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Multiple-omics analysis reveals a dedifferentiation-
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Intrahepatic cholangiocarcinoma (ICC) is known for its diverse
cell types and resistance to standard treatments, highlighting
the importance of understanding its tumor microenvironment
(TME) for improved prognostic accuracy and therapeutic inno-
vation. Our study used a multi-omics approach to analyze the
ICC TME in both human and mouse samples, linking survival
outcomes to the complex cellular interactions within the TME.
We discovered a dedifferentiation phenomenon in ICC cells
driven by the Yes-associated protein (YAP) pathway, influ-
enced by tumor-associated macrophages (TAMs). Conversely,
ICC cells promoted an immunosuppressive environment in
TAMs. Targeting TAMs in a transgenicmousemodel disrupted
this loop, enhancing T cell responses and suggesting a novel
immunotherapy avenue for ICC. Our findings reveal a recip-
rocal dedifferentiation-immunosuppression loop between
ICC cells and TAMs, advocating TAM targeting as a promising
therapy and highlighting the potential of macrophage modula-
tion in ICC treatment.

INTRODUCTION
Intrahepatic cholangiocarcinoma (ICC), which accounts for 15%
of primary liver cancers, has experienced an increase in both inci-
dence and mortality in recent decades.1–3 ICC is often diagnosed at
an advanced stage due to its complicated clinical features and lack
of typical symptoms and diagnostic biomarkers, which are also
associated with a high recurrence rate. Despite enormous break-
throughs in the treatment of malignancies, little progress toward
improving the prognosis of ICC patients has been achieved.4

Owing to the desmoplastic tumor microenvironment (TME) of
Mol
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ICC, cytotoxic chemotherapy increases survival by less than
1 year.5,6 The lack of typical biomarkers has restrained the appli-
cation of molecular targeted therapy, and surgical resection or liver
transplantation remain the prime regimens for early-stage ICC
patients.7

The ICC TME is highly heterogeneous and consists of cancer, stro-
mal, and various immune cells, forming a complicated and dynamic
ecosystem. The heterogeneity of the ICC TME distinguishes the re-
sponses and prognoses of ICC patients. A TME-based sub-classifica-
tion divided ICC patients into four groups: immune desert, immuno-
genic, myeloid, and mesenchymal. Among these groups, the myeloid
subtype features infiltration of M2-polarized tumor-associated mac-
rophages (TAMs) and a survival disadvantage,8 supporting the
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leading role of macrophages in the TME for ICC development. TAMs
in the ICC TME can be polarized into M1 cells with antitumor activ-
ities and M2 cells with tumor-promoting functions. TAMs polarized
to the M2 phenotype secrete molecules, including interleukin (IL)-6,
IL-1, transforming growth factor (TGF)-b, vascular endothelial
growth factor (VEGF), and platelet-derived growth factor (PDGF),
to accelerate ICC development. An increasing number of M2
cells is a negative indicator of ICC prognosis.9 However, the
detailed mechanism by which TAM affects the ICC TME is still
unclear.

Several recent reports have shown that increased malignant cell
stemness regulated by various pathways is associated with patient’s
prognosis.10,11 For example, hypoxia has been shown to induce Sonic
Hedgehog signaling, regulating cancer cell stemness.12 Loss of
ARID1A was found to promote tumor cell stemness based on
ALDH1A1 expression.13 Yes-associated protein (YAP) was also
shown to maintain putative cancer cell stemness through dedifferen-
tiation.14,15 However, the mechanism by which immune cells, espe-
cially macrophages, affect the dedifferentiation of ICC tumor cells re-
mains unknown.

Advances in immunotherapy have shown robust activity in malig-
nancies such as non-small cell lung cancer, melanoma, and lym-
phoma. There are currently a few promising results in clinical trials
of ICC treatments, including KEYNOTE-028, which reported the
interim safety and efficacy of the anti-programmed cell death protein
1 (PD-1) antibody pembrolizumab for patients with programmed cell
death ligand 1 (PD-L1)-positive biliary tract cancer, encouraging
exploration of the rationale and effectiveness of immunotherapy
in ICC.7

Here, we depicted the landscape of the ICC TME using single-cell
RNA sequencing (scRNA-seq), proteomic analysis, and multiplex
immunohistochemistry (mIHC). We found that the malignant tumor
cells underwent both dedifferentiation and proliferation. In addition,
these two processes were decoupled from each other, both of which
were assisted by TAM. Furthermore, we showed that the disruption
of the dedifferentiation-immunosuppression loop in TAM-targeting
transgenic mice recruited more T cells into ICC tissues and reduced
the number of tumor lesions, which sheds light on future macro-
phage-based immunotherapy.
Figure 1. The multi-omics atlas in ICC tumoral tissues

(A) Schematic of multi-omics analysis workflow. Six human ICC samples, three human I

and sequenced using the BDRhapsody platform to perform scRNA-seq analysis. Proteo

of the clinical sample set were used to validate the key bioprocess of multi-omics anal

scRNA-seq data. (C) A heatmap was used to illustrate the expression levels of specific

relative expression levels, with white representing low expression and green representin

for each cell type in ICC. (E) The t-SNE plot identified the main cell types of T cells, disp

expression levels of specific markers for each T cell type. (F) The t-SNE plot in identified

markers for eachmyeloid cell type were shown in the violin plots on the right side. (G) The

performed to validate the major cellular components of the ICC TME. The scale bar in
RESULTS
The multi-omics landscape of ICC tumoral tissues

To explore the cellular diversity and molecular signature of ICC, we
performed multi-omics profiling of the ICC TME (Figure 1A).
scRNA-seq profiling of six ICC samples and three corresponding
peritumoral tissues was performed using BD Rhapsody sequencing
to better capture myeloid cells (Figure 1A). In addition, we collected
a set of 110 ICC tumor specimens with clinical information and
performed proteomic analysis (Figure 1A). Furthermore, the key
bioprocesses identified via scRNA-seq and proteomic analysis were
validated by immunohistochemistry (IHC) and IHC staining of
the clinical sample set (Figure 1A). We also established a mouse
ICC model and performed scRNA-seq to confirm the key findings
revealed by the multi-omics analysis of human ICC samples
(Figure 1A).

In terms of scRNA-seq analysis, after initial quality control, we ac-
quired single-cell transcriptomes for a total of 46,502 cells from six
ICC tumor sites and three corresponding peritumoral sites. To dissect
the cellular composition of the tumors, we applied t-distributed sto-
chastic neighbor embedding (t-SNE) and a graph-based algorithm
for dimensionality reduction and cell cluster determination. These
cells were assigned to seven main cellular clusters (Figure 1B).

In order to ascertain the identity of individual cell clusters, cluster-
specific marker genes were generated by performing differential
gene expression analysis (Figure 1C; Table S4). SingleR16 with manual
aid identified cell clusters utilizing cell type signatures. For example,
epithelial cell markers such as epithelial cell adhesion molecule
(EPCAM) were used to define epithelial cells (Figure 1D). COL1A1
was used to define fibroblasts (Figure 1D)17 and PECAM1 was used
to define endothelial cells (Figure 1D).18 ALB was used to define he-
patocytes (Figure 1D).19

Notably, our scRNA-seq data revealed various subsets of immune
cells. CD3+ T cells can be divided into CD4+ and CD8+ T cells. Reg-
ulatory T cells (Tregs) could be clearly distinguished from other CD4+

T cells by FOXP3 and IL2RA expression (Figure 1E). In addition,
myeloid cells showed high levels of C5AR120 (Figure 1D), including
CD68+ macrophages, CSF3R+ neutrophils,21,22 and TPSB2+ mast
cells23 (Figure 1F). ITGAX was found to be expressed in macrophages
and neutrophils24 (Figure 1F). We further identified CD14 and
CC peritumoral samples, and six mouse ICC samples were digested into single cells

mic analysis was performedwith 110 ICC tumor specimens. IHC andmIHC stainings
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Figure 2. Decoupled dedifferentiation and proliferation processes of malignant cells in ICC tissues

(A and B) The t-SNE plot was used to identify aneuploid cells and diploid cells in the total epithelial cell population. This analysis was based on the scRNA-seq data obtained

from six tumoral tissues and three peritumoral tissues. (C) The t-SNE plot revealed the presence of three distinct subgroups within the malignant cells, which were identified

based on the expression levels of specific feature genes. (D) A heatmap was generated to visualize the expression levels of the feature genes within each subgroup of

malignant cells. The color key ranging from gray to green represents the relative expression levels, with gray indicating low expression and green indicating high expression.

