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GlycoAvatars: bead-coated membrane
models for studying the cancer-immune
cells interactome
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Andreia Miranda 1,2, Marta Relvas-Santos1,2, Camila Lourenço1,2, Eduardo Ferreira1,2,
Diogo M. Cunha 3,4,5, Carlos Palmeira1,6,7, Lúcio Lara Santos1,2,6,8, Pieta K. Mattila 3,4,5 &
José Alexandre Ferreira 1,2,9

Immature protein O-glycosylation, characterized by the Tn antigen expression rather than complex
glycans, is prevalent in advanced solid tumors and promotes immune evasion. We developed
GlycoAvatars, magnetic beads coated with plasma-membrane glycoproteins from glycoengineered
cancer cells reflecting these alterations, to identify cancer-immune cell interactomes. We uncovered
numerous membrane and intracellular proteins involved in glycan-mediated immune signaling,
providing a novel high-throughput strategy for identifying potential relevant molecular nodes
foreseeing therapeutic targets.

The ability of tumors to progress and evade immune surveillance is fre-
quently mediated by aberrant protein glycosylation characterized by gly-
cosites carrying a single GalNAc residue (Tn antigen). These alterations
enable tumor cells to exploit immune checkpoints, disrupt antigen pre-
sentation, and reprogramantigen-presenting cells towardsmore tolerogenic
and immunosuppressive phenotypes1. However, the immune cell receptors
and downstream signaling events driving immune suppression remain
poorly understood, limiting insights into cancer-immune crosstalk and the
development of novel immune checkpoint strategies. Here, we introduce
GlycoAvatars, a platform that enables proteomic interrogation of immune
contact interfaces formed in response to cancer-associated immature gly-
cosylation. This approach allows the identification of candidate receptors,
co-recruited signalingpartners and interactionnetworks involved inglycan-
dependent immunemodulation, with implications for immune checkpoint
biology and therapeutic targeting.

Results
To investigate glycan-mediated interactions, we developed GlycoAvatars, a
platformemployingmagnetic beads coatedwith plasmamembrane-derived
glycoproteins isolated from glycoengineered cancer cells with immature
glycosylation (Fig. 1a). Plasma membrane proteins were obtained from
cancer cells by differential ultracentrifugation and enriched for Tn-bearing

glycoproteins by VVA lectin pulldown (Supplementary Figs. 1 and 2a). To
ensure that subsequent interactions were driven predominantly by O-gly-
cans, membrane fractions were first treated with PNGase F to remove N-
glycans. EfficientN-deglycosylation was confirmed by almost complete loss
of Con A reactivity (Supplementary Fig. 2b). The resulting VVA-bound
proteins were used to coat magnetic beads, generating the GlycoAvatars to
interrogate the immune cells' interactome. This approach preserves native
receptor conformation and co-receptor associations. GlycoAvatars were
generated fromC1GALT1 knockout (KO)AGS (gastric cancer) and SW480
(colorectal cancer) cells, exhibiting homogenous Tn antigen expression in
contrast to the extended glycosylation found in wild-type (WT) cells
(Fig. 1b–d). SinceWT do not express the Tn antigen and yield only residual
protein recovery after VVA pulldown (Supplementary Fig. 2a), whole
membrane extracts were elected as controls for bead coating. Nevertheless,
WT-derived GlycoAvatars provide a reference condition with fully exten-
ded O-glycans2,3, enabling direct comparison with the Tn-GlycoAvatars.
Notably, proteomics analysis of the fractions used for GlycoAvatar gen-
eration revealed a substantial overlap between WT and KO preparations
and a largely conserved membrane proteome (Supplementary Fig. 3 and
Supplementary Data 1). Moreover, Gene Ontology (GO) profiling showed
that the protein extracts were enriched in extracellular components
(membrane or secreted), as supported by quantitative intensity analysis
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(Supplementary Fig. 4a, b and Supplementary Data 1). Importantly, com-
parative proteomic profiling revealed that AGS- and SW480-derived Gly-
coAvatars display markedly distinct membrane compositions in both WT
and Tn⁺ conditions, reflecting relevant cell line specific proteomic contexts
(Supplementary Fig. 5a). Also, AGS-derived membranes were pre-
dominantly enriched in pathways related to immune defense, ligand

