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Glycans regulate multiple physiological processes, including immune recognition and cancer progression. In 
disease, altered glycan landscapes are interpreted by human lectins. Functional glycan-lectin interactions are 
difficult to profile because glycans are not genome-encoded and their changes are poorly captured by existing 
multimodal methods. We present two platforms, single-cell outlining and transcriptome sequencing (scGOAT-
seq) and GlycoScope, which use human lectins to enable functional glycan accessibility into single-cell and 
spatial multiomic measurements. ScGOAT-seq quantifies lectin-accessible glycan states with gene 
expression, while GlycoScope enables multiplexed in situ co-detection of glycans and proteins in tissues. 
Applying these approaches to immune cells, we identify stimulus-specific glycan remodeling and show that 
distinct Siglec-ligand-defined programs stratify immune activation states not captured by traditional methods; 
in follicular lymphoma, GlycoScope, resolves spatial glycan programs associated with malignant B cells and 
localized immune microenvironments. The presented methods provide a general framework for integrating 
functional glycan accessibility into single-cell and spatial multiomics. 
 

Introduction 
 
 Cell-surface glycans are essential regulators of cell 
communication and signaling, governing key biologi-
cal processes such as immune recognition, pathogen 
entry, and cancer progression1–6. Their recognition by 
lectins, glycan-binding proteins, is central in coordi-
nating both innate and adaptive immune responses. In 
cancer, glycosylation patterns are often profoundly al-
tered7, producing tumor-associated glycan profiles that 

can drive immune evasion, metastasis, and resistance 
to therapy. As a result, deciphering how glycans are or-
ganized on cells in health and disease and how they are 
read by endogenous lectins is critical for understand-
ing immune regulation and identifying biomarkers 
and therapeutic targets. 
  
Recent single-cell multimodal profiling approaches – 
including scRNA-seq, CITE-seq, spatial proteomics, 
and spatial transcriptomics – have improved our ability 
to map cellular heterogeneity and spatial organization 
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in tissues8,9. However, these approaches are not de-
signed to capture relevant glycan–lectin interactions in 
situ, a critical axis of immune regulation. Glycan pro-
filing remains challenging because glycan structures 
are not directly encoded in the genome, and mass spec-
trometry-based glycomics, while powerful, are not eas-
ily adaptable with simultaneous high-throughput sin-
gle-cell or high-resolution spatial measurements. To 
address this gap, several groups have developed single-
cell glycan profiling approaches using oligonucleotide-
barcoded plant lectins or chemically modified antibod-
ies. These methods have demonstrated that lectin-
based barcodes can be read out together with RNA, and 
one of them, SUGAR-seq showed that specific glycan 
epitopes can be quantified at single-cell resolution10,11. 
These studies established feasibility but relied on non-
human lectins or probed single glycan specificities per 
experiment; the underlying methods do not directly re-
port how multiplexed human lectin receptors interpret 
glycan changes or extend into integrated spatial profil-
ing of glycans and proteins.  
 
Plant lectins are used widely as glycan sensors as they 
are invaluable tools for recognizing broad glycan clas-
ses, but human lectins are our endogenous glycan 
readers. Soluble human lectins operate in diverse set-
tings, including in the blood and at mucosal surfaces. 
Membrane-bound lectins on immune cells survey their 
surroundings to regulate adhesion, signaling, and ef-
fector responses. Converting human lectins into mo-
lecular probes provides a direct, physiologically 
grounded way to assess cell-surface glycan states and 
how the immune system interprets them. For example, 
Siglecs, a family of sialic acid-binding immunoglobu-
lin-type lectins, are expressed across various immune 
cell populations and mediate critical decisions in self- 
versus non-self-recognition, influencing inflammation 
and immune cell activation12. Calcium-dependent (C-
type) lectins include members like DC-SIGN, a mem-
brane-bound lectin expressed on macrophages and 
dendritic cells that binds high-mannose and Lewis-
type antigens to mediate cellular adhesion, migration, 
signaling, and antigen presentation13; mannose-bind-
ing lectin (MBL), a soluble C-type lectin, recognizes 
glycans such as mannose and N-acetylglucosamine 
(GlcNAc), leading to the activation of complement 
pathways and modulation of inflammatory re-
sponses14; and, galectins, another class of soluble lec-
tins, bind β-galactose-containing glycoconjugates and 
function in cell signaling, immune homeostasis, and 
tumor immunity15. Despite their biological im-
portance, glycan–lectin interactions in human tissues 

remain poorly characterized, particularly at the single-
cell and tissue resolutions.  
 
To overcome these limitations, we sought to realize ap-
proaches that assess glycans using the receptors that 
detect them in human tissues. To this end, we devel-
oped two complementary platforms for profiling gly-
can heterogeneity in tissues that exploit the modular 
barcoding of human lectins. The first is single-cell gly-
can outlining and transcriptome sequencing (scGOAT-
seq), which integrates human lectin-based glycan 
measurements with dissociated single-cell omic profil-
ing, while the second is GlycoScope, which enables gly-
can-augmented spatial single-cell omics. By leveraging 
a customized panel of DNA-barcoded recombinant hu-
man lectins with immunological functions15–17, our 
methods overcome the limitations of conventional 
probes, enabling the detection of functional glycan 
recognition. Specifically, we define functional glycan 
states as lectin-accessible glycan features that reflect 
how endogenous receptors interpret the cell surface. 
Using scGOAT-seq across immune perturbations, we 
uncover stimulus-specific glycan remodeling programs 
that diverge between innate inflammatory and T cell 
receptor-driven activation; these include distinct Sig-
lec-7-, Siglec-9-, and Siglec-15–defined glycan states 
that stratify immune phenotypes not resolved by tran-
scriptomics alone. Functional perturbation by blocking 
endogenous human lectins further reveals direct mod-
ulation of immune activation and exhaustion-associ-
ated signaling programs, underscoring the critical roles 
of protein–glycan interactions in regulating immune 
cell states. Extending these measurements to tissues 
with GlycoScope, we identify spatially organized gly-
can programs in follicular lymphoma that map to ma-
lignant B cell populations and structured immune mi-
croenvironments. In summary, our work provides a ro-
bust framework for integrating functional glycan pro-
filing with existing single-cell and spatial methods to 
enhance cell-state stratification in tissues towards the 
discovery of multimodal biomarkers and therapeutic 
targets in cancer and beyond.  
 

Results 
 
Design and validation of a recombinant lectin 
panel for single-cell glycan profiling 
To generate a panel of recombinant lectins compatible 
with multiplex single-cell glycan profiling, we curated 
a panel of 7 human recombinant lectins engineered to 
bear a biotin label (Fig. S1A). Our panel includes inhib-
itory lectins (e.g., Siglec-7, Siglec-9), others that deliver 
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context-dependent signals (Siglec-15, Galectin-8, Ga-
lectin-9 and DC-SIGN), and the complement-recruit-
ing MBL. This set recognizes major mammalian glycan 
classes, including sialylated glycans, N-acetyllactosa-
mine (LacNAc)/poly-LacNAc, mannose-rich struc-
tures, and fucosylated motifs, providing a functionally 
informative panel for cellular glycan profiling. 

 
To ensure the binding preferences of our tagged lectins 
were unchanged, we profiled their specificity using a 
liquid glycan array (LiGA; Fig. 1A)18. Concanavalin A 
(ConA) and UEA-I were included as assay controls to 
benchmark high-mannose and α-fucose recognition, 
respectively. Hierarchical clustering revealed three co-
herent specificity modules aligned with known gly-
can–lectin biology12–15. Siglec-7, Siglec-9, and Siglec-
15 bound sialic acid-containing glycans. Moreover, Sig-
lec-7 and Siglec-9 showed the strongest signal for 
α(2,3)- and α(2,6)-sialylated LacNAc and glycolipid-
like structures. Both also showed moderate binding to 
a subset of neutral LacNAc and extended poly-LacNAc 
glycans, a pattern consistent with multivalent display. 
Siglec-15 displayed a more restricted footprint with a 
bias toward α(2,6)-linked sialic acid. Galectin-8 and 
Galectin-9 clustered together and showed maximal 
binding to LacNAc and extended poly-LacNAc struc-
tures, with markedly reduced recognition of their si-
alylated counterparts. A third module captured patho-
gen-associated glycan recognition. MBL bound strong-
est to oligomannose structures but also showed moder-
ate engagement of GlcNAc-rich glycans. DC-SIGN 
overlapped with this mannose-binding pattern and ad-
ditionally recognized fucosylated motifs.  

 
To confirm binding specificity in a cellular context, 

lectins were assayed by flow cytometry following cell-
surface staining with biotinylated lectins and detection 
using fluorescently conjugated streptavidin. Binding 
specificity was evaluated using orthogonal perturba-
tions, including enzymatic removal of target glycans 
(sialidase treatment), chelation of calcium for C-type 
lectins (EDTA), or competition with soluble glycans 
(lactose). Each perturbation resulted in a consistent re-
duction in lectin binding compared to untreated con-
trols (Fig. 1B). Collectively, these results demonstrate 
that each lectin retains its expected biochemical behav-
ior and provides a validated framework for their down-
stream use as glycan-recognition probes. 

 
Finally, we tested whether multiplexed staining caused 
cross-interference. Each lectin was profiled alone and 
in pairwise combinations using peripheral blood 

mononuclear cells (PBMCs). Similarity between sin-
gle-lectin and paired-lectin fluorescence distributions 
was quantified using the Bhattacharyya overlap coeffi-
cient. Across the human lectin panel, overlap values re-
mained high, with little evidence of competitive bind-
ing or altered specificity. In contrast, several plant lec-
tins (ConA, PHA-L) showed reduced overlap, likely re-
flecting lectin–lectin interactions or steric masking. 
These data indicate that co-incubation preserves the fi-
delity of human lectin binding and supports the use of 
the panel for multiplexed glycan detection (Fig. S1B). 
Together, these analyses demonstrate that human lec-
tins maintain independent, non-interfering binding 
behavior under multiplex conditions. 
 
scGOAT-seq enables multimodal detection of 
functional glycan patterns and gene expression 
programs 
To simultaneously measure single-cell glycan abun-
dance and gene expression, we equipped recombinant 
human lectins with poly(A)-tailed DNA barcodes con-
taining PCR handles, cell barcodes and unique molec-
ular identifier sequences (UMIs)19, enabling their cap-
ture alongside mRNA in standard poly(A)-based sin-
gle-cell transcriptomic workflows (Fig. 1C). Direct co-
valent coupling of DNA barcodes impaired binding for 
several lectins (Fig. S1C). We therefore adopted a bio-
tin–streptavidin strategy 20–22, generating lectin–bar-
code conjugates in ~30 min and enabling flexible panel 
design (Fig. S1D). We evaluated our conjugation strat-
egy, using flow cytometry to compare the binding per-
formance of streptavidin conjugated to either a DNA 
oligonucleotide or a fluorescent dye. As a representa-
tive example, we assessed DC-SIGN, a calcium-de-
pendent (C-type) lectin, and found that the oligonucle-
otide-conjugated streptavidin exhibited binding com-
parable to its fluorophore labeled counterpart. This in-
teraction was calcium-dependent, confirming that ol-
igo conjugation does not impact lectin binding (Fig. 
S1E).  
 
Sialylated glycans in pancreatic adenocarcinoma 
(PDAC) cells have been reported to drive immunosup-
pression through binding to Siglec-7 and -9 on immune 
cells 23. To test the robustness of scGOAT-seq in an in 
vitro cancer model, we mixed a human pancreatic can-
cer cell line, ASPC1, known to have distinct glycan pro-
file24, with a non-malignant pancreatic epithelial cell 
line (H6c7; Fig. 1D). To evaluate the multiplexing ca-
pability of scGOAT-seq, we used four lectins (Siglec-7, 
Siglec-9, Siglec-15 and DC-SIGN) for profiling (Fig. 
1B).  
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We quantified lectin binding by flow cytometry using 
cell-tracer dyes to distinguish cell lines and performed 
scGOAT-seq on an unstained mixed-cell population 
using Seq-Well S3 platform (Fig. S1F). To assign cell 
identities in the scGOAT-seq dataset, we mapped cells 
to a curated reference transcriptomic atlas for the 
PDAC model. We observed high correlation in gene ex-
pression signals between the atlas and cells treated 
with lectin (Fig. S1G-H), indicating that lectin staining 
did not substantially perturb transcriptional state. 
ScGOAT-seq reliably detected Siglec-accesible ligands 
(L) and DC-SIGNL in each cell type in close agreement 
with flow cytometry measurements. Both methods 
identified the highest binding to Siglec-L in ASPC1 
cells and the lowest in H6C7, while DC-SIGNL binding 
was higher in H6C7 compared to ASPC1 (Fig. 1E-F 
and Fig. S1I). To further validate the specificity of 
scGOAT-seq, we treated our multicellular model with 
sialidase to enzymatically remove sialic acid epitopes. 
As expected, the level of different Siglec binding gly-
cans in ASPC1 cells was reduced (Fig. S1J). This con-
sistency underscores the reliability of scGOAT-seq for 
glycan profiling.  
 
To examine how glycosylation shapes immune cell be-
havior, we downregulated sialic acid biosynthesis in 
primary human naïve CD8+ T cells, which display 
high levels of cell-surface sialic acids25. Using a mecha-
noporation-based Cas9/sgRNA delivery system that 
minimizes activation of resting lymphocytes, we 
knocked out GNE, which encodes the rate-limiting en-
zyme for Neu5Ac biosynthesis from UDP-GlcNAc. 
GNE has been implicated as a determinant of Siglec-7 
ligand display in genome-wide CRISPRi screens26 (Fig. 
1G). We profiled GNE-KO and scrambled-control 
CD8+ T cells with scGOAT-seq (Fig. 1H). Loss of GNE 
resulted in a marked reduction in Siglec-7L binding rel-
ative to controls. Gene-set enrichment analysis (GSEA) 
showed that GNE-KO cells upregulated TNFα signal-
ing, interferon responses, inflammatory pathways, and 
IL2-STAT5-induced signaling (Fig. 1I). These results 
support the utility of scGOAT-seq as a platform for 
linking perturbations of glycan biosynthesis to lectin-
accessible glycan states and associated transcriptional 
programs at single-cell resolution. 
 
Collectively, our benchmarking results demonstrate 
that scGOAT-seq yields glycan-binding signals closely 
aligned with flow cytometry and captures glycan 
changes induced by enzymatic and genetic perturba-
tions in both cell lines and primary immune cells. 

Thus, this method enables high-resolution glycan pro-
filing alongside single-cell gene expression, with inte-
grability across a wide range of single-cell RNA-seq 
platforms.  
 
scGOAT-seq identifies novel glycan-defined cell 
states associated with immune activation in pe-
ripheral blood 
The sialic acid-Siglec axis is an emerging glyco-im-
mune pathway targeted by therapeutic agents that dis-
rupt Siglec interactions, particularly in the context of 
cancer therapy27,28. These approaches are designed to 
block engagement between Siglec receptors on im-
mune cells and sialylated ligands on tumor cells. How-
ever, how distinct Siglecs, and other lectin-mediated 
recognition pathways, respond to different immuno-
modulatory cues remains incompletely defined. In ad-
dition, the transcriptional programs associated with 
glycan remodeling are poorly characterized in multi-
cellular immune settings, in which different cell types 
express distinct lectin repertoires and can therefore in-
terpret shared glycan landscapes in context-dependent 
ways. 
 
To investigate these effects, we performed scGOAT-seq 
on PBMCs with either (i) bacterial lipopolysaccharide 
(LPS; 4 h) to stimulate innate immune responses29 or 
(ii) anti-CD3/CD28 (24 h) to induce T cell receptor 
(TCR) activation30 (Fig. 2A). Cells were then profiled 
by scGOAT-seq on the 10X Genomics 5’ platform using 
our curated human lectin panel. Across donors and 
conditions, we identified 8 different broad immune 
subtypes across 7,247 cells, including CD4+ and CD8+ 
T cells, NK cells, monocytes and B cells, using Azi-
muth-based reference mapping31 and marker genes 
(Fig. 2B-C and Fig. S2A).  
 
Immune stimulation induced distinct, perturbation- 
and cell-type–dependent changes in lectin binding pro-
files. For example, Siglec-7L binding was increased 
upon LPS stimulation but decreased after TCR stimu-
lation. By contrast, Siglec-9L increased under both per-
turbations, whereas Siglec-15L was selectively upregu-
lated following TCR stimulation and showed minimal 
change after LPS (Fig. 2D and Fig. S2B-C). Other lec-
tin-accessible features, including DC-SIGNL and Ga-
lectin-8L binding increased across both activation con-
ditions (Fig. S2C). Based on these divergent binding 
patterns within the same Siglec family, we hypothe-
sized that binding of different Siglecs may be associated 
with different cellular functional transcriptomic states. 
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To investigate the association of different Siglecs with 
cellular states, we focused on CD4+ T cells, which ex-
hibited bimodal populations identified by Siglec-9L 
and Siglec-15L after TCR stimulation. Cells were strat-
ified into Siglec-ligand high and low populations based 
on the geometric mean of their expression level, and 
we performed GSEA to identify functional pathways 
associated with each glycan-defined subset (Fig. 2E). 
Siglec-9LHigh CD4+ T cells were enriched in metabolic 
and respiratory pathways like xenobiotic metabolism, 
fatty acid metabolism, mitochondrial protein transla-
tion and import, whereas Siglec-9LLow CD4+ T cells 
were enriched in activation-associated pathways like 
TNFα signaling, TLR9 downstream cascades and 
IL4/IL13 signaling pathways (Fig. 2F). Interestingly, 
Siglec-15LHigh CD4+ T cells were enriched in activation 
pathways like TNFα signaling, CD28 co-stimulation 
pathway, IFN-γ pathway and IL2-STAT5 signaling 
(Fig. 2G). These results suggested that Siglec-9LHigh 
CD4+ T cells were associated with an immuno-meta-
bolic state whereas Siglec-15LHigh CD4+ T cells were as-
sociated with an immune-activated state. 
 