(legend continued on next page)
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FCGR3A (CD16A) expression in macrophages and FCGR3B
(CD16B) in neutrophils (Figure 1F), indicating that various myeloid
cells might engage different pathogen-association molecule pattern
receptors (CD14, CD16 A/B) for their specific immune responses
in the ICC TME.

The detailed frequency of each cell population is shown (Figure 1G).
The major cellular components and percentage of each cell popula-
tion were identified via scRNA-seq and validated using mIHC
(Figures 1H, S1A, and S1B), including a-SMA+

fibroblasts, CD11b+

myeloid cells, CD20+ B cells, CD3+ T cells, CD31+ endothelial cells,
and EPCAM+ epithelial cells. We also performed mIHC staining to
distinguish hepatocytes from epithelial cells (Figure S1C). In the pro-
teomic analysis, 110 ICC tumor specimens and the internal reference
control were processed in 10 batches, and a low batch variance was
observed (Figure S2A). We identified 10,888 proteins (Figure S2B),
and their distribution within the cell is shown (Figure S2C).

Altogether, our multi-omics landscape covered the major cellular and
proteomic components of the ICC TME.

Decoupled dedifferentiation and proliferation processes of

malignant cells

Next, we defined the heterogeneity within malignant cells by per-
forming refined clustering of malignant cells. Before further cell
clustering, bona fide malignant cells were first identified through
copyKAT and inferCNV analysis,25,26 which could differentiate aneu-
ploid and diploid cells based on gene copy variations. We found that
most epithelial cells were aneuploid malignant cells (Figures 2A, 2B,
and S3A).

Next, we performed t-SNE and cell clustering analyses on the
aneuploid malignant cells. Based on the results of copyKAT and in-
ferCNV analysis above, the malignant cell population was further
divided into three subgroups and four subgroups, respectively
(Figures 2C and S3B), and feature genes were selected for each sub-
group (Figures 2D and S3C; Table S5).

To identify the developmental trajectory within malignant cells, we
performed RNA velocity analysis of malignant cells.27 We found
that themalignant cells underwent two different developmental routes
(Figure 2E). We noticed that the malignant cell markers (KRT18 and
TM4SF4)28,29 were downregulated from malignant subclusters 0 to 1.
The proliferative cell markers (MKI67 and TOP2A) were upregulated
inmalignant subclusters 0 to 2 (Figure 2F). The above results indicated
that the dedifferentiation and proliferation processes were decoupled
(E) RNA velocity analysis was conducted to determine the developmental trajectory of th

trajectories within the malignant cell population. (F) The t-SNE plots were utilized to e

malignant cell markers (KRT18 and TM4SF4) in the different malignant cell subgroups. T

gray indicating low expression and blue indicating high expression. (G) The violin plots w

TOP2A) and malignant cell markers (KRT18 and TM4SF4) in the different malignant cell

the four major malignant subgroups in the scRNA-seq datasets obtained from the six

subgroup within the tumor samples.
within the malignant cell population (Figures 2E and 2F). Consistent
with the findings of the copyKAT analysis, the results obtained from
the inferCNV analysis identified the same two developmental trajec-
tories within malignant cells (Figures S3D and S3E). The frequencies
of the malignant cell markers (KRT18 and TM4SF4) and proliferative
cell markers (MKI67 and TOP2A) were consistent with our t-SNE
analysis results (Figure 2G). In addition, we checked the distribution
of each malignant cell subset and ruled out the possibility that the
dedifferentiation or proliferation subset was derived from specific pa-
tients. The distribution pattern ofmalignant cell subsets indicated that
ICCmalignant cells were a mixture of the basal state (cluster 0), dedif-
ferentiation state (cluster 1), and proliferation state (cluster 2). The
compositions of the three states varied among different ICC patients
(Figure 2H). It is worth noting that dedifferentiation and proliferation
processeswere not observed in epithelial cells fromperitumoral tissues
(Figures S4A and S4B).

To confirm our findings of decoupled dedifferentiation and prolifera-
tion processes in ICC patients, we analyzed an independent dataset of
12 ICC tumoral samples from Ma et al.30 (Figure S4C). Similarly, we
identified six major cell populations: T cells, cancer-associated fibro-
blasts, TAM, tumor endothelial cells (TECs), B cells, and epithelial cells
(FigureS4D).Within the 1,441 epithelial cells,most cellswere aneuploid
malignant cells (Figure S4E). Aneuploid malignant cells consisted of
three clusters (Figure S4E). Consistent with our in-house datasets, we
identified basal state malignant cells (cluster 0, KRT18+ TM4SF4+),
proliferatingmalignant cells (cluster 1,Ki67+TOP2A+), anddedifferen-
tiated malignant cells (cluster 2, KRT18low, TM4SF4low) (Figure S3F).
Pseudo-time analysis of the three clusters also indicated bifurcated
developmental routes of dedifferentiated and proliferating cells (Fig-
ure S4G).Twelve ICCpatients also showedmixtures of these three states
(Figure S4H).

Taken together, our detailed examination of the relationship between
the different subgroups of malignant cells allowed us to discover de-
coupled dedifferentiation and proliferation processes in ICC patients.

Dedifferentiation and proliferation states of ICC malignant cells

reflect poor clinical outcomes

Next, we aimed to determine the relationship between patient prog-
nosis and malignant cell dedifferentiation/proliferation. Two distinct
gene sets based on malignant cell cluster 1 and 2 feature genes were
built to represent the dedifferentiation and proliferation processes,
respectively (Table S5). These two gene sets were used for genome
enrichment analysis (GSEA) score calculation based on each sample
of proteomic data from in-house 110 patients’ proteomic data. The
e malignant cells. This analysis revealed the existence of two distinct developmental

xamine the expression levels of proliferative cell markers (MKI67 and TOP2A) and

he color key ranging from gray to blue represents the relative expression levels, with

ere utilized to examine the expression levels of proliferative cell markers (MKI67 and

subgroups. (H) A 100% stacked bar chart was created to present the distribution of

ICC samples. The chart provides information on the relative proportions of each
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patient cohort was categorized into high or low classes (using the best
cutoff method) based on their GSEA score calculated from proteomic
data for the dedifferentiation and proliferation of malignant cell sub-
clusters. The results showed that patients with dedifferentiation and
proliferation of malignant cells had worse prognosis (Figure 3A).
Our results showed that the tumor, node, metastasis (TNM) stage
of ICC patients was not correlated with the enrichment of the dedif-
ferentiation and proliferation status of malignant cells (Figure 3B).

In addition, we wanted to determine whether the state of malignant
cells could facilitate the molecular grouping of ICC patients. The basal
state, proliferation state, and dedifferentiation state were deconvo-
luted based on GSEA methods, using features of genes of malignant
cluster 0 (basal state), cluster 1 (dedifferentiation), and cluster 2
(proliferation). Our in-house proteomics datasets from 110 ICC pa-
tients were separated into four major categories based on the malig-
nant cell state (Figure 3C). Group 1 showed dedifferentiationhigh

and proliferationhigh state signatures, while group 2 showed more
significant dedifferentiationhigh and proliferationlow state signatures
(cluster 1 features). Group 3 showed more dedifferentiationlow and
proliferationhigh state signatures (cluster 2 features), whereas group
4 showed dedifferentiationlow and proliferationlow signatures (cluster
0 features) (Figure 3C). Among the four groups, the group with more
dedifferentiationhigh and proliferationhigh state signatures showed the
worst prognosis, and the group with dedifferentiationlow and prolifer-
ationlow signatures showed the best prognosis (Figure 3D). The pro-
tein features of each group are shown in Figure 3E. In addition, we
performed Cox analysis to remove the confounding effects of sex
and age (Figure S5). Furthermore, Gene Ontology (GO) analysis
was performed for the feature proteins of each group, and we noticed
distinct biological activities across different groups (Figure 3F). For
example, group 4 (basal state enriched) showed increased epithelial
cell differentiation. Group 3 (proliferation enriched) showed more
positive regulation of cell movement, whereas group 2 (dedifferenti-
ation enriched) showed more activity of lipid and ion transport
(Figure 3F).

