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ABSTRACT

Bladder cancer represents a frequently encountered urologic malignancy and is linked to considerable morbidity
and mortality. Although immunotherapy has become an important therapeutic approach, patient responses vary
widely. Altered glycosylation has been associated with cancer development and immune modulation.
Nevertheless, an integrated view of how glycosylation contributes to bladder cancer progression and its clinical
relevance remains insufficiently defined. A training cohort was generated using the TCGA-BLCA dataset.
Additional datasets from Xiangya Hospital and public repositories (Xiangya cohort, GSE32894, GSE48075,
GSE31684, GSE69795, and E-MTAB-1803) served as validation cohorts. To screen for glycosylation-associated
genes linked to prognosis, we applied univariate Cox analysis followed by LASSO regression. A Cox proportional
hazards model was then used to construct a risk-scoring system. Kaplan—Meier and ROC analyses evaluated the
predictive performance of this score within the training set, and the model was subsequently examined across
multiple external datasets.

Based on glycosylation-related gene expression, the training cohort patients were divided into two molecular
categories, Cluster 1 and Cluster 2. Survival assessments showed that Cluster 2 had significantly worse outcomes.
This cluster also displayed elevated immune-cell infiltration within the tumor microenvironment and stronger
activation of major steps in the cancer-immunity cycle. We created an independent prognostic signature (p <
0.001) and incorporated it into a nomogram with robust predictive ability. Individuals with a high glycosylation-
related risk score demonstrated increased immune infiltration, higher enrichment in immune-therapy-associated
pathways, and a pattern consistent with a basal molecular phenotype. In contrast, the low-risk group showed sparse
immune-cell infiltration and a luminal-type profile. These patterns were replicated in the real-world Xiangya
cohort. This multi-omics glycosylation-based scoring system effectively captured tumor heterogeneity in bladder
cancer, forecasted immunotherapy responsiveness and molecular subtype, and may support more precise
therapeutic decision-making.
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Introduction

Bladder cancer (BLCA) is a globally prevalent malignancy characterized by substantial morbidity and mortality
[1]. Approximately three-quarters of patients present with non-muscle-invasive disease (NMIBC), while the rest
are diagnosed with either muscle-invasive bladder cancer (MIBC) or metastatic BLCA [2]. Despite the availability
of surgery, chemotherapy, and other treatments, individuals with advanced disease often experience poor survival
outcomes [3, 4]. Antibodies directed against PD-1 or its ligands have shown encouraging therapeutic activity for
metastatic BLCA [5-8]. Nevertheless, only a fraction of patients derive meaningful benefit [9, 10]. Although PD-
L1 expression on tumor or immune cells is used to guide PD-1/PD-L1-targeted therapy, it correlates only partially
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with treatment efficacy [11]. Therefore, identifying additional biomarkers capable of improving treatment
selection remains an urgent need.

The tumor immune microenvironment (TIME) comprises diverse immune cells and immunologically active
molecules [12], and its role in immunotherapy has become increasingly emphasized. Chen and Mellman
categorized TIME into “immune-inflamed,” “immune-excluded,” and “immune-desert,” each associated with
variable sensitivity to immunotherapies [13]. Likewise, Duan et al. differentiated tumors into “hot” and “cold”
according to immune infiltration levels [14]. Tumors with minimal immune-cell presence—cold or immune-desert
types—are typically resistant to immunotherapy [15]. Therapeutic approaches aiming to convert poorly infiltrated
tumors into immune-rich “hot” phenotypes are currently being explored [16, 17]. As such, detailed
characterization of the TIME is fundamental for improving the effectiveness of immunotherapeutic strategies.
Glycosylation is a widespread post-translational modification found across all life forms [18]. It entails attaching
mono- or polysaccharide structures—such as oligosaccharides or more complex glycans—to designhated amino
acid residues on proteins [19]. This biochemical alteration is known to influence a broad spectrum of cellular
activities, including secretion, degradation pathways, intracellular transport, receptor—ligand interactions, and the
regulation of immune activity [20, 21]. Aberrant glycosylation patterns have been linked to the development of
many common diseases, cancer being a prominent example [19]. Changes in glycan modifications can modulate
tumor initiation and progression by affecting cell proliferation, differentiation, metastatic potential, and immune
escape. Numerous malignancies, including BLCA, exhibit disrupted glycosylation signatures [22, 23]. For
instance, N-glycosylation of cadherin has been associated with the invasive behavior of BLCA cells [22].
Moreover, glycan alterations also play a role in shaping immune dynamics within the tumor immune
microenvironment (TIME) [24, 25]. Despite these insights, a detailed characterization of glycosylation patterns
in BLCA and their clinical implications remains incomplete. Given its dual involvement in oncogenesis and
immune regulation, glycosylation signatures may offer promising biomarkers for forecasting immunotherapy
outcomes in BLCA.

