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4.1. Introduction

4.1 Introduction

InChapters 2 and 3, it was demonstrated that the Glyco-PAINT-APP enables quantita-
tive measurements of mannose binding by C-type lectins in the complex environment
of dendritic cells and macrophages. Kinetic parameters such as on-rates, off-rates, and
mobility of receptor–ligand complexes were established as key determinants of lectin-
dependent cellular functions such as antigen uptake and cross-presentation. These
functional outcomes are therefore best understood not simply in terms of receptor
abundance or ligand presence, but through the dynamic parameters that govern how a
receptor and its ligand interact in real time.

Having defined this kinetic framework for mannose ligands and C-type lectin re-
ceptors, we next asked how general these principles are across lectin families, es-
pecially in systems where receptor availability is known to be regulated by natu-
rally occurring, endogenous ligands. Among all lectin classes, the sialic acid-binding
immunoglobulin-type lectins (Siglecs) of the I-type family represent the most promi-
nent example where receptor accessibility is strongly shaped by cell surface glyco-
sylation. Siglecs recognize a wide variety of glycans containing terminal sialic acid
residues. Their signaling can be both pro- and anti-inflammatory through the pres-
ence of cytosolic immunoreceptor Tyrosine-based Activation and Inhibition motifs
(ITAMs and ITIMs).1–3 Macrophages represent a cell type that is rich in Siglec ex-
pression but the precise dynamics and regulation of Siglec activity on macrophages is
unknown. For example, in murine macrophages, expression of Siglec 2, 3, 4, 15, E,
G and F has been confirmed on an mRNA transcript level and was critically depen-
dent on macrophage polarization state.4 In contrast, protein level quantification for the
actual presence of these Siglecs on murine macrophages is sparse and has only been
confirmed for Siglec-1, E and F.5–7

Besides presenting Siglec-receptors, the surface of macrophages is highly deco-
rated with Siglec-ligands that can bind these receptors in cis.4,8 The potential effects
of cis-binding can be described by estimating the local concentration of sialic acid
residues on the macrophage cell surface by quantifying released sialic acid content
after sialidase treatment.9 For example, 20 µg sialic acid was detected from 1 x 108

macrophages which is 6.5 x 10−16 mol sialic acid per cell10,11, the surface area of a
macrophage is estimated12 at 380 µm2 and the thickness of a glycocalyx in culture is
estimated at 50 nm.13 This amounts to a local sialic acid concentration of 30–40 mM
at the cell surface, which exceeds SPR-based KD values for the carbohydrate binding
domains of Siglecs themselves that are in the µM to low mM range.14 Overall, this
estimate would mean that, if geometrically possible, the carbohydrate binding pockets
of these Siglecs will largely be occupied by these cis-ligands and thus be masked as
illustrated in Figure 4.1.

The phenomenon of Siglec-cis binding can in theory have several effects on cell
homeostasis that are currently challenging to study. First, it can sequester the trans-

70



Chapter 4. Quantification of Siglec unmasking on macrophages

4

sialic acid binding capacity of the receptor, thereby preventing responsiveness to ex-
ternal stimuli. Second, it can lead to cis-activation of receptor signaling. In both cases,
cis-interactions could lead to preorganization of the Siglecs on the cell surface, result-
ing in apparent multivalent lectin display which in turn can affect the avidity of the
trans-interactions. This phenomenon was initially reported for the interaction between
CD45 and Siglec-2 (CD22) both expressed on B cells.9,15 Removal (unmasking) of
cis-ligands by sialidase treatment in these studies was shown to enable trans-binding
to polymeric, fluorescent α2, 6-sialyllactose molecules whereas mock treatment com-
pletely abrogated binding of the trans-ligand. On macrophages, cis-binding was ele-
gantly demonstrated with membrane-anchored cis-ligands for Siglec-9.16 These syn-
thetic cis-ligands rely on a lipid anchor that inserts directly into the outermost part of
the plasma membrane, positioning the sialylated glycan at the cell surface in a way
that mimics the native glycocalyx. Treatment of a macrophage cell line with these
synthetic glycolipids in combination with an LPS trans-ligand, was shown to inhibit
inflammatory cytokine production back to baseline levels. An effect not achieved by
the soluble (non-anchored) ligand. These findings motivate the development of Siglec
(cis-)ligands as potential anti-inflammatory agents.

