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Abstract

Background: Intrahepatic cholangiocarcinoma (ICC) has a poor prognosis due to late-stage
presentation and ineffective systemic therapies. Targeting the tumor microenvironment
(TME) in ICC offers new therapeutic possibilities, particularly through tumor-associated
macrophages (TAM), which can both promote and inhibit tumor progression. The current
study utilized multi-omics analysis to characterize the gene signature of TAM and explore
its therapeutic potential in ICC. Methods: Public GEO datasets provided the basis for
analysis. Single-cell RNA sequencing (scRNA-seq) data from five ICCs, three adjacent
non-tumorous tissues (ANTs), and four healthy liver samples were examined with Python.
To validate scRNA-seq findings, bulk RNA-seq data from 27 ICC and 27 matched ANT sam-
ples were assessed using R. Differentially expressed genes were identified with adjusted
p-values <0.01 and log2-fold changes >1 or <—1. CIBERSORT pipeline analyzed 22 immune
cell subtypes in bulk RNA-seq data. STRING database analyzed the contribution of unique
TAM:-related genes to networks of protein—protein interactions. Results: TAM population
demonstrated phenotypic heterogeneity exhibiting partial gene signatures of inflamma-
tory (MS1) and anti-inflammatory (MS2) macrophages. Unique TAM-associated markers,
TREM2, CD9, and PRMT10, showed variable expression within the TAM subpopulation.
Bulk RN Aseq analysis confirmed the scRNA-seq results, highlighting overexpression of
TREM2 and CD9 in most ICC samples versus ANT. Immune cell deconvolution revealed
decreased MS1 and MS2 macrophages in ICC, and alterations in adaptive immune pro-
file, suggesting immunotolerant TME. STRING database defined TREM2-LGALS3 axis
as a potential target for anti-tumor therapies. Conclusions: TAM represents a unique
heterogenous population which is primarily found in ICC TME versus ANT or healthy
liver tissue The non-uniform expression of unique gene signature demonstrates additional
heterogeneity in the TAM subpopulation and suggests that TREM2+ TAM may be desirable
targets for anti-TREM2-LGALS3 immunotherapy.

Keywords: intrahepatic cholangiocarcinoma; tumor-associated macrophages; single cell
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1. Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second most common type of primary
liver cancer [1]. Historically, the incidence of ICC has had the highest prevalence in
Asian countries [2]; however, over the past four decades, the incidence rates have been
increasing in the Western hemisphere [3,4]. Complete resection of ICC is the only curative
option with overall survival (OS) of 50% at 3 years. Unfortunately, more than 80% of
cases progress beyond surgical resection due to the extent of the tumor at the time of
the diagnosis, leaving systemic therapy as the only option with 3-year OS at 5% [1]. The
poor efficacy of current systemic therapies exposes a need for new modalities such as
immunotherapies, where modulation of cellular immune response can be effective against
ICC [5].

Tumor-associated macrophages (TAM), a subtype of myeloid immune cells that are
recruited and activated in the tumor microenvironment (TME), present an attractive new
target for prognostic and therapeutic modalities in ICC. TAM interactions between tumor
cells and stromal cells through protumor factors may potentiate a tumor-favorable environ-
ment including angiogenesis, matrix remodeling, tumor proliferation, and metastasis, as
well as immunosuppressive effect and chemoresistance [2,6].

Past studies indicate that TAM represent a functionally heterogeneous population that
can share a tumor-promoting phenotype with anti-inflammatory macrophages (MS2) [7].
However, in certain instances, they may contribute to anti-tumor effects such as cytotoxicity,
NK cell activation, and phagocytosis of tumor cells, which is usually attributed to pro-
inflammatory macrophages (MS1) [7,8]. Thus, it remains to be determined whether there
are functionally and phenotypically distinct subsets of TAM, how they impact tumor
progression, and where they are localized within the liver. Although TAM may represent
a novel target for systemic immunotherapies as well as a prognostic biomarker for ICC,
further research is needed to define TAM phenotypes and their correlation with biological
tumor progression and clinical outcomes.

In this study, we integrated single-cell RNA sequencing (scRNA-seq) and bulk
RNA sequencing (bulk RNA-seq) to analyze the diverse landscape of TAM as well
as pro-inflammatory (MS1) and anti-inflammatory (MS2) macrophages in liver sam-
ples from patients with ICC and healthy liver donors [6,9]. Our analysis demon-
strated the phenotypic heterogeneity of TAM, but also defined TAM-specific gene
markers, TREM2, CD9, and PRMT10. To better understand the immune context
of TAM, we further utilized CIBERSORT, an immune cell deconvolution algorithm,
to define the immunoprofile of ICC and normal liver. Finally, using defined TAM-
associated markers, we studied protein—protein interactions in STRING database anal-
ysis defining potential targets (TREM2 and LGALS3) for anti-tumor therapies in TAM
activation pathways.