To further investigate how Siglec-9L/Siglec-15L relate 
to CD4+ T cell states, we compared gene expression 
levels across CD4+ T cell subsets stratified by their Sig-
lec-ligand levels (Fig. 2H). Siglec-15LHigh/Siglec-9LHigh 
cells exhibited a gene expression profile associated 
with cytotoxicity and inflammation (GZMB, GNLY, 
IFNG, TNF) and upregulated inhibitory receptors 
(HAVCR2, TIGIT, TOX), consistent with a highly acti-
vated effector phenotype. In contrast, Siglec-
15LHigh/Siglec-9LLow cells expressed higher levels of 
TCR activation genes (JUN, FOS, EGR1, NFKBIA, 
NFKB1), migratory markers (CXCR4, 
CX3CR1,CXCR6), co-stimulatory receptors (ICOS, 
CD69, CTLA4), and memory-associated genes (S1PR1, 
IL7R), indicating a transitional early-activation state. 
Siglec-15LLow/Siglec-9LHigh cells exhibited minimal cy-
totoxic genes and expressed memory/stem-like genes 
(LEF1, SPOCK2, KLF3), while Siglec-15LLow/Siglec-
9LLow CD4+ T cells exhibited central memory features 
(CCR7, SELL, TCG7, BATF) and immune checkpoint 
expression (PDCD1, LAG3, TIGIT, TOX). Overall, these 
patterns show that Siglec-15L and Siglec-9L levels re-
solve distinct CD4+ T cell phenotypes across an activa-
tion continuum. Similarly, CD8+ T cells and NK cells 
showed distinct cell states associated with Siglec-
9L/Siglec-15L phenotypes, with Siglec-15LHigh states as-
sociated with more activated phenotypes (Fig. S2C-D). 
 

Pathway level analysis further highlighted the differ-
ence in the Siglec axes. The prescence of Siglec-7L was 
negatively associated with the expression of IL-2-de-
pendent activation genes, including IL2, IL2RA, and 
IFNγ. In contrast, these genes were positively corre-
lated with detection of Siglec-9 and Siglec-15 binding. 
Conversely, Siglec-7 interactions were positively asso-
ciated with IL-2-independent activation and memory-
associated pathways, including IL7R, CCR7, TCF7, and 
BACH2 – genes which were negatively correlated with 
the binding of Siglec-9 and Siglec-15 (Fig. 2I). The 
transcriptional patterns mirrored the perturbation con-
text: IL-2-associated programs were strongly induced 
by TCR stimulation, whereas IL-2-independent path-
ways were preferentially upregulated following LPS 
treatment. Similar correlations between Siglec-7L and 
IL-2-associated activation pathways were observed in 
CD8+ T cells (Fig. S2E). These results highlight that 
Siglec ligands report on discrete activation states rather 
than a single inhibitory program, suggesting that Sig-
lec-targeted therapies may differentially affect distinct 
arms of T cell activation depending on which Siglec 
axis is engaged.  
 
Next, we examined whether Siglec-ligand profiles 
could classify perturbation states. Joint clustering of 
populations with enhanced binding to Siglec-7, Siglec-
9, and Siglec-15 grouped all cells by activation condi-
tion rather than lineage, indicating that these three lig-
ands are strong predictors of PBMC activation state 
(Fig. 2J). Broader lectin panels, including galectins 
and C-type lectins, did not improve clustering (Fig. 
S2F). In contrast, gene expression of all 27 genes asso-
ciated with sialylation pathways (sialic acid biosynthe-
sis, sialyl transferases and neuraminidases) showed 
distinct patterns across cell types but did not cluster the 
perturbations (Fig. 2K) with similar outcomes from 
analyzing O-glycosylation associated genes (Fig. S2G).  
 
To validate the association between Siglec-accessible 
ligand states and cytotoxic programs, we performed 
spectral flow cytometry on TCR-stimulated T cells and 
focused on CD8+ T cells. Cells were stained with Siglec 
probes alongside surface markers and intracellular cy-
totoxic effectors, including perforin (PRF1) and 
granzyme B (GZMB). For each Siglec, CD8+ T cells 
were stratified into Siglec-ligand–positive (Siglec-L⁺) 
and Siglec-ligand–negative (Siglec-L⁻) populations 
based on probe binding. Siglec-7L⁻ CD8+ T cells ex-
hibited more than a two-fold higher frequency of per-
forin-positive cells compared to Siglec-7L⁺ cells. In 
contrast, Siglec-9L⁺ CD8+ T cells showed a higher 
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proportion of perforin-positive cells than their Siglec-
9L⁻ counterparts, consistent with transcriptomic 
trends observed by scGOAT-seq (Fig. 2L and S3A-B). 
These patterns were reproducible across six independ-
ent donors and were observed for both perforin and 
granzyme B, with significant differences in the fraction 
of effector-positive cells between Siglec-L⁺ and Siglec-
L⁻ populations and opposing trends across distinct Sig-
lecs (Fig. 2M). This suggests that binding of different 
Siglecs may be associated with distinct CD8+ T cell ac-
tivation states both at transcriptomic and proteomic 
levels.  
 
Together, these data indicate that Siglec-ligands are 
predictive of immune perturbation states of PBMCs 
and that different Siglec-ligand profiles are associated 
with distinct immune activation states (Fig. 2N). 
 
scGOAT-seq identifies immune activation 
changes associated with blocking lectin-medi-
ated glycan regulation in peripheral blood 
The stimulation-dependent shifts in Siglec-ligand ac-
cessibility observed under LPS and TCR activation sug-
gest that changes in lectin binding reflect functional 
immune phenotypes mediated by Siglec–sialic acid 
recognition. Because monocytes and NK cells express 
the Siglec-7 and Siglec-9 receptors32, we reasoned that 
blocking these interactions would modulate immune 
activation trajectories upon stimulation. To test this, 
we repeated the LPS stimulation and scGOAT-seq 
workflow and included blocking antibodies against 
Siglec-7 and Siglec-933 (Fig. 3A). Across donors and 
conditions, we again annotated 8 broad immune popu-
lations among 7,286 cells (Fig. 3B-C, and Fig. S4A). 
 
As expected, Siglec-7L binding induced by LPS was 
abolished in the presence of Siglec-7/9 blockade. Sig-
lec-9L binding was reduced relative to LPS alone, alt-
hough it remained higher than in resting PBMCs (Fig. 
3D). Blocking Siglec receptors during LPS stimulation 
also broadly altered the binding of other lectins, includ-
ing reduced binding of DC-SIGN, Galectin-8, MBL, and 
Siglec-15 (Fig. S4B). In contrast, Galectin-9 showed a 
distinct, cell type-dependent interaction pattern with 
binding decreases in T cells but increases in mono-
cytes, DCs and NK cells (Fig. 3D and Fig. S4B). Alt-
hough perturbations induced modest changes in the 
expression of O-glycosylation–related genes, these 
transcriptional effects did not recapitulate the observed 
lectin-binding patterns (Fig. S4C). Together, these re-
sults support a model in which LPS-driven glycan re-
modeling engages endogenous Siglec-7 and Siglec-9, 

and perturbation of these pathways propagates cell-
type–specific rewiring of lectin–glycan interactions 
across the immune compartment. 
 
We next examined transcriptional changes in mono-
cytes and NK cells, two populations expected to re-
spond directly to the Siglec blockade because they ex-
press Siglec-7 and Siglec-932. In monocytes, Siglec 
blocking rewired inflammatory and metabolic pro-
grams, inducing cytokines (CXCL9, CXCL10, TNF), 
NFkB pathway genes (RELA, JUN, JUNB, STAT1), ad-
hesion genes (ICAM1, PLAUR), metabolic genes (VEG-
FAM PFKFB3, HK2), unfolded protein response genes 
(XBP1, HSPA5) and class II MHC genes (HLA-DRB1, 
CIITA). NK cells showed a parallel shift, with increased 
NFkB genes (RELA, JUN, NFKBIA, TNFAIP3), cyto-
toxic genes (GZMB, PRF1), interferon genes (IFIT1, 
IFIT3, STAT1, IRF1, STAT5A) and genes associated 
with heightened cytokine sensitivity (IL15RA,IL2RB) 
(Fig. 3E). GSEA analysis on monocytes revealed en-
richment in hypoxia, glycolysis, PPARA pathway, 
TGFb signaling and fatty acid metabolism, alongside 
reduced oxidative phosphorylation and ROS pathways 
(Fig. 3F). Overall, these findings suggest disrupting 
Siglec-7/9 engagement amplifies immune activation 
and metabolism pathways in monocyte and NK cell 
compartments under LPS stimulation. 
 
To determine whether disrupting Siglec–sialic acid 
recognition alters intercellular immune communica-
tion, we used NicheNet34 to infer ligand–receptor inter-
actions linked to downstream transcriptional re-
sponses. Analysis of the top predicted interactions re-
vealed reduced monocyte-centered signaling, with 
monocytes showing decreased activity both as signal 
senders and receivers, alongside increased interaction 
activity involving CD4+ T cells as signal senders and 
NK cells as both senders and receivers. Under LPS 
stimulation alone, the interaction landscape was dom-
inated by monocyte-derived inflammatory signals, in-
cluding CCL2, CCL3, and IL1B. In contrast, Siglec-7/9 
blockade shifted the network toward enhanced IFNγ- 
and cytotoxic-associated signaling (IFNG, GZMB), as 
well as increased co-stimulatory pathways involving 
CD28, FAS, and HAVCR2 (Fig. 3G). Together, these 
changes indicate that disrupting Siglec-7/9 engage-
ment reprograms immune communication networks 
toward amplified inflammatory signaling and NK cell–
driven activation. 
 
Gene expression changes were also examined in CD8+ 
T cells. While not expected to interact directly with 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 24, 2026. ; https://doi.org/10.64898/2026.02.23.707224doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.23.707224


 

Basak, Ortiz-Cordero, Yiu et al. 2026 (preprint)   7 

anti-Siglec-7/9 antibodies, these cells can give rise to 
secondary responses through altered cell–cell signal-
ing32. CD8+ T cells had heightened expression of inter-
feron-induced genes (IFIT3, IFIT1, MX1, STAT1) and 
TNF, consistent with indirect activation driven by in-
terferon-mediated communication from cell-cell inter-
action changes (Fig. 3H). GSEA analysis of CD8+ T 
cells from PBMCs treated with LPS with Siglec block-
ing showed enrichment of TNFα signaling, and the 
TCR and TNFR1 pathways, along with reduced IFN-α 
responses (Fig. 3I). Similar pathway activation, includ-
ing PI3K-AKT, IL2-STAT5, hypoxia and PYK2 signal-
ing, occurred in CD4+ T cells upon Siglec blocking 
(Fig. S4 D-E). Overall, these results suggest blocking 
Siglec-sialic acid interactions in PBMCs can drive both 
direct immune activation and secondary immune acti-
vation through altered cell-cell communication and 
signaling networks.  
  
To probe the potential clinical relevance of the Siglec-
blockade–associated immune programs, we analyzed 
bulk RNA-seq data from The Cancer Genome Atlas 
(TCGA) with matched survival information. We fo-
cused on kidney renal clear cell carcinoma (KIRC), a 
tumor type in which sialylation-associated signatures 
can stratify patient outcomes28, and restricted the anal-
ysis to patients without prior neoadjuvant therapy. We 
performed module-based gene scoring with the CD8+ 
T and NK cell signatures derived from genes upregu-
lated and downregulated by LPS + Siglec blocking rel-
ative to LPS alone. Both signatures significantly strati-
fied patient survival, with higher expression associated 
with better survival outcomes (Fig. 3J). Together, 
these results suggest that the immune activation pro-
grams revealed by Siglec-7/9 blockade reflect biologi-
cally meaningful anti-tumor immune states that are as-
sociated with favorable prognosis in kidney cancer. 
 
GlycoScope enables robust single-cell multiplex 
spatial co-detection of glycans and proteins 
ScGOAT-seq provides a powerful framework to quan-
tify glycan binding and associated transcriptional pro-
grams at single-cell resolution, offering mechanistic in-
sights that cannot be obtained from tissue sections 
alone. However, many glycan-mediated processes are 
fundamentally shaped by their spatial organization, in 
which glycans, lectin receptors, and neighboring cells 
are positioned within native microanatomical niches. 
Current spatial multiomic platforms can resolve pro-
teins and cell states in situ, providing critical insight 
into cellular interactions and tissue architecture that 
underlie spatially regulated biological processes35. 

However, they do not provide functional glycan-bind-
ing readouts, leaving a critical gap in the field. To ad-
dress this unmet need and to complement the molecu-
lar insights gained from scGOAT-seq, we developed 
GlycoScope, a complementary multimodal spatial 
technology that leverages our barcoding strategy to 
equip recombinant human lectins with oligonucleo-
tide tags compatible with CODEX-based proteomic im-
aging. This configuration enables single-cell, in situ de-
tection of both glycans and proteins within intact tissue 
architecture (Fig. 4A), extending lectin binding into 
the spatial domain and providing an integrated view of 
glycan biology in its native context. 
 
We first evaluated the specificity of GlycoScope for gly-
can detection and compatibility with multiplexed im-
aging using a 6-plex panel of oligo-conjugated lectins 
(Siglec-7, -9, -15, Galectin-8, DC-SIGN, and MBL). We 
stained serial formalin-fixed paraffin-embedded 
(FFPE) human tonsil tissue sections with the lectin 
panel, with or without preincubation with their respec-
tive binding inhibitor. Each oligo-conjugated lectin ex-
hibited a distinct membrane-staining pattern that was 
markedly diminished upon binding inhibitor treat-
ment (Fig. S5A), suggesting that multiplexed imaging 
of these lectins enables specific glycan detection with 
minimal background noise and cross-reactivity.  
  
To simultaneously detect glycans and proteins, we se-
quentially stained FFPE human tonsil tissues with our 
human lectins together with a 24-plex panel of oligo-
conjugated antibodies encompassing various immune 
cell phenotypic markers (e.g., CD20, CD3, CD4) and 
then applied multiplexed imaging. Because antibodies 
are glycosylated, we compared the staining patterns 
and signal intensities across serial tissue sections for 1) 
lectins and antibodies together, 2) antibody only, or 3) 
lectin only. The glycan and protein staining patterns 
observed with GlycoScope mirrored those in the lectin-
only or antibody-only conditions. We did not detect an-
tibody signals in the lectin-only or lectin signals in the 
antibody-only conditions. These data indicate that the 
oligo-conjugated lectins do not cross-react with anti-
body glycans and that antibodies do not exhibit off-tar-
get binding to the oligo-conjugated lectins (Fig. 4B 
and Fig. S5B). We next evaluated the signal intensities 
of GlycoScope and observed no statistically significant 
differences for most glycan and protein markers com-
pared to single-component (lectin or antibody only) 
conditions, respectively (Fig. 4C, left). A coefficient of 
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variation (CV) score analysis, which quantifies the var-
iability in staining intensities across groups, demon-
strated strong concordance of GlycoScope staining as it 
was consistent with the antibody-only and lectin-only 
conditions (Fig. 4C, right). Thus, GlycoScope enables 
robust single-cell co-detection of glycans and proteins 
in FFPE tissue without compromising signal integrity 
from either individual modality.  
 
GlycoScope confirms mannosylated-BCR biol-
ogy in follicular lymphoma  
We next applied GlycoScope to interrogate glycan and 
immune organization in follicular lymphoma (FL), a 
lymph node-resident B cell malignancy that typically 
follows an indolent course but can undergo histologic 
transformation to transformed FL (tFL) or diffuse large 
B cell lymphoma (DLBCL) – events associated with 
markedly poorer prognosis. FL progression is driven in 
part by BCL2 overexpression and recurrent mutations 
that promote aberrant mannosylation of surface im-
munoglobulins or BCRs36,37. Mannosylated BCRs are 
proposed to engage soluble and membrane-bound 
mannose-binding lectins, including MBL and DC-
SIGN, expressed on surrounding follicular dendritic 
cells (FDC) and macrophages, thereby sustaining BCR 
signaling and supporting malignant B cell survival36–38. 
Despite the importance of these pathways, the spatial 
distribution and functional consequences of lectin-
binding glycans across malignant B cell states within 
intact FL tissue remain poorly defined, motivating the 
use of complementary spatial and single-cell glycomics 
approaches. 
 