scavenging and adhesion-associated cell death (Supplementary Fig. 5b). On
the other hand, SW480-derived membranes preferentially associated with
heme handling, metabolic and cellular stress responses, and cytoskeletal
signaling (Supplementary Fig. 5c). Together, these data show thatAGS- and
SW480-derived GlycoAvatars retain distinct membrane contexts despite
homogeneous immature glycosylation. Accordingly, the platform captures
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glycan-dependent interactions involving Tn-bearing membrane glycopro-
teins across different tumor backgrounds, rather than the isolated Tn
epitope.

GlycoAvatars were then exposed to immune cells (immature and
mature dendritic cells -iDCs, mDCs and immature macrophages - iMACs)
(Fig. 1e). Bright-field imaging confirmed the formation of structured bead-
immune cell contact interfaces (Supplementary Fig. 6). Following incuba-
tion with immune cells, bound proteins were recovered by magnetic pull-
down and identified by nanoLC-MS/MS4. Employing thismethodology, we
identified 416 proteins significantly enriched or exclusively expressed on the
pull-downs from the GlycoAvatars of AGS and SW480 C1GALT1 KO cells
interacting with iDCs compared to GlycoAvatars with extended glycosy-
lation (Fig. 1f, g and Supplementary Data 2). Notably, protein abundance
was estimated by MS intensity-based label-free quantification. Differential
enrichment was assessed usingmoderated t-tests with FDR correction after
subtraction of bead-only and coated-protein background signals. Only
proteins showing robust interaction-dependent enrichment (log₂ fold-
change >2; adjusted p < 0.05) and consistent detection across biological
replicates were retained for downstream analyses. Approximately 60%were
predicted to be plasma membrane-associated. Known Tn-binding lectins,
such as CLEC10A (CD301 orMGL) and CLEC4A (DCIR), were identified,
validating the approach5. In addition to these established Tn-recognizing
receptors, the revised interactomes consistently revealed the co-recruitment
of proteins with documented roles in membrane organization, cytoskeletal
dynamics and immune synapse formation. In iDCs, these include SNX56,
STAB1 (Stabilin-1)7, ICAM1 (CD54)8, ITGAX (CD11c)9, MARK2 (PAR-
1b/EMK)10,11 andRFTN1 (Raftlin)12, as well asGPNMB1013, consistent with
the assembly of a structured synapse-like contact interface (Fig. 1f, g and
Supplementary Data 3). We also observed additional immune lectins,
includingMLEC14 andGAL1015. To our knowledge, these proteins have not
been previously implicated in Tn-driven immune synapses. STRING net-
work analysis revealedboth shared and cell line-specific interaction patterns
(Fig. 1h, i), reflecting differences in the underlying membrane proteomes.
The identification of STRING connectivity between membrane and intra-
cellular components (Fig. 1h, i) supports the presence of an interface-
associated signaling network. Despite these differences, pathway analysis
revealed significant enrichment for biological processes related to receptor
activationandantigenuptake, includingphagocytosis, Fc-receptor signaling
and receptor-mediated endocytosis (Fig. 1j), consistent with coordinated
immune engagement. Together, these data indicate that GlycoAvatars
capture immune contact interfaces composed of Tn-binding lectins and co-
recruited membrane-associated and intracellular proteins. Across tumor
models, a subset of interaction features and pathways is shared, consistent
with common Tn-driven immune engagement mechanisms. In parallel,
distinct interaction architectures reveal cell line-specific responses shaped
by the underlying tumor membrane proteome.