The aim of this study is to generate a glycosylation-based risk model using a multi-omics strategy to provide a
comprehensive and individualized prediction of prognosis, immune phenotypes, and tumor heterogeneity in
patients with BLCA. We also seek to evaluate the clinical utility of this risk score to guide therapeutic decision-
making—including precision immunotherapy—and ultimately improve patient outcomes.

Materials and Methods

Data collection
Training set

We assembled a cohort of 408 BLCA patients from The Cancer Genome Atlas (TCGA). Their mRNA expression
profiles and clinical data were obtained from the Genomic Data Commons (GDC, https://portal.gdc.cancer.gov/)
[26]. The fragments per kilobase of exon per million mapped reads (FPKM) and raw counts in the original dataset
were converted to transcripts per kilobase per million (TPM). After integrating these values with clinical
annotations, we removed 5 cases due to duplicated entries or missing follow-up information, leaving 403 patients
for the training cohort.

Validation cohorts

In our previous work [27], we developed the Xiangya cohort, which has been deposited in the GEO database
(GSE188715). This set includes 56 BLCA patients with complete survival data and RNA-seq profiles.
Additionally, we retrieved four more external validation datasets from GEO (GSE32894, GSE48075, GSE31684,
and GSE69795). After excluding duplicate cases and samples lacking survival information, the final numbers
included were 224 (GSE32894), 73 (GSE48075), 93 (GSE31684), and 38 (GSE69795). Another dataset, E-
MTAB-1803, was downloaded from the ArrayExpress repository (https://www.ebi.ac.uk/arrayexpress/) to
provide an additional external validation cohort.

Consensus clustering
We obtained a list of 628 glycosylation-associated genes from gene set enrichment analysis (GSEA). To evaluate
their expression patterns within the training dataset, we applied consensus clustering using the
“ConsuClusterPlus” R package [28]. The following settings were used: distance = “manhattan”, clusterAlg =

184



Ivanov et al., Comprehensive Glycosylation Risk Score Stratifies Bladder Cancer Prognosis and Immunotherapeutic Benefit
Across Multi-Cohort and Real-World Data

“pam”, maxK = 5, Reps = 1,500, pltem = 0.8, and pFeature = 1. This approach allowed us to identify distinct
glycosylation-related expression subgroups.

Describing the TIME of BLCA
To profile the tumor immune microenvironment (TIME) in BLCA, we drew on the tracking tumor
immunophenotype (TIP) platform (http://biocc.hrbmu.edu.cn/TIP/) [29], which provided activity scores across
the 7 phases of the Cancer Immunity Cycle (CIC) [30]. In addition, we assembled a curated list comprising 22
immune checkpoint inhibitor (ICI)-related genes, 18 markers from the T cell-associated inflammatory signature
(TIS), and representative effector genes for CD8" T cells, dendritic cells (DCs), macrophages, natural killer (NK)
cells, and Th1 cells, following criteria from our earlier work [31].

Development of the glycosylation risk score

To screen genes linked to glycosylation patterns and patient outcomes, we applied two analytical strategies:
univariate Cox regression and the least absolute shrinkage and selection operator (LASSO). The LASSO
procedure was executed with the “glmnet” R package. First, univariate Cox testing was run on 628 genes,
identifying 30 with strong prognostic relevance (p < 0.005). These were next processed by the LASSO algorithm
to further narrow the candidates, yielding a set of 20 genes. The final glycosylation-based risk model was then
formulated using a Cox proportional hazards framework implemented through “glmnet,” incorporating these same
20 genes.

GlycosylationScore =Y i x RNA; @

Evaluation and verification of the glycosylation risk score

Within the training cohort, individuals were separated into low- and high-risk categories using the median score
as the cutoff. Kaplan—Meier (K-M) curves were generated, and group differences were assessed with the log-rank
test using the “survminer” package. Predictive performance was quantified through time-dependent ROC (tROC)
analysis via the “tROC” R package. A nomogram combining clinical prognostic variables with the glycosylation
score was also built, and its calibration was examined through calibration plots.