Overall, we found that the dedifferentiation and proliferation of ma-
lignant cells were associated with poor prognosis with the integration
analysis of scRNA-seq, transcriptomic, and proteomic datasets.
Figure 3. Dedifferentiation and proliferation state of ICC malignant cells reflec

(A) The Kaplan-Meier plotter analysis was performed to investigate the correlation betwee

This analysis was based on the GSEA score of dedifferentiation/proliferation. The result

status on patient survival. (B) A box plot was generated to illustrate the relationship be

ferentiation/proliferation GSEA score. The plot provides a visual representation of the dis

dedifferentiation/proliferation. (C) The heatmap provides a comprehensive overview of p

relative expression levels of proteins using a color key ranging from blue to red. (D) The Ka

subgroup based on the dedifferentiation/proliferation GSEA score using our in-house p

entiation/proliferation status on the survival outcome in ICC. (E) A heatmap was generate

heatmap provides a comprehensive overview of the relative expression levels of proteins

expression levels of proteins, from low to high. Groups can be divided into group 1 (dediff

group3 (dedifferentiationlow and proliferationlow), and group4 (dedifferentiationlow and

associated with different groups based on the dedifferentiation/proliferation GSEA sco

pathways that are enriched in each group, shedding light on the underlying biological m
Macrophages promote malignant cell dedifferentiation and

proliferation

Next, we aimed to understand the mechanisms of malignant cell
dedifferentiation and proliferation. The Hippo signaling pathway
controls the molecular switch of malignant cell dedifferentiation.31

We performed gene set variation analysis (GSVA) based on theHippo
signaling gene sets for all malignant cell clusters and found that the
Hippo signaling pathway was enriched in the dedifferentiation of ma-
lignant cell cluster 1 (Figure 4A). In addition, malignant cell cluster 1
showed the highest Hippo signaling score (Figures S6A and S6B). We
also observed strong Hippo signaling in ICC patients, as indicated by
mIHC staining of active YAP1 and YAP1 (Figures 4B and S6C).

Previous reports indicated that macrophages could promote malig-
nant cell dedifferentiation in thyroid and colon cancer.32,33 We also
observed that YAP+ dedifferentiated malignant cells were heavily sur-
rounded by macrophages (Figure 4B). Thus, we investigated whether
macrophages regulate the dedifferentiation process of malignant ICC
cells. First, macrophage heterogeneity was dissected. We identified
CD68+ CD11blow C1QA/B+ resident macrophages (ResMf),34

CD68+ CD11b+ infiltrating macrophages (InfMf),35 SPP1+ macro-
phages (SPP1+ Mf),36 and CD1c+ dendritic cells (DCs)37 (Figures
4C–4E), and the feature genes of each subgroup are shown in
Table S6. Recently, Guilliams et al. performed a detailed analysis
of human and mouse liver macrophages and identified six macro-
phage and DC subsets, including Kupffer cells and classical DCs
(Figures S7A and S7B). We compared ICC TAMs with liver macro-
phages and DCs from Guilliams et al. by using AUCell.38 Both resi-
dent macrophages and SPP1+ macrophages seemed to be mixtures
of Kupffer cells, indicating the mixed origins of TAM. The infiltrating
macrophages in ICC were not similar to those in liver monocytes,
DCs, or macrophages, implying that the TME significantly affected
the infiltrating macrophages (Figure S7B). In addition, both resident
macrophages and CD1c+ DCs were identified in Ma et al.’s datasets30

(Figure S7C), indicating that resident macrophages are recurrent in
different patients.

We also compared the differentially expressed genes in macrophage
clusters between the peri-tumoral and tumoral sites (Figure S7D). Tu-
moral-resident macrophages showed more characteristics of antigen
t poor clinical outcomes

n patients’ prognosis and the dedifferentiation/proliferation status of malignant cells.

s of the analysis provide insights into the impact of the dedifferentiation/proliferation

tween the dedifferentiation/proliferation state of the malignant cells and the dedif-

tribution and statistical characteristics of the GSEA scores across different states of

rotein expression levels across 110 ICC tumor specimens. It visually represents the

plan-Meier survival curve was generated to analyze the prognosis of eachmalignant

roteomics datasets. This analysis provides insights into the impact of the dediffer-

d to visualize the protein expression levels in our in-house proteomics datasets. The

in ICC tumor tissues, with the color key ranging from blue to red indicating the relative

erentiationhigh and proliferationhigh), group 2 (dedifferentiationhigh and proliferationlow),

proliferationlow). (F) GO analysis was conducted to explore the biological activities

re. This analysis provides valuable information about the functional processes and

echanisms related to dedifferentiation/proliferation in ICC.
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presentation and inflammation (Figure S7E). SPP1+ macrophages
showed more characteristics of extracellular matrix (ECM) remodel-
ing (Figure S7F).

Next, we determined whether the interaction between macrophages
and malignant cells was regulated by specific macrophage clusters.
NicheNET analysis on macrophages and dedifferentiated malignant
cells was performed, modeling intercellular communication by link-
ing ligands of sender cells to target genes of receiver cells.39 In mac-
rophages, 20 top ligand genes were ranked by their ability to regulate
the target genes of epithelial cells (Figure 4F). A few important genes
are involved in cancer cell dedifferentiation, including TGFB140 from
SPP1+ macrophages and CXCL1241 from resident macrophages.
These ligands regulate a series of downstream genes involved in
the dedifferentiation of malignant cells (Figure 4F), including
SERPINE1 and VEGFA, which are associated with tumor cell dedif-
ferentiation.42,43 In addition, TGFB1 detected in NicheNET analysis
was reported to induce malignant cell dedifferentiation through the
Hippo signaling pathway.44 Consistent with the NicheNET analysis,
SERPINE1 and VEGFA were enriched in dedifferentiated malignant
cultures (Figure 4G). VEGFA is also a downstream gene of the Hippo
signaling pathway.45 We noticed that TGFB1 expression was not
restricted to specific macrophage subpopulations, whereas CXCL12
was specific to resident macrophages (Figure 4H). Zhang et al.46

found that cancer-associated fibroblasts (CAFs) clustered into six
subpopulations in ICC tissues and that IL-6+ fibroblasts promoted
ICC metastasis. However, IL-6 secretion was mainly produced by
macrophages, especially C1QA/B+ resident macrophages (ResMf)
and SPP1+ macrophages (Figures 4H and S8A).

To validate the NicheNET analysis, we performed mIHC analysis of
ICC tumor samples. We noticed that the KRT19+ epithelial cells of
the peritumoral sample were devoid of Hippo signaling, as represented
by the staining of the key transcription factor YAP1, which belongs to
the Hippo signaling pathway. In contrast, the active YAP1+ malignant
cells were surrounded by TGFB1+ CD68+ macrophages. Consistent
with NicheNET analysis, SERPINE1 and VEGFA were also detected
in the surrounding active YAP1+ malignant cells (Figure 4I). Notably,
our mIHC staining showed that TGFB1 staining overlapped with
Figure 4. Macrophages promote malignant cell dedifferentiation and proliferat

(A) The heatmap demonstrates the enrichment of signaling pathways in three different

represents the GSVA analysis score, indicating the degree of enrichment from low to hi

Hippo signaling pathway. The staining included CD31 for endothelial cells, CD68 for mac

(C) A t-SNE plot was employed to identify four distinct cell types within the macropha

CD11b+ infiltrating macrophages (InfMf), SPP1+ macrophages (SPP1+ Mf), and CD1c+

macrophage subpopulation. The color key ranging from gray to green represents the a

tumor samples to validate the existence of the four macrophage cell types identified ea

CD11b for infiltratingmacrophages, SPP1 for SPP1+macrophages, and CD1c for CD1c

macrophages and epithelial cells were examined. The heatmap displays the regulator

potential regulation from low to high. (G) t-SNE plots demonstrate the expression levels

scRNA-seq. The color key ranging from gray to blue indicates the relative expression leve

of TGFB1, VEGFA, and IL-6 in different macrophage subpopulations based on scRNA-

from low to high. (I) mIHC staining on ICC tumor samples was conducted to validate t

rophages, and the analysis suggested that CD68 might regulate malignant cells throug
active YAP1. Next, we performed t-SNE analysis to demonstrate the
expression of YAP1 and TFGB1 in scRNA-seq and found that the
expression of TGFB1 was not significantly associated with YAP1 in a
single cell state (Figure S8B). To further verify this result, we split all
cells in ourmIHC staining and used t-SNE analysis to show the expres-
sion of each selected gene, which showed that macrophages might
regulate the dedifferentiation of ICC cells by activating YAP1 and regu-
lating the expression of SERPINE1 and VEGFA by upregulating
TGFB1 (Figures S8C and S8D). In addition, the western blot results
were consistent with those of our mIHC staining (Figure S8E).

