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HIGHLIGHTS

GRAPHICAL ABSTRACT

« SPINK1-Expressing Tumor Cells
Recruit LAMs via CCL20 to Drive
Immunosuppression and Metabolic
Reprogramming.

« Silencing SPINK1 suppresses tumor
growth, metastasis, and glutamine
uptake in vitro and in vivo,

highlighting its therapeutic potential.

o Multi-Omic Integration Reveals
E4_SPINK1-CAF Crosstalk in
Reshaping the TME.

« Pan-Cancer Significance of SPINK1 in
Tumor Immunity and Metabolism.

An integrative multi-omics analysis of intrahepatic cholangiocarcinoma (ICC) reveals a highly malignant
epithelial subpopulation (E4_SPINK1) characterized by SPINK1 overexpression. E4_SPINK1 cells secrete
the chemokine CCL20 to recruit lipid-associated macrophages (LAMs), which in turn synthesize glu-
tamine via elevated GLUL activity. The released glutamine is imported into E4_SPINK1 cells through
SLC1A5, fueling tumor proliferation, invasion, and immunosuppression. Concurrently, E4_SPINK1
engages matrix cancer-associated fibroblasts (matrix_CAFs) via FAM3C-HLA-C and SPP1-CD44 ligand-
receptor axes, driving extracellular matrix remodeling. Therapeutically, SPINK1 knockdown disrupts
CCL20-mediated LAM recruitment, reduces glutamine uptake, and impairs tumor growth and metastasis.
Pan-cancer analyses further identify SPINK1 as a prognostic biomarker and regulator of tumor immunity
and metabolism.
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Introduction: Intrahepatic cholangiocarcinoma (ICC) is a highly heterogeneous and aggressive malig-
nancy with poor prognosis and limited treatment options. The lack of precise molecular classification
and incomplete understanding of the tumor microenvironment (TME) impede therapeutic development.
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Objectives: This study aims to dissect the cellular heterogeneity and intercellular interactions in ICC, with
a particular focus on SPINK1-overexpressing epithelial subsets. We sought to determine the role of
SPINK1 in modulating immune cell recruitment and tumor metabolism, and to evaluate its clinical rele-
vance.

Methods: We performed single-cell RNA sequencing (scRNA-seq) on human ICC tumors and adjacent nor-
mal tissues to construct a transcriptomic atlas. Integrative proteomic analysis, transwell assays, co-
culture systems, and functional perturbation experiments (SPINK1 knockdown and ASCT2 inhibition)
were conducted to explore epithelial-macrophage interactions and metabolic dynamics.

Results: SCRNA-seq identified a SPINK1-overexpressing epithelial subcluster enriched in ICC tumors. High
SPINK1 expression correlated with significantly shorter patient survival. SPINK1-overexpressing epithe-
lial subcluster secretes CCL20, which recruits lipid-associated macrophages (LAMs). This effect was
reversed by CCL20 neutralizing antibodies. In co-culture, LAMs increased intracellular glutamine levels
in SPINK1-overexpressing epithelial subcluster, promoting proliferation. Disruption of SPINK1 expression
or glutamine transport abolished this metabolic support.

Conclusion: Our findings uncover a novel SPINK1-CCL20-LAMs axis that orchestrates immune recruit-
ment and metabolic reprogramming in ICC. SPINK1 facilitates tumor growth by establishing a
glutamine-rich microenvironment via LAMs. These insights highlight SPINK1 as a potential therapeutic
target and prognostic biomarker in ICC.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second most com-
mon primary liver cancer, accounting for approximately 20 % of all
hepatic malignancies [1,2]. Despite advancements in therapeutic
approaches, the 5-year overall survival rate remains low, at only
9 % [3]. Furthermore, the incidence of ICC continues to rise [4]. Cur-
rently, surgical resection is considered the optimal treatment
option, but only 20-30 % of patients are eligible for surgery [5].
Even after successful surgical intervention, the prognosis for ICC
patients remains poor [6]. The adverse prognosis of ICC can largely
be attributed to the complexity and continuous evolution of its
tumor microenvironment (TME), particularly the pronounced
desmoplastic stromal reaction [7]. Studies have demonstrated that
the TME plays a pivotal role in promoting disease progression,
therapeutic resistance, and immune suppression in ICC [8-10].
Therefore, elucidating the dynamic changes in the TME during
ICC development is crucial for identifying potential therapeutic
targets and improving patient outcomes.

TME constitutes a complex ecosystem composed of various
coexisting and interacting components, including tumor-
associated macrophages (TAMs), cancer-associated fibroblasts
(CAFs), dendritic cells, and others [11]. Through dynamic interac-
tions with these TME constituents, tumor cells play a pivotal role
in tumor initiation, progression, metastasis, and drug resistance
[12]. For instance, myofibroblastic CAFs (myCAFs) promote intra-
hepatic cholangiocarcinoma (ICC) development by expressing
hyaluronan synthase 2, whereas inflammatory CAFs (iCAFs)
enhance ICC growth through the secretion of hepatocyte growth
factor [13]. In recent years, metabolic reprogramming within the
TME has emerged as a hallmark of malignancy [14]. This metabolic
shift supports the rapid proliferation and invasive capacity of cancer
cells, thereby significantly driving tumor progression [15,16]. How-
ever, research on the specific mechanisms underlying TME meta-
bolic reprogramming in ICC remains limited. Whether metabolic
reprogramming contributes critically to the initiation and progres-
sion of ICC remains inconclusive. Given the central role of the TME in
the poor prognosis of ICC, investigating the interplay between ICC
and TME metabolic reprogramming is of paramount importance,
not only for elucidating the molecular mechanisms of the disease
but also for the development of novel therapeutic strategies.

SPINK1 (Serine Peptidase Inhibitor Kazal Type 1) is a serine pro-
tease inhibitor primarily known for its ability to inhibit enzymes
such as trypsin [17]. It is highly expressed in the pancreas, where

it protects tissues from autodigestion and is associated with hered-
itary pancreatitis [18]. Recent studies have shown that SPINK1 is
overexpressed in various types of cancers, including prostate can-
cer [19], pancreatic cancer [20], and hepatocellular carcinoma [21].
This overexpression may influence tumor progression by modulat-
ing protease activity, thereby affecting the TME [22]. In the context
of cancer, SPINK1 has been implicated in mediating chemoresis-
tance through its interactions with the TME [23]. Specifically,
SPINK1 can regulate the secretion of cytokines such as IL-6 and
TGF-B [24,25], which promote the polarization of macrophages
towards an M2 phenotype [26]. This shift enhances immune sup-
pression by inhibiting T cell activity and facilitating immune
escape mechanisms within the TME [27]. Additionally, SPINK1's
role in regulating matrix metalloproteinases (MMPs) adds another
layer of complexity to its impact on cancer progression [28]. Thus,
SPINK1 appears to play a multifaceted role in cancer biology by
influencing protease activity, modulating immune responses, and
impacting ECM dynamics [29]. These diverse functions highlight
the importance of further investigating SPINK1’s mechanisms of
action within the TME to better understand its contributions to
tumor progression and identify potential therapeutic targets.

In our study, we employed an integrative multi-omics frame-
work, incorporating single-cell genomics, proteomics, and spatial
transcriptomics, to dissect the molecular underpinnings of ICC.
Our analyses revealed a robust association between elevated
expression of SPINK1 and unfavorable prognosis in ICC patients.
This multifaceted approach further elucidated a complex interac-
tion network driving ICC progression, centered on the crosstalk
between SPINK1-overexpressing tumor cells and LAMs within
TME. Specifically, we found that SPINK1 overexpression enhances
ICC malignancy by promoting tumor cell proliferation and inva-
siveness while simultaneously orchestrating the recruitment of
LAMs through the upregulation of CCL20, a chemokine known to
mediate immune cell trafficking. In response to this signaling,
LAMs exhibit a metabolically active phenotype characterized by
heightened lipid metabolism, which in turn sustains ICC growth
by providing a supportive microenvironmental niche. These find-
ings underscore the pivotal role of SPINK1 in reshaping the TME
to favor tumor progression.

Methods

A comprehensive description of the experimental design,
animal grouping criteria, and detailed protocols for scRNA-
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seq analysis are available in the Supplementary Methods
section.

