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Chapter 1

General introduction



1.1. Glycan—lectin interactions on myeloid cells

1.1 Glycan—lectin interactions on myeloid cells

One of the main mechanisms by which cells sense and respond to their surroundings
is via binding of ligands with their surface receptors. Most such interactions involve
apolar molecular surfaces that exclude water upon engagement, yielding binding free
energy via solvent entropy gain.! Glycan ligands, however, are different. They are
polymers of polyols with many hydrogen bond donors, and represent a class of hy-
drophilic biomolecules that deviate from this paradigm.? The interaction between a
glycan and a lectin relies on glycan binding domains that themselves are mostly of hy-
drophilic nature.®* Rather than primarily depending on hydrophobic forces and water
exclusion, glycan-lectin binding involves hydrogen bonding, metal ion coordination,
van der Waals forces, and ionic interactions as illustrated for the mannose receptor in
Figure 1.1. Furthermore, water molecules near the binding sites and the conformation
of glycans significantly influence the interaction. Additionally, lectins often engage
multiple glycan epitopes simultaneously, which enhances the overall binding avidity
despite the weaker interactions of individual glycan-lectin contacts.’

The physicochemical properties of carbohydrates inherently bias their interactions
with lectins toward fast and reversible binding events. This characteristic makes them
ideal motifs for immune recognition. Myeloid cells must continuously scan their en-
vironment for the presence of pathogens which they achieve using pattern recognition
receptors (PRRs). These PRRs recognize conserved pathogen-associated or danger
or damage associated molecular patterns (PAMPs or DAMPs) and initiate innate im-
mune responses. One key class in this repertoire of PRRs is the immune cell lectins.
These receptors encompass the C-type, I-type and S-type (galectin) lectin superfami-
lies.? Typically, these lectins can distinguish between foreign and self-carbohydrates
and even between healthy self-associated molecular patterns (SAMPs) and unhealthy
DAMP-associated-carbohydrates. Despite their weak binding affinities, they can ini-
tiate appropriate immune responses only upon detecting the correct patterns.>~ In this
chapter, the principles underpinning the functions of C-type lectins and I-type lectins,
two major lectin families that shape immune responses, will be discussed.

1.1.1 C-type lectins and antigen presentation

C-type lectin receptors (CLRs) are key pattern-recognition receptors on myeloid cells
that engage in Ca>"-dependent binding to mannose-, fucose-, and GIcNAc-terminated
glycans.” The general role of CLRs is to initiate pro-inflammatory signaling in the
myeloid cell, leading to activation of innate components of the immune system. The
CLRs DC-SIGN, Langerin, Mannose Receptor (MR), DNGR-1 and DEC-205 also
play a role in the initiation of the adaptive immune response. Aside from their role
as archetypal PRRs, these particular lectins are also able to capture and route anti-
gen towards MHC-I or MHC-II-loading pathways, which in turn can initiate T cell
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Figure 1.1: Structural features of carbohydrate recognition. Crystal structure of carbohydrate recog-
nition domain 4 (CRD4) of the mannose receptor in complex with mannose. Ligand is shown in green
mesh, Ca®* in orange, protein backbone in cyan, oxygen atoms in red, nitrogen in blue. Black dashed
lines indicate hydrogen bonds, orange dashed lines indicate metal coordination and green dashed lines
indicate nonpolar contacts. PDB: 1EGG, figure is reproduced from figure 5A in Feinberg ez al. under a
CC-BY 4.0 license.®