We further investigated the effects of macrophages on proliferating
malignant cells. NicheNET analysis revealed that the 12 top-ranked
ligand genes frommacrophages were ordered according to their activ-
ity in regulating the target genes of proliferating malignant cells (Fig-
ure S9A). The most significant ligand was high-mobility group B2
(HMGB2). These ligands regulate a series of downstream genes in
epithelial cells, such as cell-cycle control genes CCNB1, CENPE,
CENPF,MKI67, andNCAPG, and a gene associated with cell division,
TOP2A (Figures S9A and S9B). Our t-SNE analysis showed that
HMGB2 was expressed in these four subcluster macrophages, and
the expression of HMGB2 was significantly related to poor patient
survival (Figures S9C and S9D).

To validate the interaction betweenmacrophages and proliferatingma-
lignant cells, we first knocked down the HMGB2 gene in the THP-1
monocytic cell line using short hairpin RNA (shRNA) (Figure S9E)
and induced the cell into M0 stage by phorbol 12-myristate
13-acetate (PMA).47 The induced macrophages were then cocultured
with CCLP1, an ICC cell line. HMGB2 knockdown (KD) in macro-
phage led to less proliferative ICC cells in vitro (Figures S9F and S9G).

mIHC analysis was also performed for ICC tumor samples to
validate the macrophage-proliferating malignant cell interaction.
We observed Ki67+ malignant cells surrounding the HMGB2+

CD68+ macrophages (Figure S9H).

Taken together, our data show that macrophages play a critical role in
promoting the dedifferentiation and proliferation of malignant cells.
ion

malignant subsets based on GSVA score. The color key ranging from blue to red

gh. (B) mIHC was conducted on ICC tumor samples to validate the activation of the

rophages, CD3 for T cells, and aSMA for fibroblasts. The scale bar represents 50 mm.
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DCs. (D) The heatmap illustrates the expression levels of specific markers in each
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Malignant cells induce immunosuppressive macrophages

We suggest that macrophages could induce malignant cell dedifferen-
tiation and proliferation in the previous sections, and we investigated
whether epithelial cells play a role in regulating the function of
macrophages.

As TAM is an important immunosuppressive player, we performed
NicheNET analysis between malignant cells and macrophages to
identify potential interactions shaping the immunosuppressive TME.

A list of immune checkpoints expressed by TAM was set as the genes
of interest (GOIs) (Figure 5A), including PDCD1, PDCD1LG2,
VSIG4, LILRB1/2, CD274, SIRPA, and LGALS9.48–53 The potential
of the ligand on each malignant cell cluster to induce GOI was calcu-
lated using NicheNET (Figure 5B). Most interactions between malig-
nant cells and macrophages were induced by dedifferentiation of ma-
lignant cells (cluster 1) (Figure 5B). Three out of seven induced
immune checkpoints, including VSIG4, LILRB2, and LGALS9, were
associated with worse patient prognosis, based on proteomic data
(Figure 5C).

LILRB1/2 is a promising immune-regulating gene family54 that was
characterized further. Both LILRB1 and 2 expressions were higher
in the tumoral region than in the peritumoral region (Figure 5D).
Pathological examination of our collection of ICC patients showed
that LILRB1/2 high patients exhibited a worse prognosis (Figure 5E;
Table S7). LILRB1/2 was expressed by TAM in the ICC TME (Fig-
ure 5F) based on scRNA-seq analysis. LILRB1/2 expression was vali-
dated by fluorescence-activated cell sorting (FACS) and immunoflu-
orescence (IF) assays (Figures 5G, 5H, and S10A).

To verify LILRB1/2 induction by malignant cells, THP-1 cells were
first induced to M0 stage by PMA47 and then cocultured with active
YAP1+ ICC cell lines CCLP1 and HCCC9810 (Figure 5I). LILRB1/2
signal increased when cocultured with both cell lines, which was
consistent with NicheNET analysis that LILRB1/2 could be induced
Figure 5. Malignant cells induce immunosuppressive macrophages

(A) A list of immune checkpoints expressed by TAM was set as GOI. Violin plot showed th

genes from four subcluster macrophages. (B) The interaction potential between the liga

Using a color key ranging from gray to green, the interaction potential was visualized,

potential. (C) To evaluate the prognostic significance of immune checkpoint expressio

proteomic data from our in-house cohort of 110 patients with ICC. The p values obtained

survival differences. (D) IHC staining was performed to examine the expression of two

tissues) and ICC tissues. The staining results were visualized using a scale bar, and a

p = 0.03, hazard ratio, 0.35; 95% confidence interval [CI]:, 0.14–0.91) and LILRB2 (righ

(from our own collection). p values were obtained from two-sided log rank tests. (F) t-SNE

tumor TME of ICC. The color key ranged from gray to blue, with blue indicating high exp

was performed to confirm the expression of LILRB1 and LILRB2 by TAM in the TME of IC

staining was used to further validate the expression of LILRB1 and LILRB2 by TAM in pa

10 mm was used to visualize the staining results. (I) Western blot assay was conducted

normal bile duct epithelial cell line (HIBEC) and several ICC cell lines. For the statistical a

staining. In brief, 80 nM PMA was used to induce THP-1 cell to M0 macrophages and

HIBECs and ICC cell line CCLP1 and HCCC9810 for another 24 h. Scale bar, 10 mm **

ensure reproducibility.
by active YAP1+ dedifferentiation of malignant cells (Figures 5J and
5K). In addition, we verified the induction mode using a co-culture
experiment with malignant cells and macrophages. IL-18 was sug-
gested to induce myeloid checkpoints based on NicheNET analysis
(Figure 5B). ICC produced significant levels of IL-18 (Figure S11A).
We found that LILRB1/2 induction by ICC cells decreased when
IL-18 was blocked by the VX-765 inhibitor (Figures S11B and S11C).

Overall, we found that malignant cells could induce immunosuppres-
sive TAM through the expression of a series of immune checkpoints,
thus shaping the ICC TME into an immunosuppressive state.

ICC mouse model recapitulates human findings

Next, we established amouse ICCmodel to validate themajor findings
from human datasets. Based on previous studies, targeting CD169+

Kupffer cells shows potential as a novel immunotherapy for HCC.35

Thus, we injected control mice and CD169-DTR mice55,56 with the
plasmid mixture per mouse, including pT3-EF1a-NICD, PT3-myr-
AKT-HA, and pCMV-CAT-T7-SB100, by hydrodynamic transfec-
tion to construct an ICC model of carcinoma in situ.57,58 After
1 week, diphtheria toxin (DT) was injected intraperitoneally twice a
week for 3 weeks. After a total of 4 weeks, the mice were analyzed by
HE, FACS, mIHC, and IHC staining (Figure 6A).

scRNA-seq was performed for both groups (Figure 6A). Nine major
cell populations were identified (Figures 6B and 6C). Cell identifica-
tion was performed using SingleR with manual assistance. A typical
marker for each population is shown in Figure 6D and Table S8.
Mouse macrophages were further refined and five macrophage clus-
ters were observed (Figures 6E and 6F; Table S9), and the feature
genes of each subgroup are shown in Table S10. The four major hu-
man ICC myeloid cells, including resident macrophages, SPP1+ mac-
rophages, and infiltrating macrophages, were conserved in mice
(Figure 6G). Using mIHC, we showed that resident macrophages
(C1QA), SPP1+ macrophages (SPP1), infiltrating macrophages
(CD11b), and CD1c+ DCs (CD1c) were present 1 week after tumor
e expressions of seven GOI immune checkpoints in macrophages based on feature

nds on each malignant cell cluster and the GOIs of macrophages were examined.

with green indicating high interaction potential and gray indicating low interaction

n in patients with ICC, a Kaplan-Meier survival curve was constructed based on

from two-sided log rank tests were used to assess the statistical significance of the

immune checkpoints, LILRB1 and LILRB2, in peritumoral tissues (adjacent normal

magnification of 40 mm was used. (E) Kaplan-Meier survival curve of LILRB1 (left,

t, p = 0.078, hazard ratio, 0.39; 95% CI, 0.14–1.11) expression in patients with ICC

plots were generated to visualize the expression levels of LILRB1 and LILRB2 in the

ression levels and gray indicating low expression levels. (G) Flow cytometry analysis

C. The results showed that TAM indeed expressed these immune checkpoints. (H) IF

tients’ samples. CD68 was used to label macrophages, and a scale bar representing

to compare the expression of active YAP1, a downstream signaling molecule, in a

nalysis of active YAP1/actin level, ****p < 0.0001. (J and K) IF showed the LILRB1/2

incubated for 48 h then directly co-cultured with normal bile duct epithelial cell line

*p < 0.001. All experiments were independently repeated more than three times to
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induction (Figures 6H and 6I). After 3 weeks of depletion, the ablation
effect persisted until day 28 (Figures 6J and 6K). We observed that
resident macrophages and SPP1+macrophages were themajor targets
in CD169-DTR mice (Figures 6H and 6K).