BD Rhapsody single-cell sequencing

RNA isolation and cDNA library construction for the six samples
(comprising matched pairs of tumor (n = 3) and adjacent normal
tissues (n = 3) from three ICC patients) were performed following
BD Biosciences’ standard procedures (Hangzhou, China). A limiting
dilution strategy captured over 10,000 cells. Oligonucleotide-
barcoded beads paired with cells in microwells, and after cell lysis,
polyadenylated RNA molecules hybridized to the beads. Reverse
transcription was carried out, and cDNA was tagged with unique
cell-specific barcodes. scRNA-seq libraries were constructed using
the BD Rhapsody platform and sequenced on an Illumina Novaseq
6000 (Hangzhou, China). Alignment of FASTQ files to the GRCh38
human reference genome was conducted using STAR software
(version 2.7.4a) with default settings [30]. Gene-barcode matrices
were generated by counting unique molecular identifiers (UMIs)
and filtering non-cell-associated barcodes, producing gene-
barcoded matrices for each sample.

SCRNA-seq data processing and quality control

The matrix of read counts per gene per sample was further ana-
lyzed by the Seurat package (version 4.0.2) in the R software (ver-
sion 4.1.3) [31]. For each cell, we used five quality control (QC)
measures. Cells meeting any of the following criteria were
excluded: (1) cells expresses less than 500 genes or more than
7200 genes [31]; (2) cells contains number of UMIs more than
35,000 [32]; (3) log10GenesPerUMI < 0.8; (4) cells with more than
20 % mitochondrial reads; (5) cells express more than 2 % RBC
genes.

Across-sample integration

The gene expression matrix was normalized using the “Normal-
izeData” function. To avoid batch effects between samples, the
single-cell data were integrated using the canonical correlation
analysis (CCA) ensemble method of “Seurat” [33]. As in a previous
study [33], 3000 variable features for CCA (canonical correlation
analysis) [34] were chosen based on stabilized variance, and inte-
gration anchors were identified using the first 20 reduced
dimensions.

Dimension reduction and unsupervised clustering

Principal components analysis (PCA) was performed on the
integration-transformed expression matrix using the “RunPCA”
function, and the first 50 principal components (PCs) were used
in the “FindNeighbors” function. The “FindClusters” function was
used for cell clustering, and different parameters which depends
on cluster tree were applied to different cell types, 0.6 for all cells,
0.7 for epithelial cells, 0.9 for myeloid cells, 0.9 for fibroblasts
(Fig. S1). Dimensionality reduction was performed using the
“RunTSNE” function and visualized using T-distributed Stochastic
Neighbor Embedding (t-SNE).

Cell cluster annotation, malignant cell identification, and GSVA
analysis

We applied the “FindAllMarkers” function in Seurat to identify
the marker genes of each cell cluster/subset, and we manually
annotated the cell cluster/subset based on the marker genes. And
after extracting specific cell subsets, we used the same method
for more detailed annotation. To identify malignant cells from
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the epithelium, we used “inferCNV” (version 1.18.1) [35]. Neu-
trophils and B cells were used as normal references to estimate
copy number variations (CNVs). When performing CNV scoring,
we compared the CNV cumulative score with the reference cells,
and cells with CNV scores close to those of normal cells were con-
sidered non-malignant, while others were considered malignant.
Differential expression analysis between malignant and non-
malignant cells was performed using the “FindAllMarkers” func-
tion with the parameters set to “min.pct = 0.25, logfc.threshold =
0.75, adjusted p value < 0.01”. GSVA was performed using the
“GSVA” package.

[36]. The datasets “C2: curated gene sets” and “C5: ontology
gene sets” were downloaded from the Gene Set Enrichment Anal-

ysis (GSEA) website (https://www.gsea-msigdb.org/gsea/index.
Isp).

Cellular fraction calculation and correlation with public datasets

For each cell subset, we calculated its infiltration score in ICC
tissues and adjacent tissues. Subsequently, we used the bulk RNA
sequencing datasets from The Cancer Genome Atlas (TCGA) and
Gene Expression Omnibus database (GEO) to predict the relative
abundance of each cell subset using the CIBERSORTx algorithm
(https://cibersortx.stanford.edu/) [37].

Tandem mass tag-based proteomic analysis

Formalin-fixed paraffin-embedded (FFPE) tumor samples from
the ICC patients cohort (n = 75) were dewaxed with xylene and
rehydrated. Tissues were then subjected to acidic hydrolysis with
formic acid (FA; Thermo Fisher Scientific). Proteins were denatured
with 6 M urea (Sigma-Aldrich) and 2 M thiourea (Sigma-Aldrich)
with the assistance of pressure-cycling technology (PCT; Pressure
BioSciences Inc; 30 s 45,000 psi and 10 s ambient pressure, 90
cycles). Proteins were then digested into peptides with trypsin
(1:20; Hualishi) and Lys-C (1:80; Hualishi) with the assistance of
PCT (50 s 20,000 psi and 10 s ambient pressure, 120 cycles). The
detailed settings have been described previously [38,39]. The
resulting peptides were labeled using the TMTpro 16-plex kit
(Thermo Fisher Scientific). Each batch contained 15 experimental
samples and one pooled sample in the TMT126 channel for nor-
malization. The labeled peptides were fractionated using offline
high-pH reversed-phase fractionation on a Thermo Dionex Ulti-
mate 3000 RSLCnano System (Thermo Fisher Scientific). The frac-
tions were then combined and further separated on the same LC
system equipped with a reversed-phase C18 column (1.9 pm,
120 A, 150 mm x 75 pm i.d.). The LC mobile phases consisted of
buffer A (2 % acetonitrile, 0.1 % FA) and buffer B (98 % acetonitrile,
0.1 % FA). Peptides were eluted using a 60-minute linear gradient
from 5 % to 28 % buffer B at a flow rate of 300 nL/min. The eluted
peptides were analyzed online using a Q Exactive HF mass spec-
trometer (Thermo Fisher Scientific) operated in positive ion mode
with data-dependent acquisition (DDA). The raw mass spectrome-
try data were processed using Proteome Discoverer (version 2.4,
Thermo Fisher Scientific) and searched against the UniProt human
database. The detailed parameters have been described previously
without modification [40,41]. Among the 10,888 proteins identi-
fied, 6,311 proteins were detected in samples with less than 10 %
missing values and were subjected to further analysis.

Survival analysis

RNA sequencing data of paired ICC tissues and adjacent tissues
as well as clinical data were obtained from the TCGA and GEO data-
bases to evaluate the prognostic role of gene sets derived from
specific cell states. We used the “surv_cutpoint” function of the
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“survminer” package to determine the optimal cutoff point [42].
This method has been validated across multiple independent
cohorts, demonstrating the robustness of this cutoff value. Survival
curves were plotted using the Kaplan-Meier method of the Survival
package (v.3.2.11) and visualized using the “ggsurvplot” function
of the “survminer” package. Significance was assessed by the log-
rank test statistic (p-value) between the two groups (patients were
stratified into SPINK1 high-expression group and SPINK1 low-
expression group based on the expression level of SPINK1).

Multiplex immunofluorescence (miIF) of ICC tissue

Resected tumor tissues from ICC patients were fixed with 4 %
paraformaldehyde before embedding in paraffin. First, the pre-
pared tissue sections (4 mm) were baked in an oven at 65 °C for
1 h, dewaxed with xylene, and rehydrated with graded alcohol.
After rehydration, the sections were fixed in 10 % neutral buffered
formalin (Solarbio, G2161) at room temperature for 20 min, placed
in an appropriate AR buffer (AKOYA Biosciences, NEL820001KT),
and then placed in a microwave for 1 min at 100 % power and then
for an additional 15 min at 20 % power. The slides were blocked
with Blocking/Ab Diluent (AKOYA Biosciences, NEL820001KT) after
the slides cooled at room temperature and incubated with primary
antibody at room temperature for 10 min. TBST (Solarbio, T1082)
was used to wash the slides three times, and then the slides were
incubated with Opal Polymer HRP MspRb (AKOYA Biosciences,
NEL820001KT) to cover tissue sections at room temperature for
10 min, generally 100 to 300 mL per slide. The slides were rinsed
with TBST three times before incubation with Opal Signal Genera-
tion (AKOYA Biosciences, NEL820001KT). The microwave treat-
ment, blocking, primary antibody incubation, introduction of
Opal Polymer HRP, and signal amplification were repeated. Pri-
mary antibodies in this assay including anti-CD68 (Abcam, clone
EPR23917-164, 1:200), anti-SPP1 (Abcam, clone RM1018, 1:500),
anti-o-SMA (Abcam, clone EPR18430, 1:300), anti-Periostin
(Abcam, clone RM1074, 1:100), anti-SPINK1 (Abcam, clone
EPR17585-116, 1:100), and anti-panCK (Abcam, C-11, 1:300). Once
six targets were labeled, DAPI working solution (AKOYA Bio-
sciences, NEL820001KT) was applied in the dark for 5 min at room
temperature, and the slides were washed with distilled water and
TBST before mounting. Finally, a confocal microscope (Nikon) was
used to take images of those tissue samples, and the acquired
images were analyzed using Image]J (version 4.0), positive/negative
expression was used for staining thresholds.