We expanded our approach to compare the interactomes of iDCs
with mDCs and iMACs, further demonstrating the technique’s feasibility
and applicability. We started by identifying proteins preferentially enri-
ched in iDCs relative tomDCs. The objective was to capture interactomes
specific to the immatureDC state, where antigen recognition and immune

tolerance are primarily established (Fig. 2a and Supplementary Fig. 7).
Analysis of iDC-enriched proteins revealed minimal overlap between
AGS- and SW480-derived GlycoAvatars, with CLEC10A as the only
shared protein (Supplementary Fig. 7a). Focused quantitative plots fur-
ther illustrated thatCLEC10Awas enriched in conjugates formedwithTn⁺
GlycoAvatars, with stronger enrichment in iDCs than in mDCs (Sup-
plementary Fig. 7b and Supplementary Data 3). Nevertheless, most
enriched proteins were cell-line-specific, supporting a context-dependent
engagement of immature DCs. Pathway enrichment analysis further
showed that, despite distinct protein-level interactomes, both models
converged on immune recognition and uptake processes, including
C-type lectin signaling, phagocytosis and endocytic pathways (Supple-
mentary Fig. 7c). Nevertheless, AGS-derived GlycoAvatars engage iDCs
through interaction programmes dominated by active phagocytic uptake
reminiscent of pathogen handling, whereas SW480-derivedGlycoAvatars
engage iDCs through more regulated endocytic sampling and membrane
trafficking pathways. Thus, despite a common Tn-rich glyco-state, the
resulting immune interactomes remain strongly shaped by cancer cell-
specific membrane proteomes. Collectively, the cancer cell proteome
context determines how iDCs decode and process identical truncated
O-glycan signals. We then focused on proteins selectively enriched in
mature DCs to delineate interaction programmes that emerge upon
maturation (Fig. 2a andSupplementaryData 3). In this context, CLEC10A
andCLEC4A showed reduced enrichment inmDCs, consistent withwell-
described downregulation during DC maturation. Across both tumor
models, mDC interactomeswere enriched for pathways linked to negative
regulation of type I interferon signaling, suggesting immune suppression
cues mediated by the Tn antigen. Cell-type-specific differences were also
observed: AGS cells showed enrichment in IL-10 production and Type-1
helper responses, while SW480 cells showed enrichment in B-cell differ-
entiation pathways (Fig. 2b). Common proteins consistently mediating
key immune processes related to tumor dynamics included ICAM1/CD54
(cell adhesion and immune activation) and TFRC/CD71 (antigen capture
and metabolism), were identified across both cell types (Fig. 2c)16–18.
Quantitative plots further illustrated that ICAM1 and TFRC were enri-
ched in both iDC and mDC conjugates formed with Tn⁺ GlycoAvatars
from both cell lines, with stronger enrichment in mDCs than in iDCs
(Supplementary Fig. 8 and Supplementary Data 3). In iMACs interacting
with GlycoAvatars-Tn+ , we identified 106 proteins (Fig. 2d and Sup-
plementary Data 4), with some membrane proteins being common to
iDCs (Fig. 2e), highlighting their role in Tn antigen recognition and APC
modulation. Key iMAC-enriched proteins included RHOC, CFL1,
MARK2, GPNMB and PSTPIP2 (Supplementary Fig. 9 and Supple-
mentary Data 5), involved in cytoskeletal rearrangement, antigen uptake,
inflammatory response modulation, and M1/M2 polarization19,20 (Fig. 2f,
g). Notably, while iDC interactomes were dominated by recognition- and
uptake-associated programmes consistent with antigen sampling and
tolerogenic priming (Fig. 1h, i). On the other hand, iMACs preferentially
assembled cytoskeleton and polarization-linked networks (Fig. 2f),
highlighting APCs’ specific decoding of identical tumor glyco-interfaces.
Together, these observations underscore the context-dependent nature of