2. Materials and Methods
2.1. Patients and Tissue Specimens

The current analysis uses previously published scRNA-seq data that were derived
from biopsy specimens from patients with ICC and healthy donors [9,10]. Data from scRNA-
seq were corroborated to previously published bulk RNA-seq data that were derived from
biopsy specimens from patients with ICC [11]. The datasets are publicly available on Gene
Expression Omnibus (GEO) (GSE138709, GSE136103, GSE107943). Specimen collection
was performed in accordance with approved protocols by the institutional review boards
of treatment centers involved in acquisition of biopsies and relevant patient information
as documented in original publications of datasets [9-11]. The original manuscripts that
reported publicly available data that was used in this study describe methodology of
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specimen processing, the reagents and manufacturers of the regents, and the kits and
instruments [9-11]. The inclusion criteria were (1) ICC samples and adjacent non-tumorous
tissue (ANT) from adults of both sexes for study group, (2) healthy donor tissue from adults
of both sexes for control group, (3) histological confirmation of ICC and ANT in study
group and healthy normal liver tissue in control group. Patient characteristics and tumor
pathology are reported in Table 1 for scRNAseq data and Supplementary Table S1 for bulk
RNAseq data.

Table 1. Patient characteristics.

Intrahepatic Cholangiocarcinoma Dataset (GEO GSE138709)

Patient ID Sex Tumor Grade TNM staging Virus Infection Pathology Sample GEO ID
18 F Poorly differentiated, T3NIMX HBV+ ICC tumor GSM4116580
Grade III
Moderately
20 F differentiated, Grade I1 T2NXMX - ICC tumor GSM4116581
23 M Poorly differentiated, T2NXMX HBV+ ICC tumor GSM4116583
Grade III
Moderately
* _
241 M differentiated, Grade 1T T2NOMO ICC tumor GSM4116584
Moderately
* _
24 2 M differentiated, Grade 1T T2NOMO ICC tumor GSM4116585
18 F Poorly differentiated, T3N1MX HBV+ ICC adjacent GSM4116579
Grade III
23 M Poorly differentiated, T2NXMX HBV+ ICC adjacent GSM4116582
Grade III
25 M Poorly differentiated, T4ANTMO - ICC adjacent GSM4116586
Grade III
Healthy Liver Dataset (GEO GSE136103)
Healthyl_Cd45+ GSM4041150
Healthyl_Cd45-A M - - - Normal liver GSM4041151
Healthy1_Cd45-B GSM4041152
Healthy2_Cd45+ M B B 3 Normal I GSM4041153
Healthy2_Cd45- ormatliver GSM4041154
Healthy3_Cd45+ GSM4041155
Healthy3_Cd45-A M - - - Normal liver GSM4041156
Healthy3_Cd45-B GSM4041157
Healthy4 Cd45+ . 3 3 3 Normal I GSM4041158
Healthy4_Cd45- ormatliver GSM4041159

Abbreviations: M, Male; F, Female; TNM, Tumor Node Metastasis; HBV+, Hepatitis B positive; ICC, Intrahepatic
cholangiocarcinoma; * Repeat biopsy of the same patient.

2.2. Single-Cell RNA-seq Quality Control and Data Processing

Single-cell RNA-seq data of five ICC samples and three adjacent tissue samples were
obtained from the GSE138709 dataset and four healthy liver samples from the GSE136103.
Cells that expressed fewer than 200 genes and >15% mitochondrial counts were removed.
Data from both datasets were combined and analyzed in Google Colab (python version
3.10.12) using Single-Cell Analysis in Python (scanpy) package [12]. Data were normalized
(scanpy: normalized_total), log+1 corrected (scanpy: loglp) and highly variable genes
identified (scanpy: highly_variable_genes). Dimensional reduction analysis was performed
(scanpy: pca, neighbors, umap). Batch correction between the datasets was carried out
using the bbknn python package, which computed the batch balanced neighbors (scanpy:
bbknn) [13] (Figure 1A, Supplementary Figure S1). Uniform Manifold Approximation and
Projection (UMAP) calculations were updated, and clustering performed using the Leiden
graph-clustering method [14].
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Figure 1. scRNA-seq analysis identifies three distinct macrophage subpopulations. (A) Merged
Uniform Manifold Approximation and Projection (UMAP) plot following batch correction for 5 in-
trahepatic cholangiocarcinoma (ICC) samples, 3 adjacent non-tumorous tissue (ANT) samples
(Zhang et al. [9]), and 4 healthy liver samples (Ramachandran et al. [10]). (B) Expression of the
macrophage marker CD68 on the merged UMAP plot. (C) Expression of the dendritic cell marker
CLECL10A on the merged UMAP plot. (D) MetaTiME annotation of major cell types in the merged
UMAP plot. (B, B-cell; DC, dendritic cell; M, macrophage; Pan, pan-cancer; Stroma, stromal cell;
T, T-cell) (E) Subset of identified macrophage cells from the merged UMAP plot: macrophages
in healthy liver and ANT (red), macrophages in tumor samples (gray). (F) Characterization of
the macrophage subset UMAP plot into three distinct populations: Macrophage Subpopulation 1
(MS1) (blue), Macrophage Subpopulation 2 (MS2) (orange), and Tumor-Associated Macrophages
(TAM) (green).