Mammary orthotopic tumor xenograft assays

Six-week-old female BALB/c Nude mice (n = 5 per group) were
used for orthotopic implantation. Control shRNA or SPINK1 shRNA
cells (1.0 x 10°) were resuspended in 50 pl of 50 % Matrigel and
injected into the right thoracic mammary fat pads of each mouse.
After 4 weeks, mice were sacrificed, and primary tumors were
excised for measurement of weight and volume. All mice were
housed in a specific pathogen-free facility (Zhejiang University
Animal Care Services) with ventilated cages and sterilized food
and water. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Zhejiang University
(Approval number: 2024292). All surgery was performed under
ether anesthesia, and all efforts were made to minimize suffering.

Establishment a Murine model of intrahepatic cholangiocarcinoma
lung metastases

To establish an ICC lung metastasis mouse model, we cultivated
ICC cells transfected with a SPINK1 shRNA or control shRNA cells
plasmid in vitro until they exhibited vigorous growth. Cells were
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resuspended in PBS at a concentration of 1 x 107 cells/mL. A vol-
ume of 200 pL of the cell suspension, containing 2 x 10”4 cells per
mouse, was injected into the tail veins of SCID mice. Mice were
monitored for several weeks to observe signs of adverse reactions
or disease progression. Upon the appearance of significant adverse
reactions, mice were euthanized humanely. Dissections were per-
formed to examine the lungs for visible metastases. Lung tissues
were cleaned, photographed, fixed in 10 % formalin, and processed
into paraffin-embedded sections. H&E staining and IHC staining
were conducted. To assess metastatic efficiency, three distinct
areas were randomly selected from the tissue sections, and the
number of positive cells out of every 100 cells was counted.

Statistics analysis

Data are presented as the mean * standard error of the mean
(SEM) from at least three independent experiments. The normality
of data distribution was assessed using the Shapiro-Wilk test. For
comparisons between two groups, the unpaired two-tailed Stu-
dent’s t-test was used for normally distributed data; otherwise,
the Mann-Whitney U test was applied. For comparisons among
more than two groups, one-way ANOVA followed by Tukey’s post
hoc test was used for parametric data, and the Kruskal-Wallis test
followed by Dunn’s post hoc test was used for non-parametric
data. A p-value < 0.05 was considered statistically significant. All
analyses were performed using GraphPad Prism 7.0.

Result

Single-cell transcriptome profiling and cell phenotyping of intrahepatic
cholangiocarcinoma.

To investigate the TME in ICC, fresh tissue samples were col-
lected post-surgery from three ICC patients, including three tumor
samples and paired adjacent normal tissues. Our research work-
flow is illustrated in Fig. 1. scRNA-seq was performed using the
BD Rhapsody platform. After applying rigorous quality control fil-
ters—excluding damaged cells, dead cells, and doublets—we
retained a total of 22,245 high-quality cell transcriptomes for
downstream analysis. This dataset comprised 14,139 cells derived
from tumor tissues and 8,106 cells from adjacent normal tissues.
To mitigate batch effects and facilitate integrated analysis across
tumor and normal samples, we employed Canonical Correlation
Analysis (CCA), as illustrated in Fig. 2A. After eliminating batch
effects using the CCA approach, we observed that the overall cellu-
lar populations of ICC tissues and normal tissues were uniformly
intermingled, indicating the successful removal of batch effects.
In contrast, when batch correction was performed using the Har-
mony and Scanorama methods, ICC and normal tissue cells were
distinctly segregated, suggesting the presence of pronounced batch
effects (Fig. S2). For consistency, we independently processed and
integrated data from tumor and adjacent samples, followed by
cell-type annotation. This integrative approach confirmed the pres-
ence of consistent cell populations across both tissue types, with
comparable infiltration patterns observed (Figs. 2B-D). Based on
established cell-specific markers (Supplementary Table 2), we
identified nine predominant cell types: T cells, fibroblasts, neu-
trophils, mast cells, myeloid cells, endothelial cells, epithelial cells,
B cells, and plasma cells (Fig. 2E and Fig. S2B).

To characterize the TME composition, we quantified the relative
abundance of these cell types in tumor versus adjacent tissues
(Fig. 2F). Our analysis revealed a marked increase in the infiltration
of T cells, neutrophils, myeloid cells, and epithelial cells within
tumor tissues compared to their normal counterparts. While cell-
type proportions remained broadly consistent among patients with
the same tissue type (with the exception of patient ICC3), signifi-
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Fig. 1. Workflow of sample collection, data analysis and experiments in this study.

cant heterogeneity was observed between tumor and adjacent tis-
sues (Fig. 2G). This variability likely reflects the distinct develop-
mental trajectories and microenvironmental adaptations
associated with ICC progression.

Further insights were gained through differential gene expres-
sion analysis between tumor and normal tissues. We identified a
significant upregulation of genes linked to cancer progression, such
as CXCL8 [43], in tumor tissues, alongside a pronounced downreg-
ulation of genes associated with immune activation, including C7
(Fig. 2H). To elucidate the functional implications of these expres-
sion changes, we performed GO and KEGG enrichment analyses on
the tumor-derived transcriptomes. These analyses highlighted
enrichment in pathways such as “Negative Regulation of Pro-
grammed Cell Death,” “Negative Regulation of Apoptotic Process,”
and “Th1 and Th2 Cell Differentiation” (Fig. 2I-]). These findings
suggest a complex interplay between ICC tumor cells and the
TME, potentially involving mechanisms that suppress immune-
mediated cell death and modulate T-cell differentiation to favor
tumor persistence.

Comprehensive analysis of epithelial cell heterogeneity in ICC and its
role in tumor progression and prognosis

To dissect the heterogeneity within the epithelial cell popula-
tion of ICC, we identified seven distinct clusters based on specific
molecular markers: E1_CEACAMS5, E2_FABP1, E3_ITIH2,
E4_SPINK1, E5_SPP1, E6_TFF3, and E7_ANXA4 (Fig. 3A-B). Using
inferCNV analysis to assess copy number variations (CNVs), we dis-
tinguished malignant from non-malignant epithelial clusters. Clus-
ters E3_ITIH2 and E7_ANXA4 were classified as non-malignant,
while the remaining clusters exhibited malignant characteristics,
with E4_SPINK1 demonstrating the highest CNV scores, indicative
of pronounced malignancy (Fig. 3C, Fig. S3A). Notably, CNV scores
were significantly elevated in tumor tissues compared to adjacent
normal tissues (Fig. S3B). To characterize the functional profiles of
these clusters, we conducted Gene Set Variation Analysis (GSVA).
Malignant clusters were enriched in biological processes such as

positive regulation of apoptotic cell clearance, cell cycle checkpoint
regulation, and mesenchymal stem cell proliferation, whereas non-
malignant clusters showed enrichment in processes including iron
ion sequestration, positive regulation of activated T-cell prolifera-
tion, and leukocyte chemotaxis (Fig. 3D). Pathway enrichment
analysis further revealed that malignant clusters were associated
with the Hedgehog signaling pathway, TGF-B signaling pathway,
JAK-STAT signaling pathway, and extracellular matrix (ECM) recep-
tor interactions (Fig. 3E).

