MGL1 elicit enhanced uptake of neo-
glycoconjugate and routing to endosomes compared to native antigen (Chapter 6). Enhanced 
uptake by BM-DCs and splenic DCs further resulted in increased cross-presentation to 
CD8+ T cells in vitro. This enhanced cross-presentation was TLR signalling-independent and 
strictly glycan mediated. In constrast, CD4+ T cell proliferation was not induced by uptake of 
Lewis X conjugate, it rather skewed naïve CD4+ T cell towards Th1 cell profile. Additionally, 
enhanced cross-presentation of neo-glycoconjugate was also observed in vivo by induction 
of IFN-γ producing CD8+ T cells. Thus, these findings described in this thesis provide insight 
in the consequences of glycan mediated interaction with different CLRs expressed on DCs. 
Binding of CLR-specific glycans can modulate immune responses by inducing either effector 
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CD4+ or CD8+ T cells. Glycan-CLR contact such as for DC-SIGN as previously described 
not only induce CD4+ T cell response but also cross-priming of CD8+ T cell which can further 
be exploited to design anti-tumour strategies. Using multiple combination of glycans as we 
have shown for MR, that bind different sites on the receptor, can provoke synergistic effects 
on antigen presentation and T cell induction compared to a single glycan type directed to 
MR. Different CLR can have specificity for similar glycans, however the interaction of the 
glycan with the CLR can result in diverse immune responses due to several reasons such 
as variation in CLR expression on different DC subsets, differences in cytoplasmic tails of 
CLR, important for internalisation and further intracellular signalling that may contribute to 
the variety of immunological outcomes (CD4, CD8 priming and Th differentiation). Similarly, 
pathogens, self-antigens or tumour antigens decorated with either one or multiple glycan types 
can skew immune responses depending on the interaction of these glycans with one or more 
CLRs, which can have enormous consequences in the induction of immune responses. This 
knowledge can be translated in developing new immune therapies.

DC targeting strategies: ex-vivo versus in vitro-in vivo
Immunotherapy aims to elicit functional immune responses for the patient's benefit. 
Immunotherapy can be induced passively as well as actively. Passive immunotherapy 
comprises transfer of monoclonal antibodies into patients, but this form of treatment does not 
induce long-lived memory. On the other hand, active immunotherapy i.e. vaccination against 
specific antigen triggers and boost patient’s immune responses4. 

DCs function as sensors in the periphery and their superior ability to take up, process and 
present antigens to naïve CD4+ and CD8+ T cells compared to other APCs have gained them 
special attention in the field of vaccine development5. They are introduced as ‘natural adjuvant’ 
of the immune system in vaccination strategies that aim to induce antigen-specific effector 
and memory T cells. The first small clinical trials in cancer patients using autologous DCs 
from patients showed promising results with frequent induction of anti-tumour reactivity and 
clinical responses6. This proof of principle has provided valuable information about DC-based 
vaccines. DC-based therapy is not toxic and well tolerated, leading to minimal side effects. 
Antigen loaded DCs injected into patients can migrate and induce potent T cell responses. But 
DC migration is not efficient as small numbers of DCs migrate to lymph nodes and prime T cells 
there. The poor migration is basically due to inefficient DC maturation. Also autologous DC 
vaccine therapy is cumbersome as DCs used in these studies are derived from monocytes or 
CD34+ precursor cells isolated from patient itself. These precursor cells are cultured into DCs 
using various cytokine cocktails and loaded with antigens ex-vivo. The use of autologous DCs 
is one patient-one therapy and does not easily lend itself to the mass production techniques 
(commercial scale) that would be needed to reach the multitude of patients world-wide7,8. 
Furthermore, the DCs used in ex-vivo studies do not resemble the in vivo DC subsets. 

Alternatively, DCs in vivo targeting via specific DC receptors or incorporating antigens into 
complex antigen delivery systems, such as liposomes or virus vehicles represent a more direct 
and less laborious strategy and thus, has been a subject of considerable investigation recently.
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DC-specific receptor targeting
The increased knowledge of DCs provides guidance to develop DC-restricted immuno-
therapies. To proceed with DC-specific strategies, specific DC receptors need to be targeted 
as interaction of vaccination tools with other cells can result in unwanted side effects. 
Unfortunately, there are few (if any) receptors expressed only on DCs. However, DCs are 
strategically positioned in tissues and can gain access to antigens compensating the reduced 
specificity. The main receptors used in recent targeting studies are the CLRs expressed 
on DCs. These carbohydrate recognition receptors can bind self or non-self carbohydrate 
moieties, process and present them to naïve CD4+ and CD8+ T cells9. The main approaches 
to target CLRs are either by using specific antibodies against receptors or by using natural 
ligands of receptor, namely the carbohydrate structures. DEC-205 is type I CLR that has been 
extensively used in developing DC vaccination strategies. Administration of antigen-antibody 
complexes to DEC-205 expressed on steady-state DCs resulted in the in MHC class II and 
class I presentation to CD4+ and CD8+ T cells, respectively. But the induced T cells were rapidly 
deleted and CD4+ Tregs were generated10-13. In contrast, administration of a DC maturation 
stimulus with the targeted antigen led to CD4+ and strong CD8+ T cell responses10,11,14-16. 
However, the expression of DEC-205 in humans is more widespread than in mice, as besides 
DCs, it is also expressed on B cells, T cells, monocytes, macrophages and NK cells17 and 
thus DEC-205-specific targeting constructs might be endocytosed by other cells resulting in 
reduced immune responses and a high risk for side effects. Next to DEC-205, the recently 
discovered CLEC9A is selectively expressed on murine CD8α+ DCs and human BDCA-3high 
cells and can efficiently endocytose ligands directed to this lectin resulting in enhanced CD4+ 
and CD8+ T cell proliferation and strikingly high antibody response18-20. The glycan recognition 
profile of both DEC-205 and CLEC9A still remains unknown; however, they play an important 
role in homeostasis, antigen uptake and induction of regulatory responses. New studies on 
antigen targeting to CLEC9A have shown that selective induction of MHC class II antigen 
presentation by CD8α+ DCs in the steady state drive the differentiation of CD4+ T cells induced 
into Foxp3+ regulatory lymphocytes. Co-administration of antigen with different adjuvants 
shifted the tolerance induction towards immunity by qualitative modulation of CD4+ T cell 
as poly (I:C) induced a strong IL-12-independent Th1 response, whereas curdlan led to the 
priming of Th17 cells21, depicting the importance of the combination of adjuvant used to evoke 
diverse T cell differentiation pathways.