To address this issue, GlycoScope was applied to FFPE 
tissue micro arrays (TMAs) comprising four tonsils, 
four follicular hyperplasia (FH) samples, and eight FL 
cores, as well as a second cohort including five FH and 
eleven FL samples (Fig. 4D and Supplementary Ta-
ble 1). Tissues were profiled using a 32-plex panel or 
42-plex for cohort 2, encompassing phenotypic, activa-
tion/exhaustion, and FL-specific markers, together 
with six human recombinant lectins (Siglec-7, -9, MBL, 
DC-SIGN, Galectin-8, Galectin-9) (Fig. S5C, Supple-
mentary Table 2). This design enabled simultaneous 
mapping of immune cell identity, functional state, and 
glycan landscape within preserved tissue architecture.  
 

Using protein markers, we annotated six spatially or-
ganized immune subsets, including B cells, T cells, my-
eloid cells, endothelial cells, lymphatic cells, and follic-
ular dendritic cell (FDC)–enriched niches (Fig. 4E and 
Fig. S6A–B). These annotations revealed well-defined 
spatial segregation of immune and stromal populations 
across tissue types. Consistent with established FL pa-
thology, FL cores exhibited pronounced remodeling of 
the lymphoid architecture, including expansion of ma-
lignant B cell regions and reduced T cell infiltration 
compared with reactive tissues (Fig. S6C-D). Together, 
these findings validate the spatial fidelity of Glyco-
Scope and its ability to capture known disease-associ-
ated tissue remodeling. 
 
Building on this spatial framework, multiplexed glycan 
profiling by GlycoScope enabled direct visualization of 
the spatial distribution of glycans of interest within de-
fined cellular compartments. Siglec-7L and Siglec-9L 
were preferentially localized to CD31⁺ endothelial 
cells across disease states (Fig. 4F and Fig. S6E). Alt-
hough overall signal intensity was reduced in FL com-
pared with reactive tonsil and FH tissues (Fig. S6F), 
the endothelial-restricted spatial distribution was pre-
served, indicating conservation of endothelial-associ-
ated glycan patterning with disease-associated modu-
lation of signal magnitude. 
 
We next focused on DC-SIGNL binding, a functional 
glycan feature with established relevance to FL. DC-
SIGNL signal was significantly elevated in FL com-
pared with FH (Fig. 4G-H), indicating disease-associ-
ated enrichment of DC-SIGN–accessible ligands. Strat-
ification of malignant B cells by lectin-accessible gly-
can state (Fig. 4I) revealed that DC-SIGNLHigh B cells 
exhibited markedly elevated BCL2 expression (Fig. 
4J). This concordance between high DC-SIGN binding 
and BCL2 expression reflects hallmark molecular fea-
tures of FL and is consistent with the model in which 
mannosylated BCRs engage DC-SIGN to reinforce 
BCR-dependent survival signaling, providing in situ, 
spatially resolved support for this mechanism37,38. We 
further quantified DC-SIGNL levels in follicular B cells 
as a function of distance from FDC-enriched niches 
(Fig. 4K), and in both FH and FL, DC-SIGNL binding 
declined with increasing distance from FDCs, reveal-
ing a  distance-dependent spatial pattern within folli-
cles.  Notably, FL samples maintained higher DC-
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SIGNL binding across all distances examined (Fig. 
4K). Together, these data link FDC proximity to DC-
SIGNL accessibility and suggest that FDC-B cell inter-
actions may help sustain DC-SIGN-mediated signaling 
within the FL microenvironment. 
 
To further validate these observations, we analyzed 
matched donor samples by scGOAT-seq on three ton-
sils, three FH samples, and five FL cases (Fig. S6G). In 
total, 31,924 high-quality immune cells were obtained 
and 18 different cell subtypes based on marker gene ex-
pression were identified (Fig. S6H-J). Across tonsil, 
FH, and FL samples, DC-SIGNL binding was elevated 
on malignant B cells and significantly enriched in FL 
compared with reactive tissues (Fig. S6K-L), mirroring 
GlycoScope patterns. GSEA showed that DC-SIGNLHigh 

cells exhibited coordinated enrichment of pathways 
linked to antigen engagement and adaptive immunity, 
including antigen processing and presentation, im-
mune response activation, and humoral and adaptive 
immune programs. In contrast, TNFα–NFκB signaling 
was significantly upregulated in DC-SIGNLLow cells 
(Fig. S6M). Together, these spatial and single-cell da-
tasets define a coherent FL glyco-state characterized by 
elevated DC-SIGNL accessibility, coordinated activa-
tion of BCR-associated malignant programs, and sup-
pression of inflammatory NFκB signaling. More 
broadly, these results demonstrate that functional gly-
can states can be spatially organized, transcriptionally 
coupled, and quantitatively measured in human tu-
mors, establishing functional glycan accessibility as a 
biologically meaningful dimension of the tumor micro-
environment. 
 
GlycoScope reveals spatially organized Galec-
tin-8 binding patterns in FL neoplastic follicles 
associated with localized immune cell organiza-
tion 
The multiplexed aspect of GlycoScope allows simulta-
neous interrogation of multiple glycans, enabling the 
discovery of coordinated glycan alterations in FL tis-
sue. In addition to the expected increase in DC-SIGN 
binding in FL (Fig. 4), we observed an elevation of Ga-
lectin-8 interactions (Fig. S6F), suggesting that the gly-
can-lectin axes is dramatically altered in disease. Anal-
ysis of the glycan distributions across annotated cell 
types revealed a selective increase in Galectin-8 bind-
ing to Pax5+ B cells (Fig. 5A-B). Notably, Galectin-8 
interactions were markedly increased in the neoplastic 
follicular B cells in FL, compared to B cells from both 
the mantle zone and follicle center in FH and tonsil 

(Fig. 5C), suggesting  a spatial feature not previously 
described in this disease, despite prior evidence that 
other galectins are perturbed in B cell malignancies42,43. 
 
To further delineate the spatial identity of these Galec-
tin-8L-interacting B cells, we integrated Galectin-8L 
complexation with canonical follicular structural 
markers BCL2 and BCL6. In tonsil and FH tissues, Ga-
lectin-8L interactions were largely confined to BCL2+ 
mantle-zone B cells, whereas in FL, they were enriched 
in neoplastic B cells co-expressing BCL2 and BCL6 
(Fig. 5D). This organization was readily apparent in 
multiplexed images, where Galectin-8L-binding B cells 
were restricted to the mantle zone in tonsil and FH, but 
extended across both the follicular center and mantle 
regions in FL (Fig. 5E and Fig. S7A). This pattern was 
specific to Galectin-8L as Galectin-9L interactions 
were largely restricted from the follicle center and dis-
tributed similarly in FH and FL (Fig. 5F). Further-
more, co-detection of Galectin-8 accessible ligands and 
endogenous Galectin-8 lectin revealed that Galectin-8 
lectin was uniformly distributed across follicles in both 
FL and FH (Fig. 5G). Thus, the distinct FL-specific dis-
tribution of accessible Galectin-8L, rather than altered 
lectin abundance, is indicative of the changes in dis-
ease.  
 
Motivated by this FL-specific spatial patterning, we 
next examined whether Galectin-8L binding could dis-
tinguish follicular architecture. We thus performed 
stepwise neighborhood analysis from the Galectin-
8LHigh mantle-marginal zone rims, extending inward 
towards the follicular center and outward toward the 
marginal zone in 10 µm increments up to 150 µm (Fig. 
5H)44,45. Using follicular dendritic cell (FDC)–enriched 
regions46 as internal landmarks, we analyzed the follic-
ular center, mantle zone, and marginal zone (Fig. 
S7B). We defined the follicular center as the region lo-
cated 80-150 µm inward from the Galectin-8LHigh man-
tle zone rim, the mantle zone as spanning 0-80 µm, and 
the marginal zone as extending outward of the rim. 
This approach revealed disease-specific spatial distri-
butions of immune populations. In FL, T regulatory 
cells (Tregs) were consistently elevated throughout the 
mantle zone compared to FH and tonsil. Strikingly, a 
sharp increase in Treg abundance was observed at the 
transition from mantle to marginal zones in FL and 
FH, followed by a plateau across marginal steps, 
whereas tonsil tissues maintained consistently lower 
levels throughout (Fig. 5I). In contrast, CD8+ T cells 
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were enriched in FH and tonsil at multiple mantle and 
marginal positions but were markedly reduced in FL 
(Fig. S7C, left, top). CD68⁺ macrophages exhibited a 
progressive increase across the marginal zone in FL 
and FH (Fig. S7C, left, bottom), whereas CD4+ T cells 
(Fig. S7C, right, top) and CD68+CD163+ macro-
phages (Fig. S7C, right, bottom) generally showed sim-
ilar trends of changes across regions and disease states.  
  
Within FL follicles, Galectin-8 binding was not uni-
form; it displayed a spatial gradient, with elevated lev-
els observed between 30–120 µm and lower expression 
at the inner and outer follicular boundaries (Fig. 5J). 
This heterogeneity prompted us to explore whether ac-
cessible Galectin-8L abundance correlated with the lo-
calized distribution of immune cells. Intriguingly, we 
observed that Galectin-8L levels in follicular B cells 
were positively correlated with the local abundance of 
PD1+ or Tox1/2+ T cells (Fig. 5K), indicating spatial 
clustering of these specific T cell populations near Ga-
lectin-8LHigh regions within the follicle. This associa-
tion was not observed for other checkpoint markers 
such as TIM3 and LAG3 (Fig. S7D), which showed 
negative correlations, nor for total CD3⁺ T cells (Fig. 
5K, right), suggesting that the clustering is not due to 
general T cell infiltration. Furthermore, this spatial re-
lationship is distinctly Galectin-8L-dominant, as BCL2 
expression, despite its broad presence in neoplastic B 
cells in FL, showed no significant correlation with 
these T cell subsets (Fig. 5K, right). Together, these re-
sults show that Galectin-8L binding is spatially reor-
ganized in FL and defines intrafollicular regions with 
distinct immune composition. By using Galectin-8L 
binding as a spatial landmark, GlycoScope resolves 
novel glycan-defined tissue architecture and reveals 
immune neighborhoods not captured by protein mark-
ers alone, establishing functional glycan accessibility 
as an additional dimension of tumor microenviron-
ment organization. (Fig. 5L).  
 

Discussion 

Functional glycans shape immune recognition, cell–
cell communication, and tumor–immune interactions, 
yet have remained largely inaccessible to single-cell 
and spatial profiling. Existing approaches capture gly-
can abundance or biosynthetic potential but rarely re-
port how glycans are interpreted by endogenous recep-
tors in physiological contexts. Here, we engineered a 
panel of recombinant human lectins compatible with 
multimodal single-cell and spatial platforms, enabling 

direct measurement of lectin-accessible glycan states 
using the same receptor families that engage these 
structures in vivo. Together, scGOAT-seq and Glyco-
Scope enable high-throughput, biologically grounded 
glycan readouts that integrate with transcriptomics 
and spatial architecture, revealing glycan-defined cell 
states and tissue programs that are not resolved by 
transcriptional or protein markers alone.  

Perturbation of sialic acid biosynthesis in primary na-
ïve CD8+ T cells highlights a conceptual advantage of 
functional glycan profiling with scGOAT-seq. Disrup-
tion of GNE, a central enzymatic node in Neu5Ac bio-
synthesis, led to a marked reduction in Siglec-7 ligand 
accessibility, accompanied by coordinated changes in 
activation-associated transcriptional programs. These 
findings suggest that alterations in cell-surface sialyla-
tion are detected by endogenous lectins and can be 
linked to immune activation states, even in otherwise 
minimally stimulated naïve lymphocytes. Rather than 
acting solely as passive structural features, sialylated 
glycans appear to be coupled to activation-associated T 
cell states. In this context, scGOAT-seq provides a 
means to connect perturbations of glycan biosynthesis 
to immune state readouts at single-cell resolution, 
complementing existing transcriptomic and genomic 
approaches. More broadly, these data support the view 
that glycan regulation constitutes an additional layer of 
immune control that intersects with canonical im-
mune signaling programs. 

Across PBMC perturbations, endogenous lectin bind-
ing revealed stimulus-specific remodeling of cell-sur-
face glycan accessibility that was not apparent from 
transcriptional programs alone. Siglec-9 and Siglec-15 
binding stratified activated and effector-like CD4+ T 
cell states, whereas enhanced Siglec-7 interactions 
marked an IL-2–independent activation program most 
strongly induced by LPS. Notably, lectins within the 
Siglec family respond divergently to inflammatory 
cues: Siglec-7 binding increased following innate stim-
ulation but decreased with TCR activation, while Sig-
lec-9 and Siglec-15 interactions increased selectively 
with TCR stimulation and associated with cytokine- 
and IL-2–responsive effector programs.  

These patterns are consistent with cell-type–restricted 
expression of Siglec family members, but further reveal 
that human lectins with closely related glycan specific-
ities exhibit distinct and non-redundant cell-binding 
behaviors within the same immune populations. De-
spite recognizing overlapping classes of sialylated 
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glycans, Siglec-7, Siglec-9, and Siglec-15 displayed 
stimulus-dependent and cell-type–specific binding, in-
dicating that glycan remodeling is interpreted through 
distinct lectin interactions deployed by each immune 
population rather than reflecting glycosylation gene 
expression alone. These findings extend prior mecha-
nistic studies of Siglec-7 and Siglec-9 signaling in hu-
man T cells50,51 and NK cells32 by placing them in a con-
text-dependent glycan framework, in which distinct 
cues drive non-overlapping lectin-accessible glycan 
states. Notably, these stimulus-specific patterns were 
not apparent from the expression of glycosylation path-
way genes, underscoring that endogenous lectins re-
port functional glycan remodeling not captured by 
transcript abundance alone.  

Flow cytometry confirmed the scGOAT-Seq findings 
that Siglec-ligand abundance correlated with cytotoxic 
effector states, supporting the biological relevance of 
these glycan-defined programs. These results suggest 
that cell-surface lectins can be used to enrich and sort 
T cell fractions with higher cytotoxicity, or to inhibit 
them. More generally, these results indicate that lectin-
based readouts resolve an additional layer of immune 
regulation and imply that Siglec-directed therapeutic 
strategies may differentially impact T cell activation 
programs depending on the inflammatory milieu and 
the glycan states it induces. 

Perturbation of Siglec–sialic acid recognition further 
suggested that Siglec engagement is coupled to broader 
remodeling of lectin-accessible glycan states during in-
flammation. Blocking Siglec-7 and Siglec-9 during LPS 
stimulation abolished the expected increase in Siglec-
7L, reduced Siglec-9L, and altered accessibility of mul-
tiple lectin family members, including those from C-
type lectins, galectins, and Siglec-15. These glycan 
shifts coincided with marked transcriptional rewiring 
in monocytes and NK cells, including the induction of 
NF-κB signaling, unfolded protein response programs, 
metabolic regulators, and antigen-presentation ma-
chinery. These patterns are consistent with reports that 
disrupting Siglec-7/9–sialic acid engagement alters in-
hibitory signaling and inflammatory reprogramming 
in myeloid and lymphoid cells23,32,52. Network-based in-
ference further indicated that the effects of Siglec 
blockade extended beyond directly targeted cell types: 
whereas LPS stimulation alone produced a predomi-
nantly monocyte-centered cytokine network, Siglec 
blockade shifted inferred communication toward in-
terferon-, cytotoxic-, and co-stimulatory programs in-
volving NK and T cells. CD8+ T cells, despite lacking 

direct antibody engagement, exhibited secondary in-
duction of interferon-stimulated genes and TNF-asso-
ciated pathways, illustrating how perturbation of a sin-
gle glycan–lectin axis can reshape distal immune states 
through altered cell–cell communication. Together, 
these findings support a model in which lectin–glycan 
interactions contribute to the organization of immune 
activation states. 

Integrated spatial and single-cell glycomics further re-
vealed glycan-defined malignant B cell states in FL. 
ScGOAT-seq and GlycoScope converged on two malig-
nant FL populations distinguished by the engagement 
of mannose-binding lectins. DC-SIGNLHigh malignant 
B cells were enriched for BCR-associated and germinal 
center–linked transcriptional programs, directly link-
ing prior biochemical models36,38 of mannosylated 
BCR–DC-SIGN interactions to cell-state resolved and 
spatially defined malignant populations in human tis-
sue. In contrast, DC-SIGNLLow cells upregulated 
TNFα–NFκB inflammatory programs with reduced 
lectin binding, suggesting alternative malignant states 
with distinct signaling contexts.  

Beyond the mannosylated BCR axis, GlycoScope un-
covered a disease-associated spatial glycan pattern cen-
tered on Galectin-8 binding. In reactive lymphoid tis-
sues, Galectin-8L detection was largely confined to 
mantle-zone B cells, whereas in FL it was broadly dis-
tributed across neoplastic B cells throughout the folli-
cle. This redistribution was not seen for Galectin-9, in-
dicating that altered galectin accessibility is not uni-
form across the family. Increased galectin binding is of-
ten associated with reduced terminal sialylation and 
greater exposure of LacNAc/galactose residues54, alt-
hough lectin accessibility can also be shaped by glycan 
density and presentation. Notably, Galectin-8 protein 
was relatively uniformly distributed across follicles, 
suggesting that disease-associated changes in ligand 
accessibility, rather than lectin abundance, underlie 
Galectin-8L engagement in FL. Together, these obser-
vations demonstrate that functional glycan accessibil-
ity is spatially structured in tissue and can reveal dis-
ease-associated microenvironments not captured by 
transcriptomic or proteomic profiling alone. 