2.3. Analysis of Macrophage Clusters

Macrophage cells from the batch corrected data were extracted using two sequen-
tial methods: computationally via MetaTiME cell type auto annotation algorithm and
confirmed by manually visualizing known gene markers (macrophagesCD68+, dendritic-
CLEC10A+) [15] (Figure 1B,C). The MetaTiME pipeline was obtained from Omicverse a
python package that consists of several scRNA-seq analysis tools including the MetaTiME
pipeline. MetaTiME, an auto cell type annotation method that integrates a million single
cells from scRNAseq library of tumors (omicverse: ov.single. MetaTiME) was used to anno-
tate type M cells (macrophage/monocyte) (Figure 1D). Type M cell origin was confirmed
manually through the UMAP plot, defining macrophage as MCD68+/CLECL10A—. M
cells were subsetted and reclustered from normal and tumor samples; neighborhood and
UMAP calculations were updated (Figure 1E, Supplementary Figure S2). All macrophages
in tumor samples were defined as tumor-associated macrophages (TAM). Macrophage
subpopulations (MS) in normal liver (adjacent and healthy donors) were defined based on
known gene markers for M1 (S100A8, LYZ, CSTA, and CD74) and M2 (CD5L, MARCO,
VSIG4, and CD163) macrophages (MS1, MS2) (Figure 1D).

2.4. Identification of Unique Gene Markers in Macrophage Subpopulations

Differential gene expression analysis of scRNAseq data was performed in defined
MS using the rank_gene_groups function in scanpy. The top 30 ranked genes for each
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MS were visualized as a dot plot (Figure 2A-C). Differentially expressed genes (DEGs)
were defined as p-value < 0.05 and log2fold change (>1, <—1). We have confirmed our
results by re-analyzing the data using false discovery rate (FDR) correction (Benjamini—
Hochberg method). Our results remained consistent with significant upregulation of top 30

ranked genes.
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Figure 2. Top 30 upregulated differentially expressed genes (DEGs) in distinct macrophage subpopu-
lations. The dot plot visualizes the top-ranked genes for a given group, where dot size represents the
fraction of cells expressing the gene (%) and dot color indicates mean expression level between the
groups. The dot plot highlights the top 30 upregulated DEGs in (A) MS1; genes uniquely upregulated
in MS1 (blue), genes upregulated in MS1 + TAM (pink) (B) MS2; genes uniquely upregulated in MS2
(orange); genes upregulated in MS2 and TAM (yellow), and (C) TAM; genes uniquely upregulated in
TAM (green).

2.5. Bulk RNA-seq Analysis

Bulk RNA-seq data for ICC (n = 27) and matched ANT (n = 27) were obtained from the
GEO dataset (GSE107943). The RNA-seq data raw counts (55,770 genes in 54 samples) were
processed and analyzed with the R software (version 4.2.3). First, genes with expression
value less than 20 across all samples were removed. The remaining 35,898 genes were ana-
lyzed using the DESeq2 package and differentially expressed genes (DEGs) were calculated,
defined as genes with an adjusted p-value <0.01 and a log2-fold change >1 or <—1. The
raw counts were normalized using the DESeq2 package and used to construct heatmaps
with the heatmap.2 function from the gplots package.

2.6. Corroboration of scRNA-seq and Bulk RNA-seq Data

The top 30 DEGs for MS1, MS2, and TAM from the scRNA-seq analysis were filtered if
they had a mean expression greater than 0.1 in the scRNA-seq data and were present in
the bulk RNA-seq DEG list. The filtered DEGs were then graphed as a heatmap using the
DESeq?2 normalized counts (Figure 3A-C).
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Figure 3. Validation of macrophage subpopulation (MS) gene markers identified from scRNA-
seq analysis using bulk RNA-seq data from the ICC validation cohort. The top 30 upregulated
genes from the scRNA-seq analysis for (A) MS1, (B) MS2, and (C) TAM are validated against
DEGs from bulk RNA-seq data (ICC (tumor), n = 27; matched adjacent non-tumorous tissue
(ANT), n = 27), with criteria of an adjusted p-value < 0.01 and a log2-fold change >1 or <—1.
Genes that overlap between the scRNA-seq marker list and Bulk RNA-seq DEGs are presented as
a heatmap.