responses and thus raise an adaptive immune response.'®!! It must be noted that al-
though DNGR-1 and DEC-205 have been identified as lectins by sequence homology,
no glycan ligands have been identified for these receptors.!>!3 Because of their critical
role in the enhancement of antigen presentation, CLRs present attractive targets for the
delivery of antigen for T-cell stimulating vaccines.'# To this end, several groups have
conjugated antigenic peptides or proteins to CLR-specific antibodies'>!¢ or their na-
tive carbohydrate ligands to initiate an immune response. For the carbohydrate ligands,
initial work employed the non-specific conjugation of ring-opened monosaccharides
to antigenic proteins via lysine- or cysteine-reactive chemistries targeting DC-SIGN
or the MR.!72! More recently, fully synthetic approaches of defined carbohydrates,
linkages and valency have enabled more precise studies into the structure-activity re-
lationship between the glycotype, antigenic cargo and the functional response.?? 2
Whilst new in class, these studies resulted in non-linear correlations between gly-
can configuration, multivalency and functional response. For example, the hexavalent
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bimannoside B6-gp100-TLR7L self-adjuvanting conjugate in Li and Hogervorst et al.
showed reduced cross-presentation despite being the strongest DC-SIGN binder.?*
In a similar approach by Li and Hogervorst ef al., a library of mannoside-antigen
conjugates was tested for glycan-mediated cross-presentation by the Langerin CTL.?
Whereas all constructs showed increased binding to Langerin and uptake by dendritic
cells, none were more efficiently cross-presented over the control molecule. In a con-
vergent chemo-enzymatic synthesis of MangGlcNAco glycopeptides, Mclntosh et al.
demonstrated that this modification, when attached at a correct site, leads at best to
equal cross-presentation compared to the non-glycosylated control.?* In an elegant at-
tempt to study the correct site for glycoconjugation to an antigenic peptide, Reintjes
et al. generated a positional library of C-terminal and N-terminal modified mannose-
6-phosphate-, and adjuvant-modified trifunctional glycoconjugates.>> Again, glycosy-
lation had an inhibitory effect on antigen presentation for all conjugates.

Together, this collection of reports indicates that the design of glycoconjugate
peptides as simplified, synthetically accessible, variants of naturally occurring gly-
cosylated biomolecules does not always follow a simple logic of chemical intuition.
This calls for an integrative understanding of glycan structure-binding-activity rela-
tionships. To obtain meaningful interpretations with potential for therapeutic transla-
tion, these studies should ideally be performed on those specific living immune cells
that are the key players in antigen presentation biology.

1.1.2 I-type lectins and cis-interactions

I-type lectins bind sialylated glycans through an immunoglobulin-like domain and in-
clude the Siglec family which consists of 15 human and 9 murine orthologs.?” Besides
recognizing and internalizing pathogens, Siglecs have cytoplasmic motifs that can en-
gage both in activating and in suppressive immune signaling. For example, binding of
sialylated ligands can reduce inflammation by suppressing NF-kB transcription factor
activity.”® Notably, some aspects of Siglec signaling are shaped not only by trans lig-
ands on pathogens or neighboring cells but also by cis ligands, i.e. sialylated glycans
expressed on the same membrane surface.?>3? These cis interactions can mask bind-
ing sites, modulate receptor accessibility, and set thresholds for immune activation
or suppression.' 3 Environmental changes in sialic acid expression, enzymatic re-
modeling, or competitive displacement can unmask specific Siglec domains, enabling
trans interactions and shifting the balance between tolerance and activation.

Thus far, the effects ofcis-binding have been studied at a bulk level where cell
surface sialylation is perturbed on cells and downstream signaling pathways are sub-
sequently profiled.?%3%3* While informative from a functional perspective, these ap-
proaches do not enable a mechanistic understanding of the dynamic shifting between
cis and trans binding of individual Siglecs and their ligands on the actual cell surface.
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1.2 Methods to study glycan—lectin interactions

1.2.1 Immobilization-based techniques

The classical method for defining the binding partners of a lectin is either through im-
munoprecipitation or via glycan array technology. Glycan arrays consist of microw-
ells or printed glass-plates where in each position a unique glycan or glycoconjugate
is immobilized by adsorption or covalent linkage chemistry.>> After incubation of the
array with a fluorophore-labeled lectin, binding between the lectin and glycan in each
well can be quantified via fluorescence intensity. This method has been instrumental
for global profiling of the lectin binding landscapes, but does not yield quantitative
binding information. Recently, cell-based versions of these arrays have also been de-
veloped, where instead of printed glycans, the glycosylation machinery of cell lines is
systematically modified such that their respective glycocalyx serves as binding partner
for the array.*¢