However, an important gap remains. Although both native and synthetic cis-
ligands clearly influence Siglec signaling, we still lack quantitative information about
how strongly these ligands mask Siglec receptors on the surface of intact macrophages.
Masking is a dynamic, cell-state–dependent property that determines whether a Siglec
can engage its trans-ligand, yet it cannot be inferred from transcript or protein abun-
dance, nor from ligand density alone. In macrophages this uncertainty is amplified
by their heterogeneous and not fully defined Siglec expression profile, making it diffi-
cult to attribute functional outcomes to a specific receptor. Consequently, a direct and
quantitative readout of Siglec availability is needed to understand how cis-interactions
shape Siglec responsiveness under inflammatory conditions.

To experimentally modulate the extent of Siglec masking, enzymatic and chemi-
cal methods that alter cell-surface sialylation have been developed. The most widely
used approach is enzymatic removal of terminal sialic acids using exogenous sialidases
(Sia), such as those derived from Clostridium perfringens or Vibrio cholerae, which
cleave α2, 3-, α2, 6- and α2, 8-linked sialosides.17 However, because the glycocalyx
is densely packed and heterogeneous in thickness, some sialoglycans may remain ster-
ically shielded from enzymatic access. Metabolic, small molecule, sialyltransferase
inhibitors (SI) such as 3FAx-Neu5Ac are therefore used as alternative to suppress de
novo sialylation and remodel the glycocalyx from within.18–20

In this chapter, we quantify the influence of cis-interactions on the binding be-
havior between sialoside ligands and macrophage Siglecs by perturbing sialylation
with Sia or SI. Using the Glyco-PAINT-APP optimized for primary cells and a li-
brary of fluorophore-labeled sialoside ligands, we assess how sialic acid linkage and
multivalency affects Siglec accessibility. We find that unmasking on murine M1

71



4.2. Results

desialylation

Masked Siglecs Unmasked Siglecs

Figure 4.1: Schematic illustration of Siglec unmasking. The sialic acid binding domains of Siglecs
can be occupied by cis-ligands, thereby preventing trans-ligand binding. Subsequent removal of cis-
ligands can be employed as means for regulation of Siglec signalling activity by the cell.

macrophages is most clearly detected using trivalent α2, 3-sialyllactose ligands. Be-
cause macrophages have a divergent Siglec expression profile, we cannot assign this
behavior to a specific receptor, but the observed ligand-dependent differences provide
a functional readout of Siglec accessibility on macrophages.

4.2 Results

4.2.1 Fluorophore-labeled Siglec ligands

Siglec ligands mainly encompass terminal sialic acid residues that are linked through
an α2, 6 or α2, 3 linkage with a, at least for most mammalian glycans, galactose
residue.21,22 These ligands were produced by enzymatic sialylation of a mono- or triva-
lent lactose-bicyclononyne (BCN), for which the synthesis and characterization is not
part of this thesis and will be described elsewhere. The ligands were then subjected
to reaction of the BCN strained alkyne with ATTO643-azide. This resulted in fluores-
cently labeled ligand library (Figure 4.2) consisting of α2, 3-sialyllactose (2,3-SL),
its trimer (2,3-SL)3, α2, 6-sialyllactose (2,6-SL), and its trimer (2,6-SL)3, as well as
the non-sialylated lactose control Lac.

4.2.2 Quantification of macrophage Siglec binding

Murine macrophages are known to express Siglec-1, E and F and are also rich in cell
surface sialylation of which both are dependent on macrophage polarization state.4,5
We used bone marrow-derived macrophages (BMDMs) to study this binding behavior
using theGlyco-PAINT-APP that was described inChapter 2 and recorded the binding
of 10 nM of monovalent ligands 2,3-SL, 2,6-SL and Lac for 2000 frames at 50 ms
frame rate. The relative, subcellular on-rate, off-rate and the receptor–ligand complex
diffusion coefficient were derived using standard 20 x 20 squares analysis settings.
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Figure 4.2: Mono- and trivalent ligands to study Siglec binding.
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Figure 4.3: Polarizing macrophages display unique Siglec-ligand binding profiles. (a) Scatterplots
displaying on-rate, off-rate and diffusion coefficient for each detected square. (b-d) Violinplots for quan-
titative binding parameters of monovalent sialoside ligands to M0, M1 and M2 macrophages. (e) Bright-
field images (top row) and tracking overlays (bottom row) for 2,3-SL, 2,6-SL and Lac binding to polar-
izing macrophages. Glyco-PAINT-APP analysis was performed using a 20 × 20 grid and filtered with
Density_Ratio > 2, R_Squared ≥ 0.9, and Nr_Tracks/Square > 20. Significance was assessed using
two-way ANOVA followed by a Tukey post-hoc test. Scalebars in e represent 10 µm.