Specific antibody-mediated antigen targeting has been extensively studied for DEC-205 
and Clec9A as their glycan specificity is unknown. In contrast to DEC-205 and CLEC9A, 
most CLRs are known to interact with glycans that can be exposed on pathogens or on self 
glycoproteins, and have also been demonstrated to have a role in homeostatic control since 
they are involved in self-antigen uptake. Therefore, glycans/carbohydrate structures (natural 
ligands of CLRs) can be used as another strategy to target CLRs on DCs. Mannosylated 
peptides and proteins targeted to mannose receptor (MR) stimulate peptide-specific CD4+ 
T cells1,22. Mannan and mannose have been widely applied in clinical studies for targeted 
delivery of antigens to MR that in combination with TLR stimuli lead to enhanced MHC class 
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I and class II presentation1. A pilot phase III study with stage II early breast cancer patients 
receiving oxidised mannan-MUC1 resulted in significantly less cancer reoccurrence23. As MR 
and DC-SIGN share specificity for mannose and mannan, targeting MR with other specific 
glycans such as Sulfo Lewis A and GlcNAc instigate robust cross-presentation to CD8+ T cells 
(Chapter 3). However, little is known on other carbohydrate structures that may potentially 
target other CLRs or DC subsets in vivo. Initial in vitro studies on human DC-SIGN have shown 
that glycan modification of the melanoma differentiation antigen gp100 with DC-SIGN binding 
high mannose structures resulted in MHC class II-restricted CD4+ T cell proliferation24. This 
correlates with our results obtained by targeting DC-SIGN with Lewis X and Lewis B conjugated 
antigens which induced 10-fold increased CD4+ T cells proliferation using DCs from hSIGN 
mice. Glycan-mediated DC-SIGN targeting not only enhanced MHC class II presentation to 
CD4+ T cells but also subsequently promoted cross-presentation to CD8+ T cells (Chapter 2). 
Directing glycosylated antigens to CLRs MGL1 and MGL2 resulted in cross-presentation of 
antigens to CD8+ T cells in vitro and in vivo (MGL1), (Chapter 5, 6). In vivo targeting strategy 
using glycans has the advantage above CLR-specific antibodies as production of humanised 
antibodies is expensive and antibodies can be immunogenic in patients, whereas glycans can 
be synthetically produced using simple chemistry at large scale25. In relation to that, glycans 
may have lower binding affinity to CLRs in comparison to antibodies, however the glycan of 
choice can be designed to be presented in multivalent fashion to CLRs leading to a higher the 
binding avidity.

Targeting DC-SIGN
The carbohydrate specificity of human DC-SIGN has been well documented as it has affinity 
for both mannose- and fucose-containing glycans. These glycans can be exposed on certain 
self antigens or pathogens and recognition by DC-SIGN can result in antigen internalisation, 
processing, as well as signalling9,26-28. In this thesis we have studied the capacity of glycan 
modified antigens to target DC-SIGN in mice using the human DC-SIGN transgenic mice 
(Chapter 2). Using hSIGN transgenic mice that show a CD11c restricted DC-SIGN expression, 
we found that these DCs show an identical DC-SIGN glycan binding profile as human DCs. 
We demonstrated that by modification of antigen with specific carbohydrate structures such as 
the fucosylated blood group-related antigens Lewis X and Lewis B, these antigens specifically 
interacted with DC-SIGN and were consequently taken up by DC. Conjugation of 2 Lewis X 
or Lewis B moieties to OVA targeting DC-SIGN on both BM-DC and splenic DC resulted in 
10 fold stronger induction of MHC class II-mediated presentation to antigen-specific CD4+ 
T cells. Moreover, glycan modified antigens also elicited cross-presentation to CD8+ T cells 
(Chapter 2). Targeting of human DC-SIGN with specific antibodies also elicited strong CD4+ 
and CD8+ T cells responses in vitro and in a humanised mice model29-31. However, utmost care 
is required in the production of these humanised antibodies as immune responses are induced 
against the targeting antibody, neutralising its effect or its glycosylation profile can itself induce 
unfavourable immune responses. 
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Targeting of CLRs with similar glycan specificity can elicit different immune responses due to 
receptor mediated signalling and T cell responses. We observed that directing Lewis X-modified 
antigen to DC-SIGN elicits a strong MHC class II-mediated CD4+ T cells proliferation and MHC 
class I-restricted cross-presentation to CD8+ T cells (Chapter 2). Potent DC subsets in mice 
that cross-present antigens are CD8+ DCs, although CD8- DCs have also been reported to 
cross-present antigens to CD8+ T cells32-34. The nature of the antigen and the expression of 
specific CLR targeted on CD8 DC subsets can corroborate the cross-presentation through 
CD8- DCs. Such as, immune complexes are cross-presented by both CD8 subsets via Fc 
receptors, however lack of Fc receptors affects only CD8- DC-mediated cross-presentation, 
and not CD8+ DCs34. In hSIGN mice, DC-SIGN is expressed on all CD11c+ DCs, thus both on 
CD8+ and CD8- DCs which can explain antigen presentation to both CD4+ and CD8+ T cells. 
The cytoplasmic tail of DC-SIGN contains putative internalisation motifs such as tyrosine-based 
signal of the consensus motif YXXΦ, a dileucine motif involved in targeting to the endosomal/
lysosomal pathway35 and a triacidic cluster29. Mutation in triacidic cluster reduced DC-SIGN 
surface expression and impaired antigen internalisation36. Other CLRs such as DEC-205 and 
MR also contain a triacidic motif additional to a tyrosine-based motif in their cytoplasmic tail, 
which confirms intracellular antigen routing, processing and presentation to CD4+ and CD8+ 
T cells similar to our results obtained for DC-SIGN15,37. 