We next quantified the distribution of these epithelial subsets
across tumor and adjacent tissues. As anticipated, malignant
epithelial clusters predominated in tumor tissues, while non-
malignant clusters, except for E3_ITIH2, were more prevalent
in adjacent normal tissues (Fig. S3C). To validate these observa-
tions, we integrated two external RNA-seq datasets: the GEO
dataset (GSE107943), comprising 27 paired ICC and normal tis-
sue samples and 3 single ICC samples, and the TCGA dataset,
including 7 paired samples, 25 single ICC samples, and 1 single
normal sample. After correcting for batch effects, we combined
these into a unified GT dataset (n = 97) and applied CIBERSORTx
deconvolution to confirm the infiltration patterns of epithelial
subsets (Fig. S3C). Survival analysis using a subset of the GT
dataset (n = 58) demonstrated that high enrichment of E1_CEA-
CAM5, E2_FABP1, and E4_SPINK1 correlated with poor overall
survival, with E4_SPINK1 exhibiting the strongest prognostic sig-
nificance (Fig. 3F, S4A).

Patients with elevated enrichment of E1_CEACAMS5, E2_FABP1,
and E4_SPINK1 exhibited a higher propensity for early relapse,
whereas those with greater E3_ITIH2 enrichment experienced
extended DFS (Fig. 3G, S4B). These findings reinforce the critical
role of E4_SPINK1 in ICC initiation, progression, and prognosis.
Additionally, E4_SPINK1 enrichment was significantly higher in
advanced-stage ICC, while E3_ITIH2 predominated in early-stage
disease (Fig. S5A). This stage-specific distribution may be linked
to E4_SPINK1’s involvement in suppressing chemokine production,
maintaining epithelial structure, and inhibiting IL-8 expression
(Fig. S5B).
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Fig. 2. Single-cell transcriptomic analysis in ICC and tumor adjacent tissues. A. T-distributed stochastic neighbor embedding (tSNE) plot shows batch effects between
different samples. B. tSNE plot displaying the integrated cell map, which consists of 9 annotated cell types. C-D. tSNE plot showing the integrated cell map of ICC tissue(C) and
tumor adjacent tissue(D). E. Dot plot showing representative marker genes across cell clusters. Dot size is proportional to the fraction of cells expressing specific genes. Color
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To elucidate the evolutionary dynamics of epithelial cells during
ICC progression, we constructed developmental trajectories using
Monocle2. Unsupervised trajectory analysis identified E3_ITIH2
and E7_ANXAA4 as the initial states, diverging into two distinct dif-
ferentiation pathways. Pathway 1, terminating in E4_SPINK1 and
E5_SPP1, exhibited the highest CNV scores and was strongly asso-
ciated with malignant transformation and ICC progression. In con-
trast, Pathway 2 led to E1_CEACAMS5, E2_FABP1, and E6_TFF3
(Fig. 3H). These results suggest that Pathway 1 predominantly
drives ICC’s malignant evolution. Furthermore, scMetabolism anal-
ysis revealed a metabolic shift in ICC tissues, with a preference for
lipid metabolism compared to the amino acid and sugar metabo-
lism dominant in normal tissues (Fig. S6A). This metabolic repro-

(<2}

gramming may represent a key driver of ICC pathogenesis,
supporting tumor cell survival and proliferation in the TME.

Clinical significance and functional validation of SPINK1's role in ICC
progression

In light of the pivotal role played TME components in driving
ICC progression, it is critical to identify specific molecular markers
contributing to these processes. Among these, SPINK1 has been
recognized as a key factor in various cancers, including pancreatic
cancer [44] and prostate cancer [45]. To validate the presence of
E4_SPINK1, we analyzed a publicly available single-cell RNA
sequencing dataset (GSE125449) (Fig. S6B). This analysis sup-
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ported our hypothesis that the SPINK1 gene could be implicated in
ICC progression. To validate the prognostic significance of SPINK1
at the protein level, we analyzed its expression in a proteomic
dataset comprising 75 ICC samples. Kaplan-Meier analysis con-
firmed that high SPINK1 protein expression was significantly asso-
ciated with poor overall survival and increased recurrence risk
(Fig. S6C).

To investigate the functional impact of SPINK1 on ICC, we
selected two human cholangiocarcinoma cell lines, LICCF and
HuCCT1, and silenced SPINK1 expression using shRNA plasmids
(Fig. 4A). CCK-8 assays revealed a significant reduction in cell via-
bility following SPINK1 knockdown (Fig. 4B). Similarly, colony for-
mation assays demonstrated that silencing SPINK1 markedly
inhibited ICC cell proliferation (Fig. 4C). Transwell assays further
indicated that SPINK1 knockdown significantly impaired the
migration and invasion capacities of ICC cells (Fig. 4D-E). Flow
cytometry analysis showed a notable increase in apoptosis among
SPINK1-silenced ICC cells compared to controls (Fig. 4F). To extend
these findings in vivo, we conducted xenograft studies and estab-
lished an ICC lung metastasis model using severe combined
immunodeficient (SCID) mice. These experiments confirmed that
SPINK1 silencing substantially reduced tumor growth and the
number of lung metastatic nodules (Fig. 4G-H).

To complement these experimental findings, we analyzed
SPINK1 protein expression in clinical samples. IHC staining was
performed on 36 ICC tissues and 9 tumor-adjacent normal tissues
collected from our hospital. The results revealed significantly
higher SPINK1 expression in ICC tissues compared to adjacent tis-
sues (Fig. 4l). To further substantiate these observations, we
assembled a clinical cohort of 73 ICC patients. Kaplan-Meier sur-
vival analysis demonstrated that patients with high SPINK1
expression exhibited significantly shorter overall survival (OS)
and disease-free survival (DFS) compared to those with low SPINK1
expression (Fig. 4]). Additionally, SPINK1 expression was markedly
elevated in patients with advanced-stage ICC relative to those with
early-stage disease (Fig. S6D). Together, these in vitro, in vivo, and
clinical data establish a robust association between elevated
SPINK1 expression and the occurrence, progression, and poor prog-
nosis of ICC.

Prognostic value of SPINK1 and its relationship with tumor immunity
across multiple cancer types

To further elucidate the clinical implications of E4_SPINK1 and
its representative genetic signatures, and to advance their transla-
tional potential into clinical practice, we applied machine learning
to identify differentially expressed genes between E4_SPINK1 and
other epithelial cell clusters. Using the Gradient Boosting Machine
(GBM) algorithm, which exhibited the highest predictive accuracy,
we constructed a prognostic model (Fig. S6E), which demonstrated
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robust predictive efficiency in both the GEO and TCGA datasets
(Fig. S6F).

In addition, we evaluated the prognostic value of SPINK1
expression across various cancer types. Our analysis revealed that
high SPINK1 expression was associated with poor OS in glioblas-
toma, head and neck squamous cell carcinoma, clear cell renal cell
carcinoma, papillary renal cell carcinoma, and mesothelioma
(Fig. S7A). Differential expression of SPINK1 was observed in sev-
eral cancer types, including esophageal carcinoma, head and neck
squamous cell carcinoma, and hepatocellular carcinoma
(Fig. S7B). Clinical-pathological characteristic analysis further indi-
cated a strong correlation between SPINK1 expression and tumor
grading in bladder urothelial carcinoma, head and neck squamous
cell carcinoma, clear cell renal cell carcinoma, and papillary renal
cell carcinoma (Fig. S7C). Considering the potential role of SPINK1
as a critical target for cancer immunotherapy, we performed a pan-
cancer analysis of SPINK1 expression in relation to immune modu-
lators. Our findings demonstrated a positive correlation between
SPINK1 expression and various immune checkpoint inhibitors
and immune stimulators across multiple tumor types (Fig. S7D).
Lastly, drug sensitivity analysis revealed that patients with high
SPINK1 expression exhibited increased sensitivity to vemurafenib
and dabrafenib (Fig. S7E). Collectively, these results suggest that
SPINK1 expression is closely associated with prognosis and tumor
immunity in various cancers, highlighting its potential as a prog-
nostic biomarker and therapeutic target in cancer immunotherapy.