Whether traditional or cell-based, glycan arrays typically provide minimal infor-
mation on the binding strength of a glycan-lectin interaction, but merely result in bi-
nary output. To measure the specific binding kinetics of a glycan, the most widely used
method is surface plasmon resonance (SPR). This method relies on recombinantly ex-
pressed lectins that are immobilized on a sensor whose refractive index changes upon
ligand binding. Although SPR can provide precise dissociation constants (K )33,
its surface-coupled geometry limits its ability to report on the multivalent, orientation-
dependent, and spatially heterogeneous interactions that dominate glycan recognition
on cells. As a result, important regulatory mechanisms, such as receptor mobility and
nanoscale organization of the lectins are not taken into account. The absence of glyco-
calyx components on the SPR sensor also means that the potential contribution of and
competition between cis and trans ligands remain inaccessible using this technique.

Other kinetic quantification methodologies, such as enzyme-linked immunosor-
bent assays (ELISAs)® or nuclear magnetic resonance (NMR)3? based approaches can
provide similar information as SPR-based assays but share a reliance on recombinant
binding partners that are surface immobilized and therefore lack physiological, cellular
context. The approximate K p as derived from binding partner immobilization-based
technologies of several C- and I-type lectins and their least complex ligands is sum-
marized in Table 1.1.

Given the limitations of current techniques to understand glycan binding kinetics,
a key methodological gap that currently remains is that we lack techniques that can
measure glycan—lectin binding with single-molecule sensitivity, in live cells and over
relevant timescales. Addressing this gap is essential for linking the molecular features
of glycan recognition to the plethora of lectin-mediated immunological outcomes.
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Table 1.1: Summarized approximate Kp values from immobilization studies for murine C- and I-type
lectins and their least complex ligands that are the topic of this thesis.

. . Kp
Lectin Ligand type Assay (approx.) Ref.
MR a-methyl-monomannose Radiolabel 1-10mM 340
(CD206)
Mannosylated BSA / Radiolabel ~ 1-100 uM 5%
glycoproteins
DC-SIGN / .
SIGNRI {&i“&jﬁ;‘ﬁz I;I'glycans SPR 13uM 3
(CD209) 9 2
nM—uM
. Glycan arrays, (avidity; 0
Multivalent mannose / fucose ELISA ~100%
monomer)
Siglec-1 a2,3-sialyllactose SPR mM 4
Siglec-z . 43,44
(CD22) a2,6-sialyllactose SPR UM - mM
Siglec-4 a2,3-sialyllactose SPR uM 4
Monovalent sialyllactose SPR :1(1)\2_300 4

1.2.2 PAINT imaging

Point Accumulation in Nanoscale Topography (PAINT) is a microscopy method that
was discovered by the unique behavior of the organic lipophilic dye Nile red (Fig-
ure 1.2a). In close proximity to lipid vesicles, this dye rapidly associates and dissoci-
ates with the vesicular membrane leading to an intermittent signal (Figure 1.2b) for
which the k; is approximately 150 ms.*® By acquiring recordings of this process
over time using a conventional wide-field microscope, nanometer scale localizations
of these sparse binding events could be determined from the point-spread functions of
those blinking signals. As such, reconstruction of these localizations over time into a
2D image generates a super-resolution map of the vesicles.

This technology laid the groundwork for DNA-PAINT imaging where the inter-
action between lipid membranes and Nile red was replaced by semi-complementary
DNA strands of which one is attached to an antibody and the other to a fluorochrome.*’
Besides enabling super-resolution imaging of basically any cellular target, time-
resolved imaging now allowed for determination of binding kinetics between the in-
teracting partners.**>! This technological advance inspired the use of physiological
ligands for PAINT-based imaging such as glycans, peptides or proteins, provided that
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Figure 1.2: Nile red as the first demonstration of the PAINT principle (a) Chemical structure of
Nile Red. (b) The total integrated intensity versus time for a single vesicle probed by Nile red. The
intermittency is caused by fluorescence bursts of Nile red molecules undergoing collisions with the lipid
bilayer. Figure b is reproduced from Figure 1 in Sharonov et al.* Copyright 2006 National Academy of
Sciences.

their binding kinetics are in the correct range.>™> A suggested rule of thumb is that
the Kp of the interaction must be in the 100 nM - 10 pM range.>®>’ Weaker interac-
tions may lead to too little or too short binding events, whereas stronger binding would
make it harder to observe single interactions due to extended binding times.