Leveraging Galectin-8L as a positional anchor, Glyco-
Scope resolved intrafollicular immune neighborhoods 
with distinct cellular composition. Regions enriched 
for Galectin-8L-expressing malignant B cells preferen-
tially co-localized with PD-1+ and TOX+ CD4+ T cell 
subsets. defining a glycan-associated 
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microenvironment not captured by conventional pro-
tein markers such as BCL2 alone. Together with the 
DC-SIGNL-associated mannosylation linked to BCR-
active malignant B cells, these findings support a 
model in which glycan accessibility constitutes a criti-
cal layer of tissue organization in the FL microenviron-
ment, operating alongside genetic and protein-based 
programs. More broadly, these results highlight lectin–
glycan axes beyond the Siglec–sialic acid recognition 
that organize immune states in human tissues. Rather 
than acting as canonical inhibitory receptors, galectins 
and other lectin families may demarcate spatially orga-
nized glycan features associated with distinct immune 
cell neighborhoods. 

Together, scGOAT-seq and GlycoScope provide a mod-
ular strategy for measuring human lectin-accessible 
glycan states within single-cell and spatial contexts. By 
enabling multimodal readout of lectin-recognized gly-
cans alongside transcriptional programs and tissue ar-
chitecture, these platforms extend standard single-cell 
and spatial workflows with a functional glycan dimen-
sion. Lectin binding reports ligand accessibility and 
avidity under assay conditions rather than complete 
glycan structures, motivating future integration of 
these methods with orthogonal glycomic measure-
ments. Beyond the systems examined here, the modu-
lar design of scGOAT-seq and GlycoScope allows ex-
tension to additional lectins, perturbations, and disease 
contexts. Looking ahead, the modular design of 
scGOAT-seq and GlycoScope should enable expansion 
to additional lectins, perturbations and disease con-
texts, supporting applications in biomarker discovery, 
therapeutic stratification and the development of 
glyco-immune-targeted interventions. 
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Methods and materials 
 
Human tissue acquisition and patient consent  
GlycoScope  
All formalin-fixed paraffin-embedded (FFPE) tissues used in 
this study were sectioned at 5 µm thickness on SuperFrost 
glass slides (VWR, 48311-703). The tonsil tissue block as part 
of GlycoScope technical benchmarking was commercially 
acquired (AMSbio, 194107) and sectioned by L.P. with 4 im-
mediately adjacent sections each on the same slide.  
  
FL/FH biological studies  
The FL/FH TMA and their corresponding single-cell tissue 
suspensions for scGOAT-seq and GlycoScope studies were 
generously provided by W.R.B. from the University of Roch-
ester Medical Center (IRB#STUDY00000159 - ULAB03012). 
To compare tonsil, FH, and FL as part of the GlycoScope 
analysis, 16 patient samples (4 tonsil, 4 FH, 8 FL) were sec-
tioned from a tissue microarray (TMA) comprising a single 
2.0 mm diameter core from each individual patient. In par-
allel, single-cell tissue suspensions from 10 patients (5 FH, 5 
FL) were obtained for scGOAT-seq analysis. Both TMA and 
single-cell tissue suspensions were prepared by P.R. and 
W.R.B. (IRB#STUDY00000159 - ULAB03012). Detailed de-
identified information for the FH and FL patients is available 
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in Supplementary Table 1 All patients were treatment-na-
ive at the time of biopsy.  
  
Cloning and site-directed mutagenesis  
 Recombinant human Galectin-9 (Gal-9 mC10-HPPY)63 and 
human galectin-8 (Gene ID: 3964) were synthesized and 
cloned into a pET24a plasmid including an N-terminal 
AviTag™ and a C-terminal His6 tag by Twist Bioscience 
(Twist Bioscience). 
  
Human MBL (MBL2) coding sequence (Uniprot ID P11226) 
was obtained from NCBI (gene ID: 4153) and synthesized as 
a DNA gene fragment (gblock) including an N-terminal 
AviTag™ and a His6 tag (Integrated DNA Technologies). 
DC-SIGN (CD209, UniProt ID Q9NNX6) was PCR out of 
Raji/DC-SIGN cells using the following primers (primers re-
verse 5′-GGGTTCCCTCCCACAAAACTCCTACGCAG-
GAGGGGGGTT -3′ and forward 5′-
GTCACACCCACAATTTGAAAAACAGCTTAAAGCTG-
CAGTG -3′). The DNA fragments were Gibson ligated into a 
linearized pcDNA4 plasmid (primers reverse 5′-GGTGAA-
GCTTAAGTTTAAACG-3′ and forward 5′-TGAG-
GATCCACTAGTCCAGTG-3′). To insert an N-terminal 
AviTag™ and His6 tag, a gblock was obtained including 5′-
TGTAATCTTGTCTGAGTCTCAGC -3′ and forward 5′- 
AGCTCTCAGAGAAATCCAAGC 3′ homology arms and 
cloned by gibson assembly into the 
linearized pcDNA4 DC-SIGN plasmid. Correct insertion was 
verified by Sanger sequencing (Quintara Biosciences).  
  
Protein expression and purification  
Galectin-8 and Galectin-9 were expressed in D3 Escherichia 
coli from a pET-24a vector. Liter-scale cultures were grown 
to the mid-log phase (OD600=0.3-0.5) and induced with 0.4 
mM 
isopropyl β-thiogalactoside (IPTG). Cultures were then 
grown for 16 hours at 18 °C and pelleted by centrifugation 
(20 min at 3000xg). After storage at -80 °C, pellets were re-
suspended in Ni-NTA Loading Buffer (20 mM sodium phos-
phate, 500 mM sodium chloride, 20 mM imidazole, pH 7.4) 
and lysed by French press (two cycles, maximum pressure 
1500 bar) or B-PER II Bacterial Protein Extraction Reagent 
(Thermo Fisher 78260). Galectin-9 was supplemented with 
cOmpleteTM protease inhibitor cocktail (Roche 
04693116001) 63. Cell debris was removed by centrifugation 
(30 min at 33,000xg). DC-SIGN and MBL were each ex-
pressed transiently into Expi293F cells (Thermo Fisher Sci-
entific) using ExpiFectamine293 Transfection Kit according 
to the manufacturer’s instructions (Thermo Fisher Scientific 
A14524). After 3 days, the conditioned expression medium 
was harvested by centrifugation and passed through a 0.2 
mm PES filter. 
Filtered supernatants were then loaded onto a Ni-NTA affin-
ity column (BioRad, Hercules, CA), washed in Ni-NTA 
Loading Buffer, and then eluted on a gradient to Ni-NTA 
Elution Buffer (20 mM sodium phosphate, 500 mM sodium 
chloride, 500 mM imidazole, pH 7.4). Fractions were 

analyzed on a stain-free tris-glycine gel. Following purifica-
tion, proteins were dialyzed in PBS with SnakeSkin 7,000 
MWCO dialysis tubing (Thermo Scientific 68700) overnight 
at 4 °C to remove excess imidazole. Protein concentrations 
were determined by absorbance at 280 nm. Extinction coef-
ficients and molecular weights were calculated using the 
ProtParam tool (web.expasy.org/protparam). Proteins were 
verified to be stably folded via differential scanning fluorim-
etry or circular dichroism spectroscopy before experiment 
use.  
  
Protein biotinylation  
All lectins were biotinylated using an Enzymatic Protein Bi-
otinylation Kit (Sigma-Aldrich CS0008) following the man-
ufacturer’s instructions using a 1:100 BirA/Protein ratio 
(w/w) at 30 ºC for 1 hour. Excess biotin was removed using 
a Zeba 1.5 ml 7 K MWCO Spin Desalting Column (Thermo 
Fisher Scientific 89882) following the manufacturer’s proto-
col. Biotinylation was confirmed by a streptavidin gel-shift 
assay. Biotinylated human Siglec-7 (SG7-H82E7), Siglec-9 
(SI9-H82E9), and Siglec-15 (SG5-H82E9) were obtained 
from Acro Biosystems.  
  
Cell lines  
H6c7 (Kerafast) cells were cultured in KGM™ Gold 
Keratinocyte Growth Medium BulletKit™ (LONZA 192060). 
AsPC-1 (ATCC), A549 (ATCC) and Toledo (ATCC) cells 
were cultured in RPMI ATCC modified media (Gibco 
A1049101), both containing 10% fetal bovine serum (FBS, 
Gibco 10082147) and 1% Penicillin-Streptomycin (P/S, Gibco 
15140122) at 5% CO2 and 37 °C.  
  
Isolation of PBMCs  
PBMCs were isolated from Leukocyte Reduction System 
cones (STEMCELL Technologies 200-0093) which were pro-
cessed within 48 h of the initial blood draw (Supplemen-
tary Table 1).  After initial wash, leukocytes were layered 
gradually onto 15 ml of Lymphoprep™ (STEMCELL Tech-
nologies 07801). Samples were centrifuged at 1200xg in a ta-
ble-top swinging bucket centrifuge for 10 min. PBMCs were 
carefully isolated from the Lymphoprep™ interface and 
added to 40 ml of PBS/FBS before being centrifuged for 8 
min at 800xg. After the supernatant was discarded, a second 
wash was performed. PBMCs were frozen in Cryostor CS10 
(BioLife Solutions 210373) overnight at −80 °C in a cryo-
genic freezing chamber. PBMCs were then transferred to liq-
uid nitrogen storage for long-term storage.  
  
Immune Perturbations 
PBMCs (n=3) were thawed and rested in Advanced RPMI 
supplemented with 10 % FBS, L-glutamine, HEPES and pen-
icillin streptomycin for 2 hours at 37°C, after which they 
were seeded into 96 well plate with 200,000 cells in 200ul 
media. For LPS stimulation, 4ul of 1:100 LPS (Thermofisher 
Catalog# 00-4976-03) were added to each well and then cul-
tured for 4 hours at 37°C. For antibody blocking experi-
ments, cells were blocked with Fc blocking reagent, Human 
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TruStain FcX (BioLegend Catalog# 422302) for 15 min fol-
lowed by addition of human Siglec7/CD328 antibody 
(MAB1138-SP; R&D Systems) and human Siglec 9 antibody 
(MAB1139-SP; R&D Systems) each at a final concentration 
of 10ug/mL followed by LPS stimulation described as above. 
For TCR stimulation, PBMCs were rested for 2 hours after 
thawing and then stimulated with Dynabeads CD3/CD28 for 
human T cell activation (Thermofisher Catalog# 1131D) at a 
ratio of 1:1, followed by incubation at 37°C for 24 hours. Af-
ter incubation, beads were separated using magnetic separa-
tion and cells were counted and labelled with oligo-lectin 
constructs for scGOATseq in cell staining buffer supple-
mented with 1mM calcium chloride. 
 
CRISPR-KO in Naïve CD8+ T cells 
After thawing 100 M PBMCs for 3 independent biological 
donors, naïve CD8+ T cells were isolated using naïve CD8+ 
T cell isolation kit (STEMCELL 17968) as per manufac-
turer’s instructions. Cells were rested in media at 37°C for 4 
hours. Guide RNAs for GNE gene (Guide1:  5’-
mG*mG*mA*rCrCrArUrCrGrCrArUr- 3’; Guide2: 5’-
mC*mG*mA*rArUrCrCrUrUrCrArCrArUrUr-3’) and 
scrambled control were obtained from IDT and mixed with 
nuclease at 2.5:1 guide: nuclease molar ratio with a concen-
tration of 0.2 mg/mL. CD8+ T cells with guides (1:1 ratio for 
Guide1 and Guide2) and scrambled control RNPs were then 
subjected to mechanoporation based gene delivery using the 
Portal Biosciences T cell boosting protocol as per manufac-
turer’s instructions. Cells after boosting were then counted 
and labelled with oligo-lectin constructs for scGOATseq 
downstream processing.  
 
Direct labeling of lectins and streptavidin 
Streptavidin (Invitrogen 434301) was functionalized using 
DBCO-PEG4-NHS Ester (Vector Labs CCT-A134) dissolved 
in dimethyl sulfoxide at 1:10 in PBS pH 7.4. The reaction was 
incubated for 30 min at room temperature with mixing. To 
stop the reaction, 50 mM Tris-HCl, pH 8.0 was added. Non-
reactive DBCO was removed by desalting using a Zeba 1.5 
ml 7 K MWCO Spin Desalting Column (Thermo Fisher Sci-
entific 89882) following the manufacturer’s protocol. DBCO 
labeling was determined using the following formula: A309 
× εStreptavidin/ ((A280 − CF × A309) × εDBCO), where CF 
= 1.089, εStreptavidin = 41326 cm−1 M−1 and εDBCO = 
12000 cm−1 M−1. 5’ azide-modified oligos (Integrated DNA 
Technologies) in Supplementary Table 2 were incubated 
with DBCO-PEG4-Streptavidin 10:1 in PBS for 18 h with 
mixing at 4 ºC. Samples were purified using Amicon Ultra 3 
kDa (Millipore Sigma UFC5003) to remove excess oligos. 
Single-strand DNA concentration was quantified using 
Qubit™ ssDNA Assay Kit (Thermo Fisher Scientific 
Q10212).  
  
Flow cytometry  
All centrifugation steps were performed at 400 relative cen-
trifugal force (RCF). Adherent cells were harvested using 
Trypsin-EDTA (Gibco 25200072). Collected cells were 

washed with DPBS (Thermo Fisher Scientific 14190250) and 
then resuspended in sterile filtered staining buffer made of 
10% FBS with 1 mM CaCl2 in DPBS (Gibco 14040133). Stain-
ing with individual lectins was performed on 10e5 cells incu-
bated with 1 µg/ml (DC-SIGN) or 2 µg/ml of human lectins 
and 0.5 µg/ml of Streptavidin Alexa Fluor™ 647 or 488 
(Thermo Fisher Scientific S21374) for 40 min at 4 °C. Cells 
were subsequently centrifuged and washed with staining 
buffer twice. Cells were analyzed on an Attune Nxt flow cy-
tometer (Thermo Fisher Scientific). Data was analyzed using 
FlowJo LLC software.  
  
To quantify similarity between single-cell fluorescence dis-
tributions, we computed the Bhattacharyya coefficient (BC) 
for each pairwise comparison. Single-cell events were 
treated as independent observations of a one-dimensional 
fluorescence distribution for the specified channel. All gat-
ing, compensation, and quality filtering were performed up-
stream using FlowJo. 
Probability density estimates for each sample were gener-
ated using Gaussian kernel density estimation (R function 
density, bw="nrd0", 512 points). Densities were evalu-
ated on a shared grid spanning the intersection of the two 
distributions. Each probability vector was normalized to in-
tegrate to one. BC was calculated as: 

 
 
where  and  represent the normalized densities of the 
two samples on the common grid. BC values range from 0 
(no overlap) to 1 (identical distributions). 
 
Multicolor Spectral Flow Cytometry of TCR stimu-
lated T cells 
 
PBMCs form 6 independent biological donors were thawed 
in media and T cell isolation was performed using the Stem-
Cell EasySep Human T cell isolation kit (StemCell Catalog 
#17951) as per manufacturer’s protocol. Following T cell iso-
lation, cells were counted and 1e6 cells were stimulated with 
Dynabeads CD3/CD28 for human T cell activation (Ther-
mofisher Catalog# 1131D) at a ratio of 1:1 in 1ml media in 
24 well plates for overnight at 37°C. After that, cells were ac-
tivated using Cell Activation cocktail (with Brefeldin A) (Bi-
olegend #423304) at a dilution of 1:500 for 4 hours. Cells 
were then separated from beads using magnetic separation 
and 200,000 cells were seeded per well in 96 well plate for 
staining. Cells were stained in staining buffer of 200ul with 
15uM lectins and 10uM Alexa Fluorophore 488 conjugated 
streptavidin (Thermofisher Catalog# S32354) for 40 minutes 
at 4 °C. After washing, cells were stained with viability dye 
(Zombie R685 Viability kit, Biolegend Catalog #423119) and 
then washed. Cells were stained with cell surface protein an-
tibodies at a dilution of 1:100 by volume (Spark PLUS UV 
395 anti-human CD4 antibody, Biolegend #344628; Brilliant 
Violet 605 anti-human CD3 antibody, Biolegend #300460; 
PerCP anti-human CD69 antibody, Biolegend #310928; 
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Brilliant Violet 421 anti-human/mouse/rat CD278 (ICOS) 
antibody, Biolegend #) for 30 min at 4 °C. Cells were then 
washed and permeabilized for 30 min at 4 °C, permeabilized 
and stained for intracellular cytokine antibodies at a dilution 
of 1:100 for 30 min at 4 °C (Brilliant Violet 785 anti-human 
IFNg antibody, Biolegend #502542; PE anti-human Perforin 
antibody, Biolegend #353304, RB613 mouse anti-human 
Granzyme B antibody, BD #571117) followed by washing. 
Cells were then profiled for flow cytometry using Cytek Au-
rora spectral flow cytometer with single color controls and 
then analyzed using FlowJo software. 
  