We observed binding of all three ligands to polarizing macrophages (Figure 4.3e).
Surprisingly, the non-sialylated lactose ligand also showed binding with characteris-
tic parameters that were non-discernible from sialylated ligands as visualised in the
scatter- and violinplots displaying the three main binding parameters in Figure S4.1a,
c. This binding can either be attributed to non-specific interactions or galactose-
binding lectins (galectins) that are also present on macrophages.23 Unique binding
profiles for each polarization state as visualized by the scatter and violin distribution
plots, could be observed for the sialylated ligands (Figure 4.3a-d). The ligand with
2,3-SL configuration was engaging in areas on M1 macrophages with higher binding
parameters as compared to its 2,6-SL counterpart. While these results confirm bind-
ing between the fluorescently labeled trans-ligands and the polarizing macrophages,
it does not preclude that the observed binding arises through non-specific interactions.

4.2.3 Effects of desialylation on Siglec trans-ligand binding

Next, we sought to quantify the contribution of cis-ligands expressed on the same cell
to the observed trans-binding. To do so, M1 cells were subjected to two different de-
sialylation regimens as illustrated in Figure 4.4b. In the first regime, macrophages
at day 7 of differentiation and after treatment with M1 stimulus were harvested, and
whilst in suspension, treated with Sia enzyme for 30 min. Although, this treatment
is a commonly applied method for effective sialic acid removal on cancer cells to
improve immune recognition24,25, it is only very scarcely applied on immune cells
themselves.26 In the second regime, macrophages at day 4 of their differentiation tra-
jectory were treated with sialyltransferase inhibitor (SI) 3FAx-Neu5Ac (Figure 4.4a)
for 3 days. This molecule, which has not been tested on differentiating immune cells
before, completely shuts down the cellular synthesis of sialylated epitopes and thereby
remodels the glycocalyx from within.

The effect of desialylation using both methods (SI or Sia) was first assessed by
staining of M1 macrophages using fluorescently labeled plant lectins that bind to spe-
cific glycan epitopes. Peanut Agglutinin (PNA) specifically binds to exposed Galβ1–
3GalNAc and Sambucus Nigra Agglutinin (SNA) was used to quantify residual sia-
lylated, Neu5Acα2–6Gal/GalNAc, epitopes (Figure 4.4c, d). PNA staining of M1
macrophages was found to be more effectively enhanced by Sia treatment than by SI
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Figure 4.4: Macrophage desialylation using SI or Sia treatment. (a) Structure of sialyltransferase
inhibitor 3FAx-Neu5Ac (b) Schematic illustration of macrophage differentiation, polarization and desia-
lylation to investigate Sigleccis-binding. (c, d) Quantification of cell surface sialic acid expression using
plant lectins recognizing unmasked sialoglycans (PNA) or sialic acid residues (SNA) via flow cytometry.
Bar graphs represent normalized MFI signals for 3 biological replicates and histograms show represen-
tative flow cytometric output. Significance in b-d was assessed using two-way ANOVA followed by a
Tukey post-hoc test.

in contrast to the reported effects on cancer cell lines.18,27 SNA signal was largely un-
affected for both treatments, suggesting either incomplete removal of sialic acids, or
that cross-reactive lectin binding on macrophages obfuscated the effects of sialic acid
removal. Further staining data using the α2, 3-sialoside-specific Maackia Amurensis
Lectin (MALII) and human Siglec-9 and 10 Fc-constructs did show a trend towards
reduction in binding upon both Sia and SI treatment although significance could not
be determined (Figure S4.2a, b).