For external validation, the same workflow was applied to an independent BLCA dataset. Risk scores were
computed using the established equation, and patients were again divided into high- and low-risk strata using the
median threshold. Survival distinctions were evaluated with K-M and log-rank tests, and discriminative capacity
was examined with tROC curves.

Identification of molecular subtypes of BLCA using the glycosylation risk score

In previous research, our group synthesized seven widely used molecular classification systems for BLCA,
including schemes from TCGA, UNC, and Consensus-based frameworks. To harmonize subtype assignments, we
used the “BLCAsubtyping” and “ConsensusMIBC” R packages. Moreover, pathways and subtype markers
reported by Kamoun et al. (2020) were incorporated [32]. For improved clinical interpretability, all molecular
classes were further consolidated into two overarching groups: “luminal” and “basal.”

Statistical analysis

Associations among variables were explored using Pearson or Spearman coefficients, chosen according to data
distributions. Continuous variables between two groups were compared using either t-tests or Mann-Whitney U
tests. Survival was evaluated using the K-M estimator and log-rank significance testing. Candidate prognostic
genes were identified by univariate Cox regression, whereas the LASSO procedure refined gene selection for the
glycosylation score. Hazard ratios (HRs) and the independent predictive contribution of the glycosylation score
were evaluated through univariate and multivariate Cox models. Model performance was measured with time-
dependent ROC curves and corresponding area under the curve (AUC) values. All computations were run in R
(version 4.22), applying a p < 0.05 significance threshold. Multiple-testing correction was conducted using the
false discovery rate (FDR), and all statistical tests were two-tailed.

Results and Discussion
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Establishing glycosylation-related expression patterns linked to prognosis and the tumor immune
microenvironment

Using the TCGA-BLCA dataset, we applied unsupervised clustering via the “ConsenseClusterPlus” R package to
generate expression signatures based on glycosylation-associated genes. The analysis indicated that a two-group
solution was optimal, giving rise to glycosylation cluster 1 and glycosylation cluster 2 (Figure 1la). We then
compared these two clusters in detail. Regarding survival outcomes, cluster 2 displayed a clearly worse overall
prognosis than cluster 1 (p = 0.024), (Figure 1b).

For TIME characteristics, as illustrated in Figure 1c, most immune infiltrates—including activated and immature
B cells, activated and central-memory CD4" T cells, activated and central-memory CD8" T cells, NK cells, and
macrophages—were present at higher levels in cluster 2. Furthermore, within the seven-step CIC framework,
cluster 2 showed more pronounced activation in key anti-cancer immunity phases: step 1 (tumor antigen release),
step 4 (recruitment of T cells, CD8" T cells, macrophages, NK cells, and DCs), step 6 (T-cell recognition of
malignant cells), and step 7 (tumor cell elimination) (Figure 1d).
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Figure 1. Construction of glycosylation-based expression patterns related to clinical outcome and immune

contexture.

(a) Unsupervised clustering of all 628 glycosylation-related genes, with light and dark blue denoting clusters

land 2.

(b) Kaplan—Meier comparison of OS across the two patterns (light green = cluster 1; red = cluster 2).
(c) Differences in 28 immune-cell infiltration levels using sSGSEA between the two patterns (light green =
cluster 1; red = cluster 2). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns = non-significant.
(d) Distinct anti-tumor immune activity across CIC steps in the two patterns (light green = cluster 1; red =
cluster 2). Same significance indicators as above.

Developing glycosylation-associated risk scores and evaluating clinical prediction across multiple cohorts

The marked contrasts between the two glycosylation clusters—both in survival and immune context—motivated
us to construct a quantitative scoring system reflecting glycosylation gene behavior. This scoring metric was
intended to stratify BLCA patients and support precision-oriented prognosis assessment.
We first performed univariate Cox analysis on glycosylation-related genes and identified 30 genes strongly linked
to OS (p < 0.005). LASSO regression was then used to reduce this list to 20 optimal prognostic candidates
(Figures 2a and 2b). The minimum lambda value, determined through ten-fold cross-validation, was selected as
the tuning criterion. Based on these 20 genes, a final Cox proportional hazards model was generated using the
“glmnet” package, producing the glycosylation-based risk score for the TCGA-BLCA training cohort. Patients
were assigned to high- or low-score groups according to the median risk score.
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Figure 2. Development of glycosylation-derived risk score and clinical predictive modeling.
(a) LASSO coefficient profiles of glycosylation-related prognostic genes across lambda values.
(b) Partial likelihood deviance versus log(lambda) with 10-fold cross-validation.
(c—d) Forest plots for univariate and multivariate Cox analyses incorporating age, sex, tumor grade, tumor
stage, and the glycosylation-based score.
(e) Nomogram including age, stage, and glycosylation-based risk score.
(f) Calibration curves for nomogram accuracy.

