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Regulation of dendritic cell (DC) function signifies control of the adaptive immune 
response into specific activation or inhibition. DC-based immunotherapy employs this 
rationale and yields beneficial immune responses for various diseases that can be restored 
by the immune system. Current immunotherapeutic approaches can still benefit from 
improvements in immune specificity and strength1–3. DC pattern recognition receptors 
(PRRs) have proven to be very attractive targets for improvement as they are utilized for 
DC activation, specificity and facilitation of antigen presentation to boost the immune 
response. Toll-like receptors (TLRs) have been triggered with ligands as vaccine adjuvants 
to improve DC activation4–6. Targeting of lectin receptors is furthermore appealing for 
their endocytic properties in the uptake of antigens for T cell presentation. Lectins also 
possess immune modulatory capabilities, as they modify various intracellular processes 
upon binding their carbohydrate ligand. These versatile carbohydrate ligands of lectin 
receptors may either induce a pro- or anti-inflammatory response. The use of glycans as 
immune modulatory agents in DC-targeting immunotherapy could therefore increase 
the selectivity of the immune response. Moreover, the use of glycans expands the 
applicability in immunotherapy of cancer and infection to beneficial immune activation 
in allergy, transplantation, and auto-immune diseases, providing glycans that trigger anti-
inflammatory response.  

Nonetheless, implementation of glycans in vaccination strategies needs careful 
consideration due to the complex nature of lectin receptors and glycans as recognition 
elements for the immune system, described in Chapter 1. Lectin receptors can appear 
in multimeric forms on the cell membrane, requiring multivalent presentation of the 
carbohydrate ligands for high affinity binding. Furthermore, a lectin receptor is able to 
bind multiple glycan patterns with different affinities, resulting in altered signaling. This 
thesis highlights two of the major opportunities for improvement with regards to the 
exploitation of glycans in vaccination strategies for immunotherapy; Ligand Fitting and 
Receptor Signaling. 

LIGAND FITTING

To illustrate the complexity in glycan–lectin interactions, we used high mannose as a 
C-type lectin receptor (CLR) ligand. Although high mannose oligosaccharides bind DC-
SIGN and Langerin with high affinity, the carbohydrate recognition domain of both CLRs is 
not able to interact with the entire oligosaccharide during binding7,8. We therefore derived 
5 mannoside saccharide structures from within the high mannose oligosaccharide, and 
clustered the ligands with increasing copy numbers on a peptide backbone. A library 
of 20 compounds was prepared to investigate the necessary mannoside moieties and 
multivalency for high affinity binding.
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DC-SIGN binding
We found in Chapter 2 that the monovalent Manα1-3[Manα1-6]Man, present within the 
core of high mannose oligosaccharide, had the highest affinity for DC-SIGN. However, 
clustering the mannosides could further increase DC-SIGN binding affinity. The Manα1-
2Man, present within the high mannose oligosaccharide at the cap, presented in a 
hexavalent cluster had the highest affinity for DC-SIGN in the entire library, while 
the binding affinity of the hexavalent trimannoside was three-fold lower. We thus 
concluded that multivalent presentation increased binding affinity, however, the extent 
of improvement is dependent on the conjugated saccharide. Furthermore, the cluster 
with the highest affinity binding to DC-SIGN did not translate to the highest induction 
in DC antigen presentation to T cells. The trimannoside which had a lower affinity for DC-
SIGN, enhanced the antigen presentation capacity of DCs much better than the Manα1-
2Man. This indicates that DC-SIGN binding to different glycan structures alters antigen 
presentation by DCs to T cells. Moreover, a high affinity glycan binding to DC-SIGN does 
not directly correlate to improved antigen presentation. This implies that selection of 
high affinity ligand must be investigated at early stage for biological effects, preferably 
in the final vaccine formulation. Based on our data, we predict that for an effective DC-
mediated T cell response via DC-SIGN-glycan interactions, an intermediate affinity, such as 
the trimannoside, is optimal for the functionalization of synthetic long peptide vaccines. 
The use of a high affinity binding ligand of DC-SIGN may result in altered processing of the 
antigen, decreasing the eventual antigen presentation to T cells. 

