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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. 



149

 Summary and Discussion 

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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