CLRs such as DC-SIGN interact with a variety of pathogens and self antigens. Binding of 
pathogens and self-ligands to CLRs occurs mainly through glycans decorating the antigen 
surface. CLRs contain at least one CRD in which conserved residues determine the different 
glycan specificities of CLRs38. DC-SIGN binds different glycans such as mannose fucosylated 
glycans as well as blood-group related Lewis antigens through its one CRD. Different amino 
acid residues in the DC-SIGN CRD are essential for mannose and fucose binding, whereby 
Phe313 and Ser360 account for the mannosylated glycan interaction, and Val350 promotes 
fucose binding to DC-SIGN39. Interaction of mannosylated and fucosylated antigens with 
DC-SIGN results in activation of diverse signalling pathways with ultimate effects on immune 
responses. For example, DC-SIGN interaction with mycobacteria, a mannosylated pathogen 
blocks DC maturation and induces IL-10 production40. This initially suggested that DC-SIGN 
might promote pathogen survival by blocking DC maturation and massive IL-10 production, 
however, further dissection of DC-SIGN signalling revealed that DC-SIGN-mycobacterial 
ManLAM interaction also promotes the production of pro-inflammatory cytokines IL-6 and 
IL-12 via a Raf-1-mediated signalling pathway41. Binding of fucosylated pathogens such 
as H. pylori initiates a Raf-1-independent pathway, inducing strong IL-10 production, and 
decreased production of IL-6 and IL-1242. H. pylori-DC-SIGN interaction results in skewing 
of dominant Th1 response to a Th1/Th2 mixed response in limiting tissue damage in host43,44.

Antigen targeting to Mannose receptor
Mannan and mannose have been extensively used in clinical studies to target antigen to MR 
on DCs, resulting in enhanced antigen presentation by MHC class II and class I molecules1. 
Conjugation of mannan to tumour-associated antigen MUC-1 induced cellular and humoral 
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immune responses depending upon mode of mannan conjugation to MUC-145. These glycan-
mediated vaccination strategies have delivered promising results23. However, mannan and 
mannose are not specific ligands for the MR and share specificity with other CLRs such as DC-
SIGN26,28,46. Native OVA, which is mainly mannosylated, is specifically cross-presented to CD8+ 
T cells through MR2,3. However, along with MR, DC-SIGN also preferentially binds mannose 
and thus the interaction of mannose and the induced responses cannot be assumed to be MR-
specific. Besides mannose, MR also binds sulfated glycans via its cysteine rich domain (CR) 
and to GlcNAc containing glycans via its CRD47-49 (Chapter 3). Using Sulfo Lewis A and GlcNAc 
as MR-specific glycans that bind CR domain and to CRD respectively, different DC targeting 
strategies such as glycan decorated liposomes or glycosylated antigen specific-long peptides 
can be developed. Sulfo Lewis A and GlcNAc modified OVA was rapidly taken up within 2 hrs 
and processed in endosomes (Chapter 3). The processed antigen is then loaded on to MHC-
class I molecules and cross-presented to OVA-specific CD8+ T cells (a 10-fold increase) 
in a MR-dependent manner. Modified antigens also resulted in an enhanced CD4+ T cell 
proliferation (3-fold). In our study, the cross-presentation of neo-glycoconjugates was glycan-
dependent and TLR stimuli-independent, in contrast to recent studies that have demonstrated 
the role of TLR signalling in cross-presentation of OVA50. This discrepancy in results can be 
due to the concentration of antigen used. With only 0.03 mg/ml of the neo-glycoconjugate we 
observed enhanced antigen presentation whereas 1 mg/ml was used in the study of Burgdorf 
et. al.3,50. Alternatively, difference in TLR-dependency can also be due to different glycans 
involved MR binding. Dimannoside and Lewis-Melan-A conjugates that bind in MR and DC-
SIGN with high affinity, have been shown to enhance presentation of the Melan-A epitope 
eliciting a CD8+ T-lymphocyte response51. Similar studies using recombinant mannosylated 
OVA generated in Pichia Pastoris generated potent proliferation of antigen-specific OT-II 
T cells52. Further analysis showed that other mannose binding lectins such as DC-SIGN, also 
played a role in the elevated T cell proliferation53. Sulfo Lewis A and GlcNAc interact strongly 
with MR and can be used in designing MR-restricted immunotherapies. Interaction of GlcNAc-
conjugated OVA with the CRD of the MR initiated intracellular signalling resulting in strong 
increase in cross-presentation to CD8+ T cells and enhanced INF-γ secretion by naïve CD4+ 
T cells compared to native mannosylated OVA (Chapter 3). Shibata et. al.(1997) demonstrated 
that phagocytosable mannose-coated beads and chitin, both ligands for CRD domain of MR, 
induced intracellular signalling pathways resulting in TNF-α, IFN-γ and IL-12 secretion by 
murine spleen cells54. However, ligation of sulfated antigens conjugated to mannosylated OVA 
via CR and CRD domain of MR also resulted in robust cross-presentation to CD8+ T cells and 
prominent skewing toward IFN-γ producing CD4+ T cells (Chapter 3). DC treated with mAb 
PAM-1 specific for the MR were unable to produce Th-1 recruiting chemokines, but were able 
to release Th2- and Treg recruiting chemokines, negative regulators of Th1 responses, and 
anti-inflammatory cytokines (IL-1rα, IL-RII)55. This reveals that according to the nature of the 
glycan, a CLR interacts with, it can have diverse consequences on the intracellular signalling 
and the final immunological outcome. Mannan and mannose can also bind to DC-SIGN that 
will influence the mode of targeting by eliciting a different type of immune response. Targeting 
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MR and DC-SIGN together may also result in synergistic effect; however, further studies are 
required dissecting the respective MR-DC-SIGN signalling pathways.