Langerin binding
High mannose (Man7-9) is additionally a high affinity ligand for Langerin, a Langerhans 
cell (LC)-specific lectin receptor8. We studied the same mannoside library to determine 
the necessary components for effective Langerin binding, discussed in Chapter 3. Again, 
in monovalent presentation, the Manα1-2Man saccharide was the preferred Langerin 
binding ligand. The affinity of the other monovalent ligands was too weak to be determined 
using the SPR competition assay. In hexavalent presentation, the same dimannoside was 
again superior over the other saccharides as Langerin ligand. The terminal mannosides 
of the high mannose saccharides are therefore important binding elements for Langerin. 
Langerin was also able to bind the Manα1-3Man and monomannoside with relatively 
similar affinity when presented as a hexavalent cluster. However, after Langerin-mediated 
uptake, all mannoside cluster-modified synthetic long antigens that were taken up 
resulted in degradation of the mannosylated vaccines with minimal antigen presentation. 
In nature, a similar protective effect of Langerin has been demonstrated for HIV9. The 
oligomannoside-decorated HIV antigens are endocytosed via Langerin into Birbeck 
granules, where they are rapidly degraded9. This rapid viral clearance efficiently prevents 
HIV transmission to T cells. Targeting of Langerin using this vaccine formulation is therefore 
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not optimal to boost the T cell response, as the antigen is destructed in such a way that it 
does not allow MHC presentation.

DC-SIGN versus Langerin
When comparing DC-SIGN and Langerin binding to the same mannoside library, 
especially the hexavalent Manα1-2Man clusters is a high affinity binding ligand for 
both CLRs. Due to the lack of antigen presentation when this glycan cluster is attached 
to synthetic long peptides, this ‘B6’ cluster is disadvantageous as DC-targeting device 
in vaccination strategies. However the ‘B6’ cluster would be ideal for the use as small 
glycan inhibitor for DC-SIGN and Langerin mediated interactions. On the contrary, the 
hexavalent trimannoside could provide relatively high binding affinities for both DC-SIGN 
and Langerin receptors, while enhancing DC-SIGN-mediated antigen presentation by DCs. 
However, as Langerin-mediated uptake of this glycosylated antigenic peptide resulted 
in diminished antigen presentation, the simultaneous targeting to Langerin positive 
would result in the degradation of the vaccine conjugate by Langerhans cells. Rather than 
boosting the immune response through targeting multiple DC populations for enhanced 
antigen presentation, the mannosylated vaccine conjugates would be cleared after 
Langerin-mediated endocytosis. Furthermore, the presence of other mannose-binding 
receptors in the host, such as mannose receptor and mannose-binding lectin, could 
similarly alter the vaccine half-life and effectiveness10–13.

We considered the size of the glycovaccine to play a role in antigen processing, as 
there have been indications that the binding strength of CLRs to glycans is affected by 
multivalency of glycans and the size of the carrier system14. Nonetheless, LewisY-modified 
synthetic peptides have been effectively processed and presented to T cells through 
targeting the Langerin receptor15. We therefore hypothesized that Langerin-mediated 
cross-presentation can be induced, dependent on the type of glycan used for binding 
the receptor. Indeed, we could demonstrate that mannosylated antigens were minimally 
presented compared to unglycosylated antigens. Pathogens with a mannoside-based 
recognition elements, such as Measles virus and HIV-1, were also not cross-presented 
by Langerhans cells16–19. This could indicate a difference in Langerin-mediated routing 
upon specific glycan binding. Although missing in this thesis, a side-by-side comparison 
of mannosylated– and LewisY–functionalized synthetic long peptides would be a natural 
follow-up of this work. However, our data already suggest that the choice of glycan as 
targeting device highly impacts the strength of the elicited T cell response. The antigen 
processing and presentation can be altered by the CLR engaged, thereby affecting 
the amount of antigen presented in MHC and thus the strength of the T cell-mediated 
immune response. Yet, the different effector T cell responses elicited after DC-SIGN or 
Langerin binding of the same mannoside cluster could serve an evolutionary purpose 
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to increase the success rate of pathogen elimination20. This evolutionary strategy is 
furthermore illustrated by the large amount of different subpopulations in the DC lineage, 
all expressing different CLR profiles, to fulfill various tasks and functions to maximize 
recognition of and protection against pathogens, while preserving host survival21. 

Both the DC-SIGN and Langerin receptors are also able to distinguish between the 
different dimannosides. Three dimannoside structures were present within our library, 
derived from the capping mannosides within the high mannose oligosaccharide, and the 
two sidechains of the core mannoside. Particularly the capping Manα1-2Man was highly 
preferred for binding to both C-type lectin receptors. The Manα1-3Man had relatively 
similar binding dynamics to the Manα1-2Man. Both mannosides systematically increased 
binding affinity to both receptors with a higher degree of multivalent presentation. 
However, the Manα1-6Man reached an optimum in DC-SIGN binding of moDCs with 
three copies of this saccharide, although direct interaction assays in the SPR analysis did 
show increased affinity with higher multivalent clustering. For Langerin, both the SPR and 
cellular receptor binding data show optimal binding properties with trivalent clustering. 
The other trivalent mannosides have several fold lesser binding affinities compared to 
their hexavalent counterparts. The binding dynamics of Manα1-6Man are therefore more 
comparable to the trimannoside clusters, where optimal Langerin binding is also achieved 
with trivalent clustering, than the other two dimannosides. However, Manα1-6Man 
decorated antigens could not enhance antigen presentation after DC-SIGN-mediated 
uptake to the same levels induced by the trimannoside. Interestingly, among the three 
dimannosides, the Manα1-3Man was most optimal in increasing T cell activation, again 
emphasizing that DC-SIGN is able to recognize the different dimannoside saccharides and 
respond differently. 

