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Abstract

Recent advances in cancer research have highlighted the pivotal role of tertiary lymphoid structures (TLSs) in
modulating immune responses, particularly in breast cancer (BRCA). Here, we performed an integrated analysis of
bulk transcriptome data from over 6000 BRCA samples using biological network-based computational strategies
and machine learning (ML) methods, and identified LGALS2 as a key marker within TLSs. Single-cell sequencing and
spatial transcriptomics uncover the role of LGALS2 in TLS-associated dendritic cells (DCs) stimulation and reveal the
complexity of the tumor microenvironment (TME) at both the macro and micro levels. Elevated LGALS2 expression
correlates with prolonged survival, which is associated with a robust immune response marked by diverse immune
cell infiltration and active anti-tumor pathways leading to a ‘hot’ tumor microenvironment. The colocalization of
LGALS2 with TLS-associated DCs and its role in immune activation in BRCA were confirmed by hematoxylin-eosin
(HE), immunohistochemistry (IHC), and in vivo validation analyses. The identification of LGALS2 as a key factor

in BRCA not only highlights its therapeutic potential in novel TLS-directed immunotherapy but also opens new
avenues in patient stratification and treatment selection, ultimately improving clinical management.
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Introduction

Breast cancer (BRCA), driven by genetic and environ-
mental factors, is a heterogeneous disease that disrupts
breast tissue cell growth, making it the leading cause of
cancer-related morbidity and mortality among women
worldwide [1, 2]. Despite advancements in targeted ther-
apies, ongoing treatment failures in BRCA highlight the
need for new strategies to identify and use novel thera-
peutic targets.

Recent research has highlighted the critical role of the
tumor microenvironment (TME) in determining cancer
cell fate [3]. The formation of multicellular structures like
tertiary lymphoid structures (TLSs) within the TME sig-
nificantly impacts tumor behavior and therapy response.
TLSs are particularly effective in driving anti-tumor
immunity in diseases, such as melanoma, sarcoma, and
BRCA, making them as important targets for immuno-
therapeutic strategies [4—6]. TLSs are intricate forma-
tions predominantly comprising B cells, T cells, and
dendritic cells (DCs), which infiltrate and cluster within
TME at cancer sites [7]. B and T lymphocytes are central
to effective anti-tumor immune responses and are often
found in abundance in tumor regions where immuno-
therapy is most effective [8]. Activated DCs play a pivotal
role in anti-tumor immunity by transporting major his-
tocompatibility complex (MHC)-antigen complexes to T
cells, thereby triggering antigen-specific T cell expansion
and activation [9]. Unraveling the role of DCs in antigen
presentation within TLSs is critical for advancing can-
cer therapy. Although TLSs are recognized as potential
immunotherapy markers, the exact mechanisms of their
function, especially the role of DCs in BRCA, need to be
further explored. Elucidation of these mechanisms could
unveil new immunotherapy targets and improve patient
outcomes.

In this study, a comprehensive four-step large-scale
bulk RNA-seq analysis was conducted by integrating
with biological network-based computational strategies
and machine learning (ML) methods. Integrative bulk
transcriptomic analysis, which involved molecular sub-
typing, key co-expression network modules, molecular
interactions network with prior knowledge, and classifi-
cation and survival dimensionality reduction, identified
LGALS?2 as a critical TLS marker and prognostic factor
in BRCA. Furthermore, in-depth scRNA-seq and stRNA-
seq coupled with experimental validation revealed the
role of LGALS?2 in activating TLS-associated DCs, creat-
ing new opportunities to improve immunotherapy effec-
tiveness in BRCA patients.

Results

A comprehension of the genes connected to TLS molecular
subtyping

BRCA patients were subtyped into two clusters, C1 and
C2, using PAM and nine TLS-specific genes, with C1
comprising 470 cases and C2 comprising 614 cases, in
the TCGA dataset. C1 exhibited significantly higher
expression of TLS-specific genes and notable differences
included: (1) enhanced ImmPort pathway activities such
as antigen presentation, and TCR and BCR signaling; (2)
increased immune infiltration of T cells, B cells, and DCs;
and (3) greater expression of immune checkpoints such
as PD-1, PD-L1, and CTLA-4 (Fig. 1A). UMARP analysis
clearly separated the clusters (Figure S1A) and showed
prolonged overall survival in C1 (Figure S1B). Expres-
sion of TLS-specific genes was notably higher in C1 (Fig-
ure S1C), and enrichment analysis of upregulated DEGs
in C1 identified activation of immunological pathways
related to cytokines, chemokines, and interferons (Fig-
ure S1D). Six ML algorithms for classification, including
Pamr, RF, SVM, LassoLR, XGBoost, and Boruta, identi-
fied ten intersecting genes critical for TLS subtyping
(Fig. 1B).