To determine the clinical applicability of the risk score, we first conducted a univariate Cox evaluation. The
analysis showed that the glycosylation score—and clinical parameters such as grade, stage, age, and sex—were
all significantly prognostic (p < 0.001), (Figure 2c). In multivariate Cox analysis, the glycosylation score
continued to serve as an independent outcome predictor (p < 0.001), (Figure 2d).

Based on factors identified through multivariate modeling (risk score, age, and tumor stage), we generated a
glycosylation-focused nomogram (Figure 2¢). The score contributed substantially to total prognostic weight,
indicating that glycosylation levels are highly informative for predicting 1-, 3-, and 5-year survival. Consistent
with earlier findings, higher risk scores corresponded to poorer outcomes, highlighting the clinical need for
alternative therapies in these high-risk individuals. Calibration analyses demonstrated that the nomogram’s
predicted OS closely matched actual observations (Figure 2f), and Q-Q analysis confirmed data normality.

e
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Validating the prognostic relevance of the glycosylation risk score across multiple BLCA cohorts

To more comprehensively assess how well the glycosylation risk score predicts outcomes in BLCA, we verified
its performance in several datasets, including public cohorts and our own clinical population. In the TCGA-BLCA
training set, individuals with elevated glycosylation scores demonstrated a markedly poorer overall survival
compared with those in the low-score category (p < 0.0001), (Figure 3a). The score also showed strong predictive
capability for survival at 1, 3, and 5 years, yielding AUC values of 0.75, 0.74, and 0.75, respectively (Figure 3b).
In our real-world Xiangya BLCA cohort, the unfavorable prognosis associated with high scores remained evident
(p = 0.014), (Figure 3c), and its predictive accuracy remained substantial (1-, 3-, and 5-year AUCs: 0.75, 0.71,
and 0.56; (Figure 3d)). Comparable findings were consistently observed in several external validation datasets:
E-MTAB-1803 (p = 0.00019, AUCs: 0.73, 0.76, 0.77); (Figures 3e and 3f), GSE32894 (p < 0.0001, AUCs: 0.83,
0.89, 0.88); (Figures 3g and 3h), GSE48075 (p = 0.00012, AUCs: 0.82, 0.78, 0.76); (Figures 3i and 3j), and two
additional GEO BLCA sets.
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Figure 3. Verification of glycosylation risk score in predicting clinical outcome across multiple datasets.
(a) K—M curves for TCGA-BLCA high vs. low score groups (red = high; green = low).
(b) ROC analysis of the score in TCGA-BLCA.
(c—d) K—M curves and ROC plots in the Xiangya validation cohort.
(e—f) K-M and ROC plots in E-MTAB-1803.
(g-h) K-M and ROC plots in GSE32894.
(i-j) K-M and ROC plots in GSE48075.

Collectively, these assessments strongly support that the glycosylation risk score is a stable and accurate
prognostic indicator in BLCA, with reliable performance both internally and across external datasets.

Investigating associations between glycosylation score and the tumor immune microenvironment in TCGA-BLCA
The compelling prognostic capability of the glycosylation score motivated further analysis of its relationship with
the TIME in the TCGA-BLCA cohort. Based on ssGSEA profiling (Figure 4a), immune infiltration was broadly
higher in the high-score group, particularly for central-memory CD8*/CD4* T cells, NK T cells, NK cells,
regulatory T cells, and memory B cells. Correlations between glycosylation score and key immune-cell subsets
are illustrated in Figure 4b.

Moreover, major components of the 7-step CIC—such as antigen release, immune-cell recruitment, and tumor-
cell elimination—were more activated in the high-score group (Figure 4c). We further assessed whether the
glycosylation score aligned with the enrichment of 21 immunotherapy-associated pathways summarized by
Mariathasan et al. (2018) [33]. High-score patients consistently presented elevated enrichment scores across these
pathways (Figure 4d).