Fig. 1 | Roadmap for identifying glycoprotein-mediated contact interfaces
between immune cells and engineered GlycoAvatars. A Workflow overview.
Plasmamembrane proteins from glycoengineered cancer cell lines (AGS and SW480
C1GALT1KO) reflecting a cancer-associatedO-glycomewereN-deglycosylated and
enriched using VVA lectin affinity chromatography to isolate Tn-enriched glyco-
proteins. These proteins were immobilized onmagnetic beads to formGlycoAvatars
and validated by flow cytometry. GlycoAvatars were incubated with DCs or MACs.
Unbound cells were removed by washing. Associated protein complexes were
recovered, digested, analyzed bymass spectrometry, and subjected to bioinformatics
for protein identification and pathway analysis. Panel A created with BioR-
ender.com. B Glycoengineered cancer cell lines. AGS and SW480 C1GALT1 KOs
served as cancer-associated Tn antigen sources. C Tn-glycoprotein enrichment.
Plasma membrane proteins were enriched using VVA lectin to isolate Tn-bearing

glycoproteins. D GlycoAvatars development. Successful glycoprotein coating and
Tn antigen presence on GlycoAvatars were confirmed via flow cytometry.
E Structured contact interface formation. Interaction between DCs or MACs and
GlycoAvatars was validated using bright-field microscopy. F Identification of con-
tact interface-enriched proteins. Volcano plots revealed significantly interface-
enriched proteins, including CLEC10A, detected exclusively in KO-GlycoAvatars
across donors (n = 3). G Protein distribution. A Venn diagram shows proteins
enriched in GlycoAvatar-iDC interactions. H Functional enrichment. Enriched
pathways and networks of DC-specific proteins interacting with KO-GlycoAvatars
are shown for AGS (I) and SW480 (J) models. Protein abundance was estimated by
MS-intensity-based label-free quantification. Only proteins fulfilling log₂FC > 2,
adjusted p < 0.05 and detected in three biological replicates after subtraction of bead-
only and coated-bead backgrounds were included.
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glycan-driven immune engagement and the capacity of the GlycoAvatars
platform to resolve APCs’ specific interactomes.

Discussion
GlycoAvatars represent a discovery-oriented platform designed to preserve
aspects of native receptor conformation and co-receptor association,

offering a more context-preserving model for dissecting the complex
interplay between cancer glycosylation and the immune system. Its versa-
tility enables the incorporation of diverse glycans and glycoproteoforms,
supporting systematic mapping of glycan-mediated interactomes across
distinct immune cell states.Thekey conceptual advance ofGlycoAvatars lies
in enabling proteomic isolation of immune contact interfaces formed in
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response to altered glycosylation, thereby supporting the identification of
candidate glycan-dependent interaction networks. Compared with glycan
or glycopeptide microarray21,22 and synthetic glycodendrimers23,24, which
assess binding to isolated motifs, GlycoAvatars display the complete engi-
neered tumor glycoproteome in a defined glyco-state. This configuration
preserves a broader membrane-associated context, including protein scaf-
fold diversity and aspects of membrane topology and co-receptor organi-
zation. As such, GlycoAvatars capture glycan-dependent interactions
involving Tn-bearing membrane glycoproteins in a broader membrane
context, not the isolated Tn epitope. In contrast to ligand-based receptor
capture25,26 or bioorthogonal click-chemistry approaches27,28, this platform
does not rely on a single soluble ligand or metabolic labeling. Importantly,
GlycoAvatars complement existing methods, including receptor-centric
proximity labeling strategies (e.g. BioID29, APEX30, EMARS31), by enabling
direct proteomic interrogation of the immune-membrane interface. This
allows the capture of candidate molecular assemblies formed through
glycan-dependent recognition, without requiring genetic modification of
immunecells.Moreover, unlikewhole cell co-culture systems,GlycoAvatars
decouple ligand presentation from cell-intrinsic variables, enabling focused
proteomic analysis of the immune membrane-GlycoAvatar interface.
Importantly,GlycoAvatars alsohave relevant limitations.Theplatformdoes
not discriminate direct glycan-binding receptors from co-recruited mem-
brane partners or proximal signaling components, and it does not by itself
provide a direct functional readout of immune activation. Accordingly, the
resulting interactomes should be interpreted as candidate molecular
assemblies rather than definitive evidence of direct glycan-receptor
engagement. By identifying membrane and intracellular proteins engaged
in glycan-dependent contacts, GlycoAvatars provide a hypothesis-
generating framework to prioritize candidate interactions for downstream
mechanistic and translational investigation. Notably, the isolated
membrane-immune cell interactomes encompass both primary glycan-
binding receptors and co-recruited signaling assemblies. This paves the way
for a more physiologically grounded, systems-level view of glycan-
dependent interfaces, potentially aligned with immune synapse-associated
architectures. Although this approach does not yet assign definitive func-
tional roles to individual glycoproteins, it establishes a rational framework
for targeted perturbation and receptor-level validation. In summary, within
these boundaries, GlycoAvatars offer a useful discovery platform for
uncovering candidate glycan-dependent immune interactions that can be
explored by orthogonal functional and mechanistic approaches.