WGCNA discerning the TLS-attached gene module

Using WGCNA and the ssGSEA algorithm based on nine
TLS-specific genes, ten gene modules were discovered,
with the brown gene module being identified as having
the highest correlation (R=0.69) with TLS, as shown in
Fig. 1C. The brown module exhibited a high correlation
(R=0.82) between module membership and gene sig-
nificance for TLS (Fig. 1D). This study also linked the
brown module to PROGENy-based oncological pathways
such as JAK-STAT, NF-kB, TNF-«, and TRAIL, show-
ing strong positive correlations with TLS (Figure S2A).
Gene characteristics within the brown module were fur-
ther detailed, including expression levels and interactions
(Figure S2B).

Topology-based filtering of genes dependent on TLS by
PPIRWR

The PPIRWR procedure for determining the TLS-asso-
ciated gene ranking is shown in Fig. 1E. Using the gene
ranking vector, GSEA assessed KEGG oncological (Fig-
ure S3A) and immunological (Figure S3B) pathways,
highlighting enrichment in pathways such as BRCA,
P53/TGE-B, and PD-L1/PD-1 checkpoints. A significant
correlation was found among nine immunotherapeu-
tic signatures, including CYT, IENyIS, AyersExplS, GEP,
RohlS, DavolilS, chemokinelS, RIR, and ImmuneScore,
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Fig. 1 Identification of TLS-associated tumor suppressor LGALS2
(A) Heatmap showed the distribution of nine TLS-specific genes, ImmPort-based immune-related pathways, TIMER-based immune cells, and immune
checkpoints in two TLS-related clusters. (B) Venn plot showed the intersected genes among the DEGs between two TLS-related clusters optimized by
six ML algorithms for classification. (C) Heatmap showed the relationships between gene modules and TLS phenotype. (D) Correlation plot showed the
brown module’s correlation between module membership and gene significance for TLS. (E) PPIRWR procedure for determining the TLS-associated gene
ranking. (F) Petal chart showed the intersected genes that were significantly positively associated with each of the nine immunotherapeutic signatures
from the top 10% of the TLS-associated gene ranking according to PPIRWR. (G) Venn plot showed the three intersected best genes in the context of TLS
through molecular subtyping, WGCNA, and PPIRWR. (H) The univariate Cox regression analysis on the three intersected best TLS-related genes. (I) Venn
plot showed the intersected gene LGALS2 was the final emerging gene among the three genes with associations with TLS by three ML algorithms for
survival. (J) Circos plot showed the KEGG pathways correlated with LGALS2 and the distribution of genes enriched in pathways in human chromosomes.
(K) GSEA-based GO immunological pathways for LGALS2. (L) Radar plot showed the correlation between LGALS2 and cancer immunogram traits. (M) Bar
plot showed the correlation between LGALS2 and ImmPort-based immunological pathways
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demonstrating their reliability for predicting immuno-
therapeutic responses, as shown in Figure S3C. From
the top 10% of PPIRWR-ranked genes, 242 were selected
as the final PPIRWR TLS-associated genes, that posi-
tively correlated with each immunotherapeutic signature
(Fig. 1F).

TLS-associated tumor suppressor LGALS2 identified
CLEC10A, CD79B, and LGALS2 were identified as sig-
nificant in the context of TLS through molecular subtyp-
ing, WGCNA, and PPIRWR (Fig. 1G). Univariate Cox
regression analysis confirmed their significance (Fig. 1H).
Then three ML algorithms for survival were applied.
LassoCox optimized LGALS2 alone (Figure S4A), while
CoxBoost and RSF evaluated all three genes (Figures S4B
and S4C), solidifying LGALS2 as a significant protective
prognostic gene (Fig. 1I and S4D). High LGALS2 expres-
sion correlated with prolonged survival in several inde-
pendent datasets including METABRIC, GSE10309, and
GSE96058 in GEO (Fig. 2A), with declining expression at
advanced tumor stages indicating its tumor-suppressing
nature (Figure S4E).

LGALS2 biological functional annotation

KEGG enrichment analysis strongly associated many
important immunological pathways, including cytokine
and chemokine signaling, T and NK cell activities, and
checkpoints, with LGALS2 (Fig. 1J). GSEA-GO high-
lighted the involvement of LGALS2 in enhancing immu-
nological processes related to T cells, B cells, DC, and
IFNy signaling (Fig. 1K and S5A). LGALS2-associated
DEGs showed close ties to adaptive immune response
and leukocyte activation based on Metascape (Figure
S5B). High LGALS2 expression in BRCA patients also
upregulated immunogram traits (Fig. 1L). The correla-
tion of LGALS2 with ImmPort pathways was remark-
able (Fig. 1M). The distribution patterns of Fges in five
major categories and 12 minor categories suggested that
LGALS?2 significantly enhances immunity (Figures S5C
and S5D).