PPR crosstalk
In Chapter 2 and 4, we selected the hexavalent clusters for conjugation to an antigenic 
melanoma peptide and a TLR7 ligand as an improved novel immunotherapeutic vaccine. 
Literature has previously described crosstalk between TLR4 and DC-SIGN, which prolonged 
the TLR4 signaling pathway after DC-SIGN triggering22. DC-SIGN signaling induces 
acetylation of the TLR4-activated NF-κB transcription factor, resulting in prolonged IL-10 
transcription and an enhanced anti-inflammatory cytokine response. By targeting multiple 
PRRs on the DC, we aimed to improve antigen presentation by mature DCs to antigen-
specific T cells and direct T cell differentiation towards a pro-inflammatory response. A 
linear peptide backbone was selected as the antigen platform as well as the glycan carrier. 
Imiquimod was selected as the ligand for TLR7, which requires endosomal activation. 
Through the selection of an endosomal TLR, potential competition of the mannosylated 
antigen conjugate with DC-SIGN on the cell surface was avoided23–25. As DC-SIGN is an 
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endocytic receptor, we hypothesized that the vaccine would end up in TLR7-containing 
endosomes after internalization, allowing DC activation. DC maturation and improved 
antigen-specific T cell activation were indeed measured, however, in our hands the synergy 
between both receptors (DC-SIGN and TLR7) remained insufficient significantly enhance T 
cell activation. The group of Hubbell et al. constructed a platform with a synthetic glycan 
and adjuvant, able to release antigens through a self-immolative linkage26. Using the 
random copolymer with multiple TLR7 agonists and mannosides as antigen carrier, they 
could enhance both T cell and antibody responses26. In our glycosylated constructs, we 
placed amino acids between the two vaccine moieties and the antigenic linker peptide, 
which required cleaving by proteases in endolysosomal pathways before the antigen 
would be released for processing27,28. Application of a removable linker might therefore 
improve the synergy between the DC-SIGN and TLR7 receptor. Furthermore, adjusting 
the PRR agonist to antigen ratio could additionally contribute to a higher vaccine efficacy. 

With our mannosylated peptide conjugates, we were able to target both DC-SIGN and 
Langerin on DCs and LCs, but we did not investigate other mannose-binding CLRs on the 
DC29. Crosstalk between DC-SIGN or Langerin with other CLRs could also be relevant to 
specific immune responses, as pathogenic glycans can also interact with multiple CLRs 
upon encounter11,30. To our current knowledge, synergy between CLRs has not yet been 
described in literature. 

Vaccine synthesis upscaling
In view of the clinical application of glycosylated products in improving immune responses 
in therapy, we prepared and investigated an acid-stable C-mannosyl lysine building block 
in Chapter 4. By substituting the enzymatically susceptible exo-cyclic oxygen, the acidic 
hydrolysis-protected building block can be introduced inline during solid-phase peptide 
synthesis (SPPS), allowing bulk synthesis of mannosylated peptides. The synthetic 
mannosides were able to effectively mimic the endogenous homologs in DC-SIGN 
binding affinity, internalization, induction of DC inflammatory cytokine secretion, and 
antigen presentation to CD8+ and CD4+ T cells. Application of this acid-stable C-mannosyl 
lysine building block could therefore be advantageous to synthesize glycopeptides. 

Vaccine formulation
In Chapter 2 and 3, we only investigated a linear peptide vaccine with a C–terminal 
mannose cluster, an N–terminal TLR7 ligand, and an antigenic peptide amidst (CLRL-
antigen-TLRL). In Chapter 4, we studied an additional repositioned linear peptide variant, 
which possessed a centered mannoside cluster, an N–terminal antigenic peptide, and a 
C–terminal TLR7 ligand (TLRL-CLRL-antigen). Although the DCs were able to mature after 
stimulation with both modified vaccines, stimulation with TLRL-CLRL-antigen dampened 
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cytokine secretion by DCs, compared to control and the CLRL-antigen-TLRL constructs. 
Furthermore, hexavalent presentation of the C-mannoside in the TLRL-CLRL-antigen 
conjugate diminished antigen presentation to CD8+ and CD4+ T cells. Minimal T cell 
activation could be measured with the monovalent C-mannoside in the TLRL-CLRL-antigen, 
while antigen presentation of both monovalent and hexavalent O-mannoside harboring 
CLRL-antigen-TLRL constructs was enhanced. The order of the individual moieties within a 
linear peptide vaccine is therefore extremely relevant to the processing and presentation.  
The influence of moiety placement must therefore always be considered for vaccine 
efficacy, when designing such small scale therapeutic products. 