Methods
C1GALT1 knockout models
C1GALT1knockout (KO)cell linesderived fromAGSandSW480cellswere
generated using aCRISPR-Cas9–based approach as previously described by
Freitas et al.32 and Soares et al.2. Briefly, cells were transfected with Cas9 and
guide RNAs targeting the exon (GTAAAGCAGGGCTACATGAG) of
C1GALT1. Clonal populationswere obtained by limiting dilution. Genomic

editing was verified by Sanger sequencing of the targeted locus. Functional
knockout of C1GALT1 was confirmed by enhanced Vicia villosa (VVA)
lectin (Vector Laboratories) binding and loss of core-1 elongation, as
assessed by the Peanut agglutinin (PNA) lectin (Vector Laboratories) before
and after sialidase treatment.

Plasma-membranes isolation
Plasma membrane proteins were isolated by differential centrifugation.
Cells were scraped from T300 flasks in hypotonic lysis buffer (20mM
HEPES, pH 7.4, 10mM KCl, 2mM MgCl2, 1mM EDTA, 1mM EGTA,
supplemented with protease and phosphatase inhibitors) and incubated on
ice for 15min. Cells were then mechanically disrupted by repeated passage
through a 27-gauge needle. The homogenate was centrifuged at 720 × g for
5min at 4 °C to remove nuclei and unbroken cells. The resulting super-
natant was further centrifuged at 10,000 x g for 5min at 4 °C to pellet
mitochondria and other large organelles. The clarified supernatant was
subsequently subjected to ultracentrifugation at 100,000 × g for 60min at
4 °C to isolate membrane fractions. The membrane pellet was resuspended
in 1mL of lysis buffer, passed ten times through a 25-gauge needle, and
centrifuged again at 100,000 × g for 45min at 4 °C. The final pellet was
resuspended in 20mM Tris-buffered saline (TBS) containing 0.1% sodium
dodecyl sulfate (SDS) and subjected to three cycles of sonication (5min at
40 °C followed by 5min on ice). Following protein solubilization, samples
were centrifuged at 10,000 × g for 10min at 4 °C, and the supernatant was
collected for downstream analyses.