Finally, drawing upon the TIS metric previously established by our group, we found that individuals with higher
glycosylation scores also had elevated TIS values (Figure 4e). Together, these findings indicate that the high
glycosylation score subgroup tends to exhibit a “hot” immune phenotype and may be more responsive to
immunotherapy.
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Figure 4. Examination of the link between the Glycosylation score and the TIME in the TCGA-BLCA
dataset.

(a) Comparison of immune-cell enrichment between high- and low-glycosylation groups in TCGA-BLCA.
(b) Association between central-memory CD8" T-cell abundance and the glycosylation score.
(c) Relationship between the glycosylation score and the activities of cancer-immunity-cycle steps.
(d) Distinct activation levels of ICB-related gene signatures across the two score groups (red = high; green =
low; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns = not significant).
(e) Correlation between the glycosylation score and the T-cell-inflamed signature (TIS).

Validation of the glycosylation score—TIME relationship in a real-world BLCA population

After establishing in TCGA-BLCA that glycosylation levels can infer the immune phenotype of the TME, we
next examined this pattern in patients treated at Xiangya Hospital. Consistent with prior observations, key steps
of the 7-stage CIC (Figure 5a), (left) were more strongly activated among individuals with elevated scores.
Parallel to this, immune infiltration within the TME showed a clear increase in the high-score group (Figure 5a),

(right).
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Moreover, as illustrated in Figure 5b, individuals with higher scores expressed more ICl-related genes (upper
panel) and more TIS-related genes (lower panel), reinforcing the notion of enhanced immune activity. Evaluation
of immune-effector signatures further revealed that patients in the high-score category displayed elevated
expression of genes characteristic of CD8" T cells, dendritic cells, macrophages, NK cells, and Th1 cells (Figure
5¢).

Integrating evidence from both TCGA-BLCA and Xiangya-BLCA, we conclude that patients with increased
glycosylation scores frequently present a “hot” immune microenvironment and therefore may respond more
favorably to immunotherapy.

P did

Relatons.

2,
22555258 5 2 22,2,
R P /}3&,’; = {;
&2

' 4
) RO
o A G &“ﬁ., o

w1 Positive Relation A ". 8
= = 2 Negative Relation ' 1 5 = = Activated CO4 T ces
s : IEFERT=
. as = .Ammd-num:ul
-— 025 P Vale
- 000
050 meon
- 075 o008
W Nex Agoacatee
- 100 =

Redonse of cancer coll anbgons|
Cancer antigon prosentation

T coll rectuting )
CO4 T coll rectuting
CD8 T coll recruitng
™ coll recruing
Denaritic coll recrutng |
T™h22 ool recruing
Macrophage recrnutng
Monocyte recrutng:
Noutrophil recrung
N coll recrumng =
Eosinophil recruttng
Basophil recruting
™17 coll recruing
B coll recrutng
Th2 coll recrultng !
Treg cell recruting BN
MDSC recrugng
IR aton Of iInemune Cels IO umons
Recognition of cancer cells by T cels

Kiling of Gancet cols
Glycosylation scorolll NI 1 N ;
=:::; ﬁgi?“i 28 :5;2“~‘.-~§s:
i Step3 FErEERREER2EREE 2§
W Stepé E§ o g ;’Eg; %
med %g‘ Y il th 4
n u; o0 § -:‘iz EEs
s 3 :
W Step? ! i3
‘o -
£ :g
“ 2
i
a)
x < 8
« E o 8 é " -
38 8 E 2 0 9 < 2 & 8
3583835883 33888¢8
Glycosylaticn score 028 0.1 -us 018 m.ul 0ss 08 axt 033 a3

Giycosylation score 0.24 0.09 0.08 uo-dauou 203004 011 uwm
HILLAA L LR

192



Ivanov et al., Comprehensive Glycosylation Risk Score Stratifies Bladder Cancer Prognosis and Immunotherapeutic Benefit
Across Multi-Cohort and Real-World Data
| Glyscore
CO8A
cDss
GZMM
FLTAG
GIMA
GZMB
PRF1
TBX21
CxcL10
CXCR3
CCLS
IFNG
cia8
SPON2
NCR1
CRTAM
PRRSL
ILTR
C1QA
CSFIR
CLECSA
MARCO
Cyes
MS4ABA
LILRA2
MMPE
CCL4
CTLA4
SLAMF 1
SIGLECY
SLAMFB
LILRB4
IL21R
SLC15A3
FGL2