MGL-mediated TLR-independent cross-presentation 
In humans, MGL interacts with terminal GalNac epitopes, e.g tumour-associated Tn-antigens, 
and can efficiently internalise and process antigen for presentation to CD4+ T cells56. 
Antigen targeting to the murine homologues of human MGL also resulted in enhanced 
cross-presentation to OVA specific CD8+ T cells (Chapters 5 and 6). The tumour-associated 
glycan GalNAc directed to MGL2 also induced differentiation of naïve CD4+ T cells into 
IFN-γ producing Th1 cells (Chapter 5). In homeostatic conditions, Tn-antigens are shielded 
on healthy tissues, however in 90% of tumours Tn-antigens are exposed and can interact 
with cells of the immune system57. Human MGL can specifically recognise the tumour-
associated antigen MUC-1. We have shown that similar to its human homologue murine 
MGL2 interacts with MUC1 (Chapter 5). Uptake of heavily glycosylated tumour MUC1 blocks 
intracellular process and thus prevents presentation and induction of CTL responses58,59. In 
our study, the tumour-associated GalNAc is not multivalent and only 1-2 moieties of GalNAc 
are conjugated to OVA. This may explain why we observe an efficient uptake, processing 
of GalNAc-modified antigen and consistent presentation to CD8+ T cells (Chapter 5). These 
data imply that adjusting the GalNAc density on the MUC-1 peptide or protein can influence 
MUC-1 processing via the MHC class I route. Moreover, we also report that although the 
MHC class II restricted antigen presentation was moderate, GalNAc-modified antigen 
resulted in skewing of naïve CD4+ T cells towards T helper 1 cells. Accumulating evidence 
suggests that the CD4+ T cell response plays a key role in tumour immunity60,61. CD4+ T cells 
provide cognate help for the induction, expansion and persistence of CD8+ CTLs, which is 
beneficial for tumour immune responses62. Secretion of effector cytokines such as IFN-γ by 
CD4+ T cells sensitises tumour cells to CTL lysis via up-regulation of major histocompatibility 
complex (MHC) class I molecules, stimulates the innate arm of the immune system at the 
tumour site, and, as was recently suggested, inhibits local angiogenesis63. In vitro and in vivo 
targeting of MGL1 with Lewis X-modified OVA (1-2 moieties of Lewis X on OVA) resulted 
in strong CD8+ T cell proliferation and induction of IFN-γ producing antigen-specific CD4+ 
T cells (Chapter 6). Neither MGL1 nor MGL2 targeting required TLR ligands for induction of 
antigen cross-presentation. It was previously demonstrated, that interaction of OVA with MR 
resulted in internalisation and routing to endosomes via TAP. TLR signalling was required 
for recruiting TAP to the early endosomes50. In our study, the glycans on the OVA antigen 
were responsible for the induction of cross-presentation. TLR-signalling was not required as 
the neo-glycoconjugates were normally presented by DCs derived from MyD88-TRIFF-/- mice, 
the downstream partners in TLR signalling (Chapter 5 and 6). Further analyses implied that 
cross-presentation was also independent of TAP and Cathepsin S mediated processing was 
also not involved in this process (Chapter 6). Cathepsin S has been reported to play key role 
in cross-presentation of antigens in the TLR-independent vacuolar pathway64. However, other 
cathepsins such cathepsin B, D etc and certain proteases can be involved in this process as 
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well. Recently, endosomal-proteosome fusion has been shown to play crucial role in TAP-
independent cross-presentation of antigens65. Cross-presentation of antigens processed in 
an IRAP-dependent manner required active proteasome but not lysosomal proteases, which 
suggests that this pathway implicates cytosolic antigen degradation followed by peptide 
transport into IRAP+ endosomes by TAP recruited upon phagocytosis Additionally, Segura and 
co-workers showed that cross-presentation of OVA by moDC in vivo is IRAP dependent but 
not in steady state splenic DCs66. This brings new insights that receptor-mediated endocytosis 
of antigens by different DC subsets occurs through different antigen routing and processing 
mechanisms, however further studies are required to elucidate this mechanism in glycan-
mediated cross-presentation. 

Upon antigen recognition and uptake, human MGL can induce MHC class II presentation 
by routing antigens to lysosomal compartments67. However, targeting murine homologues of 
MGL, namely MGL1 and MGL2, with glycosylated antigens results in intracellular routing of 
antigen to early endosomes leading to cross-presentation instead of MHC class II restricted 
presentation (Chapter 5 and 6). It has been demonstrated that cross-linking of dectin-1, a 
different lectin receptor with endocytic activity, by the β-glucan polymer zymosan, resulted 
in routing into lysosomes, as opposed to monovalent β-glucans, which were targeted to 
endosomes68. These findings demonstrate that cross-linking of receptors with either antibodies 
or glycosylated antigens can result in different antigen processing outcomes and thus initiate 
different immune responses.

We have also shown that although two different CLR can have specificity for a similar glycan, 
binding can result in different immunological outcomes. Lewis X-modified antigen targeted to 
DC-SIGN prominently enhanced MHC class II mediated CD4+ T cell proliferation along with 
strong CD8+ T cells proliferation, whereas the same antigen directed to MGL1 was strictly 
cross-presented to CD8+ T cells (Chapter 2, 6). The difference in antigen presentation via 
MGL and DC-SIGN can be due to involvement of different internalisation motifs present in the 
cytoplasmic tail of these receptors. DC-SIGN contains tyrosine-based signal of the consensus 
motif YXXΦ, a recognition site for adapter proteins that dictate intracellular targeting69, and 
a dileucine motif involved in targeting to the endosomal/lysosomal pathway35. However, the 
dileucine motif present in the cytoplasmic domain supports the internalisation of DC-SIGN 
antigen complex and the tyrosine-based cluster does not play a crucial role in DC-SIGN 
internalisation29. Human MGL contains a tyrosine-based YENF motif in its cytoplasmic tail 
which is crucial for the internalisation process. Disruption of tyrosine-5 in this consensus motif 
results in complete abrogation of MGL-mediated endocytosis67. Like its human homologue 
murine MGL1 also contains a similar YENL motif in its cytoplasmic tail, which might play an 
important role in MGL1 internalisation70. Furthermore, targeting of Lewis X to both DC-SIGN 
and MGL1 is not an issue of concern as in humans a single MGL molecule is expressed with 
defined specificity for terminal GalNAc and not Lewis X.