We next attempted to quantify the effects of cell surface desialylation on the trans-
binding kinetics using Glyco-PAINT-APP. It was found that desialylation by SI treat-
ment only increased the 2,3-SL on-rate, off-rate and diffusion coefficient as compared
to non-treated cells but not for 2,6-SL. The Sia treatment, in contrast, did not show a
uniform increase of these parameters (Figure 4.5a–c, g). For the trivalent (2,3-SL)3
cluster the effect of SI desialylation was even more prominent than its monovalent
counterpart (Figure 4.5d–f, g) whereas data for Sia treatment of the trivalent clusters
binding to M1 macrophages could not be obtained. Of note is that the amount of de-
tected baseline binding events of (2,3-SL)3 to M1 macrophages was extremely low,
only 56 squares over 9 recordings passed selection criteria and are thus visualized in
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Figure 4.5: Enhanced trans-binding of macrophages after removal of cis-ligands. (a–c) Effect of
SI or Sia treatment on M1 macrophage binding to monovalent sialyllactose ligands. (d–f) Effect of SI
treatment on M1 macrophage binding to trivalent ligands. (g) Scatterplot display of identical data as
in a–f indicating enhanced trans-ligand binding after SI treatment. n or sqrs, indicates the number of
squares from which the data were obtained and recs indicates the number of recordings. Significance
across probes was assessed using two-way ANOVA followed by a Tukey post-hoc test. Glyco-PAINT-
APP analysis was performed using a 20×20 grid and filtered with Density_Ratio> 2, R_Squared≥ 0.9,
and Nr_Tracks/Square > 20.
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the plot. Taken together, these data indicate that single-molecule binding of trans-
ligands by macrophage Siglecs is enhanced upon removal of cell surface sialic acids
by metabolic inhibitor treatment.

4.3 Discussion and conclusion

Siglec unmasking has been proposed as a key regulatory mechanism that shifts Siglec
receptors between cis-bound, signalling-inhibitory states and trans-ligand accessible
states. While this concept is supported by biochemical and flow cytometric measure-
ments, direct observation of cis- versus trans-binding at the level of individual binding
events on native primary immune cells has remained technically challenging. Here, we
present the first single-molecule quantification of Siglec–glycan interactions on live
primary macrophages using the Glyco-PAINT-APP. By employing synthetic fluores-
cent sialyllactose ligands of defined linkage and valency, we were able to visualize
and quantify binding events that reflect the accessibility of Siglec receptors for trans-
ligands in the context of the endogenous macrophage glycocalyx.

We focused specifically onM1-polarizedmacrophages due to their upregulation of
Siglec-E, an inhibitory Siglec previously implicated in restricting TLR4-driven inflam-
matory cytokine production.5 Consistent with this hypothesis, removal of cell-surface
sialylation using either acute sialidase treatment or metabolic inhibition of sialyltrans-
ferase activity (SI treatment) enhanced binding of both mono- and trivalent 2,3-SL
ligands to M1 macrophages. From these treatments, metabolic suppression of sialy-
lation showed a larger effect on reducing cis-occupancy of receptors than enzymatic
desialylation. This difference may be explained by regions of the glycocalyx that
are sterically protected from Sia access in contrast to SI. While the two desialylation
strategies differed in their effectiveness as determined by lectin staining in contrast to
malignant cancer cells19,26–28, it must be emphasized that there is only limited infor-
mation about the precise binding specificities of these plant lectins towards cells with
a, likely, more healthy glycosylation machinery and thus glycocalyx such as the M1
macrophages in this study. To fully determine the extent of sialic acid removal by the
two methods, more comprehensive mammalian lectin panels or glycan LC-MS/MS
studies will be required.

An important limitation of the current work is that while Siglec-E is a strong can-
didate for the observed binding profiles, the identity of the specific receptor(s) cannot
be conclusively determined. Multiple lectins, including galactose-binding lectins and
other Siglecs with overlapping glycan preferences, may contribute to the observed
binding events. Definitive assignment will require further studies into absolute Siglec
expression levels using quantitative proteomics or transcriptomics. Subsequently, ge-
netic knockouts, blocking antibodies, or engineered overexpression of single Siglec
variants in cell lines that lack endogenous expression could aid the assignment of
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definitive binding partners.
Taken together, our results represent a first step toward the direct single-molecule

visualization of Siglec unmasking in a native immune cell context. By quantifying
how the macrophage glycome modulates access to Siglec trans-ligands, this work pro-
vides a foundation for linking glycan remodeling to inhibitory receptor function dur-
ing macrophage activation. Future studies that combine Glyco-PAINT with genetic
or biochemical perturbation of specific Siglecs, as well as functional studies using
endogenous or high-affinity Siglec-ligands29,30, will enable mechanistic dissection of
how Siglecs tune inflammatory responses in macrophages at the level of individual
receptor–ligand interactions.