E4_SPINK1 interacts closely with CAFs to reshape the tumor
microenvironment

Fibroblasts are pivotal constituents of the TME and have
attracted considerable research interest due to their roles in cancer
progression. In the context of ICC, we identified four distinct
fibroblast clusters, all exhibiting elevated expression of canonical
fibroblast markers such as PDGFRB, COL1A2, DCN, and BGN (Sup-
plementary Table 4; Fig. 5A). Based on differential gene expression
profiles, we classified these clusters as cancer-associated fibrob-
lasts (CAFs) and further subcategorized them. Matrix CAFs and vas-
cular CAFs displayed high expression of ACTA2 and FAP, hallmark
CAF markers (Fig. 5B). Vascular CAFs were distinguished by
microvascular-specific genes, including ACTA2, MCAM, and
MYH11, justifying their designation as vascular_CAFs. Inflamma-
tory fibroblasts preferentially expressed immune-related genes
such as FBLN1, C3, and C7, earning the label inflammatory_fibrob-
lasts. Matrix CAFs were characterized by robust expression of
extracellular matrix (ECM)-related genes, such as COL5A1, COL6A3,
VCAN, and POSTN, supporting their classification as matrix_CAFs.
Additionally, we identified a novel fibroblast subset with high
EGFR expression, termed EGFR+_fibroblasts, which has not been
previously documented in the literature.

>

Fig. 4. SPINK1 knock-down impaired ICC cell proliferation and migration, which correlated with ICC patient survival. A. Expression levels of SPINK1 protein were detected
upon SPINK1 shRNA transfection or the control vector in LICCF and HuCCT1 cells. B. Proliferation of LICCF and HuCCT1 cells were significantly inhibited upon SPINK1
silencing. The cell proliferation was tested every 24 h using CCK8 assays. C. Representative images of colony formation assays of the LICCF and HuCCT1 cell lines. SPINK1
silencing decreased the colony-forming efficiencies in both cell lines. D, E. The cell migration (D) and invasion (E) abilities were measured after transfection with shSPINK1 or
shScr in LICCF and HuCCT1 cells. Cells migrating and invading the lower Transwell chambers were counted (magnification, x200). F. LICCF and HuCCT1 cells were transfected
with the CTRL or SPINK1 shRNA vector for 72 h. Examination for apoptotic was performed by annexin V staining and flow cytometry. The percentage of apoptotic cells was
represented in a bar diagram from three independent experiments. G. Representative images showing the growth kinetics of LICCF -engrafted tumors in nude mice following
SPINK1 knockdown (shSPINK1) compared to the control group. Tumor growth was monitored for four weeks. Quantification of tumor volumes at the endpoint of the
experiment. The tumor volume was calculated using the following equation: V = (width2 x length)/2. H. Representative images of lung metastases in mice following tail vein
injection of LICCF cells following SPINK1 silencing, then compared to the control group (Left). Quantification of the number of lung metastatic nodules in the HJURP
overexpression (Right). I. Analysis of ICC and normal adjacent tissue from the TCGA and surgical samples to determine the expression of HJURP. ]. The Kaplan-Meier survival
curves and survival analysis presented significant differences in overall survival rates between ICC patients with high and low expressions of SPINK1 (p = 0.027). Upon further
examination of disease-specific survival, it was observed that ICC patients with high expressions of SPINK1 exhibited significantly lower survival rates compared to those
with low expressions (p = 0.021).



ARTICLE IN PRESS

X. Rong, J. Guan, C. Ye et al.

A

LICCF

SPINK1 [ s =]
cxon (]

shNC + - -
shSPINK1#1 - + -
shSPINK1#2 - - +

shSPINK1 #1

LICCF

HuCCT1

shNC

LICCF

HuCCT1

G

shNC

1SPINK1 #1

1SPINK1 #2

of SPINK1

Normalised expression

T (n=36) N (n=9)

IHC score of SPINK1

ShSPINKT #1

g

8

8

Journal of Advanced Research xxx (Xxxx) Xxx

! 300 ¥k '%m
E °
2™ =
2
gwo 2
g 8
F oo g%
(CRS E}
sefet T
NP 5
£ &L -
8

iCCA Adjacent

Survival probability (%) &

®

-

>

) T 220 LICCF - HuUCCT1 w
E .g 1.54 — shSPINK1 #1 =
2 — shSPINK1 #2 M H
8 10 at
+ - - > 0.5 =
2 os 5
- + - s " S
. = T 37 3 Yt T § 3 T
Days Days ShNC shSPINK1 #1 shSPINK1 #2
ShSPINKT #2 . shNC wes shSPINK1#1 "= shSPINK1 #2 SshNC ShSPINK1 #1 ShSPINK1 #2
o 60 10 4 - m!'-_;:’. wr ‘.,-"z{’:. e
e wog®
2 3
2® ~
8
é 20:
g P
S
=0 8
LICCF  HuCCT1 3
ShSPINKT #2 o\ e shSPINKI#1 wm shSPINKT #2
80
- : -
[5} —_
< g = 2 8
= 2 g
o ©
= 204 =
5 8
2 od
LICCF  HuCCT1 LICCF  HuCCT1
H ShSPINK1 #1 shSPINKT #2

Disease free survival
—— Low SPINK1 (n=40)
_ =~ High SPINK1 (n=33)

Overall survival

p=0.027

p=0.027

o

0

1 20 30 40 8 0 10 20 30

Months



X. Rong, J. Guan, C. Ye et al.

basement membrane organization

Journal of Advanced Research xxx (XxXx) Xxx

A B B C
ACTA2 [2] - . ‘ tumor
OL1A2 e
matory_ft 0 POGFR® ® 3 | EGFR+ 1 ‘ normal
FRZB L4 .
Tissue it @ I fibroblasts |
weani @
B cc B *
I o
CXCL12 . .
Celitype ‘ GPX3 %] . ° 1 |
® vascular_CAFs cr Q . matrix
c3
@ inflammatory_fibroblasts  rains : | CAFs 1
APOD @
EGFR+_fibroblasts ANGPTLY °
PY LON ®
matrix_CAFs sl ° " I .
=0 MMP11 L d .
i t
LAH o 2 MMP14 [ ] ammatony|
y % ® =0 CTHRC1 [ ] I fibroblasts I
POSTN L ) -
“-matrix_CAFs o L5A1 &
LEAT
Average Expression £
LuM
1.0 ~
oot e | l
s vascular
D L .
angiogenesis _0005 © 2 2 ¢ | CAFs *
I 10 Ov- éo éb C?
v & & &/
response to hypoxia G?"’ 6/° & &
7
F & 015 010 0.05 0.00 0.0 02 04 06
F ) Fraction (%) of cells Fraction (%) of cells
muscle organ development & &
@ i i
E § in GT-RNA-seq in scRNA-seq
- smooth muscle cell differentiation IcC N F
o
son] © ° e
e *» matrix CAFs
- muscle contraction e L4 * .-
- . L Awge Cpreesor
0 2 6 ™ b4 * inflammatory fibroblast
GO terms of VCAF N . - flammatory fibroblasts
A L ] L) “
RGSS ° " o
MCAM { L] . I
innate immune response . A EGFR+ fibroblasts
.
- inflammatory response . - vascular CAFs
. i
3 5 m m <
_ immune response EMPY . o o 2 Ib Q g
PO M 2 o
APOD . x 3 ] P e
BLNY @ o 3 = + o
extracellular matrix organization > - = s
7 . @ o A o le)
S £ g
¢ 5 10 ¢ L ] - < 8 %
GO terms of ICAF = o )
g @
g
: [ 73
cell adhesion o
o
8
. H og2 mean expression Hog10(pval + 1 103)
axon guidance », =1 o
2 @ 1
[ ¥
positive regulation of gene expression 4 .
o, 3
positive regulation of migration
maix CAFs—E4_SPINKT | @) @ O ®
angiogenesis
> Y 1 1 fammatory_forccasts—E4_SPINk] © @ @ @ - 90
GO terms of EGFR_CAF
I ak
_ e E4_SPINK1—+matrix CAFs @ ] @
5 F4 SPINK! «nlanvmalory foroviasts] @ @ [ X ] [+
collagen fibril organization [ | | H
H s a> <] N N\ > O N
- epithelial to mesenchymal transition B - & Vp;‘b s é;?&éé & E&E
23 H A o’ £, 8 A3 g
§ £ & P s r &
g - & Fa & TLEL
- i

5 0 1
GO terms of mCAF

200um

Fig. 5. Transcriptional profiling of fibroblasts in the tumor microenvironment of ICC. A. tSNE plot showing the subtypes of cancer-associated fibroblasts (CAFs). B. Dot plot
showing representative marker genes of CAFs. C. Bar plot showing the abundance of cell types in different CAFs subpopulations, based on scRNA-seq data from this study and
deconvoluted bulk RNA-seq data from GEO & TCGA. D. Expression-based t-SNEs colored according to the AUC of each cell for the given gene-set. Shades of yellow/red are used
when the cell AUC is greater than the assignment threshold, in shades of purple/black otherwise. E. Dot plot showing differentially expressed genes among CAFs subsets and
in different tissues. F. Heatmap illustrating the cell-cell interaction patterns in E4_SPINK1 and CAFs. G. Immunofluorescent staining showing co-localization of ®SMA (green),
POSTN (white), SPINK1 (red), panCK (pink), and DAPI (blue) in ICC samples. H. Summary of selected ligand-receptor interactions from CellPhoneDB among E4_SPINK1,
matrix_CAFs and inflammatory_fibroblasts. I. Co-localization of E4_SPINK1(top) and matrix_CAFs (bottom) revealed by spatial transcriptomics.