Glycoproteins isolation
Plasma membrane proteins were extracted, quantified, and adjusted to
300 µL with TBS-0.3% SDS and 15 µL of 20% NP-40. Proteins were
deglycosylated overnight at 37 °C with PNGase F (2 U per 20 µg protein),
followed by enzyme inactivation at 95 °C for 20min. The efficiency and
specificity of N-glycan removal were confirmed by lectin blotting using
biotinylated-concanavalin A (Con A-biotin, Vector Laboratories). Samples
were then diluted to 400 µLwith LacA buffer (20mMTris, pH 7.4, 150mM
NaCl, 1mMUrea, 0.1M CaCl2, 0.1MMgCl2, 0.1MMnCl2, 0.1M ZnCl2),
incubatedwith 100 µLVVA-agarose (Vector Laboratories) for 30min, then
washed and elutedwith 3% acetic acid. Eluates were dried using a SpeedVac
and reconstituted in TBS-0.3% SDS. Enrichment for Tn-glycosylated pro-
teins was validated by lectin blotting using biotinylated-VVA (VVA-biotin,
Vector Laboratories).

Western blotting
Whole-cell lysates and plasma membrane extracts were resolved on 4–20%
precast polyacrylamide gels and transferred onto 0.45-µm nitrocellulose
membranes. Membranes were blocked with Carbo-Free Blocking Solution
(1×) for 90min and subsequently incubated for 60min with either VVA-
biotin (1:10,000 dilution in PBS-T containing 50% (v/v) blocking solution)
or ConA-biotin (1:10,000 dilution in TBS-T containing 50% (v/v) blocking

Fig. 2 | Identification and characterization of proteins mediating GlycoAvatar-
immune cell contact interfaces using mass spectrometry. A Differential protein
expression between DC maturation states. Comparative analysis of protein abun-
dances in mDCs versus iDCs revealed maturation state-specific proteins. For
instance, CLEC10A was more abundant in iDC-GlycoAvatar conjugates than in
mDC-GlycoAvatar conjugates, consistent with literature reports that CLEC10A
expression is higher in iDCs. Blue arrows indicate relevant downregulated proteins,
orange arrows represent non-significantly changed proteins, and red arrows high-
light upregulated proteins in mDCs. B Enriched pathways in mDC interactions.
Proteins significantly enriched in mDC interactions with AGS and SW480 Gly-
coAvatars were associated with biological pathways such as negative regulation of
type I interferon signaling, innate immune signaling, and other immune regulatory
processes. C Common proteins across cell lines. Among the proteins enriched in
mDC interactions with AGS (12 proteins) and SW480 (9 proteins) GlycoAvatars, 2
proteins were common, highlighting shared mechanisms in the Tn-specific contact
interfaces. D Venn diagram depicting protein distribution from GlycoAvatar-

immature macrophage interactions. Proteins exclusive to AGS/SW480
GlycoAvatars-iMACs conjugates highlight specific interactions driven by Tn-
enriched glycoproteins, whereas those exclusive to WT-GlycoAvatar conjugates
reflect interactions associated with the native O-glycome. E Summary of DC- and
MAC-specific proteins from GlycoAvatars. Venn diagrams highlight the overlap
and exclusivity of proteins identified in iDCs and iMACs interacting with AGS and
SW480 KO GlycoAvatars. F Protein-protein interaction network of MAC-specific
proteins from GlycoAvatars. STRING-based analysis of MAC-specific proteins
revealed key regulators of macrophage polarization (RHOC, MARK2), migration
(PSTPIP2, CDK5), and cytoskeletal dynamics (CFL1, ITGAX). G Functional
enrichment of MAC-specific proteins. Enriched pathways and biological processes
fromMAC-specific proteins interacting with GlycoAvatars. Protein abundance was
estimated by MS-intensity-based label-free quantification. Only proteins fulfilling
log₂FC > 2, adjusted p < 0.05 and detected in three biological replicates after sub-
traction of bead-only and coated-bead backgrounds were included.
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solution supplementedwith 1mMCaCl₂ and 1mMMgCl₂). Lectin binding
was detected using the VECTASTAIN Elite ABC Peroxidase Kit, followed
by chemiluminescent detection with Amersham ECL Prime.