Immunological features of LGALS2

Analysis of the role of LGALS2 in the BRCA cancer
immune cycle revealed that it enhances several anti-
tumor immune steps (Figure S6A). High LGALS2 expres-
sion in BRCA patients correlates with enriched immune
cells such as B cells, various T cells, and activated DCs,
indicating its key role in the immune microenvironment
according to ESTIMATE, MCPcounter, Pornpimol-ssG-
SEA, and TIMER (Fig. 2B). Moreover, its interaction with
immunomodulators (Figure S6B) and alignment with
immunotherapeutic signatures (Fig. 2C) underscores
LGALS2’s potential as an effective immunotherapeutic
biomarker.
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Positions of LGALS2 in the microenvironment at the
scRNA-seq and stRNA-seq level

From Fig. 2D, the 17 primary cell types were classified
in the scRNA-seq of BRCA. LGALS2’s expression pat-
terns, as shown in Fig. 2E, showed high levels in myeloid
cells, especially DCs which had the highest expression
(Fig. 2F). This led to LGALS2 being identified as a DC
marker, which was also confirmed by the scRNA-seq
data of HCC (Figure S7A) and NSCLC (Figure S7B). The
stRNA-seq of BRCA revealed that DC enrichment scores
align with the expression patterns and spatial distribution
of LGALS2 (Figure S7C and S7D). It was also confirmed
by its strong association with the DC marker CD86 in
DCs (Fig. 2G). We explored whether LGALS2 serves as
a mature DC marker, noting increased LGALS2 activ-
ity over pseudo-time (Fig. 2H-J). CytoTRACE analysis
showed a negative correlation between LGALS2 and DC
differentiation potential, establishing its effectiveness as a
mature DC marker (Fig. 2K). Moreover, mature DCs with
LGALS2 showed enhanced interactions with CD8+T
cells compared to their immature counterparts (Fig. 2L).
Functional analysis via GO and AUCell revealed that DCs
with high LGALS2 levels resemble mature DCs, involved
in key immune processes related to DCs (Fig. 2M).

Co-localization of LGALS2 and TLS-associated DCs

TLS distribution in BRCA samples was assessed using
HE staining to identify lymphoid structures. Subsequent
IHC staining targeted CD20 for B cells and CD3 for T
cells in serial sections, mapping their proximity within
TLSs. Additional IHC staining for CD86 and LGALS2
on consecutive sections highlighted the colocalization of
LGALS2 with TLS-associated DCs, suggesting LGALS2’s
role in DC-mediated immune responses in TLSs. Inter-
estingly, LGALS2 showed low expression in tumor cells
surrounded with TLSs, consistent with the findings in the
scRNA-seq analysis (Figure S8).

In vivo validation of LGALS2

In vivo validation was performed to elucidate the immu-
noregulatory roles of LGALS2 in BRCA. The mRNA and
protein expression of LGALS2 was significantly reduced
in primary mouse DCs in the sh-LGALS2 group (Fig-
ures S9A and S9B). The tumor weight (Figures S9C and
S9D) and volume (Figures S9C and S9E) were signifi-
cantly increased in the C57BL/6 mice with an injection
of LGALS2-suppressed DCs. Besides, the proportion of
CD3+CD4+ (Figure S9F), CD3+CD8+ (Figure S9G), and
CD8+IFNy+ (Figure S9H) was significantly reduced in
the sh-LGALS2 group (Figure S9J), while CD8+PD-1+
(Figure S9I) T cells was significantly increased in the sh-
LGALS2 group (Figure S9]J).
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Discussion demonstrates that LGALS2 is not only a biomarker of
LGALS2 has been previously reported to be a prognos- BRCA but also a functional player in the immune land-
tic marker in human breast cancer [10]. Besides, LGALS2  scape, specifically as a DC marker. Elevated LGALS2
was identified to be an immunotherapy target in TNBC  expression correlates with increased immune cell infil-
[11] and related to drug resistance [12]. Our research tration, particularly of DCs and T cells, which are pivotal
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for orchestrating anti-tumor immunity. Notably, previous
studies indicated a dual role of LGALS2 in regulating T
cells. LGALS2 on DCs not only regulates T cell prim-
ing and activation [13] but also induces T cell apoptosis
[14]. Our in vivo validation supported its immunologi-
cal enhancement role. The identification of LGALS2 as
a key factor in DC activation within TLSs highlights its
potential as a therapeutic target which is consistent with
previous studies highlighting the importance of TLSs in
promoting effective immune responses against tumors.
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LassoCox Least Absolute Shrinkage and Selection Operator Regularized
Cox Regression
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