Liquid Ligand Array (LiGA) 
Streptavidin-coated, pre-blocked 96-well plates (Ther-
mofisher, Cat#15501) were used to immobilize biotinylated 
lectins and capture binding phage from the LiGA library18. 
Biotinylated lectins were diluted to 25 µg/mL in 1× PBS, and 
100 µL was added per well. Each lectin was analyzed in trip-
licate. Plates were sealed and incubated overnight at 4 °C. 
The coating solution was removed by inversion and blotting 
on absorbent paper. To block residual streptavidin sites, 100 
µL of 10 mM biotin was added and incubated for 1 h. Wells 
were emptied and washed three times with 200 µL HBS (20 
mM HEPES, 150 mM NaCl, 2 mM CaCl₂, pH 7.4). 
LiGA was diluted to 1×10⁹ PFU/mL in HBS, and 100 µL 
(≈1×10⁸ PFU) was added per well and incubated for 2 h. Af-
ter incubation, wells were washed twice with HBS + 0.1% 
Tween-20 and once with HBS. Bound phages were eluted 
with 100 µL of 10 mM HCl. At exactly 9 min, eluates were 
transferred into tubes containing 50 µL Phusion 5× HF 
buffer for neutralization. A 2 µL aliquot of the neutralized 
eluate was used for qPCR to quantify enrichment. All steps 
were performed at room temperature unless noted. PCR pro-
tocol and Illumina sequencing and data processing was per-
formed as previously described18 . 
 
Cell mixing labeling  
ASPC1and H6c7 cell lines were respectively stained follow-
ing manufacturer’s instructions with CellTrace™ Far Red 
(Thermo Fisher Scientific C34564) ,and Violet (C34571) in 1 
ml of DPBS for 20 min at 37 °C. Afterwards, cells were 
washed with DPBS (Thermo Fisher Scientific 14190250) and 
then resuspended in sterile filtered staining buffer made of 
10% FBS with 1 mM CaCl2 in DPBS 100,000 cells/ml. Cells 
were mixed 1:1:1 before staining with individual Siglecs (2 
µg/ml) and 0.5 µg/ml of Streptavidin Alexa Fluor™ 488 
(Thermo Fisher Scientific S21374) for 40 min at 4 °C. Each 
cell mixing experiment was performed in triplicate.  
  
Sialidase treatment  
Cells were treated with 50 mU/ml of the neuraminidase 
from Arthrobacter ureafaciens (Roche 10269611001) for 30 
min at 37 °C.  
  
scGOAT-seq sample processing using Seq-Well custom 
streptavidin/TotalSeq A oligos  

LDTs were generated by incubating oligo-conjugated strep-
tavidin made in-house or TotalSeq A™ streptavidin PE 
probes (Supplementary Table 2) following manufacturer’s 
instructions with recombinant biotinylated human lectins 
on ice. After 15 min, biotin was added to block free binding 
sites and incubated for 15 min.  
  
Pooled LDTs were added to 10e5 cells and incubated at 4 °C 
for 40 min in a staining buffer or 10% FBS (Thermo Fisher 
Scientific), 1 mM CaCl2 in RPMI media (Thermo Fisher Sci-
entific; RP10). Afterward, the cells were centrifuged, washed 
with staining solution, and diluted to 10e5/ml. Massively 
parallel picowell based scRNA-seq was performed via the 
Seq-Well S3 platform as previously described64,65. Briefly, ap-
proximately 20,000 cells in 200 µl of staining buffer were 
loaded onto each PDMS based Seq-Well array, pre-loaded 
with barcoded RNA capture beads from ChemGenes. Arrays 
were rested for 10 min to allow gravity-based loading of cells 
into wells before being washed with PBS followed by non-
supplemented media (RPMI) to remove any protein bound 
to the array surface and allow adequate membrane sealing. 
A plasma-treated semi-permeable membrane was added to 
each array and allowed to seal in an Agilent clamp at 37oC 
for 30 min. Arrays were then moved to lysis buffer (5 M 
guanidine thiocyanate, 10 mM EDTA, 0.1% BME, and 0.1% 
sarkosyl) for 20 min followed by hybridization buffer (2M 
NaCl, 8% v/v PEG8000) for 40 min. The arrays were then 
moved to wash buffer (2M NaCl, 3 mM MgCl2, 20 mM Tris-
HCl, and 8% v/v PEG8000), and beads were removed from 
wells via pipette washing and manual scraping with glass 
slide. The removed beads then underwent reverse transcrip-
tion at 52oC overnight using Maxima H Minus Reverse Tran-
scriptase (ThermoFisher). Excess primers were then re-
moved using Exonuclease I enzyme (New England Biolabs), 
denaturation with 0.1M NaOH was performed for 5 min fol-
lowed by second strand synthesis using Klenow Fragment 
(3’5’ exo-) (New England Biolabs), and whole transcriptome 
amplification was achieved via PCR with KAPA HiFi Hot-
Start ReadyMix (Roche), within spike-in primer for amplify-
ing Seq-Well captured LDTs. cDNA and LDT libraries were 
separated during a 0.6X SPRI using AMPure XP beads (Beck-
man Coulter), where the beads captured the cDNA and the 
supernatant contained the LDTs. cDNA libraries were pre-
pared using Nextera Dual 22 Index kits. The LDT libraries 
were further SPRI cleaned and then amplified using P5 and 
RPI P7 primers. The libraries were quantified and then 
loaded onto NextSeq 2000 P3 50 cycle kits and sequenced us-
ing the read structure: 21-8-0-50 for Read1-Index1-Index2-
Read2. The resultant data was converted to FASTQ files us-
ing bcl2fastq and then aligned to the human genome 
(GRCh38) using drop-seq tools, on Terra maintained by the 
Broad Institute. Collapsing the aligned reads based on bar-
code and UMI sequences, digital gene expression matrices 
were obtained for each array, covering 10,000 cell barcodes.  
  
scGOAT-seq sample processing using 10X 5’ capture kit  
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Barcoded lectin panels were pre-conjugated with Biolegend 
TotalSeq-C Streptavidin probes for 15 min at 4 °C followed 
by quenching of free sites of streptavidin with free biotin for 
additional 15 min after which all barcoded lectin panels 
were pooled together. Cells were stained with barcoded lec-
tin panels for 40 min at 4 °C, followed by washing. Cells from 
different donors were hashed together using Biolegend To-
talSeq C hashing antibodies as per manufacturer’s instruc-
tions. Briefly, cells were first blocked with Fc-blocking rea-
gent for 10 min, washed and then stained with hashing anti-
bodies for 30 min, washed and pooled together. Cells were 
then counted and loaded onto 10X Chromium and down-
stream protocols were performed as per manufacturer’s in-
structions for 10X Chromium 5’gene expression with cell 
surface antibody libraries. After cDNA and ADT/Hash li-
braries were prepared, they were quantified and loaded into 
Illumina P4 100 cycle NextSeq kits with a targeted molar ra-
tio of 9:1 for sequencing.  The resultant data was converted 
to FASTQ files using bcl2fastq and then aligned to the hu-
man genome (GRCh38) using 10X Cell Ranger pipelines, on 
Terra maintained by the Broad Institute. 
  
Data Analysis: scGOAT-seq  
Data Processing and quality control (scGOAT-seq Seq-Well 
S3)  
For individual samples, collapsed gene expression profiles 
from 10,000 cell barcodes were converted into Seurat V4 ob-
jects using the “CreateSeuratObject” function. Cells were fil-
tered on the basis of the number of genes, number of fea-
tures, and percentage of mitochondrial genes based on the 
distribution for each different experiment and sample type 
profiled. The percentage of mitochondrial gene expression 
was determined using the PercentageFeatureSet() function 
of Seurat with the pattern set to ^MT. For the cell-line mix-
ture model comparison with flow cytometry, we filtered cells 
expressing fewer than 1,500 genes and more than 20,000 
genes, as well as cells expressing more than 5% of their tran-
scriptome as mitochondrial genes. For the PBMC and FL 
samples across donors, we filtered out cells with number of 
genes less than 300 and more than 4,000, number of UMIs 
less than 500 and more than 10,000, or expressing more than 
25% of their transcriptome as mitochondrial genes. Data was 
normalized, scaled using default Seurat pipeline and the top 
variable features were identified using the FindVariable-
Features() function of Seurat with default parameters. Prin-
cipal components analysis (PCA) was performed using Run-
PCA() with default parameters and an elbow plot using the 
ElbowPlot() function with ndims=40 to determine the di-
mensions for clustering and UMAP generation. UMAPs 
were generated using RunUMAP() with the PCA reduction. 
FindNeighbors() and FindClusters() functions were used for 
clustering, with a 0.8 resolution parameter. The LDTs were 
added as a separate assay to the Seurat objects, where each 
the counts for LDT per cell was normalized to the counts of 
the control streptavidin and then normalized using log-
transformation. The FindMarkers() function was used to de-
termine marker genes using default parameters for manual 

annotation of clusters into cell types. For the reference map-
ping, the FindTransferAnchors(), FindIntegrationAnchors() 
and the IntegrateData() functions were used to map clusters 
to the reference dataset atlas for annotation.  
  
Data Processing (scGOAT-seq 10X 5’)  
For the individual samples, collapsed gene expression pro-
files obtained from CellRanger were converted into Seurat 
V5 objects using the “CreateSeuratObject” function. For 
each particular sample, demultiplexing of the hash antibod-
ies was performed using the Seurat HTODemux function 
with a positive quantile value of 0.90, following which dou-
blets and empty droplets were filtered out for downstream 
analyses. The LDTs were added as a separate assay to the 
Seurat objects, where the counts for LDT per cell for each 
lectin were divided by the counts for the control streptavidin 
signal and then log-normalized. For gene expression data, 
data was log-normalized and scaled using default Seurat 
pipeline. Principal components analysis (PCA) was per-
formed using RunPCA() with default parameters and an el-
bow plot using the ElbowPlot() function with ndims=35 to 
determine the dimensions for clustering and UMAP genera-
tion. UMAPs were generated using RunUMAP() with the 
PCA reduction. FindNeighbors() and FindClusters() func-
tions were used for clustering, with a 0.5 resolution parame-
ter. The LDTs were added as a separate assay to the Seurat 
objects, where each the counts for LDT per cell was normal-
ized to the counts of the control streptavidin and then nor-
malized using log-transformation. Cell type annotation was 
performed using reference annotation through the Azimuth 
pbmcref dataset on Seurat and manually checked by plotting 
reference celltype marker genes from Azimuth on predicted 
cell types. 
  
Differential expression testing and gene set enrichment 
analyses  
The cells were binned into lectin-binding high and lectin-
binding low populations using manual cutoffs for each lectin 
based on their distribution. Pairwise differential gene ex-
pression was performed using the FindMarkers() function 
from Seurat using default parameters. The differentially ex-
pressed genes were ranked by log-fold change and the 
ranked list was used gene set enrichment analyses using the 
fgsea package using the Hallmark and/or manually curated 
reference pathways.  
 
Cell-cell interaction analyses 
 Inferred cell-cell interaction analyses were performed using 
the NicheNet package for intercellular communication mod-
elling across different conditions for PBMCs using default 
parameters and visualization of top 50 inferred interaction 
scores using circos plots. 
  
Survival analyses  
For the survival analyses with gene sets, a two‐step pipeline 
was implemented where, first, genemodule scores were 
computed using the Seurat AddModuleScore function with 
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100 “control” genes. Then, for survival analyses, module‐
scores were normalized across patients, dichotomized by up-
per/lower quantiles (upper and lower 40th quantiles for 
DLBCL, quartiles for all other cases), and Kaplan–Meier es-
timation was performed with logrank testing for significance 
testing.  
  
Bulk RNA-seq analyses  
Publicly available bulk RNA-seq data from TCGA were con-
verted into Seurat V4 objects using the “CreateSeuratObject” 
function and log-normalized. The gene(s) of interest were 
visualized using the VlnPlot() with a Wilcoxon rank-sum 
test performed using the ggsignif package in R.  
  
 
GlycoScope  
Antibody panel selection, conjugation, and titration  
Antibodies used in the tonsil and FH/FL studies were ob-
tained from their respective commercial sources and were 
conjugated either in-house or through collaboration with 
Cell Signaling Technologies (CST). These include previously 
validated antibody clones66–68. For antibodies conjugated in-
house, the specificity of antibody candidates were first vali-
dated by immunohistochemistry (IHC) on FFPE lymphoid 
tissues to ensure robustness of staining. The selected anti-
body clones were then conjugated by maleimide-based 
chemistry with minor modifications from a previously pub-
lished protocol69. Briefly, 50 or 100 µg of carrier-free antibody 
was concentrated using a PBS-T pre-wetted 50kDa filter 
(Sigma Millipore, UFC5050BK) and then incubated with 0.9 
µM TCEP (Sigma, C4706-10G) for 10-30 min in a 37°C water 
bath to reduce the thiol groups for conjugation. Reduction 
was quenched by two washes with Buffer C (1 mM Tris pH 
7.5, 1 mM Tris pH 7.0, 150 mM NaCl, 1 mM EDTA) supple-
mented with 0.02% NaN3. Maleimide oligos were resus-
pended in Buffer C supplemented with 250 mM NaCl. The 
reduced antibody was then incubated with 100 or 200 µg (for 
50 or 100 µg of antibody, respectively) of maleimide oligos 
(Biomers, 5’-Maleimide) in a 37°C water bath for 2 hours. 
The resulting conjugated antibody was purified by washing 
five times with the 50kDa filter with high-salt PBS (1× DPBS, 
0.9 M NaCl, 0.02% NaN3). The conjugated antibody was 
quantified in IgG mode at A280 using a NanoDrop (Thermo 
Scientific, ND-2000). The final concentration was adjusted 
by adding >30% v/v Candor Antibody Stabilizer (FisherSci-
entific, NC0414486) supplemented with 0.2% NaN3, and the 
conjugated antibody was stored at 4°C. Each conjugated an-
tibody was titrated and validated via immunofluorescence 
on FFPE lymphoid tissues. All final stains were reviewed 
with board certified pathologist W.R.B..  
  
FFPE tissue rehydration, antigen retrieval and blocking  
FFPE tissue slides were baked in an oven (VWR, 10055-006) 
at 70°C for 1 h and thoroughly deparaffinized by immersing 
in xylenes for 2× 5 min. The slides were then rehydrated by 
a series of graded solutions using a linear stainer (Leica Bio-
systems, ST4020), with each step proceeding for 3 min: 3× 

xylene, 2× 100% EtOH, 2× 95% EtOH, 1× 80% EtOH, 1× 70% 
EtOH, 3× UltraPure water (Invitrogen 10977-023), and fi-
nally left in UltraPure water (Invitrogen 10977-023).  
  
Unless otherwise specified, all washes mentioned below 
were with gentle agitation. Antigen retrieval was performed 
at 97°C for 20 min with pH 9.0 Target Retrieval Solution (Ag-
ilent, S236784-2) using a PT Module (ThermoFisher, 
A80400012), after which the slides were cooled to room tem-
perature on the benchtop and washed once in 1× PBS for 5 
min. Tissue regions were circled with a hydrophobic barrier 
pen (Vector Laboratories, H-4000) and then washed in 1× 
TBS-T for 5 min. The slides were then equilibrated by wash-
ing in EDTA-free S2 Buffer (0.5× DPBS, 0.25% BSA, 0.02% 
NaN3, 250 mM NaCl, 61 mM Na2HPO4, 39 mM NaH2PO4) for 
20 min.  
  
Tissue slides were then subjected to biotin blocking with the 
Streptavidin/Biotin Blocking Kit (Vector Laboratories, SP-
2002). Briefly, slides were first incubated with the streptavi-
din solution for 15 min at RT in a humidity chamber fol-
lowed by 1x PBS washes for 5 min, twice. The slides were 
then incubated with the biotin solution for another 15 min 
at RT in a humidity chamber followed by the same washing 
steps. The slides were then blocked with Blocking Buffer 
that contains BBDG (5% normal donkey serum, 0.05% NaN3 
in 1× TBS-T wash buffer (Sigma, 935B-09)) supplemented 
with 50 µg/ml mouse IgG (diluted from 1 mg/ml stock 
(Sigma, I5381-10mg) in S2), 50 µg/ml rat IgG (diluted from 1 
mg/ml stock (Sigma, I4141-10mg) in S2), 500 µg/ml sheared 
salmon sperm DNA (ThermoFisher, AM9680), 50 nM oligo 
block (diluted from stock with 500 nM of each oligo in 1× TE 
pH 8.0 (Invitrogen, AM9849) and 1X Carbo-freeTM Blocking 
Solution (diluted from 10X (Vector Laboratories, SP-5040-
125)). Blocking was performed in a humidity chamber on ice 
during which was photobleached using Happy Lights (Veri-
lux, VT22) for 1 h, with temperature kept below 40°C.  
  