1.3 QOutline of this thesis

In 2021, Riera et al. described a PAINT-based method to quantify lectin binding on live
cells using their native carbohydrate ligands. This method was dubbed Glyco-PAINT
and demonstrated the quantification of on-rates, off-rates and diffusion coefficients for
a library of fluorophore labeled mannoside glycans binding to the MR expressed on a
CHO cell line (Figure 1.3).%°

In this thesis, the redevelopment of the Glyco-PAINT method by a computational
pipeline for automated quantification of glycan binding to live cells is described in
Chapter 2. This resulted in a Glyco-PAINT-Automated Processing Pipeline (Glyco-
PAINT-APP) that resolves averaging artifacts and for the first time enables extraction
of single-molecule glycan binding data from primary immune cells. In Chapter 3,
the Glyco-PAINT-APP is applied to resolve the correlations between mannose bind-
ing, antigen cross-presentation, and macrophage polarization with a library of manno-
sylated model vaccines that are extensively characterized for their biological and im-
munological functions in dendritic cells and macrophages. In Chapter 4, the on-cell
kinetics of another lectin class, the Siglecs, are explored. Here, cell surface glycosy-
lation on macrophages is perturbed via two methods to quantify the contribution of
cis binding glycans to the measured trans binding by Glyco-PAINT. Chapter 5 de-
scribes a completely different role of carbohydrates, not as signaling molecules, but
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Figure 1.3: Schematic illustration of the principle behind Glyco-PAINT Kkinetic imaging. Glycan
ligands in solution remain dark and undetected whereas ligands that are bound to their receptor are de-
tected by the microscope camera as a blinking signal of which the duration equals the receptor dwell
time. From this signal, kinetic and spatial parameters including off-rate, on-rate, diffusion coefficient
and receptor clustering can be derived.

as an energy source that is highly partitioned between cancer and immune cells in the
tumor-microenvironment. A positional library of alkynyl glucose analogs is screened
which leads to the identification of a selective, bioorthogonal, glucose analog that
can be multiplexed with an existing glutamine uptake assay. Lastly, in Chapter 6 an
outlook on future receptor—ligand pairs for PAINT studies, a critical reflection on sta-
tistical analysis of Glyco-PAINT data, and suggestions for future correlation studies
between carbohydrates and immune cells are presented.

References

(1) Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 2005, 437, 640—
647.

(2) Essentials of Glycobiology, 4th; Varki, A., Cummings, R. D., Esko, J. D., Stanley, P., Hart, G. W.,
Aebi, M., Mohnen, D., Kinoshita, T., Packer, N. H., Prestegard, J. H., Schnaar, R. L., Seeberger,
P. H., Eds.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor (NY), 2022.

(3) Feinberg, H.; Mitchell, D. A.; Drickamer, K.; Weis, W. L. Structural Basis for Selective Recogni-
tion of Oligosaccharides by DC-SIGN and DC-SIGNR. Science 2001, 294, 2163-2166.

(4) Drickamer, K. In Progress in Nucleic Acid Research and Molecular Biology, Cohn, W. E., Mol-
dave, K., Eds.; Academic Press: 1993; Vol. 45, pp 207-232.

(5) Brown, G. D.; Willment, J. A.; Whitehead, L. C-type lectins in immunity and homeostasis. Nature
Reviews Immunology 2018, 18, 374-389.

(6) Van Kooyk, Y. C-type lectins on dendritic cells: key modulators for the induction of immune
responses. Biochemical Society Transactions 2008, 36, 1478—1481.



Chapter 1. General introduction

(N

@®)

)

(10)

(1

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Mnich, M. E.; Van Dalen, R.; Van Sorge, N. M. C-Type Lectin Receptors in Host Defense Against
Bacterial Pathogens. Frontiers in Cellular and Infection Microbiology 2020, 10, 309.