GlycoAvatars development
Dynabeads™ M-450 Tosyl-activated (20 × 10⁶) (ThermoFisher Scientific)
werewashed twicewith0.1Mphosphatebuffer (pH7.4) and incubatedwith
10 µg of target membrane proteins for 1.5 h at room temperature with
agitation (1000 rpm). Phosphate buffer containing 0.1% BSA was then
added, and the beads were incubated overnight at 37 °C to ensure binding.
The beads were washed with 20mMHEPES and incubated for 2 h at room
temperature with 25mM bis(sulfosuccinimidyl)suberate (BS3) crosslinker
(ThermoFisher Scientific), followed by washing with 0.2M Tris buffer (pH
8.5) containing 0.1% BSA and overnight incubation to deactivate residual
tosyl groups. The beads were then washed with PBS containing 0.1% BSA
and 2mM EDTA (pH 7.4). The binding of Tn-enriched glycoproteins was
confirmed by flow cytometry using VVA-FITC (Vector Laboratories), and
wild-type proteins’ binding was confirmed using anti-Pan Cytokeratin-
Alexa Fluor 647 (NBP2-34394AF647).

Microscopy of GlycoAvatar-immune cells contact interfaces
After coupling and washing, GlycoAvatars were incubated with immune
cells under standard culture conditions. Cell-bead interactions were visua-
lized by bright-field microscopy. Images were acquired to directly assess
bead attachment at the cell surface and the formation of structured contact
interfaces. Structured contacts were defined as bead-cell interfaces dis-
playing close membrane apposition and stable bead positioning at the cell
surface.

GlycoAvatars-immune cells complexes and synapse isolation
Dendritic cells ormacrophages were resuspended in phenol red–free RPMI
medium and combined with GlycoAvatars at a 1:1 ratio, followed by
incubation for 60min at 37 °C with agitation (1000 rpm). Conjugation was
confirmedmicroscopically, and the complexes were washed with cold CSK
buffer (300mM sucrose, 100mM sodium chloride, 10mM PIPES, pH 6.8,
3mMmagnesium chloride) to remove unbound cells. The conjugates were
then resuspended in CSK buffer containing 0.5% Triton X-100 and pro-
tease/phosphatase inhibitors, sonicated, and repeatedly washed with CSK
buffer supplemented with 0.5% Triton X-100 to remove cellular
debris. Bound proteins were eluted with 25 µL Laemmli buffer at 70 °C for
30min (1000 rpm) and subsequently processed by SDS-PAGE and in-gel
digestion.

MS sample preparation
Eluates fromGlycoAvatars–immune cell protein complexes were identified
using a bottom-up proteomics strategy by nanoLC-HCD-MS/MS. Briefly,
isolated proteins were loaded onto SDS–PAGE gels and visualized using a
Zinc Reversible Stain Kit. Gel bands were excised into 1–2mm pieces,
destained in Tris–glycine buffer (pH 8.0), and washed three times with
ultrapure water for 10min each. Gel pieces were dehydrated with LC–MS-
grade acetonitrile (ACN) and disulfide bonds were reduced with 20mM
dithiothreitol (DTT) at 56 °C for 30min, followed by dehydration with
100% ACN. Gel pieces were then rehydrated and alkylated with 55mM
iodoacetamide (IAA) for 20min in the dark to prevent disulfide bond
reoxidation. After washing with 100mM ammonium bicarbonate and
further dehydration, in-gel digestion was performed overnight at 37 °C in a
humid chamber using trypsin (0.02 µg µL-1 in 40mM ammonium bicar-
bonate/10%ACN).Digestionwas quenchedwith 100%ACN.Peptideswere
extracted twice with 50% ACN / 5% formic acid (FA) for 20min each, and
pooled extracts were dried using a SpeedVac prior to LC–MS/MS analysis.