4.4 Methods
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University Medical Center (LUMC) in Leiden, The Netherlands for experimental sup-
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ity (ARF) at the Leiden University Faculty of Science for mouse breeding and colony
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cation.

Ethical Statement All animal experiments received approval from the Dutch
Central Authority for Scientific Procedures on Animals (CCD) on license number
AVD1060020198832 and were conducted in accordance with the European Union Di-
rective 2010/63/EU, recommendation 2007/526/EC.

Mice Male C57Bl/6J mice were purchased from Charles River. The animals were
provided with water and food ad libitum under a 12:12 day/night cycle. Mice rang-
ing from 8 to 15 weeks old were euthanized by cervical dislocation before harvest of
lymphoid organs and/or thigh bones, femur, and tibia.

4.4.1 Cell culture

Bone Marrow-Derived Macrophages (BMDM) Bone marrow (BM) was isolated
from femurs, tibias, and thigh bones via centrifugation (1900 rcf, 4.5 min) of scissor-
cut bones that were placed in a 1.5 mL tube. The resulting pellet was subjected to
red blood cell (RBC) lysis by resuspending in 0.5 mL of ACK lysing buffer (Gibco,
A1049201). After 3 min incubation at rt, the suspension was filtered over a 70 µm
filter (Falcon, 352350), rinsed with 5 mL PBS and washed once with PBS by 5 min
centrifugation at 300 rcf at rt. Thus obtained BM was cryopreserved in 10% DMSO
in FCS according to standard methods31 or directly resuspended at 0.8×106 cells/mL
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in 6-well uncoated culture dishes (Thermo Fisher, 150239) in complete RPMI-1640
(Capricorn, RPMI-A) supplemented with 10% heat-inactivated fetal calf serum (FCS,
Gibco, A5670701), penicillin (100 I.U./mL) and streptomycin (50 µg/mL) (Gibco,
15140148), 2 mM GlutaMAX (Gibco, 35050061), 50 µM 2-mercaptoethanol (Gibco,
31350010) and 20 ng/mL M-CSF (Biolegend, 576404) and cultured in a humidified
incubator at 37 °C and 5% CO2. On day 2, 5 mL fresh medium was added and on day
4 medium was aspirated and replenished with 15 mL fresh medium. Cells were used
for experiments on day 7 or 8.

4.4.2 Statistical analysis and sample size

Statistical analyses were conducted to compare glycan ligand binding kinetics across
probes using the Glyco-PAINT square-based subsampling technology. Subsampling
subcellular regions (squares) within fields of view increased the number of indepen-
dent data points, enhancing statistical power compared to treating entire fields of view
or cells as single units. For all Glyco-PAINT experiments at least 3 biological repli-
cates (independent experiments with fresh mouse material) with 3 technical replicates
(fields of view per condition) were recorded. For flow cytometry assays at least 3
biological replicates with 2 technical replicates per condition were conducted, unless
otherwise indicated. A two-wayANOVAwas used to assess differences among probes
with respect to kinetic parameters derived from Glyco-PAINT experiments and flow
cytometric assays, followed by Tukey’s Honest Significant Difference (HSD) test for
post-hoc comparisons to control Type I error. Significance is reported as: p ≥ 0.05 (not
significant, ns); p < 0.05 (*); p < 0.01 (**); p < 0.001 (***); and p < 0.0001 (****).

4.4.3 Functional Assays

Fluorescent glycan probes Glycan and glycan SLP probes were stored as
lyophilized powders at -20 °C. Upon thawing, vials were reconstituted in DMSO and
concentration was determined by measurement of absorbance using Nanodrop appara-
tus with extinction coefficients and eATTO643 = 150.000 M-1cm-1 at 665 nm. Small
aliquots were stored at -20 °C until use.