Thus, macrophage subsets identified in human scRNA-seq datasets
can also be found in the mouse ICC model. In addition, the key
players in immunosuppression and dedifferentiation, resident macro-
phages and SPP1+ macrophages, could be depleted in CD169-
DTR mice.

Dedifferentiation-immunosuppression loop disruption for ICC

treatment

Next, we disrupted the dedifferentiation-immunosuppression loop
between malignant cells and macrophages as a novel ICC treatment
strategy.

First, we assessed the tumor tissues by HE staining and found that the
number of lesions was significantly reduced in CD169-DTR mice
(Figures 7A and 7B). Macrophage depletion efficiency was verified
by FACS (Figures 7C and 7D).

After macrophage depletion (F4/80 staining), proliferating malignant
cells in CD169-DTRmice were also reduced (Figures 7C and 7F), and
the TGFB1 signal was decreased (Figures 7E and 7F). In addition,
the dedifferentiation of malignant cells (active YAP1+) was reduced
(Figures 7E and 7F). Similar to the human results, mouse malignant
epithelial cells could be identified from epithelial cells (Figures 7G and
7H). We also observed the basal, differentiation, and proliferation
states in mice (Figures 7I and 7J). Consistent with the IHC results,
we observed a reduction in the number of proliferating and dediffer-
entiated malignant cell clusters (Figure 7K).

Next, we observed the T cell response after disruption of the dediffer-
entiation-immunosuppression loop. The gating strategies for the
T cells are shown in Figure S12A. We found that the total number
of T cells and antitumor CD8+ T cells increased (Figures S12B and
S12C), whereas PD-1+ CD8+ T cells decreased in macrophage-
depleted tumors (Figures S12D and S12E).
Figure 6. Mouse scRNA-seq recapitulates human findings

(A) The schematic diagram illustrates the process of establishing the ICC mouse model

progression and characterization of specific cell types involved. (B) t-SNE) plot was ge

visualizes the clustering of cells based on their gene expression profiles, helping to id

populations were determined using scRNA-seq data from mouse tumoral tissues. This a

ICCmodel. (D) A heatmap displays the expression levels of feature genes in each cell pop

specific genes are indicated by different shades of green, with darker shades indicatin

macrophages within the ICC mouse model. This analysis helps to further characterize

heatmap highlights the expression levels of feature genes within each subcluster of ma

relative expression levels of specific genes in each subcluster. (G) A 100% stacked ba

human ICCwithin themouse ICCmodel. This analysis suggests that similar macrophage

performed on mouse ICC samples to validate the presence of the four identified macrop

confirm the presence of these specific macrophage populations in the mouse model. (I

samples shown in (H) and (J), respectively. Three random fields of view were selected

specific markers within the macrophage populations. **p < 0.01, ***p < 0.001.
Our results suggest that disruption of dedifferentiation-immunosup-
pression through TAM targeting could decrease both proliferation
and dedifferentiation of malignant cells and enhance the antitumor
T cell response. Disruption of dedifferentiation-immunosuppression
could be used as a novel immunotherapy for ICC treatment (Figure 8).

DISCUSSION
In this study, we depicted the landscape for both the TME of ICC
through scRNA-seq, proteomic, and mIHC analyses and identified
malignant cells, stromal cells, and various immune cells of the ICC
ecosystem. Importantly, we found decoupled dedifferentiation and
proliferation of malignant ICC cells, both of which could be promoted
by TAM. On the other hand, malignant cells can induce an immuno-
suppressive state of TAM, forming a dedifferentiation-immunosup-
pression loop between malignant cells and TAM. We validated the
disruption of dedifferentiation-immunosuppression through TAM
targeting, which could be used as a novel immunotherapy for ICC
treatment. However, the identification of these two types of develop-
mental pathways is currently only a speculation based on algorithms
and lacks the necessary experimental verification. The cells in the pro-
liferative pathway might be more sensitive to chemotherapy due to
their active division state, and the dedifferentiated ICC cells could
be associated with chemotherapy resistance. This difference in char-
acteristics between the two potential cell states further emphasizes the
importance and complexity of precisely classifying and studying ma-
lignant tumor cells.

Zhang et al.46 found that CAFs clustered into six subpopulations in
ICC tissues and that IL-6+ fibroblasts promoted ICC metastasis
through the IL-6 axis. We noticed that IL-6 secretion was mainly pro-
duced by macrophages; thus, such speculation may need to be ad-
dressed further in macrophages.

Both KRT18 and TM4SF4 have been reported to be associated with
poor prognosis in several types of cancer, including lung, colon, liver,
and prostate cancer.59–61 However, we noticed malignant cell dedif-
ferentiation within the ICC TME accompanied by the downregula-
tion of these malignant markers. Patients enriched with dedifferenti-
ated malignant cell clusters showed worse prognosis.
in wild-type (WT) mice and CD169-DTRmice. This model allows for the study of ICC

nerated to identify the main cell types present in the ICC mouse model. This plot

entify distinct cell populations. (C) The numbers and percentages of assigned cell

nalysis provides insights into the composition of different cell populations within the

ulation. Each cell population is represented by a column, and the expression levels of

g higher expression levels. (E) t-SNE plot was generated to identify subclusters of

the heterogeneity of macrophages and their distinct gene expression profiles. (F) A

crophages. Similar to the previous heatmap, different shades of green indicate the

r chart illustrates the conservation of four major macrophage subtypes identified in

populations are present in both human andmouse ICC. (H and J) mIHC staining was

hage subtypes observed in human ICC scRNA-seq datasets. These mIHC images

and K) Box plots reveal the percentages of SPP1+ and C1QA+ macrophages in the

for statistical analysis, providing quantitative data on the expression levels of these
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Based on cell-cell interaction analysis of macrophages and malignant
cells in ICC, we demonstrated the potential role of YAP and HMGB2
in regulating the dedifferentiation and proliferation properties of ma-
lignant cells. Our results are consistent with a previous report that
YAP promotes colorectal cancer cell dedifferentiation.62 In addition,
Zhang et al. reported an important role of YAP in oncogenic activity
in cholangiocarcinoma very recently.63 HMGB2 functions as a tran-
scriptional activator by modulating chromatin structure and has
been shown to play a key role in the regulation of stemness.64 Our sin-
gle-cell data suggested that HMGB2 acts as a ligand from macro-
phages to regulate the proliferation of malignant cells. The down-
stream regulators in epithelial cells involve several genes involved
in the cell cycle and cell proliferation, assisting the malignant cell
dedifferentiation process. Furthermore, the above process was
confirmed in our mouse model. Depletion of macrophages resulted
in a significant decrease in proliferation and malignant cells.

PD-L1 (CD274) is a key immune checkpoint inhibitor expressed by
many cancer cells, including ICC cancer cells and myeloid cells,
such as TAMs and myeloid-derived suppressor cells.65–67 However,
we noticed PD-L1 expression mainly in mast cells, whereas other
myeloid cells and cancer cells expressed low levels of PD-L1. Addi-
tionally, we showed that the suppressive ICC TMEwas mainly shaped
by TAMs through other immune checkpoint inhibitors such as
LILRB1 and LILRB2. Patients with high levels of LILRB1 and
LILRB2 had shorter survival times.

In conclusion, our findings present a comprehensive multi-omics
profiling of the ICC TME as a valuable resource for novel biomarkers
and therapeutic target discovery based on the dedifferentiation-
immunosuppression loop hypothesis. A dedifferentiation-immuno-
suppression loop disruption strategy was developed to enhance
T cell responses against tumors and showed great potential as macro-
phage-based immunotherapy in ICC treatment.