Vaccine combination therapy
Lastly, although current DC-based vaccination strategies have demonstrated promising 
results, the efficacy is variable between individuals31. TLR ligands have been administered 
as adjuvants in cancer vaccination therapies, as well as glycoconjugates to boost DC-
mediated T cell responses32,33. However, the effector T cells can be dampened upon arrival 
in the tumor microenvironment. The immune suppressive milieu substantiated by the 
tumor through e.g. anti-inflammatory cytokine secretion and immune suppressive cell 
induction might reverse the therapeutic effects of the vaccine34,35. Addressing the immune 
suppressive environment with combination therapy (such as immune checkpoint therapy) 
could therefore further be employed to enhance DC-based vaccination strategies36–38. 

RECEPTOR SIGNALING

Next to antigens presentation, glycan binding to glycan binding receptors may modulate 
intracellular signaling events.  We investigated the altered DC signaling and processes 
induced upon recognition of various well defined glycan structures on transcriptomic 
and proteomic level. Glycans, including high mannose, LewisY, α2-3 sialic acid, α2-6 sialic 
acid, αGalNAc, and GalNAcβ1-4Gal, which were all conjugated to a dendrimeric core for 
multivalent presentation. Generation two and three dendrimers were determined earlier as 
the optimal carrier platform for binding, internalization, routing and antigen presentation 
of glycosylated antigens39. We applied the second generation PAMAM dendrimer for 
conjugation to prevent the use of a large excess glycans. Particularly the high mannose 
oligosaccharide necessary for conjugation was valuable (±€43.000 when store bought), 
and labor intensive to obtain. A strict selection of only Man7-9 was chosen for triggering 
DCs to mimic recognition of pathogens harboring high mannose saccharides, such as HIV-
140. Multivalent presentation of monomannosides was avoided to prevent triggering of 
other mannose-binding receptors, such as mannose receptor41. 
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DC-SIGN signaling pathways on a proteomic level
Both the high mannose and LewisY dendrimers were able to induce glycan– and 
receptor-specific signaling measured on a proteomic level. Different cytokine secretion 
patterns were found after specific triggering of DC-SIGN in presence of LPS (Chapter 5). 
Quantification of the phosphoproteome was assessed after 30 minutes of stimulation 
with the glycodendrimers. Previously, the kinase Raf-1 was shown to be phosphorylated 
after 10 minutes upon DC-SIGN triggering with ManLAM (glycolipid with polysaccharide 
backbone and mannose caps)22. We therefore expected to observe augmentation of 
the signaling cascade which ensues the activation of this kinase. However, none of the 
known proteins in the Raf-1 pathway were significantly altered in phosphorylation after 
30 minutes of stimulation with either high mannose or LewisY. Surprisingly, LCP1, an early 
adapter of the DC-SIGN receptor was significantly dephosphorylated in both stimulations, 
although upon high mannose stimulation the dephosphorylation was 2-fold lower42. A 
possibility exists that both ligand are still bound at 30 minutes, resulting in the continued 
reduced phosphorylation of this adaptor. Nevertheless, many other processes including 
regulation of gene expression and miRNA were significantly affected by DC-SIGN 
stimulation, which may indicate the genomic reprogramming of the DCs upon maturation. 
The affected mesenchyme migration, podosome assembly, establishment of cell polarity 
processes would therefore imply a glycan-mediated influence on DC migration towards 
the secondary lymphoid tissue43,44. Other functions of mature DC were additionally 
featured in the phosphoproteomic analysis upon stimulation with either of the glycans, 
such as cytokine production and secretion (IL-12 pathway and TNF production) and 
antigen processing (endosome to lysosome transport)45–47. 

Comparison of the affected biological processes between the two glycans (high mannose 
and LewisY) introduced the gene ontology (GO) group “cell activation involved in the 
immune response”. Although both glycan stimulations resulted in alterations in this 
process, different proteins were affected. Many of the proteins specifically affected 
by high mannose were functionally associated, yet they could not be tied to a specific 
pathway. Similarly, the proteins affected by LewisY binding to DC-SIGN were not 
functionally associated as well. However, novel biological processes, such as “regulation 
of viral process” and “dendritic spine morphogenesis”, could be defined that were 
specifically affected by LewisY binding. The influence of LewisY on the “regulation of viral 
processes” is particularly notable. Nonetheless, only two proteins within the “regulation 
of viral processes” group (CHMP2B and RAB7A) were functionally related, both playing 
a role in the transport of endosomes48. The organization of the dendritic spine is mainly 
associated with neuronal cells, however it may possibly be related to the formation of 
the DC dendrites upon maturation49–51. Therefore, within 30 minutes after binding, high 
mannose and LewisY can already differentially affect the DC processes. In conclusion, our 
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results reveal that not only DC maturation processes, including regulation of RNA, antigen 
routing and processing, were altered, but also processes related to DC dendrite formation 
and migration, providing interesting leads for further studies on glycan-based instruction 
of DC biology. 