MGL expressed on human APC down regulate effector T cell function via a GalNAc-dependent 
interaction with CD45 expressed on effector T cells71. MGL preferentially bound antigen-
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experienced effector T cells and this MGL-CD45 interaction suppressed TCR-mediated 
signalling, resulting in decreased phosphatase activity of CD45 and inhibition of Lck activation 
and calcium mobilisation. Via this mechanism, human MGL+ tolerogenic APCs can down 
regulate effector T cell activation, decrease cytokine production and T cell proliferation, and 
even induce T cell death. As memory T cells retain their CD45RB expression, MGL binding to 
these cells could potentially also dampen memory T cell responses, thereby skewing effector 
responses to regulatory homeostatic state. The phenotype C of N. gonorrhoeae, carrying a 
terminal GalNAc, primarily interacts with MGL skewing immunity towards the Th2 lineage72. 
We observe that GalNAc modified antigen interaction with MGL2 skews immune responses 
towards Th1 lineage instead of the Th2 skewing observed with human MGL. This difference 
in our study with the tumour-associated glycan residue, may be explained by the fact that 
bacterial glycan are often associated with TLR triggering, leading to different signalling. Further 
insight is required in MGL signalling in regard to interaction with pathogenic and self-antigens.

Future implications 
Glycan-mediated CLR targeting on DCs is a promising tool to develop new vaccination 
strategies as depending on the receptor targeted both CD4+ and CD8+ T cell responses can 
be initiated. This strategy can further be integrated in already established delivery systems 
such as liposomes and virosomes for further strategically targeting antigens to different 
receptors on DCs. Liposomes can be decorated with glycans on the outside and antigens 
together with adjuvant can be integrated inside the liposome for efficient delivery. Glycans 
can be delivered as monomers or multivalent by using simple chemistry and desired antigen 
uptake, processing and presentation can be controlled as heavily glycosylated tumour antigens 
block the processing pathway due to multivalency of glycans. The extent of multivalency 
can affect the immunological outcome by inducing different signalling pathways. Moreover, 
CLRs are also expressed on macrophages and can thus play an important role in anti-tumour 
responses. Collaboration of CLRs on DCs and macrophages to establish a desired immune 
response via glycan mediated CLR signalling needs more attention. All together, the role of 
macrophages in tumours has been overlooked and also needs further investigation. A recent 
study has reported that metallophillic macrophages residing in spleen are essential for the 
cross-presentation of antigens by splenic DCs. The effective collaboration of macrophages 
and splenic DCs resulting in cross-presentation of antigens may be essential for anti-tumour 
responses in mice73 and needs extensive research.

Concluding remarks 
In this thesis we have demonstrated that targeting different CLR expressed on DCs with 
glycans can result in diverse immune responses. These immune responses are glycan-
mediated and similar glycan targeting two diverse CLRs can initiate either CD4+ or CD8+ T cell 
responses. Additionally, we have shown that cross-presentation of neo-glycoconjugates is 
solely glycan-mediated and independent of TLR signalling. Furthermore, decorating antigen 
with glycans results in T cell-mediated cellular immune responses, instead of only humoral 
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responses elicited by glycans described in the past. Thus, we suggest that glycan-mediated 
DC targeting is a promising tool to design optimal vaccination strategies to induce anti-tumour 
CTL responses, essential for tumour eradication. Furthermore, the glycan make-up of antigens 
is essential in receptor mediated uptake and further intracellular processing and subsequent 
induction of T cell responses. Changes in this glycan-signature willingly or during physiological 
processes such as inflammation, cancer and pathogen interaction can enormously influence 
T cell responses by inducing either immunity or tolerance.
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Glycaan-lectine duet, nieuwe strategieën voor DC-targeting 

Ons lichaam wordt constant bedreigd door pathogenen zoals bacterieën, virussen, schimmels 
e.d. Om ons tegen deze bedreigingen te beschermen, heeft ons lichaam het immuunsysteem, 
oftewel het afweersysteem ontwikkeld. In het immuunsysteem spelen diverse cellen, zoals 
monocyten, marcofagen, basofielen, neutrofielen T- en B lymfocyten, NK cellen en dendritsche 
cellen een beschermende rol op verschillende nivo’s van protectie ook wel genaamd de innate 
immuniteit (eerstegraads verdediging) en de adaptive immuniteit (verfijnd afweerreactie welke 
leidt tot memory respons). Het immuunsysteem is zo opgebouwd dat het niet alleen immuniteit 
tegen pathogenen geeft, maar het induceert ook tolerantie tegen lichaamseigen eiwitten of 
substanties (antigenen).

In het immuunsysteem speelt er een speciale groep witte bloed cellen genaamd dendritische 
cellen (DCs) een zeer belangrijke en uitzonderlijke rol. Dendritische cellen (DCs) zijn 
gespecialiseerde antigeen presenterende cellen d.w.z dat ze in staat zijn allerlei lichaams-
eigen en licaams-vreemde antigenen  op te nemen, af te breken en in klein stukjes te tonen 
aan T cellen. DCs komen voor in alle weefsels die in contact staan met de buitenwereld, zoals 
de huid en de slijmvliezen. Daar sporen ze de indringers op door hun lange dendrieten. Tijdens 
infectie nemen DCs antigenen op en migreren ze naar lymfeklieren om daar de antigenen aan 
naiëve T cellen te presenteren. Hierdoor worden de T cellen geactiveerd en differentieren ze 
vervolgens in effector cellen en kunnen dan doelgericht de pathogenen op de plek van infectie 
uitschakelen.

Ieder levend organisme is bedekt met en dichte en complexe laag van glycanen, suikerstructuren. 
Glycanen zijn erg belangrijk voor ontwikkeling, groei, en goed functioneren of overleven van 
de organisme. Iedere cel heeft een andere set van glycanen op zijn celoppervlak. Deze 
verschillende sets van glycanen worden gecreeërd door een process genaamd glycosylering, 
waarbij  de cellen lange glycaanstructuren maken. Cellen kunnen deze lange glycaanstructuren 
koppelen aan eiwitten die tot expressie worden gebracht op cellen.Verandering in glycaan 
opmaak van de cel kan ontstaan tijdens activatie van een cel, verandering in de lokale 
omgeving tijdens stress of tijdens pathogen interactie. Zo hebben tumor cellen een andere 
glycaan opmaak dan gezonde cellen. Ook pathogenen hebben een andere glycaan opmaak, 
deze gebruiken ze bijvoorbeeld om bij cellen binnen te komen die ze vervolgens infecteren. 
Daarnaast kunnen pathogenen hun glycaan opmaak ook gebruiken als mechanisme om het 
immunsysteem te ontsnappen.