2.7. CIBERSORT Analysis

Using CIBERSORT, an immune deconvolution method, the relative abundance of
22 immune cell subtypes was estimated in bulk RNA-seq of ICC tumor and ANT
(Figure 4) based on a reference signature matrix of cell-type-specific gene expression.
Support vector regression was used to estimate the relative proportion of each immune
cell type. The “signature score” represented fraction of each immune cell subset, with
the sum of all cell fractions equal to 1 for a given mixture sample. The gene counts
were normalized to transcripts per million (TPM). The raw counts (35,898 genes and
54 samples) for bulk RNA-Seq data were converted to TPM. The R package Immuno-
Oncology Biological Research (IOBR, ver. 0.99) in CIBERSORT pipeline was used for
analysis. The statistical significance was assessed by running the algorithm 1000 times with
permuted data.
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Figure 4. CIBERSORT analysis estimates the proportion of 22 immune cell types in ICC tumors and
adjacent non-tumorous tissue (ANT). The estimated proportions of immune cell types are presented
as box plots for ANT (blue, n = 27) and tumor (yellow, n = 27) tissue, utilizing the Immuno-Oncology
Biological Research (IOBR) R package. (**** p-value < 0.0001, ** p-value < 0.01, * p-value < 0.05, and
ns = not significant).

2.8. STRING Analysis

STRING database (version 12.0, https://string-db.org/, accessed on 20 January 2025)
was used to study the contribution of unique TAM-related genes to networks of protein—
protein interactions. The top 30 upregulated genes in TAM cohort compared to MS1
and MS2 were analyzed in the STRING database. High confidence level of 0.7 was used
(Figure 5A,B).
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Figure 5. Protein—protein interaction networks of TAM-associated gene products. (A) The top 30
upregulated DEGs in TAM are analyzed using the STRING database, with their respective protein
names. (B) A network represents TAM-associated proteins that are predicted to interact with other
TAM-associated proteins (confidence level = 0.7). Proteins are color-coded: TAM-only proteins
(green), both TAM and MS2 (orange), and both TAM and MSI1 (purple).
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2.9. Statistical Analysis

All statistical tests were performed by established R and python packages. The
Wilcoxon rank sum test was used in the IOBR package for CIBERSORT analysis to compare
tumor and normal tissue groups. A p-value < 0.05 was considered significant. DESeq2
package was used to calculate DEGs in tumor and normal tissue groups. A log2-fold
change >1 or <—1 and adjusted p-value < 0.01 was considered significant.

3. Results
3.1. Patient Characteristics

For scRNA-seq analysis, ICC samples and adjacent tissue from five patients and
healthy liver from four donors were used. In the scRNA-seq ICC cohort, 60% were female,
and 40% of patients were hepatitis B positive (HBV+). A total of 40% of tumors were
characterized as moderately differentiated and 60% of tumors were poorly differentiated.
In scRNA-seq healthy liver cohort, 50% were female (Table 1). For bulk RNA-seq data
that was used for corroboration of results, ICC samples, and adjacent matched tissue from
31 patients were used. In the bulk RNA-seq ICC cohort, 29% were female, 13% were HBV+,
and 58% of tumors were characterized as moderately and 35% as poorly differentiated,
with 2 tumors not classified (Supplementary Table S1).

3.2. Characterization of Macrophage Subpopulations by scRNA-seq Data

Analysis of scRNA-seq data included 64,554 cells (17,090 tumor cells; 47,464 normal
cells) that were derived from five ICC patients and four healthy liver donors. Of 64,554 cells,
60,619 cells passed quality control. The batch effect was initially observed between the two
datasets (Supplementary Figure S1). After batch correction, cells were evenly distributed
between two datasets (Figure 1A). Macrophages were identified based on overexpression of
CD68 (a macrophage marker) (Figure 1B) and absence of CLECL10A expression (a dendritic
cell marker) (Figure 1C) and confirmed through MetaTiME annotation of cell types, where
M annotates macrophage/monocyte (Figure 1D). A total of 7180 MCP68+/CLECLI0A= ce]]s
were identified, subsetted, and reanalyzed. Macrophages from ICC tumor tissue samples,
tumor-derived macrophages (TAM), formed a distinct cluster on UMAP plot (Figure 1E).