Sialic acid-induced signaling on a (phospho)proteomic level
Next to exploring DC responses upon DC-SIGN binding to glycans, we investigated 
another specific glycan group, namely the sialic acids, that targets Siglec receptors on 
DCs. Most Siglecs are ITIM-containing receptors and have been described to significantly 
alter immune responses. We investigated the same three donors, which were used in 
the proteomic analysis of Chapter 6 with high mannose and LewisY stimulation, for their 
response upon α2-3- and α2-6-linked sialic acid engagement. Clearly, DC stimulation 
with α2-3 sialic acid and LPS increased the IL-10:IL-12 secretion ratio (see also Chapter 6). 
The amount of significantly affected phosphoproteins was also larger compared to the 
stimulation without LPS, implying crosstalk with TLR4. In mice, crosstalk between TLR4 
and sialic acid-binding receptors has already been correlated to regulatory T cell induction 
and inhibition of effector CD4+ and CD8+ T cells52. Inhibition of TLR4 internalization has 
also been reported53, however, the affected biological processes we report here were not 
associated with internalization activity at all. Analysis of the phosphoproteomic datasets 
demonstrated that in α2-3 sialic acid triggered DCs mainly the “regulation of RNA and 
proliferation” was affected, hinting towards genetic reprogramming in DC maturation 
and survival54,55. Remarkably, α2-3 sialic acid could similarly affect the “podosome 
assembly” similar as was seen with high mannose and LewisY stimulation. Although 
similar proteins were dephosphorylated within this GO term (ARHGEF2, BIN2, LCP1), α2-3 
sialic acid stimulation resulted in dephosphorylation of a different site in the protein. 
The implications of this finding remain unclear, however investigation of DC “podosome 
assembly” after high mannose and LewisY or α2-3 sialic acid stimulation could produce 
interesting perspectives on DC functioning. Furthermore, HNRNPA2B1, LCP1, and STAT3 
that are all involved in regulating IL-12 secretion within the “regulation of proliferation” 
group, were affected. This smaller cluster of proteins is an attractive lead to follow up, due 
to the increase in the IL-10:IL-12 secretion ratio by DCs after α2-3 sialic acid encounter. 
Both HNRNPA2B1 and STAT3 could be annotated to the JAK-STAT signaling pathway. 
Furthermore, INKA and PTMsigDB analysis of the kinome after α2-3 sialic acid and LPS 
stimulation demonstrated a negative correlation between the activated kinases and the 
thymic stromal lymphopoietin (TSLP) signature, which promotes activation of the JAK-
STAT pathway56. In accordance with several studies, inhibition of the JAK-STAT pathway 
negatively affected IL-12 production, resulting in decreased DC-induced T cell proliferation 
and the differentiation of TH1 cells57,58. 
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Both sialylated dendrimers used in Chapter 6 hold a galactose linked to a sialic acid on 
the functionalized arms. DCs are exceedingly sensitive to the type of glycan structure 
presented and are able to differentiate between highly similar α2-3– and α2-6-linked sialic 
acids. DC binding to α2-3 sialic acid specifically de-phosphorylated the STAT proteins, 
while stimulation with α2-6 sialic acid did not. The α2-6 sialic acid furthermore modified 
the phosphorylation status of fewer phosphoproteins compared to α2-3 sialic acid 
stimulation, which consequentially led to less clustering between GO terms for α2-6 sialic 
acid. The DC processes involving organelle assembly were significantly affected, similar 
to stimulation with α2-3 sialic acid. However, the proteins annotated to this process 
were different between the two sialic acids, emphasizing the DC sensitivity to discern 
between highly similar saccharides. Furthermore, the ERK1 and ERK2 cascade and MAP 
kinase activity were mainly affected by α2-6sia stimulation. Although these nodes were 
not interconnected, it is notable that both these pathways have been related to DC-SIGN 
signaling before. DC-SIGN mediated triggering of MAPK leads to IL-12-dependent pro-TH1 
DC maturation59,60. Fucose binding to DC-SIGN activates signaling through ERK and equips 
the DCs with pro-TH2 polarizing capabilities61,62. The effect of α2-6 sialic acid stimulation 
on these processes suggests that the ERK1/2 and MAPK cascade are important signaling 
pathways for skewing of DC function in maturation, and would be valuable for further 
follow-up. Dual stimulation with α2-6 sialic acid and a DC-SIGN agonist could furthermore 
provide insight into the induction of a pro- or anti-inflammatory DC phenotype through 
the control of the MAPK/ERK pathway.