MATERIALS AND METHODS
Patients and samples

This study used resected ICC samples from 110 patients between
2016 and 2020 at the Affiliated Hospital of Southwest Medical Uni-
versity (Luzhou, China) and NanFang Hospital of Southern Medical
University (Guangzhou, China). Ethical approval was obtained from
Figure 7. Dedifferentiation-immunosuppression loop disruption for ICC treatm

(A and B) The assessment of tumor lesions in control mice versus treated mice was con

observed that, after injecting the plasmidsmixture for a period of 4 weeks, numerous sma

the tumor burden, the number of lesions on the liver surface was counted. If the count

analysis was performed on macrophages and Ki67 positive epithelial cells. The error ba

staining were performed on ICC tissues from control mice and CD169-DTRmice. The s

plot was used to display the number of Ki67+ cells, F4/80+ cells, and TGFB1+ cells per 1

analysis, five randomly selected fields of view were utilized to obtain accurate results. A

(G) t-SNE plot was then employed to identify themain cell populations in ICC from ourmo

cells in epithelial cells from ourmouse scRNA-seq. (J) t-SNE plots for the expression leve

and TM4SF4) in malignant cell subcluster from our mouse scRNA-seq. The color key

expression and blue representing high expression. (K) A 100% stacked bar chart was u

our mouse scRNA-seq analysis.
the Medical Ethics Committees of both institutions (Affiliated Hospi-
tal of Southwest Medical University, approval no. KY2019053;
NanFang Hospital of Southern Medical University, approval nos.
NFEC-2021-067 and NFEC-2018-028). Tumor and peritumor sam-
ples were acquired from biopsies of six patients with ICC
(Table S1) and selected for sequencing using BD Rhapsody and bio-
informatics analysis. Histopathological diagnoses and TNM stages of
all samples in this study were verified by pathology, and IHC data for
LILRB1/2 were interpreted by pathology. Clinical details are pre-
sented in Table S2. Overall survival (OS) is defined as the time
from surgery to death.

scRNA-seq

GenChem (Shanghai, China) supplied the scRNA-seq service to the
ICC tissues. ICC tissue enzymatic digestion was initiated at 37�C for
45 min using 1 mg/mL collagenase I (Worthington) and 1 U/mL of
DNase I (Worthington). Subsequently, the cells were filtered through
a 70-mm strainer and centrifuged at 300� g for 5 min to isolate single
cells. After discarding the supernatant, red blood cells were lysed in red
blood cell lysis buffer (Miltenyi Biotec). The cell pellets were purified by
passing through a 40-mm strainer following suspension in 1� PBS with
0.04% bovine serum albumin (BSA). Library construction and the sub-
sequent steps were performed according to the BD Rhapsody protocol.
Single-cell suspensions were randomly distributed in >200,000 micro-
titer wells for single-cell capture. Oligonucleotide barcode-labeled
beads were then introduced into each microwell until saturation.
The addition of cell lysis buffer facilitated the hybridization of poly ad-
enylated RNA molecules to these beads. After collection in a tube, the
beads were subjected to reverse transcription to convert RNA into
cDNA. Each cDNA molecule received a unique molecular identifier
(UMI) and a cell label at the 50 end, marking its origin. This setup uti-
lized the BD Rhapsody protocol for single-cell whole-transcriptome
amplification (WTA), starting with the synthesis of the second
cDNA strand and proceeding with ligation of the WTA adaptor for
amplification across 18 PCR cycles. To prepare sequencing libraries,
random priming PCR was employed on the amplified products to
enrich for the 30 ends of transcripts, incorporating both the UMI
and the cell label. Library quantification was conducted and each sam-
ple library was then sequenced on an Illumina sequencer (Illumina,
SanDiego, CA, USA) over a 150-bp paired-end cycle, ensuring detailed
transcriptional profiling.
ent

ducted. The error bars represent the SEM, with a sample size of five (n = 5). It was

ll, white, cyst-like lesions appeared on themajority of normal liver tissues. To quantify

exceeded 500, it was recorded as 500 for each mouse. (C and D) Flow cytometry

rs in this analysis also represent the SEM, with a sample size of five. (E) HE and IHC

cale bar for HE staining was set at 100 mm, while for IHC it was set at 40 mm. (F) Box

00 cells, as well as the IHC intensity of active YAP1 in the IHC staining. For statistical

ll IHC statistical data were counted from these five randomly selected fields of view.

use scRNA-seq analysis. (H and I) t-SNE plot identifies malignant cells and aneuploid

ls of proliferative cell markers (MKI67 and TOP2A) andmalignant cell markers (KRT18

in these plots indicates the relative expression levels, with gray representing low

sed to illustrate the distribution of the three subgroups of malignant cells identified in
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Figure 8. Graphic model of dedifferentiation-immunosuppression loop formed by malignant cell and macrophage in ICC

Malignant cells and macrophages in ICC are involved in a dedifferentiation-immunosuppression loop. Briefly, macrophages play a crucial role in this process by secreting

TGFB1, which induces dedifferentiation of malignant cells. This is achieved through the activation of Hippo signaling pathways and the upregulation of SERPINE1 and VEGFA

expressions. Additionally, macrophages promote malignant cell proliferation by influencing the expression of HMGB2. In turn, malignant cells reciprocate the interaction by

inducing an immunosuppressive TAM phenotype. This is accomplished by the expression of various immune checkpoints, such as LILRB1/2, which contribute to immune

evasion and suppression within the TME.

Molecular Therapy
scRNA-seq processing

Preprocessing of the raw gene expression data were accomplished
using version 2.3.4 of the Seurat R package. Cells deemed low
quality, exhibiting fewer than 200 genes per cell, fewer than three
cells per gene, or more than 10% mitochondrial genes, were
excluded. Normalization and scaling procedures were applied to
the gene expression matrix of cells that met the quality criteria.
Highly variable genes were identified using Seurat’s default settings
and then subjected to principal-component analysis (PCA) to
discern significant principal components for further analysis.
t-SNE was applied for dimension reduction, and a graph-based
algorithm was used for cell cluster determination. Feature genes
for each cluster were determined using the Seurat package’s
“FindAllMarkers” function, applying default settings to define
the gene set of each cluster. The gsva package was utilized to
1818 Molecular Therapy Vol. 33 No 4 April 2025
conduct single-sample gene set enrichment analysis (ssGSEA), em-
ploying the relevant gene set.

Cell-cell interaction analysis using NicheNET

WeusedNicheNET to analyze cell-cell interactions.39Gene expression
data from interacting cells was input into NicheNET and then com-
bined with a pre-existingmodel incorporating known ligand-to-target
signaling pathways. This approach facilitated the prediction of ligand-
receptor interactions, highlighting the drivers of gene expression
changes within the cells under study.

InferCNV analysis

To determine the somatic large-scale chromosomal copy number
variation (CNV) score for cells based on our scRNA-seq, we utilized
the InferCNV R package (version 1.6.0). The required raw count



www.moleculartherapy.org
matrix was prepared according to the data requirements outlined in
the InferCNV GitHub repository (https://github.com/broadinstitute/
inferCNV). CD8+ T cells were chosen as the reference for normal
cell conditions in our analysis. Utilizing the default settings recom-
mended by InferCNV (with a cutoff of 0 and denoise set to 0.2), we
calculated the CNV score for each cell. This score was derived as the
quadratic sum of all the identified CNV regions, enabling a quantified
representation of chromosomal instability within individual cells.

CopyKAT analysis

To separate malignant cells from normal cells within our scRNA-seq
dataset, we utilized CopyKAT software to assess CNV level.25 The
gene expression matrix of the UMI of our scRNA-seq data served
as the input for the copyKAT. The software processed the UMI
data and clustered the cells, with an initial focus on confidently iden-
tifying the diploid cells. Hierarchical clustering techniques were used
to isolate tumor cells based on their distinct CNV differences from
normal cells. In cases where the genomes appeared indistinctly
different, a Gaussian mixture model (GMM) was used for accurate
identification. This methodology enabled the extraction of distinct
gene expression profiles for both malignant and normal cells, thus en-
riching our insights into cellular dynamics within the TME.

RNA velocity of single cells

The study utilized RNA velocity68 to examine both the pace and
trajectory of transcriptomic alterations, hypothesizing that the dy-
namics of gene splicing and mRNA degradation could be differenti-
ated through the proportion of unspliced to spliced mRNA within
an hourly time frame.

Pseudo-time analysis

TheMonocle 2 R package was utilized to conduct pseudo-time trajec-
tory analysis, which uncovered the dynamic alterations in the tran-
scriptome of a specific cell lineage during its development. The cells
were subjected to dimensional reduction using the DDRTree method,
followed by sequencing based on pseudo-time. Finally, the cells were
ordered in a manner that allowed the visualization of the develop-
mental trajectory.