Feinberg, H.; Jégouzo, S. A. F.; Lasanajak, Y.; Smith, D. F.; Drickamer, K.; Weis, W. L.; Taylor,
M. E. Structural analysis of carbohydrate binding by the macrophage mannose receptor CD206.
Journal of Biological Chemistry 2021, 296.

Reis e Sousa, C.; Yamasaki, S.; Brown, G. D. Myeloid C-type lectin receptors in innate immune
recognition. Immunity 2024, 57, 700-717.

Geijtenbeek, T. B. H.; Gringhuis, S. I. Signalling through C-type lectin receptors: shaping immune
responses. Nature Reviews Immunology 2009, 9, 465-479.

Van der Zande, H. J. P.; Nitsche, D.; Schlautmann, L.; Guigas, B.; Burgdorf, S. The Mannose Re-
ceptor: From Endocytic Receptor and Biomarker to Regulator of (Meta)Inflammation. Frontiers
in Immunology 2021, 12, 765034.

Sancho, D.; Joffre, O. P.; Keller, A. M.; Rogers, N. C.; Martinez, D.; Hernanz-Falcon, P.; Rosewell,
I.; Sousa, C. R. e. Identification of a dendritic cell receptor that couples sensing of necrosis to
immunity. Nature 2009, 458, 899-903.

Kong, D.; Qian, Y.; Yu, B.; Hu, Z.; Cheng, C.; Wang, Y.; Fang, Z.; Yu, J.; Xiang, S.; Cao, L.
Interaction of human dendritic cell receptor DEC205/CD205 with keratins. Journal of Biological
Chemistry 2024, 300, 105699.

Li, R. E.; van Vliet, S. J.; van Kooyk, Y. Using the glycan toolbox for pathogenic interventions
and glycan immunotherapy. Current Opinion in Biotechnology 2018, 51, 24-31.

Bonifaz, L.; Bonnyay, D.; Mahnke, K.; Rivera, M.; Nussenzweig, M. C.; Steinman, R. M. Efficient
Targeting of Protein Antigen to the Dendritic Cell Receptor DEC-205 in the Steady State Leads
to Antigen Presentation on Major Histocompatibility Complex Class I Products and Peripheral
CD8+ T Cell Tolerance. Journal of Experimental Medicine 2002, 196, 1627-1638.

Movahedi, K.; Schoonooghe, S.; Laoui, D.; Houbracken, I.; Waelput, W.; Breckpot, K.; Bouwens,
L.; Lahoutte, T.; De Baetselier, P.; Raes, G.; Devoogdt, N.; Van Ginderachter, J. A. Nanobody-
Based Targeting of the Macrophage Mannose Receptor for Effective In Vivo Imaging of Tumor-
Associated Macrophages. Cancer Research 2012, 72, 4165-4177.

Singh, S. K.; Streng-Ouwehand, 1.; Litjens, M.; Kalay, H.; Burgdorf, S.; Saeland, E.; Kurts, C.;
Unger, W. W.; van Kooyk, Y. Design of neo-glycoconjugates that target the mannose receptor
and enhance TLR-independent cross-presentation and Th1 polarization. European Journal of Im-
munology 2011, 41, 916-925.

Singh, S. K.; Stephani, J.; Schaefer, M.; Kalay, H.; Garcia-Vallejo, J. J.; den Haan, J.; Saeland, E.;
Sparwasser, T.; van Kooyk, Y. Targeting glycan modified OVA to murine DC-SIGN transgenic
dendritic cells enhances MHC class I and II presentation. Molecular Immunology 2009, 47, 164—
174.

Wilson, D. S.; Hirosue, S.; Raczy, M. M.; Bonilla-Ramirez, L.; Jeanbart, L.; Wang, R.; Kwissa, M.;
Franetich, J.-F.; Broggi, M. A. S.; Diaceri, G.; Quaglia-Thermes, X.; Mazier, D.; Swartz, M. A.;
Hubbell, J. A. Antigens reversibly conjugated to a polymeric glyco-adjuvant induce protective
humoral and cellular immunity. Nature Materials 2019, 18, 175-185.