Two macrophage subpopulations were present and evenly overlapping in ANT and healthy
normal tissue, MS1 (MFCN1+/5100A8+/LYZ+/CSTA+

MS2 (MSEPPI+/CD5L+/MARCO+/CD163+

, 1.e., pro-inflammatory macrophages) and
, i.e., anti-inflammatory macrophages) (Figure 1F, Sup-
plementary Figure S2).

3.3. TAM Population Is Characterized by Expression of TREM2, CD9 and PRMT10

The top 30 DEGs in individual subpopulations of interest MS1, MS2, and TAM were
examined (Figure 2A—C and Supplementary Figure S3). The fold changes in the top 30
DEGs are reported in Supplementary Table S3. S100A12 was the only of one of the top
30 DEGs that was upregulated in the MS1 subpopulation alone, which is consistent with
the pro-inflammatory phenotype of these cells, whereas LYZ and LGALS1 were upregu-
lated in both MS1 and TAM, suggesting macrophage plasticity toward tumor-associated
phenotype (Figure 2A). CD5L, CXCL12, VCAMLI, LILRB5, and CETP were uniquely up-
regulated in the MS2 subpopulation, whereas C1QA, C1QB, C1QC, CTSB, APOE, APOC1,
HLA-DPB1, CTSD, CD68, and HLA-DPA1 were overexpressed in MS2 and TAM subpopu-
lations (Figure 2B,C). TREM2, CD9, and PRMT10 were present only in the TAM phenotype
with prevalence of expression in 40-60% of TAM per sample (Figure 2C). In summary,
the MS1 subpopulation was primarily characterized by the upregulation of genes in the
pro-inflammatory cascade, although LGALS1 has a more complex role. Depending on
the context, LGALSI has anti- and pro-inflammatory properties in addition to inducing
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macrophage reprogramming and promoting the TAM phenotype [16,17]. Upregulation of
CD5L, CXCL12, LILRBS5, and CETP expression supported the anti-inflammatory and tolero-
genic phenotype of MS2 subpopulation [18], whereas the unique expression of TREM2,
CD9, and PRMT10 by TAM suggested an anti-inflammatory and pro-oncogenic phenotype
(Supplemental Table S2) [18]. The variable expression of TREM2, CD9, and PRMT10 by
TAM indicated the heterogenous nature of TAM subpopulations.

3.4. Corroboration of scRNAseq Data with Bulk RNAseq Data from ICC Validation Cohort

S100A12 that was solemnly expressed by MS1 in the top 30 DEGs from scRNAseq
analysis was uniquely upregulated in ANT from bulk RNAseq analysis. In contrast, the
expression of LYZ and LGALSI, shared markers of MS1 and TAM from scRNAseq analysis,
was primarily limited to tumor tissue (Figure 3A). Remarkably, unique markers of MS2 as
well as those shared between MS2 and TAM based on scRNAseq data were diminished in
bulk RNAseq analysis of ICC and uniformly upregulated in ANT (Figure 3B). TREM2 and
CD9 gene signature of TAM from scRNAseq analysis was primarily upregulated in tumors
and downregulated in ANT from bulk RNAseq analysis (Figure 3C). Overall, the findings
of scRNAseq analysis were supported by bulk RNAseq analysis of ICC and ANT.

3.5. CIBERSORT Immune Cell Deconvolution of Bulk RNAseq Data from ICC and Adjacent
Non-Tumorous Tissue

Based on bulk RN Aseq analysis, immune cell populations that were upregulated in
ICC in comparison to ANT included B memory cells; activated T memory, T follicular helper
and T regulatory cells; and M0 macrophages and activated dendritic cells. Downregulated
immune cell populations in ICC in comparison to ANT included naive B cells, gamma delta
T cells, monocytes, activated mast cells, neutrophils, MS2 macrophages, and to a lesser
extent MS1 macrophages (Figure 4). The pattern of upregulated immune cell populations
in ICC suggested the trigger of adoptive immune response with a particular increase in
Treg population.

3.6. STRING Database Analysis of TAM-Associated Genes in Network of Protein—Protein Interactions

Of the top 30 upregulated DEGs in TAM, STRING database analysis demonstrated
four protein—protein networks that involved TAM-specific genes, including the following:
TREM2-LGALS3, OLR1-IGLL5, CXCL2-CXCL3-CXCL8, and HLA-DQB1 (Figure 5A,B). The
largest network that included TREM2 and LGALS3 demonstrated close interaction with
APOC1, APOE, CTSD, and CD68 gene products that are overexpressed in TAM and MS2
as well as interaction with LGALSI, which is overexpressed in TAM and MS1 (Figure 5).