BMDM polarization At day 6 cells were polarized by addition of the following
cytokines to their media: 20 ng/mL IFN-y (Peprotech, 315-05-100UG) + 100 ng/mL
LPS-EB (Invivogen, tlrl-eblps) for M1 or 20 ng/mL IL-4 (Peprotech, 214-14-20UG)
for M2 for 16 h.

Desialylation using Sia On day 7 of the differentiation scheme, cells were first
washed once with PBS, then incubated with PBS containing 2 mM EDTA at 37 ◦C
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for 5 min to release cells, followed by gentle trituration and resuspension in com-
plete medium. For enzymatic desialylation, cells were washed once with pre-warmed
PBS and resuspended at 1 × 106 cells per mL in serum-free RPMI. Clostridium per-
fringens neuraminidase (Roche, 11585886001) was added to a final concentration of
500 mU/mL. Cells were incubated for 1 h at 37◦C with gentle agitation every 5–10
min. After incubation, cells were washed twice with serum-containing medium and
kept on ice for immediate downstream use. Parallel mock-treated control samples
were processed in the same manner without the addition of sialidase.

Desialylation using SI For metabolic inhibition of sialylation, cells were cultured
for 3 days (starting on day 4 of differentiation scheme) in complete medium supple-
mented with 200 µM 3FAx-Neu5Ac (MedChemExpress, HY-129746, stock at 50 mM
DMSO). Following treatment, cells were washed twice with PBS and used immedi-
ately for imaging or flow cytometry. Control cultures received an equivalent final
concentration of DMSO without inhibitor.

Lectin and Siglec-Fc Staining Following desialylation or control treatment, 0.1−
0.5 × 106 harvested cells were resuspended in PBS containing 0.1% BSA, seeded in
a 96 well v-bottom plate and stained on ice for 30 min. PNA-FITC (Vector Labs, FL-
1071-10) was used at 5 µg/mL, SNA-FITC (Vector Labs, FL-1301-2) at 2 µg/mL, and
MAL-II-biotin (Vector Labs, B-1265-1) at 2 µg/mL followed by streptavidin-BV650
(BioLegend, 405231, 1:500). Siglec-9-Fc (R&D Systems, 1139-SL-050) and Siglec-
10-Fc (R&D Systems, 2130-SL-050) were pre-complexed prior to staining by mix-
ing each fusion protein with anti-human Fc-AF647 secondary antibody (Jackson Im-
munoResearch) at a 1:2 molar ratio in PBS + 0.1% BSA and incubating for 15 min at
room temperature before addition to the cells. After staining, cells were washed twice
with cold PBS + 0.1% BSA and analyzed immediately on Sony ID7000 spectral flow
cytometer.

4.4.4 Imaging and analysis

Glyco-PAINT optical setup Single-molecule imaging was performed on a Nikon
Ti2 N-STORM system equipped with a TIRF module, Z piezo element, perfect fo-
cus system for axial drift correction and an OkoLab incubator with temperature and
CO2 controller (37 °C and 5% CO2) for live-cell imaging. Recordings were acquired
using the 647 nm excitation laser (160 mW, 1.9 kW/cm2). Upon laser excitation, flu-
orescence was collected by a 100x 1.49 NA oil-immersion objective, passed through
a quad-band dichroic mirror (97335 Nikon), and detected by a Hamamatsu ORCA
Flash 4.0 CMOS camera with 160 nm pixel size. The signal was collected using the
following settings: 512x512 pixel region, no binning, pixel depth 16-bit, exposure
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time 50 ms, live-cell observation and 2D-STORM (lens out), zoom 1x, lens x0.4, and
for live-cell observation at 37 °C the correction collar was set to position 8160.

Acquisition of Glyco-PAINT recordings 1 × 105 BMDM were seeded in 8-well
glass-bottomed microscopy slides (Ibidi, 80827) in complete medium. After equilibra-
tion in the microscope incubator, fluorescent glycan was added at 10 nM for BMDM
experiments. Then, cells were brought into focus using brightfield illumination and
2,000 frames (at 50 ms intervals) were recorded within a single field-of-view at 40–
60% of maximum 647 nm laser power using TIRF illumination.