Gaycosyation score
) regh Giy score
B Low Gy score

c)
Figure 5. Verification of associations between glycosylation score and TIME in real-world BLCA.
(a) Links between glycosylation score and CIC activity (left) and immune-cell infiltration patterns (right).
Line type, color, and thickness reflect relation polarity, p-value, and strength, respectively.
(b) Relationship between the glycosylation score and TIS-related genes (upper) and ICl-related genes (lower).
(c) Differences in immune-effector-gene expression between high- and low-score groups (red = high; green =
low).

Glycosylation score as a tool for precision-medicine guidance through prediction of BLCA molecular subtypes
Expression-based stratification has demonstrated that MIBC comprises diverse biological subgroups with distinct
clinical outcomes and treatment sensitivities [34—-36]. Widely accepted subtype systems include the consensus
[32], TCGA [37], CIT [38], Lund [39], Baylor [40], UNC [41], and MDA [42] classifications. Our earlier work
harmonized these seven schemes to streamline clinical use [27].

A notable degree of agreement was observed between the TCGA-BLCA dataset (Figure 6a), (top) and our
Xiangya cohort (Figure 6a), (bottom). Across classification systems, basal-type tumors generally displayed
higher glycosylation scores, whereas luminal-type tumors tended to have lower scores. High-score patients
preferentially demonstrated basal-type traits, including EMT-related, immune-related, basal-related, and
interferon-related differentiation. Conversely, low-score individuals more often fitted luminal or urothelial
differentiation patterns.

Regarding subtype-prediction accuracy, in TCGA-BLCA (Figure 6b), most AUC values exceeded 0.73, while in
the Xiangya cohort (Figure 6c¢), most surpassed 0.87.
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Figure 6. Glycosylation score—based guidance of precision-therapy by predicting BLCA molecular subtypes
(a) Heatmaps showing glycosylation-score groups, seven subtype systems, and BLCA-related signatures in
TCGA-BLCA (top) and Xiangya (bottom). Activated pathways appear in red; suppressed pathways in green.
(b—c) ROC performance of the glycosylation score for predicting subtype classifications in TCGA-BLCA and
Xiangya cohorts.

Earlier analyses [32, 43] reported that basal-type BLCA typically exhibits lower differentiation and thus worse
prognosis, but responds more strongly to therapies such as cisplatin and ICB. In line with this, our work
demonstrates that patients with elevated glycosylation scores—who more often show basal-like features—have
poorer survival yet higher immune infiltration, aligning with enhanced sensitivity to immunotherapy.
Cisplatin-based neoadjuvant chemotherapy, followed by radical cystectomy and urinary diversion, has remained
the mainstream therapeutic strategy for locally advanced MIBC since the early 2000s [44, 45]. Protein
glycosylation—one of the most prevalent post-translational modifications—participates in essential biological
processes such as cellular motility, intercellular communication, proliferation, and adhesion [46]. Dysregulated
glycosylation is also recognized as a critical contributor to tumor initiation and progression [47], including in
BLCA. Investigations into protein modification, tumor heterogeneity, and predictors of immunotherapeutic
responsiveness (e.g., ICB) continue to attract considerable interest across malignancies [48, 49]. Accordingly, our
study aimed to thoroughly examine the interplay between glycosylation pathways and BLCA, with the intent of
improving prognostic assessment and optimizing individualized therapeutic strategies.
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To begin with, using the expression profiles of 628 glycosylation-related genes in TCGA-BLCA cases, we
employed consensus clustering to define two optimal groups, termed glycosylation cluster 1 and glycosylation
cluster 2. Patients in glycosylation cluster 2 exhibited inferior survival while showing increased immune
infiltration within the TME. Poor clinical outcomes and suboptimal treatment responses are closely tied to the
intricate nature of the TME [50], where immune components and associated pathways play pivotal roles. This
motivated us to quantify the prognostic and immunologic significance of glycosylation in BLCA. Although recent
mechanistic studies have advanced our understanding of glycosylation in BLCA [51, 52], tools for evaluating
prognosis based on glycosylation profiles remain insufficient. Therefore, we developed a scoring model by
selecting prognostically relevant genes that best represented glycosylation-associated expression patterns,
resulting in the first glycosylation risk score capable of simultaneously predicting survival, immune phenotypes,
and molecular subtypes of BLCA.