4. Discussion

ICC remains one of the most lethal primary liver malignancies, with limited therapeu-
tic options and poor immunotherapy responsiveness [1,3,4]. A defining feature of ICC is its
immunologically “cold” TME, which exhibits extensive desmoplasia, widespread immuno-
suppressive signaling, and sparse cytotoxic immune cell infiltration [19]. Notably, CD8+
T cells and natural killer (NK) cells are underrepresented in ICC lesions, whereas innate
immune cells especially TAM and myeloid-derived suppressor cells (MDSCs) are markedly
enriched [20]. Macrophages within the TME exhibit extraordinary plasticity, toggling be-
tween pro-inflammatory and anti-inflammatory states in response to environmental signals
such as cytokines, hypoxia, and metabolic stress [21]. In ICC, TAM are not only abundant
but have been strongly associated with poor prognosis, immune evasion, and resistance to
treatment [22,23]. However, much remains unclear about their phenotypic diversity in ICC,
especially given the limitations of the traditional M1/M2 polarization framework. This
binary model inadequately captures the nuance of macrophage behavior in cytokine-rich
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environments like ICC. Therefore, a granular, high-resolution transcriptional atlas of TAM
in ICC is essential to uncover their pathogenic roles and therapeutic vulnerabilities.

To define the phenotypic landscape of macrophages in ICC, we integrated scRNAseq
of over 60,000 cells derived from ICC tumors, adjacent tissue, and healthy donor liv-
ers. From this dataset, we identified three dominant macrophage populations: a pro-
inflammatory MS1 subset (MFCN1*/S100A8* /LYZ*), an anti-inflammatory MS2 subset
(MCD5L*/CD163* /MARCO"), and a tumor-specific TAM population confined to tumor
tissue. On UMAP visualization, TAM occupied an intermediate position between MS1
and MS2 clusters (Figure 1F), suggesting a transcriptionally hybrid population [24]. Co-
existence of pro-inflammatory and anti-inflammatory features in TAM may be beneficial
to tumor progression and survival. Pro-inflammatory components contribute to chronic
inflammation and angiogenesis promoting tumor proliferation whereas anti-inflammatory
components facilitate immunosuppressive TME impairing anti-tumor immune response
and destruction.

DEG analysis, visualized by dot plots (Figure 2A—C), revealed both distinct and shared
transcriptional signatures across macrophage subsets. The MS1 subset was characterized
by distinct upregulation of S100A12, a calcium-binding alarmin implicated in acute in-
flammatory responses [25,26]. Meanwhile TAM shared other markers with MS1, including
LYZ, an antimicrobial effector [27], and LGALS], a lectin involved in modulating immune
cell interactions [28]. This pattern suggests that TAM partially retain inflammatory profile
during their transcriptional reprogramming within the TME.

Conversely, MS2 macrophages displayed distinct enrichment of CD5L (lipid scaveng-
ing) [29,30], CXCL12 (chemotaxis) [31,32], VCAM1 (adhesion) [33], LILRB5 (inhibitory im-
mune checkpoint) [34], and CETP (cholesterol transfer) [35], representing a tissue-reparative
and immunoregulatory program [36]. TAM also demonstrated partial upregulation of
MS2-associated genes supporting lipid metabolism [37], proteolysis [38], and antigen
processing such as C1QA, C1QB, C1QC (complement components aiding apoptotic clear-
ance) [39,40], CTSB and CTSD (lysosomal proteases involved in extracellular matrix degra-
dation) [41-44], APOE and APOC1 (apolipoproteins supporting cholesterol efflux under
hypoxia) [45-47], CD68 (phagocytic marker) [48], and MHC class II genes HLA-DPB1 and
HLA-DPA1, indicating retention of antigen-presenting competency [49-51]. This pattern
suggests that although TAM lose many classical tissue-repairing features associated with
MS2 macrophages, they selectively retain metabolic and antigen-processing functions nec-
essary for survival within the hostile TME. Rather than fully adopting a reparative identity,
TAM appear transcriptionally adapted to balance immune modulation, matrix remodeling,
and metabolic stress responses, features that collectively support tumor progression and
immune suppression [52,53].