Antibody and lectin staining  
Each conjugated antibody in the panel was first centrifuged 
at 12,500 rpm for 8 min at 4 °C to remove aggregates. They 
were then diluted in a single tube containing 300 µl Anti-
body Diluent (5% normal donkey serum, 0.05% NaN3 in 1x 
TBS-T) at a concentration based on prior titration. The anti-
body mixture was then filtered through a EDTA-free S2 
Buffer pre-wetted 50kDa filter (Sigma Millipore, 
UFC5050BK) at 12,500 rpm for 8 min at 4oC. The filtered 
mixture was adjusted to the desired final volume by adding 
25% v/v total volume with FFPE Block (50 µg/ml mouse IgG 
(Sigma, I5381-10mg), 50 µg/ml rat IgG (Sigma, I4141-10mg), 
500 µg/ml sheared salmon sperm DNA (ThermoFisher, 
AM9680), 50 nM oligo block (diluted from stock with 500 
nM of each oligo in 1× TE pH 8.0 (Invitrogen, AM9849) in 
S2) and topping up the remainder with Antibody Diluent. 
The antibody mixture was then filtered through a EDTA-free 
S2 Buffer pre-wetted 0.1 µm pore size filter (Millipore, 
UFC30VV00) at 12,500 rpm for 1 min at 4oC. 
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Blocked/photobleached tissues were then incubated with 
the filtered antibody mixture at 4oC in a humidity chamber 
overnight.  
  
For lectin staining, tissues were washed twice in GlycoBuffer 
for 5 min each at RT. The slides were then rinsed quickly 
with 1x PBS twice and washed once with 1x PBS for 2 min. 
The slides were fixed with 4% PFA (diluted from 16% stock 
(EMS Diasum, 15740-04) in 1x PBS (diluted from 10x stock) 
in a humidity chamber protected from light, at RT for 10 
min. The slides were then rinsed quickly with 1x PBS twice 
and washed once with 1x PBS for 2 min. After that, the slides 
were equilibrated by washing twice in GlycoBuffer for 5 min 
each at RT.  
  
Oligo-conjugated recombinant lectins were prepared by in-
cubating recombinant biotinylated lectins with oligo-conju-
gated streptavidin in individual tubes at ratios optimized 
based on prior titration. The reactions were carried out in 
custom Antibody Diluent Blocking Solution, on ice and pro-
tected from light, for 15 min. To block free binding sites, bi-
otin was added at one-third of the total reaction volume, fol-
lowed by an additional 15-min incubation. Each of the oligo-
conjugated recombinant lectins were pooled, applied to the 
antibody-stained tissue and incubated in a humidity cham-
ber protected from light at 4oC overnight. For experiments 
that involved glycan manipulations as part of GlycoScope 
technical validation, 10 mM pH 8.0 EDTA (diluted from 0.5 
M stock ( Invitrogen, 15575020)), 20 mM lactose (diluted 
from stock 200 mM stock (Sigma Aldrich, 17814) and 100 
mU/ml sialidase (diluted from 1 U/ml stock (Roche, 
10269611001)) was added to the DC-SIGN and MBL, Galec-
tin-8, and Siglec-7, Siglec-9 and Siglec-15 experiments, re-
spectively. They were then applied to the tissue and incu-
bated in a humidity chamber protected from light at 4oC 
overnight.  
  
After incubation, tissues were washed twice in GlycoBuffer 
for 2 min each at RT. The slides were fixed with 1.6% PFA 
(diluted from 16% stock (EMS Diasum, 15740-04) in Gly-
coBuffer in a humidity chamber protected from light, at RT 
for 10 min. The slides were then rinsed quickly with Gly-
coBuffer twice and washed once with GlycoBuffer for 2 min. 
The slides were fixed with ice-cold methanol for 5 min on 
ice, followed by rinsing with GlycoBuffer twice and washed 
once with GlycoBuffer for 2 min. The slides were then fixed 
in 4 µg/µl of BS3 Final Fixative (diluted from 200 µg/µl stock 
(ThermoFisher, 21580) in GlycoBuffer) twice for 15 min 
each at RT protected from light. The slides were washed 
once in 1X CODEX Buffer. A cotton-tipped applicator was 
used to scrape off the hydrophobic barrier on the slides and 
the slides were stored in 1X CODEX Buffer. Details regard-
ing the lectins, antibody clones, vendors, conjugated chan-
nels, titers, exposure times, and assigned channels through-
out the study are in Supplementary Table 2.  
  
Imaging  

GlycoScope imaging was performed via the automated Phe-
noCycler Fusion platform (Akoya Biosciences). Each tissue 
slide was mounted with a flow cell (Akoya Biosciences, 
240205) and was incubated in 1X CODEX Buffer for 10 min 
at RT. A reporter plate was prepared for each tissue slide 
with each well corresponding to each imaging cycle. Briefly, 
each well of a 96-well black reporter plate (BRAND Tech, 
781607) was added with Plate Buffer (500 µg/ml sheared 
salmon sperm DNA in 1x CODEX Buffer) supplemented 
with 54.11 mM Hoechst 33342 (ThermoFisher, H3570) and 
100 nM each of ATTO550 or AlexaFluor647-conjugated lec-
tin/antibody corresponding complementary reporter oligos 
(GenScript, HPLC purified). The wells were then sealed us-
ing aluminum plate seal (ThermoFisher, AB0626) and 
stored at 4oC until use. Low DMSO (80% 1× CODEX Buffer, 
20% DMSO) and High DMSO (10% 1× CODEX Buffer, 90% 
DMSO) buffers were prepared fresh by mixing 1× CODEX 
Buffer with DMSO (Sigma, 472301-4L). After imaging, the 
slides were stored in 1× PBS.  
  
Hematoxylin & Eosin staining and imaging  
All slides were stored in 1x CODEX buffer at 4°C after Gly-
coScope capture for H&E staining to visualize and confirm 
tissue morphology immediately after completing quality 
control evaluation of the captured images. Slides were first 
equilibrated in UltraPure water (Invitrogen 10977-023) at RT 
prior to staining with Modified Mayer’s Haematoxylin 
(StatLab, HXMMHPT) for 5 min at RT, followed by rinsing 
3 times with UltraPure water (Invitrogen 10977-023). Slides 
were then treated with Bluing Solution (StatLab, 
HXB00588E) for 1 min at RT, and subsequently rinsed 3 
times with UltraPure water (Invitrogen 10977-023) . The 
slides were then equilibrated in 95% ethanol for 1 min prior 
to staining with a solution of Eosin Y and Phloxine B 
(StatLab, STE0243) for 1 min, followed by rinsing by dipping 
12 times each in three changes of fresh 95% ethanol. Finally, 
the slides underwent graded dehydration by dipping 5 times 
in 100% ethanol, and 5 times in two changes of xylenes. Ex-
cess xylenes was gently dabbed off and glass coverslips (Cre-
ative Waste Solutions, CSM-2450) were mounted with xy-
lene-based mounting medium (OptiClear Xylene, SSN Solu-
tions, CSM1112). The slides were left to dry overnight at RT, 
after which they were scanned using the Grundium Ocus40 
slidescanner (Grundium, MGU-00003). The H&E stains 
were verified by board certified pathologist W.R.B for tissue 
quality and morphological consistency with the multiplexed 
spatial proteomics images.  
  
Data analysis: GlycoScope  
Image processing  
For all markers in the tonsil dataset, images were derived 
from the 8-bit final QPTIFF files processed by the Pheno-
cycler Fusion software with default blank cycles subtraction. 
These marker images were then extracted and subsequently 
subjected to cell segmentation and single-cell feature extrac-
tion, as described in the following sections.  
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For all antibody markers in the FL/FH dataset, the 16-bit in-
termediate QPTIFF files generated by the Phenocycler Fu-
sion were used to ensure optimal dynamic range of data. The 
QPTIFFs were first processed by subtracting the last blank 
cycle scaled by the ratio between current channel cycle and 
total cycle number, i.e.,  

 
  
where X’i,j is the blank-subtracted image of marker j in cycle 
i; Xi,j,0 is the 16-bit intermediate image of marker j in cycle i; 
and Xε is the last blank cycle. These images were then pro-
cessed in imageJ using the “Math” and “Subtract Back-
ground” functions under “Process” to 1) subtract the mean 
pixel value of the image to remove most of the “salt and pep-
per” noise, and 2) subtract the background generated by the 
sliding paraboloid algorithm with a 5 pixel radius. Finally, 
binary masks were generated for these images using Otsu bi-
narization. Then the final images were generated by taking 
the Hadamard product of the binary masks and the back-
ground-subtracted images.  
 
For all glycan markers (DC-SIGNL, MBL-L, Siglec-7L, Sig-
lec-9L, Siglec-15L, Galectin-8L, Galectin-9L) in the FL/FH 
dataset, the 16-bit intermediate QPTIFF files generated by 
the Phenocycler Fusion were used and underwent the afore-
mentioned image processing pipeline. In addition, these im-
ages were processed by nuclear masking. Briefly, respective 
nuclear DAPI images of the maker cycles were used to gen-
erate binary masks. These masks were then applied to the 
marker images to remove any non-specific nuclear signals.  
 
Cell segmentation and single cell feature extraction  
For both the tonsil and FL/FH GlycoScope datasets, cell seg-
mentation was performed using the MESMER model of 
DeepCell version 0.12.270,71 , with maxima_threshold set to 
0.075 and interior_threshold set to 0.05. The nuclear channel 
input of MESMER was DAPI for both datasets. The mem-
brane channel input of MESMER for the tonsil dataset was 
a summation of HLA-1 and Galectin-8L, while that for the 
FL/FH datasets was a summation of HLA-1, CD31, CD3, 
CD68 and podoplanin.  
  
For each marker, the pixel value within the area of each cell 
(determined by the segmentation mask) was summed and 
then divided by the area of each cell, and the resulting cell-
size scaled sum was set as the expression value for a given 
marker. Each cell from each tonsil or core was identified by 
unique cell label and tissue ID.  
  
Data processing  
Cell sizes that were below 0.001 (i.e., non-specific dots or tis-
sue debris) and over 0.995 percentile (i.e., due to flipping of 
tissue during imaging) were first removed. All the markers 
of the FL/FH dataset were then scaled by their respective 
median nuclear DAPI signal of each tissue sample to adjust 
for different binding efficiency of markers. Lastly, a local 

min-max scaling within each tissue was applied to the phe-
notyping marker (Podoplanin, Pax5, HLA-1, FoxP3, CD8, 
CD68, CD4, CD31, CD3, CD23, CD21, CD206, CD20, CD163, 
CD11c, CD11b, BCL6, BCL2, CD56); while a global min-max 
scaling was applied to the functional and glycan markers 
(Functional: Tox1/2, TIM3, TCF1, PD1, LAG3, Ki67, IRF4, 
HLA-DR, CD79A, CD45RO, CD45RA, CD40L, CD30, 
CD138, CD123; Glycans: DC-SIGNL, MBL-L, Siglec-7L, Sig-
lec-9L, Siglec-15L, Galectin-8L, Galectin-9L), to scale the 
marker expression levels to be within [0,1].  
  
Cell phenotyping  
Cell phenotyping was performed on the processed FL/FH 
dataset through iterative rounds of clustering and annotat-
ing processes with PhenoGraph based on the phenotyping 
marker enrichment profiles (26095251). Clustering results 
were plotted as heatmaps showing the Z-score of each 
marker within each cluster and were annotated based on the 
combination of markers that had the highest Z-score in that 
cluster. Pax5, CD3, CD68, CD31, Podoplanin and CD21 were 
used to annotate the general cell types of B/tumor, T, mye-
loid, endothelial, lymphatic and FDC-enriched cells, respec-
tively. Cells that showed unclear marker enrichment pat-
terns were annotated as “Other” cells. B/tumor cells were 
further annotated into Gal8LLow B, Gal8LHigh B, Gal8LHigh-

BCL2+ B, Gal8LHighBCL6+ B and Gal8HighBCL2+BCL6+ B 
with the addition of BCL2, BCL6 and Galectin-8L markers. 
T cells were further annotated into CD4+ T, CD8+ T and 
Tregs with the addition of CD4, CD8 and FoxP3 markers. 
Myeloid cells were further annotated into M1-like 
(CD68+CD163-/CD206-) macrophages and M2-like 
(CD68+CD163+/CD206+) macrophages with the addition 
of CD163 and CD206 markers. After an initial round of clus-
tering with PhenoGraph was performed, clusters with clear 
enrichment patterns were annotated, while clusters with 
mixed patterns underwent additional rounds of iterative 
clustering and annotation until all identifiable cells were an-
notated. To visualize and confirm the assigned annotations, 
Mantis Viewer72 was used to overlay the annotations onto 
the segmentation mask and the marker image, for visual in-
spection. The final annotations were verified by a board-cer-
tified pathologist W.R.B..  
  
Coefficient of variation (CV) score  
The coefficient of variation (CV) was used to assess the rela-
tive variability of each marker across the three experimental 
conditions: Antibody-only, Lectin-only, and GlycoScope. 
The CV is defined as:  

  
where σ is the standard deviation and µ is the mean expres-
sion of a given marker within each condition. CV scores 
were standardized with Z-score transformation and plotted 
as heatmap to facilitate comparison across markers and con-
ditions. Heatmaps were plotted with R package ggplot2.  
  
Marker enrichment heatmap  
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The marker enrichment heatmap showed the Z-score of a 
given (marker, cell type, disease state) tuple. In other words, 
it showed how many standard deviations away is the mean 
of marker A expression of cell type B given a disease state 
from the population mean of marker A expression:  

 
  
where Zi,j,k stands for the Z-score for marker i, cell type j and 
disease status k; µi,j,k stands for the mean expression for 
marker i, cell type j and disease status k; µi stands for the pop-
ulation mean of marker i, and σi stands for the population 
standard deviation of marker i. Heatmaps were plotted with 
R package ggplot2.  
  
Relative proportion of cell type  
Relative proportion of cell type was presented as the ratio 
between the total number of cells within a given cell type 
with the total number of cells within the tissue sample of a 
disease state (or step):  
  

 
  
where ∑i stands for the total number of cells in cell type i, 
and ∑j stands for the total number of cells within the tissue 
sample (or step) j. Statistical analyses were performed with 
Kruskal-Wallis rank sum test followed by pairwise Wilcoxon 
test with Benjamini-Hochberg adjustments. Violin plots 
were plotted with R package ggplot2.  
  
Mean expression of markers comparison  
Mean expression of glycans or proteins across disease states 
and cell type were presented as the mean pixel intensity of 
each of the glycans or proteins in a given disease state and 
cell type at single cell level, respectively:  
 

  
  

where Meanm,d or c stands for mean expression of glycan or 
protein m in disease state d or cell type c, I (m)

j stands for the 
mean of glycan or protein in cell j, and nd or c stands for the 
number of cells in disease state d or cell type c. Statistical 
analyses were performed with Kruskal-Wallis rank sum test 
followed by pairwise Wilcoxon test with Benjamini-
Hochberg adjustments. Violin plots were plotted with R 
package ggplot2.  
  
Follicular dendritic cell (FDC)-anchored spatial gradient: 
For each tissue core, Euclidean distances from the centroids 
of follicular B cells, including cells from the mantle zone and 
follicular center, to the nearest FDC were computed using k-
nearest neighbor search. Analyses were performed inde-
pendently within each core to account for core-level varia-
bility. To visualize distance-dependent patterns, DC-SIGNL 
expression in follicular B cells was summarized at the core 
level across predefined distance bins from the nearest FDC 
(0-10, 10-20, 20-40, 40-60, 60-100, and 100-150 µm), and dis-
ease-level means with 95% confidence intervals were calcu-
lated from these core-level summaries. Line graphs were 
plotted with R package ggplot2. 
 
Spatial analysis anchoring from mantle zone rim 
Binary masks delineating the Galectin-8L–expressing B cells 
at the mantle zone rim were initially generated using Im-
ageJ. These masks were then used to create concentric ex-
pansion zones both inwards and outwards at 10 µm inter-
vals, which were overlaid onto the cell segmentation mask. 
Each cell falling within a given zone was assigned a corre-
sponding step number, enabling analysis of relative cell type 
proportions and mean marker expression as described 
above. Bar plots and line graphs were plotted with R package 
ggplot2. 
  
Correlation analysis 

Spearman’s rank correlation coefficients between the pro-
portion of markers expressing T cells (i.e., PD1, Tox1/2, 
TIM3, LAG3, CD3) and Galectin-8L (or BCL2) mean expres-
sion in B cells at each defined step within the follicle were 
calculated. All p-values were adjusted for multiple compari-
sons using the Benjamini-Hochberg method. Correlation 
scatter plots were plotted with R package ggplot2. 

 
 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 24, 2026. ; https://doi.org/10.64898/2026.02.23.707224doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.23.707224


 

Basak, Ortiz-Cordero, Yiu et al. 2026 (preprint)   21 

References 

1. Peiffer, A. L., Dugan, A. E. & Kiessling, L. L. Soluble human lectins 
at the host-microbe interface. Annu. Rev. Biochem. 93, 565–601 
(2024). 