GSVA

The GSVA is a commonly employed unsupervised non-parametric
method. It aims to estimate the variations in gene set enrichment
within gene expression data. This technique is particularly valuable
for exploring the activity of pathways and biological processes across
different samples in an expression dataset. This research utilized the
GSVA R package to validate genomic data derived from GSEA. A
p value of less than 0.05 was established as the criterion for statistical
significance.

In-house tandem mass tag-based proteomic analysis

In our previous study, we established an ICC-proteomics cohort that
incorporating 110 patients.69We conducted tandemmass tag (TMT)-
based proteomic analyses of formalin-fixed paraffin-embedded
(FFPE) specimens. The procedure began with dewaxing and rehydra-
tion of the slides, followed by acidic hydrolysis using formic acid.

A solution containing 6 M urea and 2 M thiourea (both from Sigma-
Aldrich, Germany) was employed for protein denaturation. Subse-
quently, proteins were segmented into peptides by trypsin and
Lys-C (both from Hualishi, China). Peptides were then labeled using
the TMTpro 16 plex kit (Thermo Fisher Scientific, San Jose, USA),
with each batch including 15 experimental samples and a single
pooled reference sample. Offline high-pH reversed-phase fraction-
ation with a Thermo Dionex Ultimate 3000 RSLCnano System sepa-
rated the peptides. The fractionated samples were evaluated using a Q
Exactive HF mass spectrometer (Thermo Fisher Scientific, San Jose,
USA) in DDA mode. Proteome Discoverer software (version 2.4,
Thermo Fisher Scientific, Waltham, MA) enabled extensive proteome
analysis of ICC in the cohort by searching against a database of re-
viewed human UniProt entries.

Animal studies

Wild-type (WT) C57BL/6 mice were acquired from GemPharmatech
(Nanjing, China). As previously mentioned,35 CD169-DTRmice were
created. The Institutional Animal Care and Use Committee approved
the Zhejiang Academy of Medical Sciences SPF facility to house the
mice in this study. Animal studies were performed in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

To establish spontaneous ICC, as previous reported,70 a plasmid
mixture consisting of pCMV-CAT-T7-SB100, pT3-EF1a-NICD,
and PT3-myr-AKT-HA was prepared in PBS. The doses were care-
fully measured to be 20 mg/20 g, 4 mg/20 g, and 1 mg/20 g body weight,
respectively. This mixture was then administered into the tail vein of
mice on day 1. Following the initial plasmid injection, DT (D0564,
Sigma-Aldrich) at a dose of 20 ng/g body weight was injected intra-
peritoneally into both WT and CD169-DTRmice on day 7. DT injec-
tions were repeated every 3 days. On day 28, mice were sacrificed. Ac-
cording to the protocol from Fan et al., many small, white, cyst-like
lesions expand in most of the normal liver. The number of lesions
was counted to represent the tumor burden. Because the lesions
were replaced almost the whole liver, we counted lesions on the liver
surface; if the number was more than 500, it was marked as 500. Tu-
mor lesions were collected and analyzed using FACS, IHC, hematox-
ylin and eosin (H&E) staining, scRNA-seq, and mIHC staining.

Cell lines and culture

The cell lines utilized were acquired from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). These cell lines were culti-
vated in a controlled environment, specifically within a CO2 incu-
bator (Thermo, 3111, US) set to maintain a humidified atmosphere
at 37�C. The full growth medium was enriched with fetal bovine
serum (FBS) (Gibco, 10% final concentration, US) and penicillin/
streptomycin (Thermo Fisher, US) to support optimal cell growth
and viability. Distinct media types were used for different cell lines:
RPMI-1640 was chosen for the THP1, HCCC9810, and HuCCT1
Molecular Therapy Vol. 33 No 4 April 2025 1819
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cell lines, whereas Dulbecco’s modified Eagle’s medium (DMEM) was
selected for the human intrahepatic biliary epithelial cell (HIBEC),
CCLP1, LICCF, KMCH1, and HEK293T cell lines.

Stable cell lines

To establish THP1 cell lines with a stable KD of HMGB2, specific
shRNA vectors targeting HMGB2 were acquired from Sigma
(TRCN0000019010, TRCN0000019011, and TRCN0000019013).
HEK293T cells underwent transfection with lentiviral packaging plas-
mids (pMD2.G and psPAX2) as per the provided guidelines. Subse-
quently, THP1 cells were exposed to the generated lentiviruses, and
cells expressing the shRNAs were enriched using 2 mg/mL puromycin
selection. This process incorporated three distinct shRNA sequences.
An empty pLKO.1 vector served as the control. The suppression of
HMGB2 was confirmed via western blot analysis. Before assessing
HMGB2 levels, THP1 cells with the KD construct were exposed to
80 nM PMA (ab120297, Abcam, USA). Throughout the study,
THP1 stable cell lines were consistently cultured in a medium con-
taining 2 mg/mL puromycin.

IHC

Tumor tissues resected from ICC patients were fixed with 4% parafor-
maldehyde (P1110, Solarbio) before embedding in paraffin (YA0012,
Solarbio). Tissue samples (4 mm) were treated with xylene to remove
paraffin and then gradually rehydrated using increasing concentra-
tions of alcohol. Subsequently, the tissue slices were then blocked
with goat serum blocking solution (B900780, Proteintech, China)
for an hour, preceding their incubation with the primary
antibody throughout the night at 4�C. Antibodies against LILRB1
(ab170909, 1:200, Abcam), LILRB2 (abs139124, 1:100, Abcam),
CK19 (ab52625, 1:400, Abcam), Ki67 (550609, 1:400, BD Biosci-
ences), F4/80 (70076S, 1:300, CST), TGFB1 (ab215715, 1:200,
Abcam), active YAP1 (ab205270, 1:300, Abcam), SERPINE1
(ab125287, 1:200, Abcam), and VEGFA (ab52917, 1:200, Abcam)
were used. The following day, the secondary antibody was applied
and incubated for a duration of 0.5 h. The sections were then stained
using a peroxidase IHC assay kit (pk10006, Proteintech, China) ac-
cording to protocol. The slides were then mounted and examined un-
der a Leica light microscope, and the acquired images were analyzed
using image analysis software (Image-Pro Plus).

H&E staining

Spontaneous ICC tumor tissues underwent fixation in 4% parafor-
maldehyde for a day before paraffin embedding. Tissue slices
(4 mm) were then deparaffinized in xylene and progressively rehy-
drated through a series of alcohol dilutions. Following three PBS
washes (P1020, Solarbio), the sections were hematoxylin stained
(G1080, Solarbio) for half an hour. The slides were then rinsed
in PBS and immersed in 1% ammonia water (G1822, Solarbio) to
stain the nuclei with blue-violet. The sections were then immersed
in 75% alcohol for 2 min and stained with eosin (G1100, Solarbio)
for 1 h to stain the cytoplasm. After rinsing with a gradient of
alcohol solution, xylene was applied to replace the dehydrated
alcohol before mounting. Observations were made under a Leica
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light microscope, and images were processed using software
(Image-Pro Plus).

mIHC

The experiment was performed using the Opal Polaris 7-color
Manual IHC Kit (AKOYA Biosciences, NEL861001KT) for mIHC.
Initially, prepared tissue sections of 4 mm were baked at 65�C for
an hour. The sections were then dewaxed in xylene and rehydrated
using a series of alcohol gradients. Following rehydration, the sections
were fixed in 10% neutral buffered formalin (NBF) (G2161, Solarbio,
China) for 20 min. Epitope retrieval was performed using an appro-
priate AR buffer in a microwave, initially at 100% power for 1 min,
followed by a lower power setting of 20% for 15 min. After cooling
to room temperature, the sections were blocked using the blocking/
Ab diluent for 10 min and then incubated with primary antibodies
for 10 min. Following primary antibody incubation, the sections
were washed three times with 1� TBST (Tris-Borate-Sodium
Tween-20) (T1082, Solarbio, China). The Opal Polymer horseradish
peroxidase (HRP) Ms+Rb was then applied to the tissue sections for a
10-min incubation. Following another set of three TBST rinses, sec-
tions were treated with opal reagent. The above process was repeated.
The primary antibodies used in this experiments are provided in
Table S3. Next, a complete introduction of Opal TSA-DIG and
Opal Polaris 780 labeling was performed. Finally, slides were washed
with TBST and distilled water before the nuclei were stained withMo-
wiol (81381, Sigma-Aldrich) supplemented with DAPI (C1002, Beyo-
time). Seven-color slides were visualized using the Vectra Polaris
Quantitative Imaging System.

mIHC analysis

To elucidate the association between TAM andmalignant cells within
the TME of ICC, we conducted a comprehensive analysis of mIHC
staining using a two-step pipeline.71 Initially, we utilized a median fil-
ter to minimize the noise and enhance the quality of each channel.
The median filter had a window size of 5 � 5 to ensure that every
output pixel included the median value within its 5-by-5 neighbor-
hood in the input image. Subsequently, we employed a connectiv-
ity-aware segmentation method to accurately segment nuclei.72 Arti-
facts in other channels were also eliminated if their respective
distances to the nearest nucleus centroid exceeded 45 pixels.