Despite these shared features, subpopulation of TAM displayed a transcriptionally
unique signature, marked by exclusive expression of TREM2 (lipid sensing and immune
checkpoint control) [54], CD9 (exosomal trafficking and cellular adhesion), and PRMT10
(epigenetic regulation via histone methylation) (Figure 2C). These genes were not sig-
nificantly expressed in MS1 or MS2 subsets, highlighting a TAM-specific transcriptional
reprogramming aligned with the metabolically stressed and immunosuppressive TME. The
unique expression of TREM2 in TAM subpopulations is not exclusive to ICC. In hepatocel-
lular carcinoma, the most common liver malignancy in adults, the presence of heterogenous
TAM subpopulations that are rich in TREM2 was associated with poor patient progno-
sis [55], whereas in hepatoblastoma, the most common pediatric liver malignancy, the
heterogeneity of TAM subpopulations has not been well defined [56].

To corroborate these findings, we validated the scRNA-seq signatures in an indepen-
dent bulk RNA-seq cohort of ICC tumors and adjacent tissues. Shared genes of MS1 and
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TAM, initially enriched in normal liver macrophages at the single-cell level, showed over-
expression in tumor, whereas S1I00A12, unique to MS1, was primarily upregulated in ANT
(Figure 3A), indicating the pro-inflammatory state of ANT in patients with ICC. MS2 signa-
tures, however, were substantially diminished in tumors but retained in adjacent tissues
(Figure 3B), consistent with suppression of tissue-repair macrophage signatures within the
TME. Two unique TAM-associated genes, TREM2 and CD9, were expressed in the majority
of tumor samples compared to normal adjacent tissue. However, gene signature, which
was shared by TAM and MS2, demonstrated partial expression in both tumors and adjacent
tissues (Figure 3C), suggesting transcriptional overlap and early immune remodeling in
peritumoral regions. Collectively, these findings indicate that TAMs in ICC arise through
selective transcriptional reprogramming, preserving elements of both inflammatory and
anti-inflammatory macrophage programs while adapting to tumor-derived cues [57]. This
process generates a metabolically adaptive, immunosuppressive hybrid state that facilitates
immune evasion, matrix remodeling, and tumor progression. Critically, the reproducibility
of these signatures across scRNA-seq and bulk RNA-seq datasets support their potential as
biomarkers or therapeutic targets.

To further characterize the immune architecture of the ICC TME, we performed
CIBERSORT-based immune cell deconvolution on bulk RNA-seq data from ICC tumors
and matched adjacent tissue (Figure 4). Inmune deconvolution revealed a marked deple-
tion of MS2 macrophages and, to a lesser extent, a reduction in MS1 macrophages within
tumor samples, consistent with our scRNA-seq findings. This pattern reinforces the concept
that TAM in ICC selectively lose tissue-repairing (MS2) transcriptional programs while
partially retaining inflammatory (MS1) features. Notably, this shift was accompanied by
a pronounced increase in M0 macrophages—an undifferentiated macrophage state char-
acterized by the absence of canonical M1 or M2 polarization signatures. The enrichment
of MO macrophages may reflect a population of transitional or incompletely polarized
macrophages, or alternatively, hybrid TAM phenotypes that co-express elements of both
MS1- and MS2-like programs without full commitment to either lineage. It is important to
note, however, that the CIBERSORT algorithm does not explicitly define TAM as a distinct
immune subset, and thus the observed M0 expansion may in part reflect the transcriptional
complexity of TAM that fall outside traditional polarization categories. Interestingly, addi-
tional CIBERSORT analysis demonstrated distinct changes in the adaptive immunoprofile
of TME compared to ANT, including the depletion of naive B cells and gamma delta T
cells, with an increase in memory B cells and T-regulatory cells, suggesting a partially
immunosuppressive state.

Our study also explored the potential protein networks that are involved in
TAM-associated pathways. STRING-based protein—protein interaction (PPI) network
analysis of the top 30 upregulated DEG in TAM revealed four major clusters
(Figure 5A,B). The largest and most functionally coherent cluster was supported by TREM2
and LGALS3, two genes selectively upregulated in TAM compared to MS1 and MS2
macrophages [58,59]. This cluster incorporated critical metabolic and immunoregulatory
proteins, APOE, APOC1, CTSD, CD68, and LGALS], suggesting that TAM orchestrate the
survival of lipid metabolism, lysosomal function, and antigen processing pathways in the
desmoplastic TME of ICC [18].

TREM?2, a type I transmembrane receptor primarily expressed by myeloid cells, reg-
ulates macrophage survival, apoptotic debris clearance, and adaptation to hypoxic envi-
ronments [58,60,61]. TREM2* macrophages have been widely implicated in promoting
immunosuppression across solid tumors, including lung, liver, breast, and pancreas can-
cers [58]. Specifically, in hepatocellular carcinoma, TREM2* TAM suppressed CD8* T
cell infiltration by downregulating CXCL9 and promoting galectin-1 (LGALS1) secretion,
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resulting in impaired cytotoxic immune surveillance. In our study, immune deconvolution
revealed significant upregulation of Tregs but no corresponding increase in CD8* T cells
within ICC tumors (Figure 4), aligning with previous reports linking TREM2 activity to
global immune dysfunction and T cell suppression.