Burgdorf, S.; Lukacs-Kornek, V.; Kurts, C. The Mannose Receptor Mediates Uptake of Soluble
but Not of Cell-Associated Antigen for Cross-Presentation. The Journal of Immunology 2006,
176, 6770-6776.



REFERENCES

2h

22)

(23)

24)

(25

(26)

@7
(28)

29

(30)

G

(32)

(33)

(34

Rauen, J.; Kreer, C.; Paillard, A.; van Duikeren, S.; Benckhuijsen, W. E.; Camps, M. G.; Valentijn,
A.R. P.M.; Ossendorp, F.; Drijfthout, J. W.; Arens, R.; Burgdorf, S. Enhanced Cross-Presentation
and Improved CD8+ T Cell Responses after Mannosylation of Synthetic Long Peptides in Mice.
PLoS ONE 2014, 9, ed. by Kassiotis, G., e103755.

Hogervorst, T. P.; Li, R. J. E.; Marino, L.; Bruijns, S. C. M.; Meeuwenoord, N. J.; Filippov, D. V.;
Overkleeft, H. S.; van der Marel, G. A.; van Vliet, S. J.; van Kooyk, Y.; Codée, J. D. C. C -
Mannosyl Lysine for Solid Phase Assembly of Mannosylated Peptide Conjugate Cancer Vaccines.
ACS Chemical Biology 2020, 15, 728-739.

Mclntosh, J. D.; Brimble, M. A.; Brooks, A. E. S.; Dunbar, P. R.; Kowalczyk, R.; Tomabechi, Y.;
Fairbanks, A. J. Convergent chemo-enzymatic synthesis of mannosylated glycopeptides; targeting
of putative vaccine candidates to antigen presenting cells. Chemical Science 2015, 6, 4636-4642.

Li, R.-J. E. et al. Systematic Dual Targeting of Dendritic Cell C-Type Lectin Receptor DC-SIGN
and TLR7 Using a Trifunctional Mannosylated Antigen. Frontiers in Chemistry 2019, 7, 650.

Reintjens, N. R. M.; Tondini, E.; Vis, C.; McGlinn, T.; Meeuwenoord, N. J.; Hogervorst, T. P.;
Overkleeft, H. S.; Filippov, D. V.; Marel, G. A.; Ossendorp, F.; Codée, J. D. C. Multivalent, Stabi-
lized Mannose 6 Phosphates for the Targeted Delivery of Toll Like Receptor Ligands and Peptide
Antigens. ChemBioChem 2021, 22, 434-440.

Li, R.-J. E.; Hogervorst, T. P.; Achilli, S.; Bruijns, S. C. M.; Spiekstra, S.; Vivés, C.; Thépaut, M.;
Filippov, D. V.; van der Marel, G. A.; van Vliet, S. J.; Fieschi, F.; Codée, J. D. C.; van Kooyk, Y.
Targeting of the C-Type Lectin Receptor Langerin Using Bifunctional Mannosylated Antigens.
Frontiers in Cell and Developmental Biology 2020, 8, 556.

Gonzalez-Gil, A.; Schnaar, R. L. Siglec Ligands. Cells 2021, 10, 1260.

Chang, Y.-C.; Olson, J.; Beasley, F. C.; Tung, C.; Zhang, J.; Crocker, P. R.; Varki, A.; Nizet, V.
Group B Streptococcus Engages an Inhibitory Siglec through Sialic Acid Mimicry to Blunt Innate
Immune and Inflammatory Responses In Vivo. PLOS Pathogens 2014, 10, e1003846.

Delaveris, C. S.; Chiu, S. H.; Riley, N. M.; Bertozzi, C. R. Modulation of immune cell reactivity
with cis-binding Siglec agonists. Proceedings of the National Academy of Sciences 2021, 118,
€2012408118.

Collins, B. E.; Blixt, O.; DeSieno, A. R.; Bovin, N.; Marth, J. D.; Paulson, J. C. Masking of CD22
by cis ligands does not prevent redistribution of CD22 to sites of cell contact. Proceedings of the
National Academy of Sciences 2004, 101, 6104—6109.

Karmakar, J.; Mukherjee, K.; Mandal, C. Siglecs Modulate Activities of Immune Cells Through
Positive and Negative Regulation of ROS Generation. Frontiers in Immunology 2021, 12.