Glyco-PAINT-APP analysis of recordings For the TrackMate processing, a batch
file (Experiment Info.csv) containing the experiment metadata and tracking parame-
ters was created. Threshold value was set at 20 by standard unless more than 1,500,000
spots were detected. Recordings were then processed in TrackMate using the ‘Run
TrackMate Batch‘ plugin provided by the Glyco-PAINT-APP. Spot detection and track-
ing by TrackMate was performed as indicated in the batch file using the Simple LAP
tracker algorithm with a maximum frame gap of 3, a max linking distance of 0.6 μm
and a gap closing max distance of 1.2 μm. Tracks with only two spots were discarded.
For the parameter sensitivity analysis, each tracking or spot detection was varied as
indicated whilst the others were kept at the aforementioned values (basis scenario).

With the Glyco-PAINT-APP utility ‘Generate Squares‘, a grid of squares was over-
laid and kinetic properties for each square were calculated. Default parameters for grid
processing are (deviations are mentioned in figure captions): Nr of Squares in row 20,
Minimum Tracks to Calculate Tau 20, Min allowable R Squared 0.1, Min Required
Density Ratio 2, Maximum Allowable Variability 10 and Neighbour Mode Free. For
every recording, a background track count was calculated by averaging the track count
of the 40 (10% of the total number of squares) least dense squares. Only squares for
which the track count exceeded the Min Required Density Ratio of 2 were considered.
For each square, the variability was calculated and only squares for which the vari-
ability was less than the Maximum Allowable Variability of 10 were considered. For
squares meeting both the Minimum Required Density Ratio and Maximum Allowable
Variability criteria, and containing at least the Minimum Tracks to Calculate Tau, ki-
netic parameters including kon, koff and MSD were calculated as in Riera et al.32, or
copied from the TrackMate Tracks table output (for velocity, displacement, and track
duration). Summary files were created using the ‘Compile Project‘ utility, creating an
‘All Recordings.csv‘ file, an ‘All Squares.csv‘ file, and an ‘All Tracks.csv‘ file. Statis-
tical analysis and plotting using these merged files was performed using the ggplot2
package in R.33,34
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4.4.5 Chemistry Methods

Mono- and trivalent sialyllactose and lactose BCN-conjugated ligands were chemo-
enzymatically synthesized and characterized by Bart Straten (Utrecht University). For
fluorophore conjugation, glycans were dissolved in DMSO at 10 mM and after addi-
tion of 0.8 equivalent of ATTO643-azide (Atto-tec GMBH) from a stock concentration
of 10 mM in DMSO incubated in a thermoshaker at 37 °C and 300 rpm. Periodically, a
0.5 µL sample was diluted into 39.5 µL of 1:1:1 H2O:MeCN:tBuOH and analyzed by
LC-MS to evaluate reaction progression. The reaction mixture was characterized us-
ing electrospray ionization mass spectrometry (ESI-MS) on a Thermo Finnigan LCQ
Advantage Max LC-MS instrument with a Surveyor PDA plus UV detector on an an-
alytical C18 column (Phenomenex, 3 μm, 110 Å, 50 mm × 4.6 mm) in combination
with buffers A (H2O), B (MeCN), and C (1% aq. TFA). Quality of crude mixtures was
evaluated with a linear gradient of 10-50% B with a constant 10% C over 10 minutes.
After full conversion as indicated by LC-MS analysis, the reaction mixture was sub-
jected to size exclusion chromatography over Toyopearl HW-40 size exclusion resin
using 150 mMNH4OAc or 150 mMNH4HCO3 (containing 20%MeCN) as the buffer.
Fractions showing absorbance above 610 nm were combined and lyophilized.
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4.5 Supplementary Figures

Figure S4.1: Lactose ligand shows equivalent binding toM1macrophages as sialylactose ligands (a)
Scatterplots displaying on-rate, off-rate and mean diffusion coefficient per selected square. (b) Identical
data as in a displayed per individual parameter. Significance across probes was assessed using two-way
ANOVA followed by a Tukey post-hoc test. Glyco-PAINT-APP analysis was performed using a 20×20
grid and filtered with Density_Ratio > 2, R_Squared ≥ 0.9, and Nr_Tracks/Square > 20.
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Figure S4.2: Additional quantification ofmacrophage desialylation (a)M1macrophages treated with
either SI or Sia were incubated with MAL-II, Siglec 9-Fc or Siglec 10-Fc followed by either streptavidin
or anti-Fc antibodies and staining was quantified using flow cytometry (b) Histograms belonging to a.
Data represent a single biological replicate.
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