DCs  brengen verschillende glycaan bindende receptoren, zoals C-type lectine receptoren 
(CLRs) tot expressie. CLRs kunnen verdeeld worden in verschillende groepen op basis van hun 
structuur b.v. CLR Mannose receptor behoort tot groep I en CLR DC-SIGN en MGL behoren tot 
groep II. Deze glycaan bindende receptoren kunnen onderscheid maken tussen lichaamseigen 
en niet-lichaamseigen geglycosyleerde antigenen. CLRs binden geglycosyleerde antigenen en 
internaliseren (opnemen), prepareren (afbreken) en presenteren (aanbieden) ze aan naieve 
T cellen via MHC klasse I of II moleculen. DCs presenteren intracellulaire antigenen, zoals 
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virale antigenen of lichaamseigen antigenen op MHC klasse I moleculen aan CD8+ T cellen. De 
antigenen van extracellulaire bacterieën, schimmels e.d. worden gepresenteerd op MHC klasse 
II moleculen aan CD4+ T cellen. Echter, DCs kunnen ook extracellulaire antigenen presenteren 
aan MHC klasse I moleculen. Dit process staat ook bekend als cross-presentatie. Vanwege het 
feit dat CLRs verschillende geglycosyleerde antigenen herkennen, kunnen DCs, afhankelijk 
van het karakter van de antigenen, verschillende immuunreacties geven zoals immuniteit tegen 
pathogene antigenen en tolerantie tegen lichaamseigen antigenen.

In dit proefschrift hebben we onderzocht hoe specifieke glycanen gebruikt kunnen worden om 
verschillende CLRs, die tot expressie worden gebracht op dentrische cellen (DCs) in de muis, 
te targeten om antigeen presentatie te verbeteren en T cel immuunresponse te induceren. 
Targeting van CLRs op DCs met specifieke glycanen verhoogt antigeen presentatie via 
MHC klasse I en klasse II, wat leidt tot inductie van CD8+ en CD4+ T cel door middel van 
cross-presentatie. Kennis over deze processen zullen inzicht geven voor de ontwikkeling van 
geraffineerde vaccinatie-strategieën om deze vervolgens te kunnen realiseren.

De glycanen specificiteit van humane DCs is goed gekarakteriseerd, maar nog weinig is er 
bekend over de glycanen bindingsspecificiteit van muizen DCs. Om deze reden hebben we 
uitgebreid onderzoek verricht naar de profielen van glycaanbinding van beenmerg-afgeleide 
DCs (BM-DCs) uit muizen. Dit resulteerde in een brede karakterisatie van glycaanbinding profiel 
van muizen DCs. Muizen DCs tonen hoge bindingsaffiniteit voor gesulfateerde-, sialylated-, 
gegalactosyleerde-, N-acetylgalactosamines (GalNAc) en N-acetylglucoamines (GlcNAc).  
Verrassend genoeg blijkt dat Lewis antigenen, die fucose bevatten, zeer zwak aan muizen DCs 
binden. In tegenstelling tot muizen DCs hebben humane monocyt-afgeleide DCs een sterke 
affiniteit voor fucose en Lewis antigenen.

Tijdens de glycaan profilering van muizen DC, hebben we potentiële glyco-liganden voor 
de Mannose Receptor (MR) en MGL gevonden, deze zouden gebruikt kunnen worden om 
antigenen aan te passen voor DC targeting doeleinden. Op basis van deze resultaten hebben we 
glyco-conjugaten gemaakt door extra glycanen zoals Sulfo-Lewis A, GlcNAc, GalNAc, Lewis X 
en Lewis B aan model antigen Ovalbumine (OVA; kippen eiwit) aan te hangen. Met de neo-
glycoconjugaten konden we CD4+ en CD8+ T-cel responsen uit lezen. De neo-glycoconjugaten 
werden gebruikt als een hulpmiddel om het effect van glycanen op antigen opname door DCs, 
verwerking en presentatie van de antigenen op steady-state T cellen, te bestuderen. 

Een van de redenen dat muis DCs geringe bindingscapaciteit hebben om Lewis antigenen te 
binden, is de afwezigheid van de CLR DC-SIGN. We gebruikten daarom de DCs uit humane 
DC-SIGN transgene muizen (hSIGN) dat op de humane DC lijken, en onderzochten de 
mogelijkheden van deze muizen om de DC-SIGN reacties in vivo te vertalen. We observeerden 
dat Lewis glycanen sterk interactie aangaan met DCs uit hSIGN muizen in vergelijking met 
C57BL/6 muizen die een gebrek hebben aan DC-SIGN (Hoofdstuk 2). Bovendien, targeten 
van DC-SIGN met de neo-glycoconjugaat OVA-Lewis X en OVA-Lewis B resulteerde in een 
verbeterde MHC klasse II gemediëerde antigeen presentatie op specifieke CD4+ T cellen. 
Opvallend is dat de opname van de neo-glycoconjugaat door DC-SIGN ook resulteerde in 
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cross-presentatie van de CD8+ T cellen. De verbeterde presentatie was te wijten aan de glycaan 
aanpassing van het OVA eiwit, wat niet gepaard ging met een DC rijping.

Tot nu toe is de MR onderzocht voor een verbeterde antigeen-opname met behulp van 
specifieke antilichamen of glycanen mannan/mannose welke de MR bindt. Echter mannan/
mannose bindt niet alleen aan MR maar kan ook DC-SIGN binden. In dit proefschrift hebben 
we ook onderzocht hoe ander MR-specifieke glycanen gesulfateerde Lewis A en GlcNAc, 
geconjugeerd aan OVA, MR targeten. OVA is vanzich zelf N-geglycosyleerd, en bevat hoge 
mannoses en kan daardoor MR binden. OVA-sulfo Lewis A en OVA-GlcNAc leiden tot een 
matig verhoogde inductie van MHC klasse II gemedieerde-proliferatie van OVA-specifieke 
CD4+ T cellen in vergeliking tot OVA. Niettemin, neo-glycoconjugaten zorgde voor een 10 maal 
sterkere cross-presentatie aan CD8+ T-cellen in een TLR-onafhankelijke wijze, vergeleken met 
niet-gemodificeerde OVA (hoofdstuk 3). Verrassend, de neo-glycoconjugaten resulteerde in 
differentiatie van naïeve CD4+ T-cellen in IFN-γ producerende Th1-cellen, echter, de glycanen 
induceerde geen proliferatie van CD4+ T-cellen. Dit suggereert dat een andere signalering kan 
worden veroorzaakt doordat deze glycanen mogelijk aan een andere plek op de MR binden.