The differential effects of sialic acid binding to DCs suggest involvement of a versatile 
glycan binding receptor, such as the sialic acid binding receptor family, Siglecs63. Human 
moDCs express multiple Siglec receptors, including Siglec-1,-3, -7, and -964. These Siglecs 
preferentially bind to α2-6–, α2-8–, and α2-3 sialic acids respectively, which can potentially 
result in the clear phosphoproteomic landscapes seen here upon stimulation with the two 
different sialic acids. The majority of Siglec receptors expressed by DCs, with the exception 
of Siglec-1, possess an immunoreceptor tyrosine-based inhibitory motif (ITIM) in their 
cytoplasmic tails, which acts as the primary signal transducers65. Interestingly, interactions 
between ITIM motifs and the JAK-STAT signaling pathway have been described before. The 
tyrosine phosphatase SHP-1 and -2 are known to be recruited to phosphorylated ITIMs66. 
The same adaptor proteins are negative regulators of the JAK-STAT pathway. By binding 
JAK proteins, subsequent activation of STAT and downstream proteins is inhibited67,68. We 
therefore propose specific modulation of the JAK-STAT signaling pathway by α2-3 sialic 
acids upon Siglec-3, -7, or -9 binding of moDCs. Although Siglec-9 would be the most 
obvious candidate due to its preference to bind α2-3 sialic acids, the binding affinity to 
the other Siglec receptors should additionally be assessed. Caution is necessary when 
investigating the Siglec-specific signaling cascades, as blocking antibodies or small 
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inhibitors of the receptor are also able to induce signaling69,70. DC signaling in donors with 
Siglec-9 polymorphisms, which has been linked to autoimmune disease, would therefore 
be an appealing option to investigate α2-3 sialic acid induced signaling71,72. 

Sialic acid-induced signaling on a transcriptional level
The DC transcriptome imposed after Siglec binding to the α2-3 sialic acid dendrimer 
was analyzed in Chapter 7. Binding of the α2-3 sialic acid to Siglec-1, -9, and -10 could 
be detected. However, Siglec-9 expression on DCs is relatively high compared to Siglec-1 
and -10, and is therefore more likely to bind the α2-3 sialylated dendrimer73,74. The 
transcriptomic alterations in moDCs of three donors (different from the donors used 
in Chapter 5 and 6) were assessed after α2-3 sialic acid stimulation in the presence or 
absence of LPS. More differentially expressed genes (DEGs) were found in the moDCs with 
sialic acid stimulation only, however, all the DEGs were minimally expressed. Simultaneous 
LPS stimulation decreased the amount of significant DEGs, yet the remaining DEGs were 
abundantly expressed. This suggests that concurrent α2-3 sialic acid and LPS stimulation 
of moDCs can impose a more dedicated regulatory program towards a specific mature 
phenotype. During DC maturation, DCs shift their focus from phagocytosis towards 
antigen presentation and activation of an antigen-specific T cell response75. Notably, both 
processes were affected by α2-3 sialic acid binding compared to the control dendrimer, 
both in presence of LPS. Transcriptomic analysis of moDCs treated with α2-3 sialic acid 
revealed significant downregulation of Interleukin-27 (IL27) and Interferon lambda 1 
(IFNL1) in the “T cell differentiation” GO group. Both genes are associated with an antiviral 
response and T cell skewing towards TH1 and TH17, and inhibition of TH2 differentiation 
respectively76,77. The reduction of both gene transcripts therefore implies a decreased 
capacity of TH1 skewing by moDCs after α2-3 sialic acid stimulation with LPS. Reduced 
induction of TH1 skewing was confirmed in the T cell differentiation assay. The DC cytokine 
secretion profiles after α2-3 sialic acid and LPS stimulation increased the IL-10:IL-12 ratio 
and decreased IL-23, suggesting similar differentiation away from TH1 (and maybe even 
TH17) skewing towards TH2 or regulatory T cells, which was confirmed in co-cultures of 
α2-3 sialic acid stimulated moDCs and naïve CD4+ T cells. The moDCs treated with sialic 
acid and LPS were furthermore able to increase the amount of FoxP3+CD25+CD127- and 
FoxP3+CD25-CD127- regulatory T cell subsets, and to augment the  IL-10 and TGFβ secretion 
by T cells, while decreasing effector T cell numbers. Thus, our data indicate that α2-3 sialic 
acid binding imposes an immune suppressive program onto differentiated moDCs, which 
results in a decreased effector T cell response. Exploitation of the sialic acid-Siglec axis in 
suppressive immunomodulatory strategies would therefore be profoundly beneficial for 
the restoration of tolerance. 
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At this point, the binding of α2-3 sialic acid to differentiated moDCs has been investigated 
on phosphoproteomic and transcriptomic level. Merging the information from these two 
datasets into one analysis would be a natural progression of this work. Nonetheless, few 
parameters need to be taken into account, such as donor differences, and the difference 
in stimulation time points (phosphoproteomics at 30 minutes, transcriptomics at 5 
hours). Even so, the role of the JAK-STAT signaling pathway on the transcriptome and T 
cell differentiation can be easily assessed with the use of STAT inhibitors. Furthermore, the 
effect of the JAK-STAT pathway on the transcriptome have been described, for instance in 
relation to viral infections, where the activation of the JAK-STAT pathway enables control 
of viral infection78. The JAK-STAT pathway has also been demonstrated to provide an 
epigenetic basis for T cell plasticity79. Complex roles for STAT3 have been described in 
T cells, where knock out of this protein results in the induction of regulatory T cells, but 
with limited ability to inhibit the TH17 response80. On the other hand, STAT5 mutations in 
humans have been associated with impaired regulatory T cell function through control 
of FoxP3 transcription81. Remarkably, STAT3 has previously been associated with IFNL1 
for the induction of viral clearance of Hepatitis C82. It is therefore tempting to assume 
that the decreased STAT3 phosphorylation, reported in Chapter 6, would result in the 
reduction of the IFNL1 gene, which was found in Chapter 7. Current literature in relation 
to our finding imply that further assessment of the role of the JAK-STAT pathway and the 
DC transcriptome after α2-3 sialic acid binding will result in exiting and relevant insights 
into DC-mediated regulatory T cell differentiation. 