We next assessed the infiltration patterns of these fibroblast
clusters across tumor and adjacent tissues. Inflammatory_fibrob-
lasts and EGFR+_fibroblasts were predominantly enriched in adja-
cent normal tissues, whereas matrix_CAFs and vascular_CAFs

showed greater infiltration in

10

ICC tumor tissues (Fig. 5C). Deconvo-

lution analysis using the GT dataset corroborated these findings. To
delineate their functional roles within the TME, we employed GO
for gene set enrichment analysis. Inflammatory_fibroblasts were
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enriched in immune-related processes, including inflammatory
response and immune response; matrix_CAFs exhibited enrich-
ment in ECM and collagen fiber organization pathways, such as
extracellular matrix organization and collagen fibril organization;
and vascular_CAFs were associated with microvascular formation
functions, including angiogenesis and muscle organ development
(Fig. 5D). These results align with the expected biological roles of
each subset.

Differential gene expression analysis across fibroblast clusters
and tissue types revealed that FN1, ITGA1, COL3A1, and COL1A1
in matrix_CAFs, and RGS5, MCAM, and MMP11 in vascular_CAFs,
were significantly upregulated in ICC tissues (Fig. 5E). This suggests
that matrix_CAFs and vascular_CAFs may drive ICC occurrence and
progression by remodeling the ECM and promoting microangio-
genesis, respectively. To investigate potential interactions between
E4_SPINK1—the most malignant ICC epithelial state—and fibrob-
lasts, we utilized CellPhoneDB [40]. The analysis indicated a pro-
nounced interaction between E4_SPINK1 and matrix_CAFs
(Fig. 5F), which was validated by multiplex immunofluorescence
(Fig. 5G). Ligand-receptor pairing identified FAM3C-HLA-C as the
strongest interaction between E4_SPINK1 and matrix_CAFs
(Fig. 5H). Prior studies have shown that FAM3C induces
epithelial-mesenchymal transition (EMT) in cancer [46], a process
critical for tumor invasion, metastasis, and recurrence. Given that
functional enrichment analysis of ICC malignant cells highlighted
ECM receptor interaction pathways (see Fig. 3E), we hypothesize
that E4_SPINK1 promotes EMT via its interaction with matrix_-
CAFs, thereby enhancing tumor growth and invasiveness.

Furthermore, E4_SPINK1 exhibited high VEGFA expression,
which binds to neuropilin-1 (NRP1) on matrix_CAFs, potentially
driving angiogenesis and amplifying ICC's proliferative and inva-
sive capacity. Disrupting this VEGFA-NRP1 axis could hinder the
complex vasculature formation essential for tumor expansion. Spa-
tial transcriptomics further confirmed the physical proximity of
E4_SPINK1 and matrix_CAFs within ICC tissues (Fig. 51), providing
a spatial foundation for their functional interactions.

E4_SPINK1 recruits Lipid-Associated Macrophages to promote
immunosuppression and ICC progression

Given the established association between the E4_SPINK1 and
ICC development, we sought to explore its interplay with the
TME, focusing on myeloid cells due to their pronounced hetero-
geneity. Using specific marker genes (Supplementary Table 5),
we re-clustered myeloid cells into six distinct subsets: one mono-
cyte cluster, two dendritic cell (DC) clusters (DC1_CD1C and
DC2_CLEC9A), and three macrophage clusters (RTM_CCL3,
LAM_SPP1, and LAM_CPM) (Fig. 6A-B). Analysis of cell infiltration
patterns revealed that DC1_CD1C and DC2_CLEC9A were signifi-
cantly more abundant in adjacent normal tissues than in ICC tis-
sues (Fig. 6C), suggesting their likely derivation from normal bile
duct tissues. Similarly, RTM_CCL3 predominated in normal tissues,
consistent with prior findings by Zhang et al. [47]. In contrast, the
remaining clusters, notably the LAMs. LAM_SPP1 and LAM_CPM,
exhibited greater infiltration in ICC tissues. These LAMs subsets,
recently identified [48], highly expressed lipid metabolism genes
such as APOE and APOC1 (Fig. S8A). To confirm their functional
identity, we employed the AUCell package [49], which revealed
enrichment in processes including lipid localization regulation,
fatty acid transport, triglyceride metabolism, inflammatory
responses, and immune system modulation (Fig. S8B), aligning
with previous reports [50].

Focusing on LAMs due to their potential significance in the TME,
we noted that LAM_SPP1 expressed high levels of SPP1 (osteopon-
tin), a gene implicated in cancer progression and poor prognosis
across multiple malignancies [51]. Similarly, LAM_CPM exhibited
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elevated CPM expression, previously linked to tumorigenesis
[52]. Both LAM subsets also overexpressed CCL18, a chemokine
associated with immunosuppression [53], with these genes show-
ing heightened expression in ICC tissues within the GT dataset
(Fig. S8C). These findings underscore the immunosuppressive and
tumor-promoting roles of LAMs at the genetic level. Metabolic pro-
filing using the scMetabolism package further revealed that LAMs
in ICC tissues predominantly utilized lipid metabolism, contrasting
with the glucose- and amino acid-dominated metabolism in nor-
mal tissues (Fig. S8D). Developmental trajectory analysis with
Monocle2 [54] positioned LAM_SPP1 and LAM_CPM as endpoints
of two primary differentiation branches within the monocyte-
macrophage lineage, reinforcing their critical involvement in ICC
progression (Fig. 6D).

Recognizing myeloid cells as key sources of immune check-
points [55], we examined their checkpoint expression profiles.
Myeloid cells infiltrating tumor tissues, particularly LAM_SPP1,
upregulated inhibitory checkpoints such as PDCD1LG2, PDCD1,
LAG3, VSIR, TNFRSF14, CD276, HAVCR2, and LGALS9 (Fig. 6E). Con-
versely, myeloid cells in adjacent tissues expressed co-stimulatory
checkpoints, including TNFSF18, ICOSLG, and TNFRSF4. These data
suggest that LAM_SPP1 may foster tumorigenesis by promoting an
immunosuppressive TME.

To investigate interactions between E4_SPINK1—the most
malignant ICC tumor cell state—and myeloid cells, we utilized Cell-
PhoneDB to identified the strongest interactions between
E4_SPINK1 and LAMs [56], particularly LAM_SPP1 (Fig. 5F-G).
Ligand-receptor pairing analysis pinpointed APP-CD74 as the most
robust interaction between E4_SPINK1 and LAM_SPP1. We propose
that ICC recruits LAM_SPP1 to the tumor via amyloid precursor
protein (APP) on E4_SPINK1 binding to the CD74 receptor on
LAM_SPP1, potentially inhibiting macrophage phagocytosis
through the APP-CD74 axis, akin to mechanisms observed in
glioblastoma [57] (Fig. S8E). Additionally, we identified RPS19-
C5aR1 as another key interaction, where E4_SPINK1-derived ribo-
somal protein S19 (RPS19) engages complement C5a receptor 1
(C5aR1) on LAM_SPP1, mirroring tumor-promoting mechanisms
in breast and ovarian cancers [58]. The SPP1-CD44 pair, highly
expressed in both E4_SPINK1 and LAM_SPP1, has been reported
to suppress T-cell proliferation in ICC [59]. We also observed the
SPP1-CD44 interaction between E4_SPINK1 and matrix_CAFs (see
Fig. 5H), suggesting a conserved mechanism of tumor promotion
across TME cell types. Emerging evidence suggests that pathologi-
cally significant crosstalk between LAMs and the E4_SPINK1
molecular axis may orchestrate the tumorigenesis and progression
of ICC through bidirectional molecular interplay.