De resultaten van de glycaan bindingsspecificiteit van MGL1 en MGL2 zijn gepresenteerd in 
hoofdstuk 4. We hebben gevonden dat MGL1 specifiek was voor Lewis X en Lewis A en MGL2 
(vergelijkbaar met de humane MGL) bindt aan GalNAc, in tegenstelling tot humane MGL, dat 
ook galactose, TF-antigeen en Core2 O-glycanen bindt. Daarnaast hebben we ook gevonden 
dat MGL2 ook bindt aan tumor geassocieerde glycanen, zoals GalNAc en dus een interactie 
met tumorcellen kan aangaan. Targeting van MGL2 met de tumor-geassocieerde glycaan 
GalNAc, resulteerde in een verbeterde cross-presentatie op CD8+ T cellen en inductie van Th1 
reacties (hoofdstuk 5). De crosspresentatie was onafhankelijk van TLR stimuli. 

Ook  hebben we aangetoond dat de interactie van Lewis X-geconjugeerd antigeen met MGL1 
een verhoogde opname van de neoglycoconjugaat en routing naar endosomen liet zien, 
vergeleken met niet-gemodificeerde antigeen (hoofdstuk 6). Een verhoogde opname door 
BM-DCs en milt DCs resulteerde verder in een verhoogde crosspresentatie op CD8+ T-cellen 
in vitro. Deze verbeterde cross-presentatie was onafhankelijk van TLR signalering en strikt 
verbonden aan de glycaan. In tegenstelling, CD4+ T cel proliferatie werd niet geïnduceerd door 
de opname van Lewis X conjugaat, het schoof eerder de naïeve CD4 T-cel richting het Th1 
cel profiel. Daarnaast werd versterkt cross-presentatie van neoglycoconjugaat waargenomen 
in vivo door inductie van IFN-γ producerende CD8+ T cellen. 

Tot slot, de bevindingen zoals beschreven in dit proefschrift, geven inzicht in de gevolgen van 
glycaan gemedieerde interactie met verschillende CLRs die tot expressie komen op DCs. 
Interactie van CLR specifieke glycanen kunnen immuunresponsen moduleren door het induceren 
van zowel effector CD4+ of CD8+ T cellen. Glycan-CLR interacties, zoals eerder beschreven is 
voor DC-SIGN, induceren niet alleen CD4+ T cel responsen, maar ook cross-priming van CD8+ 
T cellen die verder kan worden benut om de anti-tumor-strategieën te ontwerpen. Door een 
combinatie van glycanen te gebruiken die binden aan verschillende locaties op MR, hebben 
we aangetoond dat combinaties van glycanen een synergetisch effect op antigeen presentatie 
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en inductie van T cellen tot stand kunnen brengen. Verschillende CLR kunnen dezelfde 
specificiteit hebben voor soortgelijke glycanen, echter de interactie van een glycaan met een 
bepaalde CLR kan leiden tot uiteenlopende immuunresponsen. Dit kan verklaard worden door 
verschillende mechanismen, zoals variatie in CLR expressie op verschillende DC subsets, 
verschil in aminozuursequenties in de cytoplasmatische staart van CLR die van belang zijn 
voor de internalisatie van antigeen en intracellulaire signalering. Dit in zijn geheel kan een 
bijdrage leveren aan de verscheidenheid van immunologische uitkomsten (CD4, CD8 en Th 
differentiatie). Soortgelijke pathogenen, lichaamseigen-antigenen of tumor antigenen die een 
of verschillende type glycanen tot expressie brengen kunnen immuunresponsen induceren, 
afhankelijk van de interactie die ze aangaan met een of meerdere CLRs. Deze kennis kan 
worden gebruikt voor de ontwikkeling van nieuwe immuun-therapieën b.v tegen infectieziekten 
en kanker.
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Een proefschrift komt niet tot stand door één persoon. Nu dat het proefschrift klaar is wil ik graag 
deze kans benutten om een ieder te bedanken die een belangrijke bijdrage heeft geleverd aan 
het tot standkomen van dit proefschrift.

Allereerst wil ik mijn promotor en copromoter bedanken! Prof. van Kooyk, beste Yvette, bedankt 
voor alles wat ik van jou heb geleerd. Je gaf me de mogelijkheid om na mijn afstuderen de 
Mozaïek beurs te schrijven. Vanaf het schrijven van het project, de toekenning van de beurs tot 
de uitvoering tijdens mijn promotie traject, hebben jou ideeën en kritische kijk op de wetenschap 
mij altijd gemotiveerd. Dr. Sæland, beste Eirikur, bedankt voor alle inzet en begeleiding toen 
je de directe begeleiding van Yvette overnam. Jouw enthousiasme en scherpe ideeën hebben 
een grote bijdrage geleverd aan dit onderzoek. Ik heb begrepen dat je de switch maakt van de 
academische wereld naar het bedrijfsleven, veel succes met je carrière!

Daarnaast wil ik wil graag de leden van de leescommissie bedanken voor de aandacht en tijd die 
ze besteed hebben aan de beoordeling van mijn proefschrift. 