MGL signaling on transcriptional level
Macrophage galactose-type lectin (MGL) is another C-type lectin receptor expressed by 
human DCs (and macrophages)83. Triggering of MGL on antigen presenting cells (APCs) 
decreases the production of inflammatory cytokines for a dampened T cell response 
through a reduction of APC-mediated T cell proliferation, and induction of effector T cell 
apoptosis84. This CLR is able to recognize both non- and sialylated N-acetylgalactosamine 
(Tn) antigen, which are abundantly present on many cancer types85,86. Due to its role in 
immune suppression and tumor progression, we investigated the effect of MGL triggering 
on DCs in Chapter 8 using the MGL ligands αGalNAc or GalNAcβ1-4Gal attached to a 
dendrimeric core. Analysis of the DC transcriptome after MGL binding with GalNAcβ1-
4Gal revealed increased IL-10 secretion and decreased expression of key enzymes in 
the glycolysis pathway. Furthermore, a significant decrease in DC metabolic activity 
was found, whereby both the glycolytic activity and the basal extracellular acidification 
rate (ECAR) were reduced after MGL triggering. Interestingly, macrophages related to 
immunosuppressive and protumoral activity also decrease their glycolytic activity, which 
leads to a decreased pro-inflammatory phenotype87. GalNAcβ1-4Gal binding to MGL is 
therefore an important contributor to imposing an immunosuppressive program onto 
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APCs resulting in tumor escape of immune surveillance. Blocking MGL ligand binding 
to prevent DC polarization towards an anti-inflammatory phenotype would thus be a 
promising immunotherapeutic strategy in cancer. On the other hand, exploiting MGL 
for the induction of a specific immunosuppressive T cell response would be a promising 
lead for therapeutic intervention in allergy and autoimmune diseases. Using the vaccine 
formulation as seen in Chapters 2-4, where a multivalent GalNAcβ1-4Gal would be 
conjugated to an (allergen or auto-immunogenic) antigen would be advantageous. The 
regulatory T cell assays in Chapter 7 could additionally offer more insight into MGL ligation 
and regulation of the T cell response. 

Remarkably, binding of MGL to the αGalNAc dendrimer did not affect IL-10 secretion 
by DCs, and altered far less genes. The αGalNAc ligands lacks the adjacent galactose 
monosaccharide, which is necessary to bind the secondary glycan binding site in the 
MGL molecule88. However, the stimulation with this dendrimer did enable reduced DC 
glycolytic activity and basal ECAR. A possible explanation for this phenomenon would 
be that MGL activates different signaling cascades, similar as DC-SIGN, dependent on 
the occupied binding sites. Nonetheless, both the transcriptional programs imposed on 
the DC by MGL result in metabolic profiles associated with effector T cell suppression. 
To exploit MGL for immunotherapeutic targeting purposes, a ligand must be preferably 
selected which occupies the secondary binding site, for the induction of IL-10 secretion to 
further stimulate regulatory T cell differentiation89. However, as we have seen in Chapter 
2, a higher affinity CLR ligand is not always linearly correlated to improved DC biology 
for shaping the T cell response. Both DC MGL-targeting ligands in the envisioned vaccine 
formulation should therefore be assessed on their T cell differentiation capacity.