E4_SPINK1 recruits LAMs infiltration via CCL20 secretion

To further elucidate the molecular mechanisms underlying this
crosstalk, we turned to chemokines—secreted signaling molecules
known to regulate cell recruitment, immune responses, and tumor
progression [60,61]. Among these, CCL20 (C-C motif chemokine
ligand 20) emerged as a compelling candidate due to its docu-
mented roles in cancer [62]. Based on SPINK1 expression levels,
we stratified GEO datasets (GSE32225, GSE76297, GSE89748) and
our proteomic cohort into high and low SPINK1 expression groups
to explore the relationship between SPINK1 and common cytoki-
nes or chemokines (Fig. 7A). Across all four datasets, we consis-
tently found that high SPINK1 expression was significantly
associated with elevated levels of CCL20 and CXCLS5 (Fig. 7B). After
validation by qPCR, we observed that silencing SPINK1 resulted in
decreased expression of CCL20 and CXCL5 (Fig. 7C-D). Subse-
quently, we confirmed this observation using Western blot analy-
sis, which revealed a reduction in the protein levels of CCL20 and
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CXCL5 in ICC cells following SPINK1 silencing. This effect was
reversed upon overexpression of SPINK1 (Fig. 7E-F).

Additionally, we collected the supernatant from SPINK1-
silenced ICC cells for ELISA. The results demonstrated that silencing
SPINK1 led to a reduction in the protein levels of CCL20 and CXCL5
(Fig. 7G). Subsequent luciferase reporter assay results demon-
strated that SPINK1 enhanced the luciferase activity of the CCL20
promoter, indicating that SPINK1 may bind to the CCL20 promoter
to facilitate CCL20 transcription, the phenomenon was suppressed
upon SPINK1 silencing (Fig. 7H-I). Previous studies have reported
that glioblastoma cells can promote macrophage infiltration via
CCL20 secretion [63]. This led us to hypothesize that E4_SPINK1
may promote CCL20 secretion via SPINK1, thereby facilitating the
recruitment of LAMs. To investigate the role of CCL20 in
E4_SPINK1-mediated LAMs infiltration, we co-cultured ICC cells
with LAMs and performed Transwell assays. The results demon-
strated that the migration and invasion abilities of ICC cells were
significantly reduced following the addition of CCL20 neutralizing
antibody. Upon administration of CCL20-neutralizing antibody to
SPINK1-overexpressing ICC cells, a similar phenomenon was
observed (Fig. 7]). In summary, these findings strongly suggest that
SPINK1 promotes ICC progression by recruiting LAMs via CCL20
chemotaxis.

We reveal that CCL20 plays a critical mediator role within the
SPINK1-TME network, linking epithelial malignancies with stromal
and immune modulation to drive ICC progression. Our findings
reveal how SPINK1 exploits the dynamic changes in the TME—
through LAMs, CAFs, and now CCL20—to sustain the aggressive
phenotype of ICC, providing new avenues for research and
intervention.

Lams facilitate glutamine Provision to E4_SPINK1 to support
glutamine metabolism

To systematically interrogate the metabolic crosstalk within
the tumor microenvironment (TME) of intrahepatic cholangiocar-
cinoma (ICC), we employed the MEBOCOST computational
framework to analyze metabolite sensor-mediated interactions
among E4_SPINK1 [64], LAMs and matrix_CAFs. Our analysis elu-
cidated a pronounced communication network between
E4_SPINK1 and LAMs (Fig. 8A), with quantitative assessment
revealing that the interaction scores for L-glutamine and its
associated transporters significantly surpassed those of other
metabolites (Fig. 8B). This finding suggests a preferential meta-
bolic dependency on glutamine in the E4_SPINK1-LAMs axis.
Corroborating this, scRNA-seq data demonstrated a markedly
elevated expression of GLUL—the gene encoding glutamine syn-
thetase, which catalyzes the conversion of glutamate to glu-
tamine—in LAMs compared to other cellular constituents of the
TME (Fig. 8C). In contrast, GLUL expression in E4_SPINK1 was
notably diminished, indicating a limited endogenous capacity
for glutamine biosynthesis and underscoring a potential reliance
on exogenous glutamine supply from LAMs.

Journal of Advanced Research xxx (XxXx) Xxx

To substantiate these computational insights, we conducted
experimental validation by quantifying intracellular glutamine
levels in ICC cells under controlled co-culture conditions with
LAMs. The results revealed a significant augmentation of glutamine
content in ICC cells when co-cultured with LAMs (Fig. 8D), an effect
abrogated by treatment with V-9302, a selective inhibitor of the
glutamine transporter ASCT2 (SLC1A5). This inhibition precipitated
a substantial reduction in intracellular glutamine levels, confirm-
ing the role of SLC1A5 in mediating glutamine uptake. Further-
more, silencing SPINK1 in ICC cells resulted in a pronounced
downregulation of glutamine consumption (Fig. 8E), suggesting
that SPINK1 modulates the metabolic interplay between ICC cells
and LAMs by regulating glutamine transport dynamics. Western
blot analysis further corroborated this hypothesis, revealing a con-
comitant decrease in SLC1A5 protein expression following SPINK1
knockdown (Fig. 8F), thereby linking SPINK1 expression to the
molecular machinery of glutamine uptake.

To explore the functional implications of this metabolic depen-
dency, we supplemented the culture medium of ICC cells with
exogenous glutamine, observing a significant enhancement of
tumor cell proliferation (Fig. 8G). This growth-promoting effect
was notably attenuated upon SPINK1 silencing, underscoring the
pivotal role of SPINK1 in glutamine-driven oncogenesis. Moreover,
the addition of V-9302 in the context of SPINK1 silencing synergis-
tically amplified the inhibition of tumor cell proliferation (Fig. 8H-
I), providing compelling evidence that SPINK1 orchestrates ICC
progression by facilitating glutamine influx via SLC1A5. Further-
more, LAMs were cultured in complete medium, and the super-
natant was collected as conditioned medium after the removal of
LAMs. ICC cells were then cultured in the conditioned medium
with the addition of MSO (L-methionine sulfoximine, a glutamine
synthetase inhibitor) or V9320. We observed a pronounced down-
regulation of GLUL expression in LAMs and SLC1A5 expression in
LICCF following treatment with MSO and V9302 (Fig. 8]). Notably,
compared to ICC cells cultured in control medium, those cultured
in conditioned medium exhibited significantly elevated intracellu-
lar glutamine levels and enhanced cell proliferation (Fig. 8K-L).
However, both effects were markedly suppressed upon the addi-
tion of MSO or V9320. Collectively, these data delineate a meta-
bolic paradigm wherein LAMs serve as an exogenous source of
glutamine synthesis, mediated by elevated GLUL activity, and
transfer this critical metabolite to E4_SPINK1 cells. In turn,
E4_SPINK1 upregulates SPINK1 expression to enhance SLC1A5-
dependent glutamine uptake, thereby fueling glutamine metabo-
lism and sustaining ICC malignancy (Fig. 8M). This bidirectional
metabolic symbiosis highlights a novel therapeutic vulnerability
in ICC, potentially exploitable through targeted inhibition of glu-
tamine transport or synthesis pathways.