LC-MS/MS data acquisition
For protein identification, peptides were loaded into a Vanquish Neo
UHPLC system coupled with a QExactive Plus Hybrid Quadrupole-

Orbitrap mass spectrometer (Thermo Fisher Scientific), which was fitted
with a nano-electrospray ion source (EASY-Spray source; Thermo Fisher
Scientific). Mobile phases were 0.1% FA in ultrapure water (eluent A) and
0.1% FA in 80% ACN (eluent B). A 10 µL sample was injected into a
trapping column (C18PepMapNeo, 5 µmparticle size 300μm× 5mm)and
separated on an analytical column (EASY-Spray C18 PepMap, 100 Å,
75 µm × 150mm, 3 µm particle size) at 0.25 µLmin-1 and 35 °C. Peptide
separation used a gradient of 2.5%–12% B over 7min, 12%–46% B over
50min, and 46%–99% B over 5min, holding at 99% B for 10min. Mass
spectrometry operated in positive ion mode (m/z 300–2000) with a 1.9 kV
spray voltage and 275 °C capillary temperature. Full MS settings included a
140,000 resolution, AGC target of 3×10⁶, and 200ms maximum injection
time, with the 15 most intense ions selected for higher energy collisional
dissociation (HCD) with NCE of 30%. Data were recorded with Xcali-
bur (v4.5).

Protein annotation and quantification
Whole-cell, subcellular and GlycoAvatars-interactome proteomic data-
sets were processed in Proteome Discoverer 3.1 using the SequestHT
search engine and Percolator against the SwissProt human proteome
database (accessedOctober 22, 2023). Search parameters included trypsin
specificity with up to two missed cleavages, a 10-ppm precursor-ion tol-
erance and a 0.02-Da fragment-ion tolerance, carbamidomethyl-cysteine
as a fixed modification (+ 57.021 Da) and methionine oxidation as a
variable modification (+ 15.995 Da). Protein groups supported by fewer
than two unique peptides or not passing high-confidence FDR thresholds
were excluded from downstream analyses. Gene-ontology (GO) annota-
tion for cellular compartment, molecular function and biological pro-
cesses was performed in ProteomeDiscoverer 3.1. Protein abundance was
quantified using label-free MS1-intensity derived precursor areas. Dif-
ferential protein abundance was expressed as log₂ fold-change between
the relevant experimental conditions for each comparison. Statistical
significance was assessed using moderated t-tests with FDR correction.
Proteins were considered significantly enriched when log₂FC > 1.5,
adjusted p < 0.05 and detected in three biological replicates. These
thresholds were applied consistently across volcano plots and Venn
diagrams.

GlycoAvatars interactome analysis
For the GlycoAvatars interactome analysis, proteins detected in bead-only
controls and inGlycoAvatars coatedwithmembraneproteins but incubated
without immune cells were considered background and excluded from
further analysis. This filtering step minimizes non-specific protein carry-
over, and only proteins consistently enriched upon immune-GlycoAvatar
engagement were retained for interactome profiling. Differential enrich-
ment and statistical testing followed the quantitative framework described
above. Proteins retained after differential filtering were further analyzed in
STRINGv12.0 to examine protein–protein interaction networks, functional
associations and REACTOME pathways. Enriched biological processes
were visualized in Cytoscape (v3.10.2) using the ClueGO plugin, applying a
significance threshold of p ≤ 0.05, a GO-tree interval of 4–10 and a kappa
score of 0.64 for pathway clustering.

Statistics and reproducibility
At least three biologically independent experiments were performed unless
stated otherwise. Statistical analyseswere performed using R andGraphPad
Prism. P-values for Volcano plots were calculated using an unpaired two-
tailed Student’s t-test. For bar plots, data are presented as mean ± standard
deviation (SD). Statistical details for each experiment are provided in the
corresponding figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information. The numerical source data underlying
all graphs can be found in Supplementary Data. The protein mass spec-
trometry data generated in this study have been deposited in the PRIDE
repository under accession code PXD060750.
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