Park, D. D.; Chen, J.; Kudelka, M. R.; Jia, N.; Haller, C. A.; Kosaraju, R.; Premji, A. M.; Galizzi,
M.; Nairn, A. V.; Moremen, K. W.; Cummings, R. D.; Chaikof, E. L. Resident and elicited murine
macrophages differ in expression of their glycomes and glycan-binding proteins. Cell Chemical
Biology 2021, 28, 567-582.¢4.

Bax, M.; Garcia-Vallejo, J. J.; Jang-Lee, J.; North, S. J.; Gilmartin, T. J.; Hernandez, G.; Crocker,
P. R.; Leffler, H.; Head, S. R.; Haslam, S. M.; Dell, A.; Van Kooyk, Y. Dendritic Cell Matura-
tion Results in Pronounced Changes in Glycan Expression Affecting Recognition by Siglecs and
Galectins. The Journal of Immunology 2007, 179, 8216-8224.

Wieboldt, R.; Sandholzer, M.; Carlini, E.; Lin, C.-w.; Bérsch, A.; Zingg, A.; Lardinois, D.; Herzig,
P.; Don, L.; Zippelius, A.; Laubli, H.; Mantuano, N. R. Engagement of sialylated glycans with
Siglec receptors on suppressive myeloid cells inhibits anticancer immunity via CCL2. Cellular &
Molecular Immunology 2024, 21, 495-509.

10



Chapter 1. General introduction

(33%)

(36)

(37

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Rillahan, C. D.; Paulson, J. C. Glycan Microarrays for Decoding the Glycome. Annual Review of
Biochemistry 2011, 80, 797-823.

Biill, C. et al. Probing the binding specificities of human Siglecs by cell-based glycan arrays.
Proceedings of the National Academy of Sciences 2021, 118, ¢2026102118.

Frison, N.; Taylor, M. E.; Soilleux, E.; Bousser, M.-T.; Mayer, R.; Monsigny, M.; Drickamer, K.;
Roche, A.-C. Oligolysine-based Oligosaccharide Clusters. Journal of Biological Chemistry 2003,
278,23922-23929.

Kéry, V.; Krepinsky, J. J.; Warren, C. D.; Capek, P.; Stahl, P. D. Ligand recognition by purified
human mannose receptor. Archives of Biochemistry and Biophysics 1992, 298, 49-55.

Atxabal, U.; Fernandez, A.; Moure, M. J.; Sobczak, K.; Nycholat, C.; Almeida-Marrero, V.; Oye-
narte, I.; Paulson, J. C.; de la Escosura, A.; Torres, T.; Reichardt, N. C.; Jiménez-Barbero, J.;
Erefio-Orbea, J. Quantifying Siglec-sialylated ligand interactions: a versatile 19F-T2 CPMG fil-
tered competitive NMR displacement assay. Chemical Science, 15, 10612-10624.

Taylor, M. E.; Bezouska, K.; Drickamer, K. Contribution to ligand binding by multiple
carbohydrate-recognition domains in the macrophage mannose receptor. Journal of Biological
Chemistry 1992, 267, 1719-1726.

Lee, S. J.; Evers, S.; Roeder, D.; Parlow, A. F.; Risteli, J.; Risteli, L.; Lee, Y. C.; Feizi, T.; Lan-
gen, H.; Nussenzweig, M. C. Mannose Receptor-Mediated Regulation of Serum Glycoprotein
Homeostasis. Science 2002, 295, 1898-1901.

Mitchell, D. A.; Fadden, A. J.; Drickamer, K. A Novel Mechanism of Carbohydrate Recognition
by the C-type Lectins DC-SIGN and DC-SIGNR. Journal of Biological Chemistry 2001, 276,
28939-28945.

Blixt, O.; Collins, B. E.; van den Nieuwenhof, I. M.; Crocker, P. R.; Paulson, J. C. Sialoside
specificity of the siglec family assessed using novel multivalent probes: identification of potent
inhibitors of myelin-associated glycoprotein. The Journal of Biological Chemistry 2003, 278,
31007-31019.