The therapeutic relevance of TREM2 is increasingly recognized. In colorectal cancer,
a recent study demonstrated that targeting TREM2 protein using a PD-1-TREM2 single-
chain variable fragment (scFv) enhanced anti-tumor efficacy by simultaneously blocking
PD-1/PD-L1 signaling and neutralizing TREM2-mediated immunosuppression, thereby
restoring CD8" T cell effector functions [62].

Importantly, our findings highlight a functional interplay between TREM2 and
LGALS3. Recent studies in lung cancer demonstrated that LGALS3 stabilizes TREM2*
macrophages, skewing them toward an M2-like, immunosuppressive phenotype with
reduced antigen-presenting and co-stimulatory capacity [63]. Notably, dual targeting of
LGALSS3 inhibition (e.g., with GB1107) and TREM2 blockade synergistically inhibited tumor
progression and reduced infiltration of immunosuppressive macrophages [63]. Since we
observed the upregulation of TREM2 and LGALS3 in our study, targeting the TREM2-
LGALSS3 axis in ICC could modulate TAM away from tumor-supportive states and restore
anti-tumor immunity.

CD9 and PRMT10 were also identified in the top 30 upregulated genes that character-
ized TAM [64,65]. However, no protein—protein networks were identified for these genes.
This may be attributed to high confidence score of 0.7 that was used to identify biologically
meaningful networks and decrease false positive rate of discovery.

Our study has several limitations that should be considered when interpreting the
findings. The single-cell analysis was derived from a small number of ICC and healthy
donor samples, which may not fully capture the diversity of macrophage phenotypes across
patient populations [66]. Further, the study utilized two publicly available datasets for
scRNA-seq data that required batch correction to accommodate for systematic technical
variation introduced by differences in techniques. The bulk RNA-seq validation cohort
was retrospectively assembled, and detailed clinical information such as prior adjuvant
chemotherapy, exposure to immunosuppressive agents, or other relevant treatments were
unavailable, potentially confounding transcriptomic comparisons. Our interpretations are
based on transcriptional data, and the functional properties of these subsets, particularly
the TREM2-LGALS3-associated TAM population, should be validated through protein
level analysis and dedicated mechanistic studies. In the present study, we focused on the
top DEGs in MS1, MS2, and TAM subpopulations. It is possible that other DEGs with a
lower expression fold may significantly contribute to TAM phenotype and may serve as
potential prognostic and therapeutic targets. Although the CIBERSORT algorithm allowed
us to compare the immune cell populations between TME and matched ANT, it did not
have specific definition of TAM, thus limiting our analysis. We plan to further investigate
the correlation between different immune cell populations in the follow-up study with
our own data. The current study is limited by the analysis of the retrospectively collected
information from the publicly available data. It has been demonstrated that increasing the
burden of TAM in thyroid, lung, and breast cancer is associated with poor survival [22].
Due to the limited availability of clinical data, the survival analysis was not performed.

5. Conclusions

This study provides a comprehensive, high-resolution map of macrophage hetero-
geneity in intrahepatic cholangiocarcinoma, identifying a tumor-specific TAM population
that diverges from classical M1 and M2 polarization states. Rather than preserving full
tissue-repairing (MS2-like) or inflammatory (MS1-like) programs, TAM display a hybrid
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immunometabolic phenotype, selectively incorporating and reprogramming elements of
both lineages. Even within the TAM population, unique gene signature was heterogeneous
as demonstrated in dot plot analysis of gene expression and percent cell affected (Figure 2C).
Further mechanistic studies are needed to discern whether TMA represent a transitional or
separate populations of macrophages.

Integrated single-cell and bulk RNA sequencing, corroborated by immune decon-
volution, demonstrated a selective loss of MS2-associated tissue-repair signatures and
the emergence of transcriptionally intermediate macrophage states within the TME. The
TREM2-LGALS3 axis was a dominant protein network that was identified based on DEGs
of TAM.

Rather than advocating for indiscriminate macrophage depletion, which risks compro-
mising essential immune and tissue functions, these findings support a therapeutic model
based on macrophage heterogeneity. Understanding the factors that drive macrophage
reprogramming and possibly targeting regulators such as TREM2 and LGALS3 may of-
fer new strategies to dismantle immune resistance and restore anti-tumor immunity in
ICC. However, the solution of targeting TREM2-LGALS3 axis may achieve only partial
therapeutic success given the heterogeneity of TREM2 expression in TAM subpopulations.
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