2. Habeeb, I. F., Alao, T. E., Delgado, D. & Buffone, A., Jr. When a neg-
ative (charge) is not a positive: sialylation and its role in cancer me-
chanics and progression. Front. Oncol. 14, 1487306 (2024). 

3. Alves, I., Fernandes, Â., Santos-Pereira, B., Azevedo, C. M. & Pinho, 
S. S. Glycans as a key factor in self and nonself discrimination: im-
pact on the breach of immune tolerance. FEBS Lett. 596, 1485–1502 
(2022). 

4. Pinho, S. S. & Reis, C. A. Glycosylation in cancer: mechanisms and 
clinical implications. Nat. Rev. Cancer 15, 540–555 (2015). 

5. Schjoldager, K. T., Narimatsu, Y., Joshi, H. J. & Clausen, H. Global 
view of human protein glycosylation pathways and functions. Nat. 
Rev. Mol. Cell Biol. 21, 729–749 (2020). 

6. Stowell, S. R., Ju, T. & Cummings, R. D. Protein glycosylation in can-
cer. Annu. Rev. Pathol. 10, 473–510 (2015). 

7. RodrÍguez, E., Schetters, S. T. T. & van Kooyk, Y. The tumour glyco-
code as a novel immune checkpoint for immunotherapy. Nat. Rev. 
Immunol. 18, 204–211 (2018). 

8. Vandereyken, K., Sifrim, A., Thienpont, B. & Voet, T. Methods and 
applications for single-cell and spatial multi-omics. Nat. Rev. Genet. 
24, 494–515 (2023). 

9. de Souza, N., Zhao, S. & Bodenmiller, B. Multiplex protein imaging 
in tumour biology. Nat. Rev. Cancer 24, 171–191 (2024). 

10. Odaka, H., Ozaki, H. & Tateno, H. scGR-seq: Integrated analysis of 
glycan and RNA in single cells. STAR Protoc. 3, 101179 (2022). 

11. Minoshima, F., Ozaki, H., Odaka, H. & Tateno, H. Integrated analy-
sis of glycan and RNA in single cells. iScience 24, 102882 (2021). 

12. Duan, S. & Paulson, J. C. Siglecs as immune cell checkpoints in dis-
ease. Annu. Rev. Immunol. 38, 365–395 (2020). 

13. Garcia-Vallejo, J. J. & van Kooyk, Y. The physiological role of DC-
SIGN: a tale of mice and men. Trends Immunol. 34, 482–486 (2013). 

14. Turner, M. W. The role of mannose-binding lectin in health and dis-
ease. Mol. Immunol. 40, 423–429 (2003). 

15. Liu, F.-T. & Stowell, S. R. The role of galectins in immunity and in-
fection. Nat. Rev. Immunol. 23, 479–494 (2023). 

16. Yan, H., Kamiya, T., Suabjakyong, P. & Tsuji, N. M. Targeting C-type 
lectin receptors for cancer immunity. Front. Immunol. 6, 408 (2015). 

17. Crocker, P. R., Paulson, J. C. & Varki, A. Siglecs and their roles in 
the immune system. Nat. Rev. Immunol. 7, 255–266 (2007). 

18. Sojitra, M. et al. Genetically encoded multivalent liquid glycan array 
displayed on M13 bacteriophage. Nat. Chem. Biol. 17, 806–816 
(2021). 

19. Stoeckius, M. et al. Simultaneous epitope and transcriptome meas-
urement in single cells. Nat. Methods 14, 865–868 (2017). 

20. Buda, D., Armellini, C. & Scuteri, E. Gastric mucoproteins and gam-
maglobulins. Minerva Pediatr. 21, 1229–1232 (1969). 

21. Green, N. M. Thermodynamics of the binding of biotin and some an-
alogues by avidin. Biochem. J. 101, 774–780 (1966). 

22. Adler, M., Wacker, R. & Niemeyer, C. M. Sensitivity by combination: 
immuno-PCR and related technologies. Analyst 133, 702–718 (2008). 

23. Rodriguez, E. et al. Sialic acids in pancreatic cancer cells drive tu-
mour-associated macrophage differentiation via the Siglec receptors 
Siglec-7 and Siglec-9. Nat. Commun. 12, 1270 (2021). 

24. Watanabe, M. et al. Metabolic profiling comparison of human pan-
creatic ductal epithelial cells and three pancreatic cancer cell lines 
using NMR based metabonomics. J. Mol. Biomark. Diagn. 3, (2012). 

25. Edgar, L. J. et al. Sialic acid ligands of CD28 suppress costimulation 
of T cells. ACS Cent. Sci. 7, 1508–1515 (2021). 

26. Wisnovsky, S. et al. Genome-wide CRISPR screens reveal a specific 
ligand for the glycan-binding immune checkpoint receptor Siglec-7. 
Proc. Natl. Acad. Sci. U. S. A. 118, e2015024118 (2021). 

27. Theruvath, J. et al. Anti-GD2 synergizes with CD47 blockade to me-
diate tumor eradication. Nat. Med. 28, 333–344 (2022). 

28. Stanczak, M. A. et al. Targeting cancer glycosylation repolarizes tu-
mor-associated macrophages allowing effective immune checkpoint 
blockade. Sci. Transl. Med. 14, eabj1270 (2022). 

29. Shalek, A. K. et al. Single-cell RNA-seq reveals dynamic paracrine 
control of cellular variation. Nature 510, 363–369 (2014). 

30. Trickett, A. & Kwan, Y. L. T cell stimulation and expansion using 
anti-CD3/CD28 beads. J. Immunol. Methods 275, 251–255 (2003). 

31. Hao, Y. et al. Integrated analysis of multimodal single-cell data. Cell 
184, 3573–3587.e29 (2021). 

32. Jandus, C. et al. Interactions between Siglec-7/9 receptors and lig-
ands influence NK cell-dependent tumor immunosurveillance. J. 
Clin. Invest. 124, 1810–1820 (2014). 

33. Wen, R. M. et al. Sialylated glycoproteins suppress immune cell kill-
ing by binding to Siglec-7 and Siglec-9 in prostate cancer. J. Clin. In-
vest. 134, (2024). 

34. Browaeys, R., Saelens, W. & Saeys, Y. NicheNet: modeling intercel-
lular communication by linking ligands to target genes. Nat. Meth-
ods 17, 159–162 (2020). 

35. Choe, K., Pak, U., Pang, Y., Hao, W. & Yang, X. Advances and chal-
lenges in spatial transcriptomics for developmental biology. Biomol-
ecules 13, 156 (2023). 

36. Coelho, V. et al. Glycosylation of surface Ig creates a functional 
bridge between human follicular lymphoma and microenvironmen-
tal lectins. Proc. Natl. Acad. Sci. U. S. A. 107, 18587–18592 (2010). 

37. Haebe, S. et al. Follicular lymphoma evolves with a surmountable 
dependency on acquired glycosylation motifs in the B-cell receptor. 
Blood 142, 2296–2304 (2023). 

38. Radcliffe, C. M. et al. Human follicular lymphoma cells contain oli-
gomannose glycans in the antigen-binding site of the B-cell receptor. 
J. Biol. Chem. 282, 7405–7415 (2007). 

39. Heindel, D. W. et al. Glycomic analysis of host response reveals high 
mannose as a key mediator of influenza severity. Proc. Natl. Acad. 
Sci. U. S. A. 117, 26926–26935 (2020). 

40. Wang, N., Daniels, R. & Hebert, D. N. The cotranslational matura-
tion of the type I membrane glycoprotein tyrosinase: The heat shock 
protein 70 system hands off to the lectin-based chaperone system. 
Mol. Biol. Cell 16, 3740–3752 (2005). 

41. Miyata, S., Mizuno, T., Koyama, Y., Katayama, T. & Tohyama, M. 
The endoplasmic reticulum-resident chaperone heat shock protein 
47 protects the Golgi apparatus from the effects of O-glycosylation 
inhibition. PLoS One 8, e69732 (2013). 

42. Giovannone, N., Smith, L. K., Treanor, B. & Dimitroff, C. J. Galectin-
glycan interactions as regulators of B cell immunity. Front. Immu-
nol. 9, 2839 (2018). 

43. Rabinovich, G. A. & Conejo-García, J. R. Shaping the immune land-
scape in cancer by galectin-driven regulatory pathways. J. Mol. Biol. 
428, 3266–3281 (2016). 

44. Bai, Y. et al. Expanded vacuum-stable gels for multiplexed high-res-
olution spatial histopathology. Nat. Commun. 14, 4013 (2023). 

45. Patel, A. G. et al. A spatial cell atlas of neuroblastoma reveals devel-
opmental, epigenetic and spatial axis of tumor heterogeneity. bioRx-
ivorg (2024) doi:10.1101/2024.01.07.574538. 

46. Allen, C. D. C. & Cyster, J. G. Follicular dendritic cell networks of 
primary follicles and germinal centers: phenotype and function. 
Semin. Immunol. 20, 14–25 (2008). 

47. Yeo, Y. Y. et al. Same-slide spatial multi-omics integration reveals 
tumor virus-linked spatial reorganization of the tumor microenvi-
ronment. bioRxivorg (2024) doi:10.1101/2024.12.20.629650. 

48. Obino, D. et al. Galectin-8 favors the presentation of surface-tethered 
antigens by stabilizing the B cell immune synapse. Cell Rep. 25, 
3110–3122.e6 (2018). 

49. Sarkozy, C. et al. Integrated single cell analysis reveals co-evolution 
of malignant B cells and tumor micro-environment in transformed 
follicular lymphoma. Cancer Cell 42, 1003–1017.e6 (2024). 

50. Stewart, N. et al. The glycoimmune checkpoint receptor Siglec-7 in-
teracts with T-cell ligands and regulates T-cell activation. J. Biol. 
Chem. 300, 105579 (2024). 

51. Ikehara, Y., Ikehara, S. K. & Paulson, J. C. Negative regulation of T 
cell receptor signaling by Siglec-7 (p70/AIRM) and Siglec-9. J. Biol. 
Chem. 279, 43117–43125 (2004). 

52. Ibarlucea-Benitez, I., Weitzenfeld, P., Smith, P. & Ravetch, J. V. Sig-
lecs-7/9 function as inhibitory immune checkpoints in vivo and can 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 24, 2026. ; https://doi.org/10.64898/2026.02.23.707224doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.23.707224


 

Basak, Ortiz-Cordero, Yiu et al. 2026 (preprint)   22 

be targeted to enhance therapeutic antitumor immunity. Proc. Natl. 
Acad. Sci. U. S. A. 118, e2107424118 (2021). 

53. Chiodin, G. et al. Insertion of atypical glycans into the tumor anti-
gen-binding site identifies DLBCLs with distinct origin and behav-
ior. Blood 138, 1570–1582 (2021). 

54. Zhuo, Y. & Bellis, S. L. Emerging role of alpha2,6-sialic acid as a neg-
ative regulator of galectin binding and function. J. Biol. Chem. 286, 
5935–5941 (2011). 

55. Townsend, W. et al. The architecture of neoplastic follicles in follic-
ular lymphoma; analysis of the relationship between the tumor and 
follicular helper T cells. Haematologica 105, 1593–1603 (2020). 

56. Yang, Z.-Z. et al. P1215: Characterization and clinical significance of 
t follicular helper subsets in follicular lymphoma. HemaSphere 7, 
e5464225 (2023). 

57. Marie, A.-L., Gao, Y. & Ivanov, A. R. Native N-glycome profiling of 
single cells and ng-level blood isolates using label-free capillary elec-
trophoresis-mass spectrometry. Nat. Commun. 15, 3847 (2024). 

58. Mimitou, E. P. et al. Scalable, multimodal profiling of chromatin ac-
cessibility, gene expression and protein levels in single cells. Nat. Bi-
otechnol. 39, 1246–1258 (2021). 

59. Rodriques, S. G. et al. Slide-seq: A scalable technology for measuring 
genome-wide expression at high spatial resolution. Science 363, 
1463–1467 (2019). 

60. Dixit, A. et al. Perturb-seq: Dissecting molecular circuits with scala-
ble single-cell RNA profiling of pooled genetic screens. Cell 167, 
1853–1866.e17 (2016). 

61. Chen, K. H., Boettiger, A. N., Moffitt, J. R., Wang, S. & Zhuang, X. 
RNA imaging. Spatially resolved, highly multiplexed RNA profiling 
in single cells. Science 348, aaa6090 (2015). 

62. Wang, X. et al. Three-dimensional intact-tissue sequencing of single-
cell transcriptional states. Science 361, (2018). 

63. Itoh, A. & Nishi, N. Expression and purification of recombinant 

human galectin-9. in Glycoscience Protocols (GlycoPODv2) (Japan 
Consortium for Glycobiology and Glycotechnology, Saitama (JP), 
2021). 

64. Gierahn, T. M. et al. Seq-Well: portable, low-cost RNA sequencing of 
single cells at high throughput. Nat. Methods 14, 395–398 (2017). 

65. Hughes, T. K. et al. Second-Strand Synthesis-based massively paral-
lel scRNA-seq reveals cellular states and molecular features of hu-
man inflammatory skin pathologies. Immunity 53, 878–894.e7 
(2020). 

66. Phillips, D. et al. Highly multiplexed phenotyping of immunoregu-
latory proteins in the tumor microenvironment by CODEX tissue 
imaging. Front. Immunol. 12, 687673 (2021). 

67. Ji, A. L. et al. Multimodal analysis of composition and spatial archi-
tecture in human squamous cell carcinoma. Cell 182, 497–514.e22 
(2020). 

68. Jiang, S. et al. Combined protein and nucleic acid imaging reveals 
virus-dependent B cell and macrophage immunosuppression of tis-
sue microenvironments. Immunity 55, 1118–1134.e8 (2022). 

69. Black, S. et al. CODEX multiplexed tissue imaging with DNA-conju-
gated antibodies. Nat. Protoc. 16, 3802–3835 (2021). 

70. Van Valen, D. A. et al. Deep learning automates the quantitative 
analysis of individual cells in live-cell imaging experiments. PLoS 
Comput. Biol. 12, e1005177 (2016). 

71. Greenwald, N. F. et al. Whole-cell segmentation of tissue images 
with human-level performance using large-scale data annotation 
and deep learning. Nat. Biotechnol. 40, 555–565 (2022). 

72. Schiemann, R., Gherardini, P. F., Kageyama, R., Travers, M. & Kitch, 
L. Mantis Viewer. (Zenodo, 2020). doi:10.5281/ZENODO.4909620. 

 
 

 
 
  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 24, 2026. ; https://doi.org/10.64898/2026.02.23.707224doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.23.707224


 

Basak, Ortiz-Cordero, Yiu et al. 2026 (preprint)   23 

 
 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 24, 2026. ; https://doi.org/10.64898/2026.02.23.707224doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.23.707224


 