Bakker, T. R.; Piperi, C.; Davies, E. A.; Merwe, P. A. v. d. Comparison of CD22 binding to native
CD45 and synthetic oligosaccharide. European Journal of Immunology 2002, 32, 1924-1932.

Patel, N.; Brinkman-Van der Linden, E. C.; Altmann, S. W.; Gish, K.; Balasubramanian, S.;
Timans, J. C.; Peterson, D.; Bell, M. P.; Bazan, J. F.; Varki, A.; Kastelein, R. A. OB-BP1/Siglec-
6. a leptin- and sialic acid-binding protein of the immunoglobulin superfamily. The Journal of
Biological Chemistry 1999, 274, 22729-22738.

Sharonov, A.; Hochstrasser, R. M. Wide-field subdiffraction imaging by accumulated binding of
diffusing probes. Proceedings of the National Academy of Sciences 2006, 103, 18911-18916.

Jungmann, R.; Avendafio, M. S.; Woehrstein, J. B.; Dai, M.; Shih, W. M.; Yin, P. Multiplexed
3D cellular super-resolution imaging with DNA-PAINT and Exchange-PAINT. Nature methods
2014, 71,313-318.

Schnitzbauer, J.; Strauss, M. T.; Schlichthaerle, T.; Schueder, F.; Jungmann, R. Super-resolution
microscopy with DNA-PAINT. Nature Protocols 2017, 12, 1198-1228.

Unterauer, E. M.; Boushehri, S. S.; Jevdokimenko, K.; Masullo, L. A.; Ganji, M.; Sograte-Idrissi,
S.; Kowalewski, R.; Strauss, S.; Reinhardt, S. C.; Perovic, A. Spatial proteomics in neurons at
single-protein resolution. Cell 2024, 187, 1785-1800.

Reinhardt, S. C.; Masullo, L. A.; Baudrexel, I.; Steen, P. R.; Kowalewski, R.; Eklund, A. S.;
Strauss, S.; Unterauer, E. M.; Schlichthaerle, T.; Strauss, M. T. Angstrom-resolution fluorescence
microscopy. Nature 2023, 617, 711-716.

11



REFERENCES

(51

(52)

(53)

(54)

(5%

(56)

(57)

Masullo, L. A.; Almahayni, K.; Pachmayr, I.; Honsa, M.; Heinze, L.; Fritsche, S.; Grabmayr, H.;
Jungmann, R.; Mockl, L. Angstrom-resolution imaging of cell-surface glycans. Nature Nanotech-
nology 2025, 20, 1457-1463.

Tholen, M. M.; Riera, R.; Izquierdo-Lozano, C.; Albertazzi, L. Multiplexed Lectin-PAINT super-
resolution microscopy enables cell glycotyping. Communications biology 2025, 8, 267.

Eklund, A. S.; Ganji, M.; Gavins, G.; Seitz, O.; Jungmann, R. Peptide-PAINT Super-Resolution
Imaging Using Transient Coiled Coil Interactions. Nano Letters 2020, 20, 6732—6737.

Riera, R.; Archontakis, E.; Cremers, G.; de Greef, T.; Zijlstra, P.; Albertazzi, L. Precision and
Accuracy of Receptor Quantification on Synthetic and Biological Surfaces Using DNA-PAINT.
ACS Sensors 2023, 8, 80-93.

Riera, R.; Hogervorst, T. P.; Doelman, W.; Ni, Y.; Pujals, S.; Bolli, E.; Codée, J. D. C.; van
Kasteren, S. I.; Albertazzi, L. Single-molecule imaging of glycan—lectin interactions on cells with
Glyco-PAINT. Nature Chemical Biology 2021, 17, 1281-1288.

E. Tholen, M. M.; P. Tas, R.; Wang, Y.; Albertazzi, L. Beyond DNA: new probes for PAINT
super-resolution microscopy. Chemical Communications 2023, 59, 8332-8342.

Albertazzi, L.; Heilemann, M. When Weak Is Strong: A Plea for Low-Affinity Binders for Optical
Microscopy. Angewandte Chemie International Edition 2023, 62, ¢202303390.

12