Western blotting

Cells were lysed using ice-cold radioimmunoprecipitation assay
(RIPA) lysis buffer (R0020, Solarbio) with a protease inhibitor
(P6731, Solarbio) and the protein concentration in the lysate was
determined using a BCA Protein Assay Kit (P0010S, Beyotime). Pro-
teins were then separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently transferred onto
nitrocellulose membranes (HATF00010, Merck Millipore, USA) for
immunoblotting. To prevent non-specific binding, the membranes
were blocked for 1 h at room temperature and incubated overnight
at 4�C with the following primary antibodies. The next day, after
washing three times with PBS with 0.1% Tween 20 (PBST), the mem-
branes were incubated with the secondary antibody for 1 h at room



www.moleculartherapy.org
temperature. After incubation, the membranes underwent additional
PBST washes before being visualized on a LI-COR Odyssey imager.
Images were quantitatively analyzed using Image Studio software
(Version 4.0).

IF staining for tumor tissue

Prepared tissue sections were deparaffinized with xylene and rehy-
drated with graded alcohol, repaired antigen with microwave heating,
permeabilized, and blocked before incubation with primary antibody
overnight at 4�C. The next day, the sections were rinsed three times
with 1� PBS before staining with Alexa Fluor 488- and 594-labeled
fluorescent secondary antibodies (A-11008 and A-11032, Invitrogen,
USA) for 1 h at room temperature in the dark, rinsed three times with
PBS, and mounted onto slides using Mowoil supplemented with
DAPI to stain the nucleus. Finally, ICC samples were imaged using
a confocal microscope (Nikon, Japan). Images were analyzed using
the ImageJ software (version 4.0).

IF staining for cell culture

IF staining was conducted to observe the differentiation of THP1 cells
and their interactions with ICC tumor cells. For the co-culture system,
we used the method from Park et al.73; THP-1 cells were treated with
80 nMPMA to induceM0macrophages and seeded into 12-well plates,
and the cell numberwas 1� 105 perwell. After 48 h, 2� 105 ICC tumor
cellswere added to thewells for direct co-culturewithM0macrophages.
The IF procedure was as follows: cells were rinsed once with cold PBS,
fixed with paraformaldehyde for 15min at room temperature, and cells
permeabilized using 0.2% Triton X-100. Following permeabilization,
cells were blocked with 2% BSA for 1 h and then labeled with primary
antibodies against CD68 (sc-20060, Santa Cruz), LILRB1 (ab170909,
Abcam), or LILRB2 (abs139124, Absin) for 1 h. Subsequently, the cells
were incubated with the secondary antibodies for 1 h in the dark. Cov-
erslips were washed in PBS three times and thenmounted on slides us-
ingMowiol containingDAPI for nuclear staining.Confocalmicroscopy
(Nikon, Japan) was used for cell examination, and ImageJ software
(version 4.0) was used for image analysis.

For IL-18 inhibition experiments, after co-culture for 48 h, 0.5 mM
VX-765 was added to inhibit the release of IL-18 for another 24 h.
IF assays were performed as previously described.

ELISA

The co-culture system was characterized by IF staining. To inhibit the
release of IL-18 from ICC tumor cells, the cells were treated with
0.5 mMVX-765 for 24 h. After inhibitor treatment, cell culture super-
natants were harvested to detect the concentrations of IL-18 using the
Human IL-18 SimpleStep ELISA Kit (ab215539, Abcam) to test the
inhibitory effect. Briefly, the cell culture supernatant was collected
and centrifuged at 2,000� g for 10min to remove debris, and aliquots
of 50 mL of prepared samples or standards per well into 96 wells. Next,
50 mL of the cocktail antibody was added and incubated at room tem-
perature for 1 h, followed by washing with 1� wash buffer three
times. Next, 100 mL of 3,30,5,50-Tetramethylbenzidine (TMB) reagent
was added to each well and incubated in the dark for 10 min with
gentle shaking. Finally, 100 mL of stop solution was added and the
plate was shaken to mix each well before recording the optical density
(OD) at 450 nm. Statistical analyses were performed using the
GraphPad Prism software (version 9.3).

FACS in vitro experiment

Co-culture assays were performed as previously described. Initially,
THP1 cells were incubated with 80 nM PMA for 48 h to facilitate
their differentiation into M0 macrophages, after which they were
cocultured with ICC tumor cells. For analysis of surface markers,
live cells were resuspended and stained with anti-human CD68
(Y1/82A, 333809, BioLegend) and anti-EpCAM (CO17-1A,
369813, BioLegend) antibodies at 4�C in the dark for 0.5 h. Following
this, cells were fixed and permeabilized using the Fixation/
Permeabilization Solution Kit (554722, BD Bioscience, USA) for
20 min and then stained with anti-ki67 antibody (11F6, 151206,
BioLegend) at 4�C for another 30 min. Data acquisition was per-
formed using an ACEA NovoCyte flow cytometer and analyzed us-
ing the FlowJo software (version 10).

FACS

Tissue samples were disaggregated mechanically and enzymatically
with 0.6 mg/mL collagenase IV (17104019, Gibco) and 0.01 mg/mL
DNase I (11284932001, Merck) at 37�C for 60 min. After digestion,
the tissue homogenates were filtered through a 0.4-mm filter
(352340, BD Bioscience) to obtain single cells. The cells were then
centrifuged at 300 � g for 5 min and resuspended in 36% Percoll
buffer. The cell suspension was treated with 10 mL of blood lysis
buffer (555899, BD Bioscience) for 10 min at room temperature to
eliminate erythrocytes. After lysis, the cells were centrifuged at
300 � g for 5 min and blocked with 2.5 mg/mL Fc blocker (156604,
BioLegend) on ice for 10 min. The cells were then incubated with a
series of fluorochrome-conjugated antibodies at 4�C for 20 min. An-
tibodies including Ki67 Alexa Fluor 647 (clone: 11F6; 151206; 1:600;
BioLegend), EpCAM-FITC (clone: CO17-1A; 1:600; BioLegend),
CD68-FITC (clone: Y1/82A, 1:600, BioLegend), F4/80-PE-Cyanine7
(clone: BM8, 1:600, Invitrogen), CD11b-PE-CF594 (clone: M1/70,
1:600, BD biosciences), EpCAM-Brilliant Violet 510 (clone: G8.8,
1:600, BioLegend), Cd45-BV605 (clone: 30-F11, 1:600, BD biosci-
ences), CD19-BUV395 (clone: 1D3, 1:600, BD biosciences), CD3-
FITC (clone: 17A2, 1:600, BioLegend), CD49b- PE Hamster (clone:
HMa2, 1:600, BD biosciences), CD4- APC-Cy7 (clone: GK1.5,
1:600, BD biosciences), CD8-PE-Cy7 (clone: 53–6.7, 1:600, BD biosci-
ences), and PD-1-Brilliant Violet 421 (clone: 29F.1A12, 1:600,
BioLegend). All primary antibodies used are listed in Table S3.
Following incubation, the cells were washed once and resuspended
in FACS buffer for subsequent analysis using a five-laser flow cytom-
eter (BD Bioscience, Fortessa). Cell sorting was performed using a
MoFlo Astrios EQ Cell Sorter (Beckman Coulter, USA), and flow cy-
tometry data were analyzed using FlowJo software (TreeStar).

Statistical analysis

Raw data were imported into GraphPad Prism. Initial data distribu-
tion and variability assessments were used to determined statistical
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tests. Two-tailed Student’s t tests indicated significant differences be-
tween the groups. One-way ANOVA followed by Bonferroni’s post
hoc test was used for analyses involving three or more groups. Results
are presented as mean ± standard error of the mean (SEM). The log
rank test is used in survival analysis to compare the distribution of
time to event in two or more independent samples. Statistical signif-
icance was set at p < 0.05.
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