Basak, Ortiz-Cordero, Yiu et al. 2026 (preprint)   24 

Fig 1. scGOAT-seq enables multimodal single-cell detection of glycan abundance using human recombinant lec-
tins alongside gene expression.  
(A) Hierarchically clustered heatmap of lectin binding signals to LiGA. Columns correspond to glycans labeled with the 
density that maximized discriminatory behavior across lectins. Binding intensity is shown as fold change where red indicates 
high enrichment and blue indicates low or absent binding. Scale bar is quadratic with fold changes 0–70. (B) Representative 
histograms of flow cytometry analysis confirming lectin binding, with respective negative controls: sialidase for Siglec-7, -9, 
and –15 in ASPC1 cells, lactose for Galectin-8 in Toledo cells, EDTA for DC-SIGN in H6c7 cells, and MBL in A549. (C) 
Schematic of single-cell glycan outlining and transcriptome sequencing (scGOAT-seq) assay using barcoded recombinant 
human lectins. (D) Overview of the benchmarking experiment with an artificial pancreatic tumor dissociation model, con-
sisting of cancer (ASPC1) and non-cancer (H6c7) pancreatic cell lines, deconvoluted using flow cytometry (dye-based) and 
scGOAT-seq (transcriptomic reference map-based), followed by glycan profiling comparison. (E) Representative histograms 
showing DC-SIGNL and (F) Siglec-7L abundance per cell line in the artificial pancreatic tumor dissociation model analyzed 
by both flow cytometry and scGOAT-seq. (G) Schematic representation of GNE gene CRISPR KO experimental setup on 
human naive CD8+ T cells and the role of GNE in sialic acid biosynthesis pathway. (H) Representative scGOAT-seq histo-
grams showing Siglec-7L in GNE-KO versus control CD8+ T cells. (I) Gene set enrichment analysis comparing naïve versus 
GNE-KO CD8+ T cells. 
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Fig 2. scGOAT-seq identifies novel glycan-defined cell states associated with immune perturbations.   
(A) Schematic figure showing perturbations of PBMCs with LPS stimulation and anti-CD3/anti-CD28 antibodies for TCR 
stimulation. (B, C) UMAP projections of different PBMC cells by cell type and perturbation. (D) Ridge plots depicting log-
normalized expression of lectin-binding ligands for Siglec-7L, Siglec-9L and Siglec-15L in CD4+ T cells across perturbations. 
(E) Scatter density plot showing different populations of TCR stimulated CD4+ T cells binned by expression levels of Siglec-
9L and Siglec-15L. (F-G) Gene set enrichment analysis of TCR stimulated CD4+ T cells by expression levels of Siglec-9L and 
Siglec-15L respectively. (H) Heatmap of key functional CD4+ T cell gene expression across TCR stimulated CD4+ T cells 
grouped by expression levels of Siglec-9L and Siglec-15L. (I) Heatmap showing Pearson correlation of functional CD4+ T 
cell activation genes with Siglec-7L, Siglec-9L and Siglec-15L (top) and their expression across CD4+ T cells in different 
perturbations (bottom). (J) Expression and clustering of Siglec-7L, Siglec-9L and Siglec-15L across different cell type and 
conditions. (K) Expression and clustering of all sialylation-related genes across different cell types and conditions. (L) Spec-
tral flow cytometry gating of CD8+ T cells after TCR activation, with independent stratification by Siglec-7 or Siglec-9 ligand 
binding and assessment of perforin expression within each Siglec-defined population. (M) Frequencies of perforin- and 
granzyme-expressing CD8+ T cells following TCR activation, stratified by Siglec-7 or Siglec-9 ligand binding. (N) Schematic 
representation of glycan states associated with Siglec-7L, Siglec-9L and Siglec-15L across T and NK cells. NES: Normalized 
Enrichment Score. **P<0.01, ***P<0.001. 
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Fig 3. scGOAT-seq identifies immune activation changes associated with blocking Siglec-mediated glycan recog-
nition.  
(A) Schematic figure showing perturbations of PBMCs with LPS stimulation and LPS stimulation with anti-Siglec7 and anti-
Siglec9 blocking antibodies. (B-C) UMAP projections of different PBMC cells by cell type and perturbation. (D) Ridge plots 
depicting log-normalized expression of lectin-binding ligands for Siglec-7L, Siglec-9L and Galectin-9L across cell types and 
perturbations. (E) Heatmap of key functional monocyte (top) and NK cells (bottom) gene expression across perturbations. 
(F) GSEA analyses across monocytes between LPS stimulation with anti-Siglec7 and anti-Siglec9 blocking antibodies com-
pared to LPS treatment alone. (G) NicheNet circus plots depicting top 100 prioritized potential cell-cell interactions in LPS 
treatment alone and LPS stimulation with anti-Siglec7 and anti-Siglec9 blocking antibodies. (H) Heatmap of key functional 
CD8+ T gene expression across perturbations. (I) GSEA analyses across CD8+ T cells between LPS stimulation with anti-
Siglec7 and anti-Siglec9 blocking antibodies compared to LPS treatment alone. (J) Kaplan-Meier curves showing stratifica-
tion of KIRC TCGA patient data by CD8+ T cell signature and NK cell signature induced by Siglec-blocking compared to LPS 
alone and stratified by top and bottom 30th quantile of patient survival data. NES: Normalized Enrichment Score. 
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Fig 4. GlycoScope enables multiplex spatial glycan-protein detection and, together with scGOAT-seq, recapitu-
lates mannosylated-BCR biology in follicular lymphoma.  
(A) Schematic workflow of GlycoScope, illustrating the sequential staining of antibody and recombinant lectin panels. 
(B) Representative multiplexed images showing nuclei (DAPI), Siglec-9L, Siglec-15L, Galectin-8L, T cells (CD3), B cells 
(CD20), and follicular dendritic cells (CD21) across GlycoScope, Antibody-only, and Lectin-only conditions of tonsil tissues 
(scale bar: 50µm, 10µm (inset)). All individual images across these three conditions are in Fig. S4B. (C) Heatmap showing 
the 0,1 normalization of mean expression (left) and z-score of the coefficient of variation (right) of all glycan and protein 
markers obtained from GlycoScope, Antibody-only, and Lectin-only conditions. (D)  Schematic overview of the GlycoScope 
study cohorts. Cohort 1 consists of an FFPE tissue microarray (TMA) containing four tonsil, four follicular hyperplasia (FH), 
and eight follicular lymphoma (FL) cores, profiled using a 32-plex protein panel and six oligo-conjugated lectins (Siglec-7, 
Siglec-9, Siglec-15, MBL, DC-SIGN, and Galectin-8). Cohort 2 consists of an FFPE TMA containing 11 FL and 5 FH samples, 
profiled using a 42-plex protein panel and six oligo-conjugated lectins (Siglec-7, Siglec-9, Siglec-15, DC-SIGN, Galectin-8, and 
Galectin-9).  (E) Representative GlycoScope multiplexed images (top) showing nuclei (DAPI), B/tumor cells (Pax5), macro-
phages (CD68), T cells (CD3), endothelial cells (CD31), FDC-enriched region (CD21) and lymphatic (Podoplanin), as well as 
the corresponding phenotype maps (bottom) of FL, FH and tonsil tissues (scale bar: 100µm, 20µm (inset)). All individual 
phenotype maps for each tissue sample core are in Fig. S5A. (F) Top: Representative GlycoScope multiplexed images of FL 
and FH showing Siglec-7L (magenta), CD31 (yellow), and PAX5 (cyan). Bottom: Representative GlycoScope multiplexed 
images of FL and FH showing Siglec-9L (cyan), CD31 (magenta), and PAX5 (white). Scale bar, 100 µm. (G)  Representative 
GlycoScope multiplexed images of FL and FH showing DC-SIGNL (cyan), CD21 (magenta) and CD21 (yellow). scale bar: 
100µm. (H) Violin plots showing the expression of DC-SIGNL acquired from GlycoScope in tonsil, FH and FL tissues (Krus-
kal-Wallis rank sum test followed by pairwise Wilcoxon test with Benjamini-Hochberg adjustments). (I) Histogram showing 
the expression distribution of DC-SIGNL in B cell. (J) Violin plots showing the expression of BCL2 protein in DC-SIGNLHigh 
and DC-SIGNLLow B cells (Pairwise Wilcoxon test). (K) Line plot showing the mean expression of DC-SIGNL in follicle B cell 
at 0-150 µm from the anchored FDC. ***P<0.001; ****P<0.0001 
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Fig 5. GlycoScope maps a distinct Galectin-8L spatial pattern in FL neoplastic follicles that associate with lectin 
proximity and distinct intrafollicular immune niches.  
(A) Violin plots showing the median expression of Galectin-8L across cell types (Kruskal-Wallis rank sum test followed by 
pairwise Wilcoxon test with Benjamini-Hochberg adjustments). (B) Representative GlycoScope multiplexed images with 
markers for Galectin-8L and B cells (Pax5) shown (scale bar: 20µm). (C) Violin plots showing the mean expression of Galec-
tin-8L in B cells within the follicle across tonsil, FH, and FL tissues (Kruskal-Wallis rank sum test followed by pairwise 
Wilcoxon test with Benjamini-Hochberg adjustments). (D) Mean expression of Galectin-8L in BCL6+, BCL2+, and neo-
plastic BCL2+BCL6+ follicular B cells across tonsil, FH, and FL tissues. (E) Representative GlycoScope multiplexed images 
with markers for Galectin-8L (green), BCL6 (pink), and CD3 (cyan) shown (scale bar: 100µm). White dotted lines marked 
the regions for mantle zone, follicle center and neoplastic follicle. (F) Representative GlycoScope multiplexed images with 
markers for Galectin-9L (magenta), BCL6 (yellow), and CD3 (cyan) shown (scale bar: 100µm). White dotted lines marked 
the regions for follicle center and neoplastic follicle. (G) Representative GlycoScope multiplexed images with markers for 
Galectin-8L (magenta), Galectin-8 (yellow), and CD3 (cyan) shown (scale bar: 100µm). White dotted lines marked the regions 
for mantle zone, follicle center and neoplastic follicle. (H) Schematic illustration of stepwise extension analysis. Galectin-
8L+ B cells at the mantle-marginal zone rim were anchored and expanded inward towards the follicle center (blue) and 
outward towards marginal zone (red), in 10 µm radial steps. (I) Mean proportions of Treg between 0-140µm towards the 
follicle center and marginal zone from the anchor rim are shown. The region in grey symbolizes the follicle. Mean proportions 
of FDC-enriched B cells, CD4+ T, CD8+ T, CD68+ macrophage and CD68+CD163+ macrophages  are shown in Fig. S6B-
C (Kruskal-Wallis rank sum test followed by pairwise Wilcoxon test with Benjamini-Hochberg adjustments). (J) Mean ex-
pression of Galectin-8L in follicular B cells at each step across tonsil, FH, and FL tissues. (K) Correlation scatter plot of the 
proportion of PD1+ (left) and Tox1/2+ (right) T cells with Galectin-8L expression in B cells at each step (distance towards 
follicle center from anchor rim) (Spearman’s correlation; p-value adjusted with Benjamini-Hochberg method). (L) Top: Cor-
relation scatter plot of the proportion of CD3T cells with Galectin-8L expression in B cells at each step (distance towards 
follicle center from anchor rim). Bottom: Correlation scatter plot of the proportion of  Tox1/2+ or PD1+ T cells with BCL2 
expression in B cells at each step (distance towards follicle center from anchor rim) (Spearman’s correlation; p-value adjusted 
with Benjamini-Hochberg method). (M) Schematic illustration of summary findings. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001; ns P>0.05.  
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Fig S1. Validation and benchmarking of human recombinant lectins and scGOAT-seq assay.  
(A) Overview of human recombinant lectin production and validation. (B) PBMCs were stained with either single recombi-
nant human lectins or equimolar lectin pairs, and binding distributions were compared using the Bhattacharyya overlap 
coefficient. Left, representative smoothed density histograms show kernel-density estimates of fluorescence intensities, illus-
trating the underlying distribution of lectin-binding. Right, heatmap shows averaged overlap values (n = 3; 1 = identical 
distributions). (C) Representative flow cytometry histograms showing PBMC staining with each lectin before and after NHS-
DBCO modification. (D) Schematic representation of streptavidin single-strand oligonucleotide labeling, incorporating an 
oligo-dT primer, a lectin-derived tag, and a PCR amplification handle. (E) Representative histograms of flow cytometry anal-
ysis comparing oligo- or fluorescently labeled DC-SIGN binding, with EDTA as a negative control. (F) Representative histo-
grams of flow cytometry analysis of the artificial pancreatic tumor model and individual pancreatic cell lines (ASPC1 and 
H6c7) after labeling with cell tracer dye. (G) UMAP visualization of cells, colored by cell line and reference map. (H) Gene-
gene correlation analysis comparing scRNA-seq and scGOAT-seq for ASPC1 cells. (I) Representative histograms showing 
Siglec-9L and Siglec-15L abundance per cell line in the cell mix model analyzed by both, flow cytometry and scGOAT-seq. 
(J) Violin plot showing Siglec-7L, Siglec-9L and Siglec-15L abundance across cell types in the cell mix model under basal 
conditions or after sialidase treatment (Wilcoxon rank-sum test). ***P<0.001.  
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Fig S2. scGOAT-seq identifies novel T cell glyco-states associated with immune perturbations.  
(A) Dot plot showing the expression of different marker genes used for cell type annotation across different cell types. (B-C) 
Violin plots depicting log-normalized expression of lectin-binding ligands for Siglec-7L, Siglec-9L, Siglec-15L, DC-SIGNL, 
and Galectin-8L across cell types and perturbations. (D) Scatter density plot showing different populations of TCR stimulated 
CD8+ T cells and NK cells binned by expression levels of Siglec-9L and Siglec-15L. (E) Heatmap of key functional CD8+ T 
cell and NK cell gene expression across TCR stimulated CD8+ T cells and NK cells grouped by expression levels of Siglec-9L 
and Siglec-15L. (F) Heatmap showing Pearson correlation of functional CD8+ T cell activation genes with Siglec-7L, Siglec-
9L and Siglec-15L (top) and their expression across CD8+ T cells in different perturbations (bottom).  (G) Expression and 
clustering of different lectin-ligands across different cell types and conditions. (H) Expression and clustering of O-glycosyla-
tion related genes across different cell types and conditions. 
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Fig S3. Gating strategy and Siglec-ligand–based stratification of perforin and granzyme B expression in TCR-acti-
vated CD8⁺ T cells.   
(A) Representative spectral flow cytometry gating strategy. Events were first gated by FSC-H and SSC-H to exclude debris, 
followed by singlet discrimination (FSC-A vs SSC-H). Live cells were identified using Zombie viability dye, and CD3⁺ T cells 
were subsequently gated and subdivided into CD8⁺ and CD4⁺ populations. Within the CD8⁺ compartment, cells were strat-
ified into Siglec-LHigh and Siglec-LLow populations based on probe binding intensity. (B) Spectral flow cytometry gating of 
CD8+ T cells after TCR activation, with independent stratification by Siglec-7 or Siglec-9 ligand binding and assessment of 
granzyme B expression within each Siglec-defined population. 
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Fig S4. scGOAT-seq identifies immune activation changes associated with blocking Siglec-mediated glycan recog-
nition.  
(A) Dot plot showing the expression of different marker genes used for cell type annotation across different cell types. (B) 
Violin plots depicting log-normalized expression of lectin-binding ligands for DC-SIGNL, Galectin-8L, MBL-L and Siglec-15L 
across cell types and perturbations. (C) Expression and clustering of O-glycosylation related genes across different cell types 
and conditions. (D) Heatmap of key functional CD4+ T gene expression across perturbations. (E) GSEA analyses across 
CD4+ T between LPS stimulation with anti-Siglec7 and anti-Siglec9 blocking antibodies compared to LPS treatment alone. 
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Fig S5. Validation and benchmarking of GlycoScope.  
(A) Representative multiplexed images showing nuclear staining (DAPI, blue) and individual glycans (white) with and with-
out their corresponding blockers (scale bar: 10 µm). (B) Representative individual images of 24-plex lectin-antibody panel 
from benchmarking study across GlycoScope, Lectin-only and Antibody-only conditions (scale bar: 20µm) shown for subcel-
lular staining specificity purposes. (C) Representative individual images of 32-plex lectin-antibody panel from the FL study 
acquired from GlycoScope (scale bar: 20µm) shown for subcellular staining specificity purposes.  
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Fig S6. Integrated spatial and single-cell glycomics recapitulate known mannosylated-BCR biology in follicular 
lymphoma.  
(A) Phenotype maps of tonsil, FH and FL tissue sample cores (scale bar: 100µm). (B) Heatmap showing median expression 
of protein markers across cell type: B (Pax5+), endothelial (CD31+), FDC-enriched (Pax5+ CD21+ Podoplanin+), lymphatic 
(Podoplanin+) and T cells (CD3+). (C) Proportion of cell types across all cores. (D) Relative proportion of cell types across 
FL, FH and tonsil tissues (Kruskal-Wallis rank sum test followed by pairwise Wilcoxon test with Benjamini-Hochberg ad-
justments). *P<0.05; **P<0.01; ****P<0.0001; ns P>0.05. (E) Violin plot showing the mean expression of Siglec-7L (left) and 
Siglec-9L (right) across cell types (Kruskal-Wallis rank sum test followed by pairwise Wilcoxon test with Benjamini-Hochberg 
adjustments). (F) Mean expression of glycans across tonsil, FH and FL tissues. (Kruskal-Wallis rank sum test followed by 
pairwise Wilcoxon test with Benjamini-Hochberg adjustments). (H) UMAP representation of donors from FH, FL and tonsil 
samples. (I) UMAP representation of cell types from follicular lymphoma samples. (J) Average expression of cell type-spe-
cific marker genes across each cell population identified by scGOAT-seq. (K) Average expression of glycans in each individ-
ual cell type identified from scGOAT-seq. (L) Violin plots showing the abundance of DC-SIGNL in tonsil, FH and FL cells 
acquired from scGOAT-seq (Pairwise Wilcoxon test). (M) Gene set enrichment analysis comparing DC-SIGNLLow and DC-
SIGNLHigh FL B cells. NES: Normalized Enrichment Score. ***P<0.001; ****P<0.0001. 
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Fig S7. GlycoScope maps a distinct Galectin-8L spatial pattern in FL neoplastic follicles that associate with lectin 
proximity and distinct intrafollicular immune niches. 
(A) Additional multiplexed images of tonsil, FH and FL cores showing Galectin-8L (green), BCL6 (pink) and CD3 (cyan) 
markers (scale bar: 20µm).  (B) Mean proportions of FDC-enriched B cells between 0-140µm towards the follicle center and 
marginal zone from the anchor rim are shown (Kruskal-Wallis rank sum test followed by pairwise Wilcoxon test with Ben-
jamini-Hochberg adjustments). (C) Mean proportions of CD8+ T (top left), CD4+ T (top right), CD68+ Macrophage (bottom, 
left) and CD68+ CD163+Macrophage (bottom right), between 0-140µm towards the follicle center and marginal zone from 
the anchor rim are shown (Kruskal-Wallis rank sum test followed by pairwise Wilcoxon test with Benjamini-Hochberg ad-
justments). (D) Correlation scatter plot of the proportion of LAG3+ (left) and TIM3+ (right) T cells with Galectin-8L expres-
sion in B cells at each step within the follicle (Spearman’s correlation with Benjamini-Hochberg adjustments). *P<0.05; 
**P<0.01; ****P<0.0001; ns P>0.05. 
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