De afdeling MCBI wil ik bedanken voor de leuke en productieve tijd op de afdeling. Joke bedankt 
voor je ideeën en hulp bij het schrijven van DEC-protocollen. Ook collega's in de stallen, Erwin, 
Carla, Paula en Eelco, de belangrijkste schakel tussen de stallen en MCBI, bedankt voor alle 
hulp en het regelen en verzorgen van al die muis-zaken. Daarnaast wil ik de collega's uit groep 
Rood in het bijzonder bedanken voor al hun hulp op het lab. Ingeborg, mede-aio, bedankt voor 
alle hulp met de proeven in de eind fase. Ik ben blij dat je verder gaat met het MGL werk. Succes 
met het afronden van jouw aio-traject. Manja, zonder jouw mooie confocal plaatjes waren de 
hoofdstukken niet compleet. Bedankt voor al je inzet en hulp, dat heb ik enorm gewaardeerd.  
Juan, you were always there when I needed help with RT-PCR and designing primers. Thanks 
for all you support. Sandra, jij hebt mijn geïntroduceerd aan het lab-werk toen ik als stage-student 
in de groep kwam. Jouw kennis en scherpe blik in de wetenschap hebben mij altijd geïnspireerd. 
Bedankt dat je er altijd was toen ik jouw raad nodig had. Wendy, jij ook enorm bedankt met alle 
hulp in de laatste fase, vooral bij het herhalen van proeven, manuscript herschrijven en alle 
discussies. Jouw steun heeft mij constant moed gegeven tijdens de afrondingsfase. Jij bent 
echt op het laatst binnen gestapt maar jouw bijdrage is groots geweest, bedankt in het bijzonder 
daarvoor. Marga, bedankt voor het regelen van al die brieven rondom de promotie-aanvraag, 
leescommissie benaderen, ed. Jouw behulpzaamheid is groot en zonder dat was het erg moeilijk 
geweest voor mij om alle belangrijke zaken rondom de afronding te regelen. Last but not least 
wil ik Anneke bedanken. Anneke jij was mijn begeleidster toen ik in Yvette’s groep Rood stage 
heb gelopen en vanaf toen klikte het goed tussen ons. Na graduation hebben we samen het 
project geschreven, maar ik vond het jammer dat jij na de toekenning van de beurs niet meer mijn 
begeleidster kon zijn vanwege jouw vertrek naar Bangkok met je familie. Maar jouw begeleiding 
tijdens het schrijven van project heeft voor succes gezorgd. Bedankt voor de long-distance 
ideeën uitwisseling en met name jouw blijvende interesse in het project.

Tot slot, wil ik graag de mensen die mij in mijn dagelijkse leven buiten het lab hebben bijgestaan 
vanaf het begin, tijdens en op het eind van mijn promotie, heel erg bedankt voor jullie steun. 
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Mijn ouders, lieve papa en mama, ipAwry pwpw, mMmw, A`j myrw swieNsdwn bx jwxw, qhwfy 
ipAwr Aqy ivSvws dw nqIjw jY[ cwhy quhwnUM fuMGweI ivc nhIN pqw ik mYN iks ivSy qy 
Koz kIqI hY, pr quhwfw hr vwr myry kMm Aqy ikqwb vwry iPkr krnw hI myry hOsly nUM 
hzwr guxw du~gxw krdw irhw[A~gy vdx dI ihMmq idMdw irhw[ pwpyjI quhwfw myrI ikqwb 
ilKx iv~c m~dd kr dw AOPr, mYnUM hmySw quhwfy ipAwr dw AYhsws idlwaudw irhw 
hY[pwpyjI quhwnUM hux icMqw krn dI zrw vI zrUrq nhIN hY jI ikauik hux ikqwb ilK ho 
geI hY jI Aqy quhwfy h~QwN iv~c hY[ mMmIjI qusI myry leI hmySw sihxSIlqw dI audwhrx 
rhy ho[ qusI dono myrI izMdgI dI s~B qo v~fI pRrxw ho[ bIjI, bwpUjI kwS qusI donoN ieh 
idn dyK skdy, kwS qusI mYnUM d~sdy ik quhwnUM swfy au~qy ikMnw mwx hY[ ieh ikqwb quhwnUM 
smripq hY jI[

Jeet, Navi en Jaggi bedankt voor al jullie onvoorwaardelijke liefde en steun die jullie hebben 
getoond voor mijn promotie in de afgelopen jaren. Jullie waren altijd geïnteresseerd in wat ik op 
het lab deed al begrepen jullie misschien heel weinig. Het enthousiasme voor mijn onderzoek was 
zeker zichtbaar wanneer jullie in het weekend mee wilden gaan om de cellen 'eten en vitamientjes' 
te geven. Jeet, in hetzelfde jaar zijn we op de VU begonnen, jij met je studie rechten en ik met mijn 
promotie onderzoek en in het zelfde jaar gaan we ook weg. Ons koffie pauzes en lunch afspraken 
waren altijd leuk en een goede afleidingen op drukke dagen. Bedankt voor alle zorgen en dat je 
nu ook op het eind naast mij wil staan als mijn paranimf. Amar, ik vond het altijd erg leuk dat je 
het interessant vond om te horen wat ik deed en hoe het op mijn werk ging. Als we geen directe 
contact hadden dan vroeg je via Jeet altijd hoe het mij ging en het onderzoek, bedankt daarvoor.

Ralph Waldo Emerson said, “The only reward of virtue is virtue; the only way to have a friend is to 
be one.” En bij deze wil ik mijn drie beste vriendinnen ook van harte bedanken voor al hun zorg 
en liefde. Ritu, we met each other in College and knew at once that we were meant to be friends. 
It was fate that I had to leave India in 1998, but still our friendship didn’t fade away. Even we do 
not have regular contact, but you are always there if I need to share my thoughts or empty my 
head. Thank you for being there for me. 

Vidya (Vi), wij hadden elkaar al eerder ontmoet, maar vriendschap bloeide pas veel later. Als 
ik je iets vraag, neem jij meteen de verantwoordelijkheid om dat tot in de puntjes voor mij uit 
te zoeken. Ik waardeer je onvoorwaardelijke hulp en liefde. Jij hebt, na Shaan’s boekje, zelf de 
verantwoordelijkheid genomen voor de layout van mijn boekje. Ik weet dat je nu ook genoeg hebt 
van het woord DC en glycans, maar ik hoop ondanks al die wetenschappelijke termen dat je wel 
hebt genoten van het hele proces. Bedankt dat je mij tijdens de laatste loodjes zo intens hebt 
geholpen. Reuze bedankt...

Shanti, van collegebanken tot elkaars paranimfen, samen studeren, afstuderen en samen het 
doctoraat behalen. Samen zijn we sterk, undefeatable buddies. In een verlegen meisje die uit 
India kwam, heb jij een moedige dame gezien en naar buiten gebracht. Naast mijn ouders en 
familie ben jij ook een enorm steun in al die jaren geweest. Mijn beste vriendin, mijn grote lieve 
zus, my ‘munnabhai ’ thank you for your infinite support. Bedankt dat je mijn paranimf wil zijn!!

Satwinder 
sqivMdr 
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