Discussion

ICC poses significant therapeutic challenges, primarily due to its
pronounced intratumor heterogeneity and a complex TME

>

Fig. 8. LAMs Supply Glutamine to E4_SPINK1 for Glutamine Metabolism A. Bar plot illustrating the communication frequency between sender and receiver. The x-axis
represents the cell subtypes, while the y-axis indicates the number of communications. Orange and purple bars represent the communication frequencies of the sender and
the receiver, respectively. B. Illustration of metabolite-sensor communication through the information flow between metabolites and sensors. The size of the nodes reflects
the number of connections. These lines connect the sender, metabolites, sensors, and receiver. The color of the lines represents the — log10(p-value), and the width of the lines
indicates the communication score. C. Violin plot showing the mRNA expression levels of GLUL across different cell subtypes. D. Intracellular GIn levels in ICC cells following
treatment with V9302 and co-culture with LAMs. E. Glutamine consumption capacity of ICC cells following SPINK1 silencing. F. The effect of SPINK1 depletion (shSPINK1) on
the expression levels of SLC1A5. G. The impact of SPINK1 depletion (shSPINK1) and glutamine on the growth capacity of ICC cells. H-1. Colony formation assays in ICC cells
indicate that overexpression of SPINK1 promotes ICC proliferation, while V9302 treatment inhibits ICC proliferation. J. The expression levels of GLUL in LAMs and SLC1A5 in
LICCF were significantly downregulated following treatment with MSO and V9302. K. Intracellular gln levels of ICC cells after MSO, V9302 and conditional medium treatment.
L. Cell growth of ICC cells treated with MSO, V9302 and conditional medium after 24 h (Left) or 48 h (Right). M. E4_SPINK1 interacting with LAMs to promote metabolic

reprogramming in TME.
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enriched with desmoplastic stroma [65]. Despite this, only a few
studies have investigated the cellular ecosystem in ICC and their
interactions with TME components using single-cell sequencing
approaches [66,67]. By integrating scRNA-seq with multi-omics
analysis, this study systematically elucidates the molecular mech-
anism whereby E4_SPINK1 tumor cells recruit LAMs via CCL20
secretion and rely on LAMs-derived glutamine to meet their meta-
bolic demands. This finding not only enhances our understanding
of metabolic reprogramming in ICC but also offers novel insights
into potential therapeutic strategies.

Our results establish E4_SPINK1 as a highly malignant tumor
cell cluster in ICC, with its elevated infiltration strongly correlated
with poor patient prognosis. Pseudotime trajectory analysis further
confirms that E4_SPINK1 represents the endpoint of tumor cell
evolution, underscoring its pivotal role in ICC progression. Notably,
glutamine metabolism is critical for tumor cell bioenergetics and
biosynthesis [68,69]. We demonstrate that LAMs synthesize glu-
tamine via elevated GLUL expression and transfer it to E4_SPINK1
[70], and E4_SPINK1 enhances glutamine uptake by upregulating
SPINK1 and SLC1A5. This bidirectional metabolic symbiosis fuels
the rapid proliferation and invasiveness of ICC [71]. Experimental
evidence supports this, showing that inhibition of SLC1A5 or
silencing of SPINK1 markedly impairs ICC cell proliferation, sug-
gesting the glutamine metabolism axis as a promising therapeutic
target. Additionally, glutamine may further promote ICC progres-
sion by suppressing ferroptosis, a mechanism warranting further
investigation [72].

Within the immune microenvironment, LAMSs in ICC tissues exhi-
bit pronounced lipid catabolism, contrasting with lipid biosynthesis
observed in adjacent normal tissues. We hypothesize that
E4_SPINK1 may modulate LAMs’ lipid catabolism, utilizing the
resulting metabolites to support its own lipid synthesis, thereby
reinforcing the immunosuppressive function of LAMs. This lipid
metabolism synergy likely diminishes tumor immunogenicity,
aligning with prior reports linking lipid catabolism to immune toler-
ance [73]. Concurrently, CellphoneDB analysis reveals robust inter-
actions between E4_SPINK1 and LAM-SPP1, with CD74 emerging as
a frequently enriched receptor. Elevated CD74 expression may inhi-
bit antigen presentation by blocking peptide binding to T cells, sug-
gesting its potential as a target for ICC immunotherapy [74].

Moreover, the interplay between E4_SPINK1 and matrix cancer-
associated fibroblasts (matrix_CAFs) merits attention. Matrix_-
CAFs, enriched in extracellular matrix (ECM) remodeling and
collagen-related pathways, are key contributors to the fibrotic
stroma associated with adverse clinical outcomes in ICC [75]. Our
findings identify FAM3C-HLA-C and SPP1-CD44 as critical ligand-
receptor pairs mediating E4_SPINK1-matrix_CAFs interactions.
We propose that FAM3C may induce EMT in E4_SPINK1, exacerbat-
ing the desmoplastic reaction, while the widespread enrichment of
the SPP1-CD44 axis suggests it as a central node in TME communi-
cation. Disrupting SPP1-CD44 could simultaneously impair inter-
actions with both LAMs and matrix_CAFs, offering a potential
comprehensive therapeutic approach for ICC.

The recruitment of LAMs by E4_SPINK1 via CCL20 further high-
lights its role in shaping an immunosuppressive TME. Consistent
with reports of CCL20 recruiting M2 macrophages in breast cancer
[76], we observed a significant positive correlation between
SPINK1 expression and CCL20 levels, indicating that E4_SPINK1
employs this pathway to modulate LAMs’ metabolic reprogram-
ming. This dual regulation of metabolism and immunity likely
drives ICC initiation and progression. Leveraging differentially
expressed genes from E4_SPINK1, including ATP1A1, CP, and
SPINK1, we developed a GBM-based risk prediction model with
robust prognostic accuracy, providing a novel tool for personalized
ICC management. However, the specific roles of genes like ATP1A1
and CP in ICC remain to be elucidated in future studies.

16

Journal of Advanced Research xxx (XxXx) Xxx

Our study has certain limitations. The foremost limitation is the
relatively small sample size used for single-cell sequencing.
Although we have constructed independent validation cohorts by
integrating samples from multiple public databases, including
TCGA and GEO, and have employed multicenter proteomic valida-
tion cohorts as well as multi-omics analyses to ensure the robust-
ness of our results, we acknowledge that larger-scale, prospective,
multicenter cohort studies are necessary to ultimately translate
SPINK1 into clinical application. In the future, we aim to pursue
such collaborative efforts to further consolidate the conclusions
of this study. Additionally, another limitation of this study is that,
although we identified molecules such as ATP1A1 and CP with sig-
nificant prognostic value through bioinformatics analyses, their
specific functional mechanisms in ICC were not elucidated in the
current work. In future studies, we plan to investigate the precise
roles of these and other factors significantly associated with poor
prognosis in ICC beyond SPINK1, thereby further deepening our
understanding of the ICC. In addition, this study identified poten-
tial therapeutic vulnerabilities, such as SPP1-CD44 and CCL20-
CCR®6, through bioinformatics analysis. Although these predictions
have been supported by spatial transcriptomics and some func-
tional experiments, their therapeutic efficacy in vivo still needs
to be validated through antibody blocking, small molecule inhibi-
tors, and other approaches in preclinical models. This will be a
key focus of our future research, aimed at translating the mecha-
nistic discoveries of this study into viable therapeutic strategies.

In conclusion, our study provides an in-depth description of the
transcriptome and functional phenotypes of multiple cellular com-
ponents of the tumor microenvironment in the development and
progression of ICC. And we built a model to predict patient progno-
sis based on its differential expressed genes. In addition, we also
found that there were close cellular interactions between
E4_SPINK1 and various components in the tumor microenviron-
ment. We further identified that E4_SPINK1 can recruit LAMs via
CCL20 to induce metabolic reprogramming.

Conclusion

This study comprehensively delineates the transcriptomic pro-
files and functional phenotypes of multiple TME components in
ICC, unveiling a mechanism whereby E4_SPINK1 recruits LAMs
via CCL20 and relies on their glutamine supply for metabolic repro-
gramming. The risk prediction model based on E4_SPINK1 differen-
tially expressed genes offers a reliable tool for prognostic
assessment. The intricate interactions between E4_SPINK1, LAMs,
and matrix_CAFs suggest that targeting glutamine metabolism or
key ligand-receptor pairs could represent a promising avenue for
precision therapy in ICC.

Data availability

The public datasets used in this study, including the dataset of
Ahn KS et al. (including 30 tumor samples and 27 normal samples),
were retrieved from GSE107943. The TCGA PAAD dataset was
obtained from the GDC data portal (https://portal.gdc.cancer.gov/
projects/TCGA-PAAD). Spatial transcriptomics data were obtained
from the Genome Sequence Archive under the accession number
HRA000437(77).
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animals were conducted in strict accordance with the Guidelines
for the Care and Use of Laboratory Animals of the National Insti-
tutes of Health and the ARRIVE guidelines for reporting animal
research, ensuring humane treatment and minimizing suffering
throughout the study.
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All procedures followed were in accordance with the ethical
standards of the responsible committee on human experimenta-
tion (institutional and national) and with the Helsinki Declaration
of 1975, as revised in 2008 (5). Informed consent was obtained
from all patients for being included in the study.

The collection and use of all surgical specimens were approved by
the Ethics Committee of the Affiliated Hospital of Southwest Medical
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patients provided written informed consent prior to participation.
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