Cancer cells typically exhibit accelerated protein glycosylation relative to normal tissues [53], and a prospective
multi-omics ovarian cancer study by Hu et al. (2020) [54] further demonstrated marked differences in
glycosylation intensity between malignant and normal cells, which could be captured through glycoprotein
expression. Additional evidence has shown that aberrant alterations in glycosylation genes, such as GALNTL,
promote tumor development across several cancer types, including BLCA [55]. Moreover, the functional status
of tumor-infiltrating immune cells (TIICs), particularly tumor-infiltrating lymphocytes (TILs), is a decisive
determinant of patient outcomes [56], including in early-stage pT1 BLCA [57]. New molecular targets—such as
BCAT2, EMT-associated signatures, and S100A5 [58-60]—are increasingly shaping immunotherapeutic
strategies for BLCA. Evidence from a multicenter cohort of 709 individuals [61] indicated that high-risk BLCA
patients following surgery benefit from adjuvant nivolumab. In our analysis, high glycosylation scores were
associated with poorer survival but were simultaneously linked to a “hot” TIME [14] characterized by abundant
immune infiltration. This trend was consistently observed in both the TCGA-BLCA training cohort and the
Xiangya-BLCA real-world dataset. Supporting this, Badmann et al. (2020) proposed that in ovarian cancer [24],
enhanced glycosylation may drive macrophages toward an anti-inflammatory M2 phenotype, thereby fostering
immune escape even within an otherwise activated TME.

Previous investigations have demonstrated that molecular classification systems can enhance the precision of
prognostic evaluation and the characterization of the tumor immune microenvironment. In breast cancer research,
for instance, notable disparities in TIL infiltration levels were observed across HR+ molecular categories, where
increased TIL presence improved OS but did not extend disease-free survival (DFS) [62]. In other words, distinct
molecular classes correspond to different TIME features [63]. Updating and reconsidering tumor molecular typing
frameworks—whether by refining, merging, or simplifying—has therefore become an active research direction.
Examples include the 5-mC regulator—based subtype system previously developed by our group, which achieved
accurate molecular classification in BLCA [64], as well as a consensus molecular stratification for gastric
adenocarcinoma (GAC) aimed at reclassification and predicting ICB response rates [65]. Additionally, our team
proposed an integrated system combining several mainstream BLCA molecular subtype standards to better align
typing methods with clinical practice [27]. Further supporting the relevance of glycosylation, Miao et al. (2022)
documented that the glycosylation-associated protein B3GNT5 was markedly upregulated in basal-like breast
cancer (BLBR), highlighting a strong link between glycosylation and subtype identity [66]. In the present work,
BLCA individuals with elevated glycosylation scores were more likely to fall into basal-type categories and
displayed a “hot” TIME, despite experiencing less favorable survival outcomes. Conversely, low glycosylation
scores corresponded to luminal-type differentiation, with a matching prognosis and immune profile. Altogether,
patients with high glycosylation scores may benefit more from immunotherapies such as ICB, underscoring the
need to further expand immunotherapeutic strategies to improve post-treatment outcomes. Meanwhile, patients
with low glycosylation scores may require a stronger emphasis on targeted or alternative treatment approaches.
These findings further align with earlier studies examining the effect of molecular subtype on tumor prognosis
and immune behavior [42, 67].

There are, nevertheless, limitations that warrant further investigation. First, the datasets used were retrospective,
meaning the associations among glycosylation, clinical outcome, immune characteristics, and molecular subtype
in BLCA primarily remain correlational. Therefore, we aim to adopt this work as a preliminary foundation and
conduct prospective studies to evaluate the effects of glycosylation on immunotherapy and targeted therapy in
BLCA. Additionally, integrating the current results with an expanded literature review and feasible laboratory
approaches, we plan to explore the mechanistic pathways through which glycosylation-related genes influence
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BLCA treatment responses, with the goal of identifying new therapeutic targets that can support precision
oncology in BLCA.

Conclusion

Using multi-omics datasets, we established a glycosylation score associated with BLCA and applied it to predict
tumor heterogeneity, clinical outcome, and immune characteristics. The glycosylation score offers reliable
prognostic value for immunotherapy response and BLCA molecular subtype assignment, supporting more tailored
clinical decision-making for BLCA management.
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