A direct comparison of MGL-targeting vaccines to sialylated conjugates would be 
highly valuable for the induction of a regulatory T cell response in view of tolerogenic 
immunotherapeutic strategies. A direct effect of Siglec ligation on the metabolic profile 
has not been defined in literature yet. Siglec(E) knock out mice have been reported to 
increase their ROS metabolism, resulting in higher oxidative damage and accelerated 
ageing, suggesting an immune regulatory role for Siglec-E90. Furthermore, MGL has been 
reported to increase phosphorylation of ERK and to activate NF-κB89,91–93. In Chapter 6 we 
described altered ERK phosphorylation after α2-6 sialic acid stimulation. Whether these 
two lectins signal via a common pathway towards DC-mediated suppression of effector 
T cells would therefore be particularly compelling.  Continued efforts in the comparison 
of the phophoproteomic, transcriptional and metabolic programming imposed by either 
Siglec or MGL triggering are thus recommended to obtain more insight into the DC 
immunosuppressive signaling pathways towards tolerance.
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Triggering of DC-expressed PRRs is an attractive approach to improve current 
immunotherapeutic approaches to exploit immune support in its full extent. We 
systematically selected a trimannoside and introduced controlled clustering on a peptide 
backbone. Employment of this DC-SIGN targeting device on an antigenic peptide with 
a TLR7 ligand resulted in enhanced moDC antigen presentation and T cell activation. 
Furthermore, we were able to synthesize an acidic hydrolysis-protected building block. The 
inline introduction during solid-phase peptide synthesis (SPPS) grants synthesis in bulk of 
mannosylated peptides for clinical applications. Further development of this technique 
to generate an acid-stable trimannoside for application within the trivalent DC-SIGN-
targeting vaccine would therefore be particularly advantageous. Extensive investigation 
of optimal DC-SIGN targeting, and more importantly, the continued biological effects on 
DC maturation processes will be necessary to obtain a highly effective immunotherapeutic 
vaccine. Small alterations in the saccharide ligand are able to influence antigen processing 
and presentation, as seen with the vaccines containing different mannoside clusters. 
However, the clearance of the antigenic peptides by Langerin hinders optimal in vivo LC 
targeting for improved T cell polarization, and decreases the vaccine half-life. Increasing 
the dosage could provide a quick and dirty solution. Moreover, the carrier platform 
provided here can be readily adapted to other antigens and glycans in controlled clusters. 
Functionalization of this carrier system with sialic acids and allergy–, transplantation–, or 
auto-immune disease–associated antigens could provide compelling leads in the design 
of novel immune suppressive therapeutic vaccines. 

Lastly, to exploit control of the DC-mediated induction of a specific T cell response 
through glycan-based conjugates, the identification of glycan patterns by DCs must be 
appreciated. Recognition of different glycan patterns by the same receptor can induce 
ligand-specific signaling and alter various processes, such as antigen presentation and 
cytokine secretion. Furthermore, DCs are profoundly capable of discerning glycans with 
high structural similarity. Investigations on the α2-3 sialic acid–specific interference in the 
JAK-STAT signaling can be used to develop targeted intervention in α2-3 sialic acid high 
tumor environments or applied to the aforementioned immune suppressive therapeutic 
strategies. Furthermore, targeted control of the metabolic program imposed on DCs after 
MGL triggering would fit into strategies to induce targeted tolerance. The main challenge 
is presently to map out the altered processes and pathways from the lectin receptor to the 
DC-induced immune skewing. 

Understanding how lectin receptors influence DC functionality in the elicitation of tailor-
made immune responses still requires continued efforts, although many promising leads 
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have been indicated in this thesis. We have furthermore demonstrated the advantage 
of using glycans in vaccination strategies when correctly applied. Current therapies can 
achieve significant improvements through the use of glycans, provided that the glycan 
moiety and targeted lectin are well-considered. Looking forward, further capitalization 
of the advantages glycans offer is the course to follow to unlock the full potential of DC-
mediated control of the immune system in therapeutic strategies. 

Figure 1 | Dendritic cell-mediated immune response. Dendritic cells can either induce effector T cell 
responses (left) or regulatory T cell responses (right). (Left) Dendritic cells are able to bind high mannose 
and LewisY in multivalent presentation, i.e. on a dendrimeric core or peptidic antigen. DC-SIGN binding 
to the CLRL-antigen-TLRL conjugate demonstrated increased antigen presentation to T cells. High 
mannose and LewisY were able to induce default and glycan specific signaling processes after DC-SIGN 
binding, which resulted in secretion of different cytokine profiles (DC-SIGN can also induce tolerogenic 
responses after ligation with other ligands and/or on other cells). (Right) Dendritic cells are able to bind 
α2-3 and α2-6 sialic acids via Siglec receptors. Binding of α2-3 sialic acid resulted in altered signalling 
in the JAK-STAT pathway, modified transcriptomic processes related to DC maturation, and promoted 
regulatory T cell differentiation. Binding of αGalNAc or GalNAcβ1-4Gal to MGL both induced decreased 
glycolytic activity, however, only αGalNAc was unable to induce DC cytokine secretion.
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